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ABSTRACT 

A t  the F i f th  Annual Geothermal Conference and Workshop 
sponsored by the Electric Power Research Ins t i t u t e ,  
special  consideration was given the ro le  of the demon- 
s t r a t ion  power p lan t  i n  u t i l i z ing  geothermal resources 
€or production of e l ec t r i c i ty .  Attention was focused 
on current progress i n  developing demonstration plants ,  
re la ted research, and future planned ac t iv i t i e s ,  both ', ' 
i n  the U.S. and abroad. This Proceedings is a compil- 
a t ion of the formal presentations and the resu l t s  of 
the associated workshop sessions. 

The f i r s t  geothermal conference was held i n  Kah-nee-ta 
i n  Oregon i n  July of 1977, with Proceedings published 
as  EPRI Report ER-660-SR i n  January 1978. The second 
meeting was held i n  Taos, New Mexico, June 1978, with 
EPRI Report WS-78-97, October 1978, the resul t .  A 
t h i rd  meeting was sponsored i n  Monterey, California, 
i n  June 1979, Proceedings WS-79-166, issued i n  October 
1979; and the fourth annual conference a l so  i n  Monter- 
ey, June 1980, with Proceedings, EPRI: TC-80-907, pub- 
l ished i n  December 1980. 
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On the date of this conference the geothermal 
electric generating capacity in the United 
States was 931 MW(e). 488 MW(e) were under 
construction, 320 MW(e) were in the licensing 
stage, and 141 m(e) were under design. This 
current activity involves 13 utilities, 10 
geothermal fields, 4 conversion technologies, 
and 6 states. 
at The Geysers; however, expansion into 
hydrothermal developaent is implicit in the 
numbers primarily in the form of hydrothermal 
demonstration projects. Beyond, 30 utilities 
are estimating around 10,000-MW(e) installed 
capacity by the year 2000. 
expansion will encanpass 20 different 
geothermal fields in 11 states. 

Most of this capacity will be 

This future 

The longer-term expansion will be based 
primarily on hydrothermal resources and will 
be dependent to a large extent on the outcome 
of key demonstration projects now in various 
stages of completion. Since the term "demon- 
stration" now seeds to be in disfavor--possi-. 
bly because of ambiguity about what demonstra- 
tion projects are supposed to do, who should 
fund them, and when they are needed--for the 
purpose of this meeting, a demonstration has 
been defined as any project regardless of who 
funds it and whether or not it is designated 
as a demonstration if its primary objective is 
to make the crucial transition fran "experi- 
mental" to ncdmmercial" practice for some item 
of equipment or process. 
include the Brawley project that is demon- 
strating scale control for hypersaline fluids, 
the Beber project that will demonstrate the 
resource utilization efficiency of binary- 
cycle technology, the Baca project that will 
demonstrate energy recovery from a complex 
reservoir, and there are others. Because of 
the critical nature of these projects and 
others that will follow, the &of demon- 
stration projects was selected as the topic 
for workshop discussion at this year's meet- 
ing. The subject seems particularly timely in 
the present climate of tight money, federal 
budget cuts, and reordering of national prior- 
ities. 
stration projects is certain to have same 
impact on the growth rate since it is not 

Prime examples 

Federal redirection away from demon- 

PREFACE 

likely that industry can pick up all of the 
near-term RLD pieces and transform them into 
commercially available technology. In any 
case, discussion of the issues in the workshop 
should contribute to a better understanding of 
the important issues and help in establishing 
industry priorities. 

A second factor that makes discussion of the 
role of demonstration projects more timely is 
the increasing consideration of small wellhead 
generating units for each new geothermal field 
as a way to help assess the reservoir and to 
develop design criteria for larger paver 
plants. 
in view of slower-than-expected growth rate in 
hydrothermal capacity. 
however to view wellhead units as a supplement 
to developnent rather than as a replacement 
for larger plants. 
still be needed during the same time frame, 
and work must continue if they are to be ready 
€or commercial use. 

This approach has considerable merit 

It would seem prudent 

The larger plants will 

EPRI's major thrust in its geothermal program 
continues to be on the develogment of hydro- 
thermal resources with emphasis on moderate- 
temperature systems. 
results of EPRI's R&D at this meeting are 
intended both to inform you about the work 
that is underway and to elicit your comments. 

The reports on the 

We sincerely appreciate the time and effort 
devoted by the international speakers who 
attended and participated in the meeting and 
feel that exchanges of information in this way 
will be helpful to all in their separate 
endeavor s . 
Finally, I want to acknowledge the superb 
wperation and 6UppXt of the utilities that 
helped with the meeting and to express par- 
ticular appreciation to the Geothermal Program 
Committee for its help in chairing the many 
sessions. 

Vase1 Roberts, Project Manager 
Advanced Power Systems Division 
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KEYNOTE ADDRESS 

EPRI ANNUAL GEOTHERMAL MEETING 

Harry Blundell, President 
UTAH POWER & LIGHT COMPANY 

P. 0. Box 899 
Salt Lake City, UT 84110 

When the Creator fashioned this earth, he 
decided, for some reason unknown to us, that 
there should be seemingly "free" heat energy 
available at some unusual and hidden loca- 
tions; but he didn't provide,that energy as 
free for the taking, as I intimated. 

The hottest geothermal resource found to date 
has the greatest percentage of dissolved 
solids, and may turn out to be the most 
difficult to utilize. 
the geothermal resources found are really only 
warm, and may be unsuitable for use either by 
reason of remote location, or just plain too 
cold. And, when the best resource was found, 
that of direct steam from the mountains north 
of San Francisco, small concentrations of 
hydrogensulfide were also found just to test 
our ingenuity to solve problems. 
voiced what I have just said in a more suc- 
cint manner when they said, "When it comes to 
using geothermal energy, Mother Nature seems 
to produce something thatxis highly objec- 
tionable or unpleasant." 

Seriously, we at 
(Utah Power) are pleased to be associated 
with you who are working to find ways to 
utilize geothermal energy. 
Power's entry into this different alternative 
for us with some reservatioe, but look forward 
to working with you to generate economic 
kilowatt (kW) hours from Mother Nature's heat 
source. 

For just a moment, I'll describe Utah Power 
for your information, then I'll talk about 
our activities in geothermal energy develop- 
ment, followed by a description of the unique 
features of. our geothermal energy contract 
with Phillips Petroleum Company (Phillips). 
Then I'll conclude to allow time For you who 
are working to achieve technology break- 
throughs to discuss your achievements. 

Utah Power is an investor-owned energy 
utility serving Utah, southwestern Wyoming, 
and Southeastern Idaho. 

The vast majority of 

Someone else 

Power & Light Company 

We approach Utah 

Ninety-five percent of the electricity we sell 
comes from plants that burn coal. 

We have one small generating unit that burns 
No. 6 oil or natural gas. 

We have about 106,000 kW of hydroelectric 
generation, mostly located on the Bear River. 

We also supply steam to some businesses in 
downtown Salt Lake City. 

Our Company is growing both in areas served 
and electrical output. 

We recently purchased the Lincoln Service 
Corporation, located just north of our south- 
western Wyoming service territory. This 
acquisition added 6,000 square miles to our 
existing 80,000 square miles service area. 

The Utah Public Service Commission has just 
granted us permission to purchase CP 
National's utility properties in southern 
Utah and northern Arizona. 
Regulatory Commission must also approve this 
contract. If this acquisition is granted, it 
will add another 5,000 square miles of area to 
serve. 

The Federal Energy 

Our load growth has increased at an average 
annual rate of approximately nine percent per 
year for the past five years, 
single-year load rates have exceeded thirteen 
percent, and we expect our load growth to be 
nearly eight percent annually for the next 
five years. 

Utah Power is a moderately large electric 
utility with assets of approximately $2 
billion. To meet the anticipated demand for 
electric service, we will have to double the 
size of fhe Company in the next five years. 
You can see we're a growing Company, and you 
only have to look around to know that our area 
is one of the most exciting, fast-changing 
areas of the country. 
against us. 

Some recent 

This works for and 
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Although we are heavily involved in coal, and 
we own the vast majority of the coal we burn 
in central Utah, we recognize the need to 
broaden our energy alternatives. Therefore, 
we have chosen to develop renewable resources, 
such as geothermal, and to develop different 
ways of utilizing coal. 

In this light, we are investigating a synthet- 
ic fuel process that would change coal into 
two other kinds of fuel - synthetic crude oil 
and char, a power plant fuel. 

Roughly one ton of coal could produce one 
barrel of crude oil and a half ton of char. 

We are excited about our future in geothermal 
energy. As many of you know, we executed a 
geothermal sales contract with Phillips in 
September of 1980. Then, in early December 
of that same year, our Public Service 
Commission approved the steam sale contract, 
and we were off and running. 
request for proposals to select an engineer 
for the project this past January, and then 
awarded the engineering contract to Gibbs & 
Hill in early March. In late January, 
applications for federal government approval 
were filed with United States Geological 
Survey and Bureau of Land Management. 

The Phillips contract gives us rights to all 
of the geothermal resources found on federal 
lands leased to Phillips. 
be about 75 percent of the total resource. 
We are currently negotiating with the AT0 
group, that is Amax Exploration, Incorporated, 
Thermal Power Company, and O'Brien Resources 
Corporation, to secure rights to the remainder 
of the resource - that located on state lands. 
There are just a few picky details for the 
lawyers to lay to rest, and then this contract 
should be ready for execution. 

Engineering activities are proceeding for our 
first 20 megawatt (MW) project, which we call 
Milford Unit No. 1. If all permits and 
authorizations are received, we expect that 
Milford Unit No. 1 should be operational 
during 1984. 

Milford No. 1 will be designed to be as simple 
as possible, to increase the probability that 
it will operate successfully. 
single-flash plant with four producing wells 
and three injectors. 
will be required to produce full-power steam, 
and one injector will be used as a spare. 

We are impressed with the extent and quality 
of the Roosevelt Iio: Springs Reservoir, and 
we anticipate a successful project which 
would lead us to additional geothermal 
generating units. 

We issued a 

We believe this to 

It will be a 

Only three producers 

We feel the full capacity of the Roosevelt Hot 
Springs Reservoir could reach 200 to 400 MW. 

In addition to Milford No. 1, we are 
cooperating with EPRI in testing the second 
generation Biphase Rotary Separator Turbine 
Unit this fall at the Roosevelt Reservoir. 

If we obtain all the permits necessary, 
we are hopeful that we can begin our tests 
in early September by generating into a load 
bank. Following completion of the transmis- 
sion lines, we plan to generate into the 
Utah Power system one month later. This 
smaller, mobile rotary separator turbine 
unit will generate 1,600 to 2,000 kW 
initially and would be expandable to 
approximately 7,000 or 8,000 kW with the 
addition of a steam turbine unit. 

The Company plans to study the economics of 
both the new wellhead unit and the more 
conventional 20,000 kW geothermal steam 
plant to determine whether it would be better 
to build pipes to carry the steam to the 
larger, central plants, or transmission lines 
from the individual small units to an 
electrical substation, or develop a system 
using both plants and the small units. 

We appreciate EPRI's leadership in developing 
geothermal conversion devices such as the 
Rotary Separator Turbine Unit that offer 
greater efficiency and flexibility of 
utilizing geothermal fluids. 

There are some unique features of the 
Phillips and AT0 steam sales agreements. 
Both of these agreements dedicate the 
resource to Utah Power for electric power 
generation. 

The primary term of the agreement is for 35 
years after construction of the last generat- 
ing unit, but not longer than 50 years after 
execution. 

Steam is sold on a price-per-pound basis 
multiplied by a capacity adjustment factor, 
and the number of pounds of steam utilized. 
If the previous 12-months average capacity 
factor is 70 percent, then the capacjty 
adjustment factor is equal to one. The factor 
is less than one for capacity factors greater 
than 70 percent, and greater than one for poor 
load or capacity factors. The factor does not 
operate to our detriment if Phillips or AT0 
cannot deliver steam when we can operate. 

We also pay a price per pound of water 
multiplied by the number of pounds of water 
delivered to Phillips for injection. 
capacity adjustment factor is not included in 
the injection cost calculation. 

The 

L' 
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The contract steam and water injection prices 
are stated on a block basis. That is, there 
is a more expensive price for the first 
unit, a less expensive price for the second 
unit, and a lower price for the third and 
all subsequent units. 

A portion of the steam and water price is not 
allowed to escalate, and the greater portion 
of the price is allowed to escalate, based on 
published government indices. 

One other unusual feature of the contract is 
that Utah Power will construct and operate the 
steam gathering and water injection systems 
for Milford No. 1, and all future generating 
plants. Phillips, as the unit operator, will 
drill and operate all production and injection 
wells and the wellhead separator unit. 
Phillips will also meter the steam and water 
flows. 

The contract was an attempt to provide the 
producers with a reasonable return on their 
investment while both parties work together 
to produce the lowest possible cost of 
electric energy produced. 

In conclusion, we at Utah Power compliment 
EPRI's lead to develop technology and data 
for the electric utilities' use in their 
efforts to generate electric energy from 
geothermal energy. 
of the EPRI tools, such as the mobile 

We plan to utilize many 

geothermal laboratory and brine chemistry 
computer program, to enhance the probability 
that Milford No. 1 will operate successfully. 

With the thousand plus megawatts installed at 
the Geysers, and additional megawatts planned 
by many different developers and utilities 
in that same area; with numerous flash steam 
or binary units either operating, planned, or 
under construction in the Imperial Valley; 
with exploration and testing being conducted 
in Nevada; with development activities being 
conducted in New Mexico; with planned 
development of 20 megawatts at southwestern 
Utah; with geopressure exploration increasing 
in the gulf states; with all of this activity, 
I see strong evidence that electric genera- 
tion using geothermal energy will take a 
major position with the western utilities in 
the near future. We utilities need this 
renewable resource to help meet our load 
growth requirements. 

We applaud you who are here and working 
together to develop solutions to geothermal 
problems. This workshop is an important step 
in disseminating information that will be 
helpful to all engaged in geothermal energy 
utilization. 
development of geothermal resources to 
provide another alternative for electric 
energy generation. 

We look forward to large-scale 
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HEBER GEOTHERMAL BINARY DEMONSTRATION POWER PLANT 

N E W  DEVELOPMENTS 

RP 1900-1 

Robert G. Lacy 
San Diego Gas & Electric Company 

Post Office Box 1831 
San Diego, California 92112 

(714) 235-7754 

Background SDG&E has been associated with 
geothermal exploration and development in the 
Imperial Valley since 1971. S D W  currently 
has interests in the four geothermal reservoirs 
shown in Figure 1 .  

SALrnN SEA 
MATUINAL 
WlmUFE 
REFUGE 

GEOTHERMAL 
EST FACIUTT 

EAST MESA 
I Ip 

PROPOSED GEOTHERMAL 
DEMONSTRAMN 

HEBER A N O M Y  ----__*----- - -- - 
FIGURE 1 

IMPERIAL VALLEY GEOTHERMAL RESERVOIRS 
LOCATION MAP 

Major SDGSCE activities (or activities of its 
subsidiary, New Albion Resources Go. [NARCO]) 
have included drilling and flow testing 
geothermal exploration wells, feasibility and 
process flow studies, small scale field testing 
of power processes and equipment, and pilot 
plant test facility design, construction, and w operation. Supporting activities have included 

geothermal leasing, acquisition of land and 
water rights, pursual of a major new 
transmission line to carry Imperial Valley 
geothermal and other electric power to San 
Diego, and support of Magma Electric's 10 Mw 
East Mesa Geothermal Power Plant. Current 
SDGslE efforts emphasize commercial scale 
planning, risk reduction, and reservoir 
development. 

EPRI-sponsored work leading to this Project has 
been heavily relied upon. Field testing, 
environmental baseline, and feasibility studies 
were used as a point of design departure for 
Heber Binary Project design, development, and 
optimization. In 1975, EPRI commissioned The 
Ben Holt Company and Procon, Inc., to perform a 
study (EPRI Research Project 580) on the 
feasibility of constructing and operating a 
geothermal demonstration power plant utilizing 
low-salinity, liquid-dominated hydrothermal 
resources. The study originally considered 16 
reservoirs in the Western United States, but 
narrowed the choice for detailed analyses to 3 
potential sites. Briefly, the study concluded 
that the Heber geothermal reservoir in Southern 
California's Imperial Valley was the best 
location for fhe demonstration plant, that the 
binary cycle would produce power at a lower 
cost than the two other thermodynamic cycles 
evaluated for that site, and that a 
demonstration plant producing approximately 50 
Mw should be constructed to demonstrate the 
commercial potential of power produced from 
liquid-dominated geothermal resources in the 
United States. The Heber Binary'Project is 
based on the result of the feasibility study. 

SDG&E conducted heat exchanger tests at the 
Heber reservoir for EPRI beginning in 1974, 
which showed minimal problems in handling the 
Heber brine. After the EPRI fe'asibility study 
selected the Heber reservoir as the best site 
for the demonstration plant, SDGEd3 began 
conducting an environmental baseline data 
acquisition study to gather baseline 
environmental information at the reservoir and 
to assess the potential impacts of geothermal 
development. 
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SDG&E has been planning a commercial-sized 
geothermal demonstration plant for a 
considerable length of time. An option for 
SDG&E or the Federal government to fund a 50 Mw 
demonstration power plant was included in a 
1975 contract for the Niland Geothermal Loop 
Experimental Facility. 

To expedite the development of the binary cycle 
plant, in August 1979 the Congressional 
msnagers of an appropriations bill directed DOE 
to proceed without further delay with the 
development of a 50 Mw binary cycle conversion 
geothermal demonstration plant ...[ and] to 
select a site for this &monstration plant 
within three months. 'I (Energy and Water 
Development Appropriation Bill, 1980, 
Conference Report No. 96-388, 96th Congress, 
1st Session, p. 22.) DOE was thus required by 
Congress to select a plant site and to begin 
negotiations for the construction and operation 
of a binary cycle plant. SDG&E consulted with 
other utilities and interested parties and 
decided to solicit government funding for a 
binary plant at Heber. 

S D W  obtained expressions of interest from 
other utilities to participate in the Heber 
Binary Project. The Imperial Irrigation 
District, Southern California Edison Company, 
and the California Department of Water 
Resources all expressed an interest in sharing 
in the construction and operation costs of the 
Project. In addition, EPRI also indicated that 
it would again consider a proposal to 
contribute funds to a binary cycle 
demonstration plant at Heber on behalf of the 
United States electric utility industry. 

In December 1979, S D W  submitted an unsol- 
icited proposal to DOE and EPRI to obtain 
financial assistance for the design, con- 
struction, and operation of a commercial-size 
nominal 50 Mw binary cycle demonstration plant. 
In conjunction with this proposal, SDG&E 
requested and was granted special rate treat- 
ment for its Project costs by the California 
Public Utilities Commission in January 1980. 
R W  funds will be used by SDG&E to support this 
Project. 

DOE selected Heber as the site for binary cycle 
demonstration in January 1980. In March 1980, 
DOE accepted SDW's proposal as a basis for 
negotation for a Cooperative Agreement. 
Negotiations with DOE were initiated on 
larch 27, 1980, and a Cooperative Agreement was 
executed on September 27, 1980. 

The EPRI Geothermal Program Committee approved 
the Project in January 1980. Their Renewable 
Energy Systems Task Force approved the Project 
in Febnury 1980, and the Advanced Power 
Systems Divisional Committee also approved the 
Project during March 1980. Final EPRI Board of 
Directors approval of the Project occurred in 

May 1980. A participation agreement with EPRI 
was executed by SDG&E on October 3, 1980, and 
by EPRI on October 21, 1980. 

Negotiations with the other utilities commenced 
in March 1980, and led to a Participation 
Agreement that was executed by all Parties in 
early December 1980. 

Project Description The objectives of the 
Heber Binary Project are (1) to demonstrate the 
potential of moderate-temperature geothermal 
energy to produce economic electric power with 
binary cycle conversion technology; (2) to 
allow the scaling-up and evaluation of the 
performance of binary cycle technology in 
geothermal service; (3) to establirh schedule, 
cost and equipment perfonnance, reservoir per- 
formance, and the environmental acceptability 
of such plants; and (4) to resolve uncertain- 
ties associated with the reservoir performance, 
plant operation, and economics. 

The Project will be the first large-scale power 
generating facility in the U. S. utilizing the 
binary conversion process. It is expected that 
information resulting from this demonstration 
plant will be applicable to a wide range of 
moderate-temperature, low-salinity hydrothermal 
reservoirs. Eighty percent of U. S. geothermal 
reservoirs fall into this category. 

The binary cycle energy conversion process to 
be employed has the major advantage of being 
capable of converting a greater amount of 
geothermal heat from moderate-temperature 
brines into electric power. Heber 
beginning-of-life and end-of-life conditions, 
shown in Table 1, indicate that the binary 
cycle may be capable of utilizing significantly 
less geothermal fluid per net kilowatt 
generated than the dual flash cycle. 

BINARY CYCLE DUAL FLASH CYCLE 
BOL - EOL __ BOL - EOL - DESCRIPTION 

Liquid Liquid Two TWO 
Phase Phase Phase Brine SupplyMode Phase 

Brine Flow Rate 1.14 8.88 9.8 12.7 

Brine Supply Temp 360 338 293 29 3 

Brine Return Temp 160 160 215 215 

Net Cycle Eff 11.2 11.0 11.6 10.7 

C.W. Flow Rate 129,500 134,300 145,900 161,500 

MM Lbs/Hr 

Degrees F 

Degrees F 

Percent 

GPM 

TABLE 1 
COMPARATIVE PERFORMANCE 

(BINARY VERSUS DUAL FLASH) 
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As geothermal power plants become larger (to 
take advantage of economies of scale) and 
available high-temperature resources become 
fully developed, the predominant cost 
associated with producing geothermal power will 
be related to brine supply and disposal. These 
costs can be significantly reduced for the 
binary plant. Binary cycle technology will 
also increase the total potential output of 
each geothermal resource. 

However, to realize all of these potential 
benefits, commercial-size binary cycle 
technology must be demonstrated. Commercial 
reliability, safety, and costs must be 
established. Much of the technology is now in 
existence and being proven in geothermal pilot 
plants and other applications. However, this 
technology has not been demonstrated on a 
commercial scale. The major plant components, 
such as the hydrocarbon turbine, have not been 
constructed in this size. 

Power Cycle Description The power cycle con- 
sists of a geothermal brine loop and a hydro- 
carbon binary loop as shown on Figure 2. The 
geothermal brine is delivered to the power 
plant under liquid phase (nonflashing) con- 
ditions from pumped wells at a temperature of 
approximately 360°F and a pressure of 200 psig. 
Temperatures are expected to decline with time 
as the reservoir is developed. The brine loop 
contains a bank of eight shell 'and tube heat 
exchangers arranged in a series parallel 
configuration. "he thermally spent brine is 
returned for injection to the geothermal 
reservoir at a minimum temperature of 150OF. 

The binary loop contains the hydrocarbon 
working fluid and provides for the transfer of 
geothermal energy from the brine to the hydro- 
carbon turbine. The hydrocarbon is pressurized 
and heated under supercritical conditions 
before entering the turbine throttle at 575 
psig and 305OF. The working fluid is expected 
to be a mixture of 90 mole percent isobutane 
and 10 mole percent isopentane. 

The power cycle control system is designed for 
base load turbine generator operation with 
limited load variations associated with daily 
and seasonal temperature changes and electrical 
system demand. The controls are capable of 
maintaining system frequency during periods 
when the plant output represents a major part 
of the power reserves on the grid. 

The Project will incorporate a floating cooling 
cycle instead of the originally planned fixed' 
cooling cycle. A floating cooling cycle 
permits the optimization of qearly power output 
by taking advantage of variations in wet bulb 
temperatures. The application of this concept 
to a geothermal binary cycle power plant was 
first investigated by Lawrence Berkeley 
Laboratory. The turbine back pressure, and 
therefore the condensing temperature, is 
adjusted to generate the maximum available 
power provided by the variable wet bulb 
temperature. In contrast, a fixed cooling 
cycle operates at a constant condensing 
temperature and delivers constant power during 
the time that the design wet bulb temperature 
is not exceeded. By incorporating the floating 
cooling concept, the plant average efficiency 

HYOAOURBON VAWR 

FIGURE 2 
POWER CYCLE 
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is improved (with a corresponding reduction in 
brine requirements) while maintaining an 
average net power output of 45 Mw. 

The power plant will be an outdoor-type 
station. The outdoor concept provides for the 
turbine generator and other major equipment to 
be installed outside to reduce capital cost and 
minimize safety hazards associated with the 

handling and containment of the hydrocarbon 
working fluid. 

The plant site contains both the power plant 
and brine production facilities. The brine 
reinjection wells are located about 2.5 miles 
northwest of the plant site. The power plant 
plot plan is shown on Figure 3. The combined 
power plant/production island requires just 
under 20 acres. 

FIGURE 3 
POWER PLANT PLOT PLAN 

The Project is expected to be in service in 6,000 feet. Extensive well flow and injection 
early 1985. SM;&E is negotiating for purchase testing and analysis gives high confidence that 
of geothermal beat for the Project. Figure 4 the Heber reservoir will reliably support the 
shows some of the wells and includes the Project. 
reservoir temperature profile to a depth of 
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Current Activities Current Project activities 
are focused on the engineering effort which 
started January 1, 1981. 

A geotechnical services contract with Fugro, 
Inc. (now Ertec) was executed in November 1980. 
Fugro’s work covered two areas: a soils 
investigation to determine the load-bearing 
capability of the soil and a study to update 
the seismic design criteria developed for the 
former Heber Project using data from the 
October 1979 earthquake. Fugro completed field 
exploration for the Project, including cone 
penetration tests, drilled borings, 
installation of piezometers, downhole geo- 
physical tests, etc., in November and December 
1980. Data interpretation and engineering 
began in December 1980. A final report was 
issued in May 1981. 

A contract with Pickard, Lowe and Garrick 
(PUG) for the Availability Enhancement 
Program, which will assess and improve the 
availability of the power plant, was executed 
on March 26, 1981, and the work is in progress. 
PLhG issued a preliminary Availability Data 
Book containing analyses of the Heber Binary 
Plant based on the EPRI ER-1099 report. P U G  
will update this Data Book to reflect the 
design as it progresses and will incorporate 
work being done by ARINC Research Corporation, 
under contract to EPRI. Preliminary studies to 
evaluate the impact on availability and rate of 
return of alternate substation, brine 
hydrocarbon heat exchange, and condenser 
configurations have been completed. 

An agreement with Fluor Power Services (FPS) 
for engineering and procurement services was 
executed on December 29, 1980. An engineering 
kickoff meeting was held on January 13, 1981, 
to outline the initial goals and a tentative 
front-end schedule was developed for the 
Project. 

The Design Guide was finalized and distributed 
prior to the Conceptual Design Review meeting 
held on April 1, 1981. The Design Guide 
provides the documentation of overall plant 
objectives, operating philosophy, preliminary 
design descriptions, design objectives, and 
criteria. A physical escription of the entire 
facility is included. The Design Guide ensures 
that all Project participants will utilize the 
same general basis for engineering and design 
activities. 

Criteria relating to the following categories 
are provided: 

The descriptions in the Design Guide are based 
primarily on the preliminary baseline design 
and optimization studies in Electric Power 
Research Institute, (EPRI) Final Report, EPRI 
ER-1099, dated June 1979. Most of the major 
process design parameters were confirmed for 
incorporation into the Project Deeign Guide. 
These included the binary working fluid 
composition, brine reservoir, start-of-run and 
end-of-run temperatures, brine supply pressure, 
brine return temperature, hydrocarbon turbine 
throttle conditions, power generator capacity 
and cooling water temperatures. The major 
change was an increase in the brine return 
pressure. It was also verified that the 
Benedict-Webb-Rubin (BWR) equation of state for 
a supercritical Rankine Cycle will be used to 
determine sizing parameters for the binary 
working fluid system. Significant or major 
changes to this baseline information will be 
incorporated as the design progresses. 

We are performing an evaluation of Distributed 
Digital Control (DDC) technology for use at 
Heber in lieu of an analog control system. DM: 
has the potential to provide more flexible 
control capability with lower maintenance costs 
and higher reliability; it would also permit 
easy access to plant records for data retrieval 
and dissemination. 

The first Sponsors‘ Management Committee 
meeting was held on December 17, 1980. The 
Committee approved the Project schedule, goals, 
objectives, and budget for the Phase I effort. 
The second meeting was held on April 22, 1981. 
The Project schedule is shown on Figure 5. 

The first meeting of the Sponsors’ Technical 
Committee was held on April 2, 1981. The 
Committee reviewed preliminary results of the 
floating cooling evaluation and approved 
proceeding with this concept. 

The bid specification for the hydrocarbon 
turbine generator is being prepared. We plan 
to make an award in September 1981, 

The data management contractor will acquire, 
analyze, and disseminate Project data to a wide 
audience for the purpose of stimulating 
commercial development of hydrothermal 
resources in the United States. Selection of a 
consultant is in abeyance due to the 
uncertainity of continued federal funding. 
Significant progress has been made, however, in 
drafting the Scope of Work document, selecting 
bidders, preparing evaluation criteria, and 
preparing the Invitiation to Bid document. 

S D W  Design Philosophy and Objectives Project Philosophy Demonstrating the commer- 
Site Information and Criteria cia1 scale reliability and economics of the 
Civil/Structural/Architectural Design binary cycle process is the primary 
Mechanical Design consideration for the Project. This has 
Electrical Design resulted in a “simple and strong” approach to 
Process Design the power plant design. Use of only a single 
Instrumentation and Control Design hydrocarbon loop and fresh water cooling are 

examples of this approach. 
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Project Implementation Plan 
Project Management & Control 
Conceptual Design Development 
Power Cycle Systems Engineering 
Auxiliary Systems Engineering 
Turbine Generator Engineering 
Mechanicsl/Piping Engineering/Design 
Civil/Structural/Arch. Engineering/Design 
Electrical Engineering/Design 
Control Systems Engineering/Design 
Procurement 

Turbine Generator 
Major Mechanical Equipment 
Major Electrical Equipment 
Miscellaneous Equipment/Materials 

Construction 
Major Contracts Selection 
Site Prep 
Foundations & Structures 
Mechanical Erection 
Electrical Erection 
Miscellaneous 

start-up 

Major Milestones 
Conceptual Design Review 
Turbine Generator Award 
Definitive Estimate 
Major Equipment Awards 
Site Construction 
Turbine Roll 

1981 1982 1983 - 
1 

I 

8 4 
8 I 
1 I 

I I 

V 
V 

FIG1 
MASTER SCHEDULE 

Proven, off-the-shelf hardware will be used 
wherever possible. Geothermal binary pilot 
plant and petrochemical industry experience 
will be canfully reviewed. Provisions for 
future modifications, replacement, or upgrading 
will be considered, but will not be allowed to 
compromise this philosophy. 

Strong reliability, safety, and quality control 
efforts are being implemented. These efforts 
will extend throughout the several phases of 
the Project. SDG&E believes that economic 
impact of poor plant reliability and 
availability justifies a significant effort in 
these areas. 

~ 

1984 1985 I 
f 

4 

V 

Summary S D W  has commenced the design of  8 

binary cycle demonstration plant. Tlte Project 
is being supported by WE, EPRI, four public 
and private utilities, as well as the 
California Public Utilities Commission. The 
Project is expected to confirm the technical 
and economic superiority of the binary cycle 
process at a representative 
moderate-temperature geothermal resource, 
stimulating nationwide geothermal development 
of these currently unused resources. 
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BACA 50 MWe DIRECT FLASH DEMONSTRATION POWER PLANT 

Jack D. Maddox 
Public Service Company of New Mexico 

Post Office Box 2267 
Albuquerque, New Mexico, 87158 (505)  848-4870 

The Baca Geothermal Demonstration Project in- 
cludes an integrated commercial scale geother- 
mal electric power generating plant which will 
utilize a liquid-dominated resource. As such, 
it includes the geothermal field system, fluid 
production equipment, fluid transmission sys- 
tem, steam separator system, electric gener- 
ating plant, geothermal fluid treatment and 
spent fluid disposal facilities, and a tie-in 
to the electric utility transmission networks. 

Union Geothermal Company of New Mexico (Union) 
is responsible for exploring and developing 
the geothermal resource within the area of 
Baca Location No. 1, located in Redondo Canyon 
of Rio Arriba and Sandoval Counties, New 
Mexico, as outlined in Figure 1. 

Figure 1 

Further, Union will construct and operate all 
field facilities on the Project site, includ- 
ing all wells, pipelines, and effluent dis- 
posal equipment necessary to deliver geother- 
mal energy to PNM. PNM will construct and 
operate an electrical generating unit of 
approximately 50 gross EIw capacity and all 
necessary air pollution control equipment 
located in the center of Redondo Canyon. PNM 
will also construct and operate the trans- 
mission facilities to interconnect the gener- 
ating unit to PNM's existing transmission sys- 
tem. 

W 

A Cooperative Agreement was executed in 1978 
with the Department of Energy (DOE). 

Pursuant to this Agreement, PNM and Union are 
to act collectively as Participant and are to 
design, construct, and operate the Geothermal 
Demonstration Power Plant Project (Project) 
with scheduled commencement of commercial 
generation in 1982. 

The objectives of the Project, in support of 
the WE's overall goal to stimulate develop- 
ment of geothermal energy, are as follows: 

A. 

B. 

C. 

D. 

E. 

F. 

G. 

Demonstrate reservoir performance 
characterist+cs of a specific liquid- 
dominated hydrothermal reservoir. 

Demonstrate the validity of reservoir 
engineering estimates of reservoir 
productivity (capability and longevity). 

Demonstrate a conversion system tech- 
nology at commercial scale. 

Initiate development of a resource of 
large potential. 

Act as a "pathfinder" for the regula- 
tory process and other legal and insti- 
tutional aspects of geothermal develop- 
ment. 

Provide a basis for the financial 
community to estimate the risks and 
benefits associated with geothermal 
investments. 

Demonstrate social and economic accept- 
ability and the readiness of state-of- 
the-art technology for producing 
electric power from a liquid-dominated 
hydrothermal resource. 

The power plant site is located in moderately 
rugged terrain at an elevation of 8,730 feet 
above sea level. This location presented some 
unique and challenging design problems which 
were resolved through detailed scheduling of 
critical construction activities around the 
inclement weather periods and optimally 
arranging the major plaut components consider- 
ing : 

- The available level ground space. 
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- Wind direction with respect to cooling 
tower location. 

- Best relative location of the power 
block, cooling tower, switchyara, and 
H2S abatement systems with respect to 
each other and steam line entry and ' 
transmission line egress points. 

Bechtel Power Corporation (Bechtel) was con- 
tracted to do the A/E and construction manage- 
ment services. Using the above location and 
constraints and, of course, the geothermal 
steam properties and corrosion data that had 
been collected for these geothermal fluids, 
Bechtel has essentially completed the design 
work. The details of the bulk of the design 
efforts were presented at last year's EPRI con- 
ference by Mr. John Bouma, entitled "Shaping A 
Geothermal Power Plant." I will therefore just 
give a brief overview of the power plant design 
and some of the unique design features incor- 
porated into the final design. 

A total of twelve design studies were con- 
ducted; some at the specific request of PNM 
and others strictly through Bechtel's initia- 
tive. 

1.  

2 .  

3. 

4. 

- 
These studies encompassed: 

Circulating water pump and condenser 
optimization. 

Surface condenser design to maximize 
H2S removal and minimize C02 blanketing. 

Clean room design to minimize H2S 
corrosion. 

Use of fiberglass reinforced pipe and 
tanks. 

5. 

6 .  

7. 

8 .  

9 .  

10. 

11 .  

12. 

Plant water and chemical balance 
to minimize make-up water require- 
ments. 

Turbine blow-off piping to enhance 
safety and minimize plant H2S levels. 

Plant materials selection. 

Special control room and maintenance 
facilities for remote site location. 

Alternative non-condensible gas re- 
moval optimization. 

Plant color selection. 

Effect of altitude on electrical 
components. 

Optimization of cooling tower design. 

Again, I would refer you to the detailed report 
of Bechtel's presented at last year's con- 
ference for any details. 

Licensing and permitting activities have con- 
sumed a considerable amount of time and effort 
on this Project. 
impacted by difficulties in the DOE'S release 
of the final EIS and a requirement of a Record 
of Decision. These requirements delayed the 
scheduled start of power plant construction by 
approximately one year. Licensing activities 
required for construction of the power plant 
in New Mexico further delayed power plant 
construction start. 

The overall schedule was 
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THE BACA GEOTHERMAL PROJECT: LEGAL AND REGULATORY CHALLENGES 

Sharon G. Province 
WESTEC Secvices, Inc. 

3211 Fifth Avenue 
San Diego, California 92103 

7 14-294-9770 

The Baca Geothermal Demonstration Power Plant 
(GDPP) Project is organized and cost-shared under a 
cooperative agreement between the U.S. Depart- 
ment of Energy, Public Service Company of New 
Mexico (PNM) and Union Geothermal Company of 
New Mexico. The agreement is the result of an 
effort begun in 1977, when DOE distributed a 
Program Opportunity Notice (PON) to  solicit offers 
from private industry to participate in a geothermal 
demonstration power plant project. DOE accepted 
the proposal submitted by Union/PNM for 
development of liquid-dominated fractured volcanic 
reservoirs by employing the flash steam process. 

The overall objective of the GDPP Project is to 
stimulate commercial development of hydrothermal 
(liquiddominated geothermal) resources in ttp 
United States. DOE'S rationale for backing the 
project is to  provide data obtained from actual 
operation of a commercial-scale facility to encour- 
age industry to pursue hydrothermal options. 
WESTEC Services was selected to collect and reduce 
the data to report form for distribution to the 
geothermal public. 

A portion of the data management effort (now 
delayed due to additional work needed in the area of 
resource confirmation and evaluation) focused on 
the regulatory and legal challenges facing the 
project participants. The following discussion will 
center on three topics in the legal and regulatory 
area: 

I. The Baca Cooperative Agreement 

3. Record of Decision 

1. The Baca Cooperative Aareement 

developing geothermal resources located in Redondo 
Canyon at Baca Location Number One, New Mexico 
in 1974. Union's role was to produce steam for sale 
to PNM. PNM would, in turn, produce electricity 
from the steam at a power plant which PNM would 
constuct, and would commercially distribute the 
electricity. 

Union and PNM beg discussions on joint1 

By 1977 discussions between the 
tly developing a 50 MW plant. 

DOE, Union and PNM began negotiations in 
September 1978 to develop a cooperative agree- 
ment. DOE must choose the cooperative agreement 
as the award instrument if the agency anticipates 

substantial involvement between itself and the 
recipient throughout the course of a project in which 
it is participating to accomplish a public purpose of 
support or stimulation (Public Law No. 95-224). 
Utilization of a cooperative agreement is intended 
to provide a more flexible mechanism than a 
procurement contract for achieving these goals. A 
description of the Baca Agreement follows. 

In the Agreement, Union and PNM are character- 
ized as separate entities, which comprise a single 
entity called Participant. The Agreement specifies, 
however, that the failure of either Union or PNM to 
perform will be deemed failure of performance by 
both. The contractual period of performance is 
from July 14, 1978 through completion of the Opera- 
tional Phase of the project (approximately 
March 1, 1987) or termination of the Agreement 
pursuant to the "Termination/Election to Continue" 
provision. Subject to the termination provisions, the 
Revenue-Sharing provision (see below) remains in 
effect  after completion of the Operational Phase. 

The total estimated cost of performing the work 
mder the Agreement is $133,674,989 which is 
divided among three project elements: 

1. Wells and Steam Production 

2. Power Plant and Distribution System 

3. Data Gathering, Evaluation and Dissemina- 
tion 

DOE will fund a maximum of $24,480,000 toward 
Element I; $24,480,000 for Element 2; and all costs 
for work performed under Element3, subject to 
modification. In addition, for $7,415,500, DOE 
purchased a 50 percent interest in Union's costs of 
developing data on the Redondo Creek area from 
1971 to 1977. The ratio of DOE'S 5 h e  of the 
overall cost of the project to that of Participant is 

Participant's estimate of costs and schedule of 
performance was based on expected completion of 
the Environmental Impact Statement @IS) process 
by August 6,1979. In the event of a significant 
delay causing an increase in project costs, the , 

parties agreed to negotiate in good faith to adjust 
equitably the parties' contributions. Such delays 
already have resulted in several modifications to the 
contract. 
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In the important area of revenue-sharing, Union 
is obligated to reimburse DOE for a portion of the 
project coots based on a specified formula if all of 
the following events occur: 

a. Participant operates the project facilities on 
a commercial basis for I2 months following 
the 5 year Operational Phase of the project. 

b. The Agreement remains in full force and DOE 
participates in the project at least until the 
Operational Phase commences. 

c. At the time payments are to begin, federal 
income tax law entitles Union to deduct a 
depletion allowance corresponding to a per- 
centage of new revenues received by Union 
from PNM for geothermal steam delivered. 
Provision is made for payments at three 
month intervals. The amount of each pay- 
ment by Union to DOE will equal 50 percent 
of Union's tax savings resulting from the 
depletion allowance deduction. 

The Revenue-Sharing provision contains these 

a. The maximum percentage recoverable by 
DOE is 50 percent of its "aggregate project 
costs.'' 

b. The percentage of costs for which Union must 
reimburse DOE is reduced in the event Union 
or PNM's aggregate Project costs exceed 
specified amounts. 

, 

limitations: 

2. The Permitting Process 

As with any proposed geothermal project, the 
proponents must deal with various regulatory re- 
quirements. For the CDPP Project, both the 
resource developer (Union Geothermal) and the 
resource utilizer (PNM) applied for permits man- 
dated by state and federal agencies. 

For Union, the most critical permitting con- 
straint to supplying steam has been securing 
approval of the State Engineer's Office to appro- 
priate underground waters and to change the point 
of diversion and place and purpose of use for surface 
waters. The State Engineer granted the requested 
permits subject to several conditions. However, one 
of the Indian Pueblos involved in the administrative 
hearings filed an appeal in the New Mexico District 
Court. The appeal was scheduled for trial in 
June 1981. On May 18, 1981, the District Court 
postponed hearings of this case until January 1982. 

On the utility side, PNM has secured the 
majority of its permits and clearances. It has not 
obtained a Certificate of Public Convenience and 
Necessity, a prerequisite to construction and opera- 
tion of any new generating facility. The New 
Mexico Public Service Commission (PSC), which has 
jurisdiction over state public utility matters, held 

extensive hearings on this application throughout the 
summer and fall of 1980. Environmental, Indian, and 
consumer groups oppose construction of the plant at 
the Baca site on such diverse grounds as socio- 
economic impacts on the region, infringement of 
Indian religious practices and the absence of a 
present need for the additional 50 MW capacity. In 
May 1981, the PSC issued an order indicating it will 
hold PNM's application in abeyance because of the 
utility's decision to reevaluate the project. 

2. The Record of Decision 

Under federal NEPA and CEQ regulations, the 
environmental process is triggered any time the 
federal government involves itself in a proposed 
activity whkh is considered a -  significant federal 
action. Since the CDPP project was an action 
expected to result in the amstruction and operation 
of a hrll-scale energy system project, preparation of 
an EIS was required. CEQ regulations also mandate 
publication of a Record of Decision which is a public 
record explaining the basis for an agency's choice of 
a particular course of action within the EIS process. 

Who within the agency has the responsibility for 
issuing the EIS and Record? DOE guidelines and the 
precedent set by the Baca EIS and Record of 
Decision indicate that the program office, Le., the 
Division of Geothermal Energy (DCE) and the 
Assistant Secretary of Resource Applications, are 
responsible for environmental decision-making in 
projects of this nature. 

DCE's role is supported within DOE by the NEPA 
Affairs Division, Office of the Assistant Secretary 
of the Environment. The NEPA Affairs Division 
reviews the document prepared by DCE and, if 
appropriate, makes recommendations for change. 
Therefore, while the Assistant Secretary of 
Resource Applications issues the Record of Deci- 
sion, the Secretary of the Environment must concur 
before its publication. (Because of the project's 
direct impact on Indian Pueblos, the Office of the 
Director -- Intergovernmental Affairs, Office of the 
Secretary of Energy, acted as an advisor on issues of 
infringement of Indian rights and was a signatory to 
the Record of Decision. 1 

DOE issued a Record of Decision on May 5,1980 
indicating it would continue participating in the 
Baca project. The Record of Decision cited these 
advantages of supporting the 6aca project: system 
design, prime geothermal resource, capability of 
DOE partners, and cost sharing between the partners 
and the Government. DOE balanced these expected 
benefits against potential environmental concerns 
notably the possible degradation of air quality, 
depletion of surface and groundwater supplies, and 
infringement of American Indian religious freedom. 
DOE concluded that these advantages, as well as the 
feasibility of mitigating the environmental impacts 

the Baca 
site. 
of the project, favored developm 
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BACA RESERVOIR DATA ANALYSIS AND DISSEMINATION: STATUS AS OF JUNE 1981 

T. D. Riney 
Systems, Science and Software (S3) 

P. 0. Box 1620 
La Jolla, CA 92038 

(bi 

(714) 453-0060 

In roduction Systems, Science and Software 
I - S k - T  act ng as a subcontractor t o  WESTEC 
Services, Inc., was responsible for the 
geological , geophysical and reservoir 
engineering aspects of the Baca Data 
Gathering, Evaluation ~ and Dissemination 
contract from February 1980 to  June 1981. 
T h i s  paper briefly describes the contents 
of the five etailed technical reports com- 
pleted by S j  during this period, includ- 
i n g  the conceptual model that has evolved 
for the Baca reservoir i n  the Redondo Creek 
area. 

Pressure Transient Analysis Since the 
transient pressure data available from the 
various BaCa wells indicate in-formation 
flashing during drawdown and no analytical 
techniques exist for interpreting bui ldu  
data for two-phase reservoirs, the S 
geothermal reservoi r simulator CHARGR was 
employed i n  a series of calculations to  
deduce the general features of drawdown/ 
bui ldup  response i n  geothermal wells. The 
numerical results form a theoretical 
framework for interpreting the flow data 
from the production/injection wells a t  
Baca or other two-phase. systems. Specifi- 
cally, CHARGR was used to  simulate a series 
of well t e s t s  t o  investigate (1) the 
drawdown/buildup response of hot water 
wells, (2)  the drawdown/buildup behavior of 
ini t ia l ly  two-phase reservoirs, (3) the 
drawdown/buildup response of ini t ia l ly  
single-phase reservoirs which undergo 
flashing as a result of f l u f d  production 
and (4) the effect  of f l u i d  injection into 
single-phase and two-phase reservoirs. 

s 

Rodius,r (m) 

F i g u r e  1. Radial Distribution of Steam 
Saturation Sg a t  Selected Times u (  
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Figure 1 il lustrates one of the cases 
simulated i n  which the reservoir, in i t ia l ly  
boiling everywhere, is produced a t  a con- 
stant rate. The vapor saturation is  shown 
a t  different times; during pressure buildup 
after production i s  stopped, substantial 
liquid over-recovery is  seen to  occur. The 
condensation front eventually engulfs most 
of the reservoir region affected during the 
drawdown period. 

The numerical simulations presented i n  
the detailed topical report (Garg and 
Pritchett t19801) demonstrate some of the 
difficult ies.  associated w i t h  analyzing 
pressure transient data from hot water and 
two-phase geothermal reservoirs. Pro- 
duction data (drawdown/buildup) from 
single-phase hot water and ini t ia l ly  two- 
phase reservoirs may be analyzed i n  the 
usual manner to  yield kinematic mobility 
and absolute permeability provided t h e  
total formation compressibility i s  defined 
properly. Drawdown data from ini t ia l ly  
single-phase reservoirs which undergo 
flashing during production can be made to  
give two-phase kinematic mobility; the 
buildup data from such reservoirs offer the 
possibility of determining absolute forma- 
tion permeability. I t  is further shown 
that injection data for single-phase and 
two-phase reservoirs can be interpreted to 
give absolute formation permeability; the 
f a1 1 -off data (especi a1 ly i n two-phase 
systems) appear, however, t o  be of lesser 
u t i l i t y .  

Effects of COS Content of Reservoir 
n u i d  T he aeothermal wells i n  the Redondo 
Creek area produce from fractures i n  the 
Bandelier Tuff, a thick deposit of  welded 
volcanic ash-flow deposits of rhyolite ash 
and pumice. Fluid temperatures over t h e  
productive intervals o f  the wells are 260- 
315'C; fluid salinity i s  approximately 
6000-7000 ppm. The noncondensible gases 
are -99 percent carbon-dioxide; the Cop 
mass fraction l i e s  i n  the range a=0.003- 
0.015. Geological and geochemical evidence 
furthermore indicates that  the reservoir 
system extends below the Bandelier Tuff t o  
great depth i n  an older series of  volcanic 
and sedimentary rocks; temperatures i n  
excess o f  315% are found there. 



The thermodynamic behavior of the Baca 
reservoir fluid may be adequately repre- 
sented by a mixture of CO and pure water 
(Pritchett, e t  a l .  Cl98llf. An equation- 
of-state p a z a g e  for C02/H20 mixtures 
has been developed and applied to demon- 
s t ra te  that the depth and the lateral 
distribution of the two-phase region i n  the 
Baca reservoir is very sensitive as to the 
assumed value of a (see Figure 2).  There- 
fore, a reasonably accurate determination 
of the C02 mass fraction is essential to 
proper characterization of the reservoir 
system. Consideration of the changing 
thermodynamic states of a parcel of res- 
ervoir f l u i d  as i t  moves from the reser- 
voir to the surface shows that once i t  
begins to boil, C02 is  preferentially 
transferred to  the gaseous phase. Conse- 
quently, the COP content cannot be 
determined from pressure/temperature 
measurement correlations i n  flowing wells; 
C02 content must be determined directly 
by chemical analyses of the discharge 
fluids. 

1 

Figure 2. Critical Temperature for Two- 
Phase Behavior i n  Baca Field as 
a Function of Elevation Above 
Sea Level for Various Assumed 
Values of the C02 Mass Frac- 
tion i n  the Field (a). Dashed 
Lines Represent Estimated Res- 
ervoir Temperatures. 

The equation-of-state package was 
incor orated into CHARGR and a series of 

content can have a profound influence on 
well flow tests. The COP content of the 
produced fluid may be less than or greater 
than that of the reservoir fluid. The 
flowing enthalpy is  also strongly dependent 
on the COP content. I t  is also shown 
that the classical interpretation of the 
drawdown pressure-time data will infer much 
smaller formation permeability than exists 
i n  the reservoir and that the discrepancy 
increases w i t h  C02 content. 

calcu P ations made which show that the C02 

Interpretation of Downhole Data In many 
systems. includinq Baca. most of the 
pkneability i s  &e to -the presence of 
fractures; the matrix (or pore1 perme- 
abil i ty i s  often negligible. Because of 
convective f 1 ow w i  t h i n  a we1 1 bore penetra- 
t i n g  such a system, measured temperature 
and pressure profiles are related to the 
formation conditions only a t  certain feed- 
poin ts .  Comparison of successive tempera- 
ture/pressure prof i 1 es measured during col d 
water injection and during the warmup 
period after injection provide a way to  
determine the feedpoints. Figure 3 depicts 
the locations of the wells (dril led prior 
t o  1980) i n  the Redondo Creek area for 
which S3 had data available. S3 has 
synthesized information from the well 
surveys, dri l l ing information and geo- 
logical correlations to  establish that the 
Baca reservoir is ini t ia l ly  two-phase and 
t o  construct a conceptual model of the 
system. T h i s  work has been documented i n  a 
draft report which has been submitted t o  
the Participant and the Department of 
Energy for approval (Grant and Garg C19813). 

REDONOO CREEK DEVELOPMENT AREA 
(approximate outline) 

Figure 3. Location of Indicated Baca Wells 

Geological and Geophysical Data File The 
structure of the Geological and Geophysical 
Data File prepared by S3 is  such that the 
f i l e s  can be readily updated and additional 
data sets can be easily added as any new 
measurements become available (Goupillaud, -- e t  al. C19811). Presently, three general 
types of data sets have been entered under 
the following geophysical classification: 
gravity, shallow temperature gradient and 
electrical resist ivity measurements. The 
1 at ter  category includes three subtypes of 
surveys: dipole, dipole-dipole and mag- 
netotel luric. Other subtypes could readily 
be added later i f  needed. 

Apart from the shal low temperature 
gradient data, the geophysical data are 
clearly designed to be used as an early 
exploration tool. Their value for other 
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purposes appear very limited because of the 
low density of information i n  the 
production area. 

Reservoir Data File Computer f i l e s  of 
pertinent reservoir data have been devel op- 
ed i n  a format designed for use i n  reser- 
voir model simulation studies. These 
computer f i l e s  constitute the Reservoir 
Data File for t h e  Baca project (Rice 
C19801). The Reservoir Data File consists 
of four major f i les:  A General Information 
File, an Individual Well File for each well 
i n  the field,  an Interference Tests Data 
File, and the Core Data File. 

The General Information File records 
definitions, notations and other data 
pertinent t o  the understanding of the other 
three f i les .  The Individual Well File 
documents data about the well useful for 
reservoir performance calculations. These 
f i l e s  (one for each well i n  the system) 
constitute the .bulk of the Reservoir Data 
File. The Interference Tests Data File was 
intended to  be used to  record the results 
of any interference tes ts  performed i n  the 
Baca reservoir and the Core Data File was 
to be used to  record data obtained frdm 
analyses of a l l  cores taken from the 
field. The data elements t o  be included i n  
these two f i l e s  have been identified, bu t  
no data have yet  been recorded. 
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PACIFIC GAS AND ELECTRIC COMPANY'S GEYSERS PROJECT STATUS 

S. K. Kho, Project  Engineer 
PACIFIC GAS AND ELECTRIC COMPANY 

77 Beale S t r ee t  
San Francisco, CA 94106, (415) 781-4211 

INTRODUCTION 
Gas and E l e c t r i c  Company current ly  has 15 
un i t s  with a generating capacity of 908 mega- 
w a t t s .  I n  addi t ion,  two 110 megawatt u n i t s  
(17 and 18) are under construction, one 110 
megawatt Geysers u n i t  (16) is i n  the  l icen- 
s ing process and one more 110 megawatt u n i t  
(20) is i n  the  s i te  se l ec t ion  phase. The 
t o t a l  operat ional  capacity of t he  Geysers 
Project  is expected t o  be about 1,350 mega- 
w a t t s  by la te  1985. 
each project  with a more de t a i l ed  discussion 
of t he  s i te  preparation of Geysers Unit 18. 

UNIT 16 This u n i t  has been under Cal i fornia  
Energy Commission (CEC) review s ince  August 
1978. 
with the  rout ing of the transmission l i n e .  
Recently, t he  CEC extended proceedings on the  
Application f o r  Cer t i f i ca t ion  (AFC) decision 
f o r  120 days. I f  the AFC decision is  made 
t h i s  year, construction is expected t o  begin 
i n  March 1982. 

UNIT 17 The c i v i l  foundation and s t r u c t u r a l  
steel f ab r i ca t ion  work is  nearing completion, 
and the e rec t ion  of s t ruc tu res ,  cooling tower 
and t h e  i n s t a l l a t i o n  of t he  e l e c t r i c a l  and 
mechanical equipment are about t o  begin. 
Commercial operation of t h i s  u n i t  is  scheduled 
f o r  December 1982. 

UNIT 18 The construction of t h i s  u n i t  is 
about t h ree  months behind Unit 17. Problems 
concerning the construction of t h i s  u n i t  
occurred mainly during site preparation. 

The Geysers Project  of Pac i f i c  

This paper summarizes 

The delay has primarily been associated 

The Unit 18 si te  was  selected a f t e r  explora- 
tory borings and trenching, mapping, geophys- 
ical  surveys, laboratory t e s t i n g  of s i t e  
materials and engineering analysis  of labora- 
tory and f i e l d  data  were ca r r i ed  out.  The 
po ten t i a l  f o r  environmental damage and l o s s  
of investments due t o  geologic and seismic 
hazards were considered i n  the  design. Envi- 
ronmental constraints  and po ten t i a l  f o r  land- 
s l i d i n g  prevented the  placing of excavated 
materials on adjacent slopes and meadows. 
Consequently, t o  provide the needed area f o r  
t he  power p l an t ,  a c r i b  r e t a in ing  w a l l ,  about 
425 f e e t  long with an average height of about 
30 f e e t  was proposed. 

Owing t o  the  s teep t e r r a i n  and complex geo- 
logic  features ,  t yp ica l  of The Geysers region, 
i t  w a s  not possible  t o  determine more accu- 
r a t e l y  the  subsurface conditions p r io r  t o  the  
s t a r t  of s i te  construction. The area where 
the r e t a in ing  w a l l  was  intended was  inacces- 
s i b l e  t o  s o i l  invest igat ion equipment. A s  a 
r e s u l t ,  a high l eve l  of engineering judgment 
w a s  used i n i t i a l l y  i n  the wal l  design with the 
understanding t h a t  t he  subsurface conditions 
would be ve r i f i ed  during construction. 

When construction began, geologic conditions 
exposed a t  the  plant  s i te  w e r e  a s  predicted,  
but the geologic and foundation conditions a t  
the base of the r e t a in ing  wal l  w e r e  found t o  
be more adverse than ant ic ipated.  Additional 
borings indicated tha t  the in s ide  face of t he  
w a l l  would require  extensive blast ing,  ye t  the 
toe  of the w a l l  did not have adequate bearing 
materials. One a l t e r n a t i v e  solut ion w a s  t o  
increase the  height of t he  w a l l  t o  80 f e e t  a t  
i ts  maximum s e c t i o n ' i n  order t o  reach firm 
rock. This would increase the extent  of 
b l a s t ing  and the construction i n t o  the winter 
months. For t h i s  reason, an a l t e r n a t i v e  
solut ion was selected by which the plant  ele- 
vat ion was lowered by 10 f e e t  and the  e n t i r e  
plant  layout w a s  moved 25 f e e t  away from the  
o r i g i n a l  planned dis tance from the  w a l l .  
w a l l  a l s o  was moved 6 f e e t  i n t o  the  f ace  of 
t he  slope, r e su l t i ng  i n  a c r i b  w a l l  of 44 f e e t  
a t  its maximum sect ion.  Signif icant  advan- 
tages were real ized i n  time, cost ,  and r i s k  
with a &$-foot w a l l  as compared t o  an 80-foot 
w a l l .  

Due t o  the  changed loading conditions (44 f e e t  
versus 30 f e e t  o r ig ina l ly )  t he  bearing capac- 
i t y  under the  c r i b  w a l l  had t o  be analyzed. 
Since the  ove ra l l  weight of the c r i b  w a l l  and 
the  b a c k f i l l  behind it were approximately the  
s a m e  as the materials cut  from the  h i l l ,  the  
problem t o  be analyzed was  mainly i n  the  
d i s t r i b u t i o n  of the loads r a the r  than i n  the 
increase i n  the  ove ra l l  load. 

When excavation of the r e t a in ing  w a l l  w a s  
e s sen t i a l ly  completed, geologic and foundation 
conditions were mapped. About 4 of the base 
area of t he  w a l l  consisted of s o f t e r ,  sheared 
materials with sheared zones and clay seams. 

The 
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The remaining area consisted of grey, rela- 
tively unweathered amphibolite; the conditions 
were neither bad nor good. 
of the materials indicated that bearing capac- 
ity under the base of the crib wall would be 
adequate but the in-situ strength of the clay 
seams could be weakened by winter rains. To 
alleviate this problem, the wall was built on 
a thoroughly compacted base of crushed rock 
with a network of sub-drains. As a precau- 
tionary measure, the future behavior of the 
wall and the foundation conditions are moni- 
tored by an inclinometer and peizometer and 
settlement markers at critical sections of the 
wall; so far, no significant movement has been 
observed. Construction of the crib wall and 
major earthmoving operation was completed in 
November 1980, before the start of the winter 
season. Currently, the civil foundation and 
structural steel fabrication work is in prog- 
ress. 
scheduled for May, 1983. 

Strength analysis 

Commercial operation of this unit is 

H7S ABATENENT The abatement of H2S at The 
Geysers is a continuing problem only partially 
resolved. The 15 operating units have several 
abatement systems as follows: 

UNITS SYSTEMS 
13, 14, 15 Surface condenser/Stretford 

Process; secondary abatement 
with H202 and Fe-Hydroxy 
Acetic Acid 

3 ,  4, 5 ,  6 
11, 12 FeS04; H202; NaOH 
9 ,  10 FeS04; NaOH 
2, 7, 8 FeS04; EIC demonstration proc- 

ess being installed on Unit 7 
1 Natural abatement using direct 

condenser and cooling tower 

Many papers and discussions previously have 
reviewed the various abatement technologies 

from either an optimistic or pessimistic point 
of view. 
Geysers, we have demonstrated that the 
installed abatement systems are operable, but 
the capital cost and operational difficulties 
are more significant than was originally 
contemplated. The chemical abatement systems 
used on the direct contact condenser Geysers 
units result in a high solids content in the 
cooling water with attendant corrosion and 
increased maintenance. The surface condenser/ 
Stretford Process/Secondary Abatement System 
appears to be effective to meet today's 
regulations; however, corrosion appears to be 
significant and the capital and operating 
costs are high. The Stretford Process has 
proved to be reliable but maintenance is a 
continuing problem caused by erosion/corrosion 
and plugging of transfer lines. The EIC proc- 
ess remains to be demonstrated on a full scale 
at Unit 7 but the ever-present concern is the 
risk of potential turbine damage due to sul- 
furic acid and copper sulfate entrainment in 
the "clean" steam. 
been developed at The Geysers beyond the 
1000 lb steam/hour facility that was tested at 
Unit 7; however, PGandE is carrying out 
detailed designs for the Coury Process but no 
commitments have been made for installing a 
test facility at The Geysers. 

From our experience to date at The 

The Coury Process has not 

In summary, the H2S abatement continues to 
remain one of the limitations to geothermal 
development at The Geysers, whereas the design 
and construction of The Geysers units are 
conventional and state-of-the-art at this 
time. The ever-increasing emission limita- 
tions on H2S have shifted the emphasis at The 
Geysers from electrical generation to chemical 
processing. Unfortunately, this trend has not 
demonstrated any change in direction and will 
likely increase to result in more chemical 
operations. 
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W SUMMARY OF UTAH POWER & LIGHT COMPANY 

GE0THEW.L ACTIVITIES 

J. Lynn Rasband 
Utah Power & Light Company 

P. 0. Box 899 
Salt Lake City, UT 84110 

Utah Power ti Light Company's present geother- 
mal activities are concentrated at the 
Roosevelt Hot Springs area located in south- 
western Utah. On September 18, 1980, Utah 
Power & Light Company (Utah Power) and 
Phillips Petroleum Company (Phillips) executed 
a steam sales agreement which established the 
price that Utah Power would pay for steam 
energy in the Roosevelt Hot Springs 
(Roosevelt) area. Under other provisions of 
the agreement, Phillips dedicated the energy 
in the resource for electric power generation. 
Phillips can use the lower temperature heat 
content geothermal fluids for non-electric 
uses if authorized by Utah Power. 

My discussion will briefly describe the 
Roosevelt geothermal reservoir, discuss some 
engineering features of the planned Milford 
Geothermal No. 1 electric generating unit, 
and then outline the anticipated program to 
test the second-generation rotary separator 
turbine unit. 

The Roosevelt geothermal reservoir is located 
12 miles northeast of the town of Milford 
(see Figure 1). 
part of the Roosevelt Hot Springs Known 
Geothermal Resource Area (KGRA) , which 
consists of 46.7 square miles in Beaver 
County, Utah. 
thermal leases of 70 percent of the 
participating area, and has been designated 
as unit operator. Amax Exploration, 
Incorporated, O'Brien Resources Corporation, 
and Thermal Power Company, hold lease rights 
to most of the remaining acreage, which is 
Utah State owned. The word "Phillips" will 
be used to represent all resource owners in 
the Roosevelt reservoir area. 

The most significant geological feature at 
Roosevelt Hot Springs is the Dome Fault, a 
north-south trending fault manifest on the 
surface for a distance of approximately two 
miles. The reservoir is contained in 
fractures in granite rock to the east of 
the Dome Fault. 

The reservoir underlies a 

Phillips holds federal geo- 

The Roosevelt Hot Springs was a small area of 
springs discharging sodium chloride water 
highly charged with silica. 
the settlers used the springs in the area for 
washing, bathing, stock watering, and 
swimming. 
small discharge of hot water as late as 1957, 
but, by 1966, the springs were dry. Small 
fumeroles emit minute quantities of water 
vapor and gases at the present time within 
the spring area. 

Earliest drilling for geothermal resources 
occurred in December, 1967, when Eugene Davie 
and A. L. MacDonald jointly drilled 80 feet 
into opaline hot springs deposits in Sec. 16, 
T27S, R9W. They encountered hot water and 
plugged and abandoned the hole. 
the rig 300 feet to the east and drilled a 
165 foot hole, which encountered hot water 
that flashed to steam. 
and then redrilled in March, 1968, to 265 
feet, at which depth the well flowed a 
mixture of steam and hot water. This last 
hole was eventually plugged and abandoned with 
some difficulty. It is this well site that is 
generally described as the "discovery well" 
for the Roosevelt geothermal area. 

Results of exploration activities conducted 
prior to the Roosavelt KGRA lease sale in 
1974, which was the first to be held in Utah, 
indicated that the Roosevelt area had 
exceptional geothermal promise. 

After the federal leases were issued in 
October, 1974, exploration activity shifted to 
drilling the acquired acreage. 
six exploratory wells and two observation 
holes were drilled. 
Well No. 3-1 was completed near the end of 
April. Subsequent work in the period from 
1976 to the present was designed to further an 
understanding of the geothermal reservoir. 

Tests on Well No. 3-1 indicated a reservoir 
temperature of 500'F. On a three-hour flow 
test, this well produced at a total mass flow 

At various times, 

The springs were reported to have a 

They moved 

The well was plugged 

During 1975, 

The commercial discovery 
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rate of 600,000 pounds per hour with a steam- 
to-water ratio of .17. To date, five addi- 
tional wells indicated to be commercially 
productive have been completed by Phillips 
and other resource operators within the 
Federal Unit. 

The Roosevelt Unit was the first geothermal 
unit approved by the United States Department 
of the Interior, and it was utilized in 
April, 1976. 

At the present time, eleven geothermal test 
wells have been drilled within the KGRA. Six 
of the wells are considered capable of 
producing fluid in commercial quantities: 
Phillips No. 3-1, No. 54-3, No. 13-10, and 
No. 25-15; Amax-Thermal Power-O'Brien (ATO) 
No. 14-2 and No. 72-16. Phillips Well 
No. 12-35 is productive but presently not 
commercial. Four wells have not encountered 
the geothermal reservoir: Phillips No. 9-1 
and No. 82-33; Getty Oil Company No. 52-21; 
and AT0 No. 24-36. Phillips Well No. 3-1 was 
completed with small diameter casing and is 
not proposed as a producing or injection well 
in this plan, but will be retained as an 
observation well. 

In addition to the deep tests, eight 
observation wells ranging in depth from 1,760 
to 2,317 feet have been drilled in the area. 

For Milford Geothermal No. 1, a 20 megawatt 
(MW) electric generating unit, it is planned 
that two existing wells (54-3 and 13-10) and 
two new production wells, designated as A-1 
and A-2, as shown on Figure 2, will be used 
to supply the required steam flow. 
existing wells (82-33, 14-2, and 12-35) will 
be used to inject cooled geothermal fluids 
back into the fringes of the geothermal 
reservoir. The operation of three of four 
production wells and two of three injection 
wells should provide adequate capacity to 
operate the 20 MW unit at its maximum 
capability. 

The generating plant will occupy the larger 
portion of a ten-acre parcel of land located 
in the south central area of Sec. 3, T27S, 
R9W. 
and is covered with sagebrush. The site is 
located on federally-owned land, and we are 
discussing a 30-year lease with a preferential 
renewal right with United States Geological 
Survey (USGS) and Bureau of Land Management 
(BLM). A 46-kilovolt transmission line is 
located just one-half mile south of the 
proposed plant site. 

This first generating unit will be powered 
by steam manifolded from single-flash wellhead 
steam separators. The geothermal liquid will 

Three 

This site is gently sloping to the west 

be collected and then pumped to the injection 
wells identified above. The single-flash, 
20 MW generating unit was selected as a 
compromise to hold down initial investment 
while providing generating capacity that would 
use sufficient reservoir fluid to provide 
meaningful capability and fluid character- 
istics data. 

We have accomplished many significant mile- 
stones to date. On September 18, 1980, we 
executed a steam sales agreement with Phillips 
That agreement was approved by the Utah State 
Public Service Commission in December, 1980. 
Then, in early January, 1981, requests for 
proposals were mailed to six engineering 
firms, and on March 6, 1981, Gibbs and Hill, 
with offices in San Jose, California, were 
selected to begin engineering the Milford 
Geothermal No. 1 generating unit. 
Applications to USGS and BLM were filed in 
January, 1981, to occupy the land for the 
plant site. If all required permits and 
authorizations are obtained on time, the 
plant should begin operations by late 1983 or 
early 1984. 

In the near future, it is our plan to partic- 
ipate with Phillips, EPRI, and Biphase Energy 
Systems to test the second generation, 
54-inch Rotary Separator Turbine Unit at 
Roosevelt. 
is capable of separating steam from water, 
producing useable shaft power from either or 
both of the steam and water, and repressur- 
izing the liquid for transport to the water 
injection well. 

This device offers the potential of producing 
more electrical energy per pound of geothermal 
fluid than other conversion concepts, and it 
can be sized to utilize the complete flow 
capacity of a single well. Therefore, we have 
generically called it a wellhead generating 
unit. We are interested in this concept 
because collecting electricity from several 
wellhead generating units may prove to be more 
economic than collecting steam from several 
wells and routing it through large diameter 
pipelines to a single steam turbine. 

To test the Rotary Separator Turbine Unit, we 
have planned a three-phased program that 
minimizes early investment risk, while 
ultimately gathering needed reservoir data and 
proving the operating success of the entire 
Rotary Separator Turbine device when coupled 
with a steam turbine system. 

Phase I is planned as a test of the separator 
at Phillip's existhg Well 54-3 and test site. 
An injection pipeline to Well 82-33 is in 
place; therefore, the only capital expendi- 
tures required would be for local connecting 

The Rotary Separator Turbine Unit 
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U piping and to construct a short transmission 
line from the test site to the nearby 
transmission line. It is expected that the 
test unit will generate approximately 
1,600 kW. 

A Plan of Operation, Utilization, and a 
Sundry Notice were submitted to USGS early in 
June, 1981. They have prime responsibility 
for all governmental agencies, and are 
coordinating the involved process of obtaining 
individual government approvals. This 
authorization process is proceeding smoothly, 
and we are hopeful that we can have all 
required approvals in time to begin testing 
operations by October, 1981. 

Phase I1 test operations would be conducted 
to test the separator unit for a longer period 
of time to accumulate performance and 
endurance data and to gain reservoir data in 
a different area of the reservoir. New 
facilities that will be required for this test 
phase will include a production well, 
injection pipeline, injection pumps, and 
electrical transmission line. It is planned 
that the test would be conducted during the 
spring and early summer of 1982. 

Steam turbine and auxiliary equipment will be 
purchased and added to the rotary separator 
turbine unit to test the complete wellhead 
generator unit. This combined rotary 
separator and steam turbine unit will 

generate nearly seven megawatts of electrical 
energy, and its operation will initiate 
Phase I11 test operations. If equipment can 
be procured in an expeditious manner follow- 
ing Phase I and I1 tests, Phase 111 
operations would be conducted in mid-1983. 

The benefits of this wellhead geothermal 
generation development program are expected 
to be more efficient use of the geothermal 
resource, or more kilowatts generated per 
pound of geothermal fluid utilized. 
Additionally, wellhead generating units are 
somewhat portable and can be moved if a 
localized reservoir problem occurs. This 
benefit reduces loss of investment risk. 
Lastly, wellhead geothermal units may be more 
aesthetically pleasing because long and 
large-diameter steam pipelines are not routed 
on the surface. Electrical transmission 
lines can be placed underground, thereby 
leaving only small-diameter injection pipe- 
lines above ground. For these reasons, Utah 
Power h Light Company has chosen to 
participate in the rotary separator turbine 
development program. 

In summary, we are committed to geothermal 
development. We are encouraged concerning 
the capacity and fluid specifications at 
Roosevelt geothermal reservoir, and look 
forward to developing this geothermal 
reservoir as an economic electric generation 
resource. 
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A 10 MW BINARY GEOTHERMAL PLANT 

FOR NORTHERN NEVADA 

R. Richards 
Sierra Pacific Paver Company 

P.O. Box 10100 
Reno, NV 89520 (702) 789-4321 

Sierra Pacific Power company in conjunction with 
Portland General Electric Company, Eugene Water 
and Electric Board, Pacific Power & Light Com- 
pany, and the Sacramento Muhicipal Utility Dis- 
trict, are in the process of locating and build- 
ing a 10 MW Binary Geothermal Power Plant in 
Northern Nevada. 
are in progress. 
being carried out at several sites. A contract 
has been executed with HBA Energy Recovery Sys- 
tem for preliminary plant engineering, detailed 
engineering, and plant fabrication., A geother- 
mal brine test unit is in the field to evaluate 
the scaling properties of brines on the proposed 
binary heat exchanger. 

As soon as resource negotiations are satisfac- 
torily completed the project expects to obtain 
the necessary permits and move into the con- 
struction phase. 
construction are expected to take two years. 

The NORNEV group has been studying a number of  
alternative plans for siting a geothermal power 
plant for several years. During that same pe- 
riod resource developers have been actively 
engaged in drilling operations In a nlrmber 04 
locations developing new wells. In general, the 
Nevada reservoirs appear to be hot water re- 
sources with significant production in the tem- 
peratures from mid 300oF to mid 4000F's. A 
preliminary try at siting a 50 MW flash steam 
plant resulted in a decision to pursue the de- 
velopment of a 10 MW binary plant due to the 
present degree of resource development and a 
laver capital cost for the 10 MW plant. 

Negotiations for a resource 
Environmental monitoring is 

Final design, procurement and 

The geothennal resource areas in Northern Nevada 
where development work has been done are Steam- 
boat, Desert Peak, Humboldt House, Beowawe, 
Wabuska, Dixie Valley, Salt Wells, Big -key 
Valley and Brady's. A good deal of survey work 
and some additional drilling has been done out- 
side of these areas, but no significant pro- 
duction find has been announced. ComercPal 
development for Northern Nevada to date has 
been for direct heat applications, distillery 
operations, and onion drying. 

The NORNEV group is 
resource where they 
The plant currently 
be modular and skid 

presently negotiating for a 
can site the 10 MW plant. 
being designed by HBA will 
mounte& requiring a minimum 

of field erection lator ana offering the possi- 
bility of relocation should it become necessary. 

The plant will receive hot brine from a re- 
source and return cooled brine to the resource 
owner for reinjection or other use. 
brine will be used to drive a binary cycle paver 
plant which uses iso-pentane, propane, or iso- 
butane as a working fluid. The present con- 
cept is to have a plant which can be started 
and put on line by two men. It will run un- 
attended and it can be shut down remotely. In 
view of the remote locations of probable plant 
sites, and the problems of manning small gen- 
erating units, it will be essential to have a 
trouble-free operation. 

The present plant schedule envisions a plant 
ready to operate toward the end of 1983. Plant 
site development will proceed concurrently with 
construction of the WHG so as to have the site 
facilities ready when the plant equipment is 
delivered. 

The hot 

The present milestone schedule has the owner- 
ship, construction, operation, and resource 
agreements signed and in place by September 
1981. 
several locations and when a resource agreement 
is signed,. rights of way and final applications 
will be filed. All permits should be in place 
by October 1981 and fabrication orders will be 
released for the plant. 

Concurrent with signing the resource agreement, 
NORNEV will commence resource testhg for heat 
exchanger performance. The recently construct- 
ed test unit consists of two parallel heat 
exchanger loops which have a flowpath compar- 
able to that of the proposed 10 biW unit. 
first thirty-day field test partly funded by 
EPRT concluded on June 8, 1981, and the re- 
sults of the tests are being evaluated. 

Permitting is currently in progress for 

The 
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THE IMPACT OF,THE CORPORATE SHIFT TOWARD RENEWABLES 
ON SOUTHERN CALIFORNIA EDISON’S GEOTHERMAL PROGRAM u 

George IC. Crane 
Southern California Edison Company 

Post Office Box 800 
Rosemead, CA 91770 (213) 572-2775 

Introduction On October 17, 1980, Southern 
C a l i f o r n i a  Edison announced a major s h i f t  
toward t h e  development of renewable and . a l t e r n a t i v e  energy r e sources .  A g o a l  was 
established t h a t  1900 MW o r  approximately 30% 
of new c a p a c i t y  r e q u i r e d  t o  come on-l ine 
du r ing  t h e  decade of t h e  1980’s, w i l l  be 
comprised of wind, s o l a r ,  f u e l  c e l l s ,  co- 
generation, hydro and geothermal. As a re- 
sult, the  geothermal contribution t o  Edison’s 
generation resource plan increased from 170 MW 
t o  420 MW on-line by 1990. 

In  order t o  meet t h i s  accelerated geothermal 
development schedule, several  substant ia l  new 
e f f o r t s  have been i n i t i a t e d ,  drawing upon many 
r e sources  w i t h i n  t h e  Company. These new 
a c t i v i t i e s  are proceeding i n  concert with the 
ongoing power p l a n t  p r o j e c t s  a t  Brawley, 
Salton Sea and Heber as w e l l  a s  other ongoing 
corollary geothermal endeavors. 

Brawley Unit 2fGeneric High Temperature 
Resource Power P l a n t  Scoping Study In a n  
e f f o r t  t o  proceed as e f f i c i e n t l y  as possible 
with the commercial development of the Brawley 
resource based on ex i s t ing  contracts,  planning 
s e s s i o n s  have been i n i t i a t e d  wi th  Union 
Geothermal t o  review the s t a t u s  of our paral- 
l e l  f e a s i b i l i t y  evaluatidns based, primarily, 
on the performance of Brawley Unit 1. It is 
c u r r e n t l y  ou r  p l a n  t o  work toward a 1986 
operating date  f o r  a 50 MW un i t  a t  Brawley. 
Over the next two years,  Union w i l l  continue 
t o  test and demonstrate brine handling sys- 
t e m s  and perform conf i rma t ion  d r i l l i n g ,  
r e source  e v a l u a t i o n s  and develop a steam 
production system design f o r  a 50 MW unit .  
Edison w i l l  continue t o  evaluate the operation 
of the Brawley Unit 1 power plant. I n  addi- 
t ion,  Edison’s R&D Organization has i n i t i a t e d  
an in-house conceptual engineering e f f o r t  t o  
scope out the major elements of a 50 MW, high 
temperature resource power plant  including a 
conceptual cost  estimate, schedule and design. 
A major task included i n  t h i s  study is the  
review, on a common basis, of several  cooling/ 
water conservation+systems including the  Tower 
Systems Bina ry  Cooling Tower, t he  CBI  ammonia 
dry cooling system, a wetfdry system u t i l i z i n g  
condensate, a unique blowdown concentrator 
u t i l i z i n g  heat from turbine exhaust steam, a 
dry steam condenser and systems t o  use second- 
a ry  sewage water and New River water. This 
study w i l l  serve +as a preliminary bas i s  f o r  
planning f u t u r e  u n i t s  a t  high t empera tu re  
resources where the developer provides steam 
“at the fence l i ne”  as is the case under our W 

exis t ing contracts  with Union a t  Brawley and 
Salton Sea. 

Geothermal So l i c i t a t ion  On February 17, 1981, 
requests f o r  geothermal proposals were mailed 
t o  80 firms ac t ive  i n  the geothermal industry. 
The request s o l i c i t e d  firm o f fe r s  by po ten t i a l  
geothermal small power producers including 
cooperative ventures involving pa r t i c ipa t ion  
by Edison. It is the  objective of the sol ic-  
i t a t i o n  t o  fu r the r  st imulate and accelerate  
the development of geothermal resources, i n  
the Imperial Valley and elsewhere, beyond the 
scope of our current programs i f  feasible.  
The type of project  is l e f t  open and could 
range from Edison buying e l e c t r i c i t y ,  t o  
buying steam or  brine,  t o  par t ic ipat ing i n  an 
integrated developent  program. F i r s t  round 
p roposa l s  were r eques t ed  by May 15, 1981; 
however, addi t ional  proposals w i l l  be accepted 
beyond t h a t  date. 

Modeling S h o r t l y  a f t e r  t h e  p o l i c y  s h i f t  
toward renewable1 a l t e rna t ive  energy projects ,  
i t  became evident t h a t  addi t ional  tools  would 
be required t o  rank a l t e rna t ive  technologies 
and evaluate spec i f i c  projects. I n  the case 
of g e o t h e r m a l ,  E d i s o n  had b e e n  l o o k i n g  
p r i m a r i l y  a t  our  Heber 41 MW doub le - f l a sh  
project a s  the generic example of commercial 
geothermal power generation f o r  the Edison 
system. Only rudimentary analysis  of commer- 
cial  developments at the Salton Sea, Brawley 
and other areas  had been performed, s ince they 
are i n  the explorationf research phase. With 
the accelerated goal of 420 MW of geothermal 
capacity on-line by 1990, it became necessary 
t o  look fu r the r  ahead i n  the nearer term i n  
terms of analyzing a complete matrix of poten- 
t i a l  commercial geothermal developments and 
project structures.  The goal was t o  develop 
t h e  c a p a b i l i t y  t o  more e f f e c t i v e l y  model, 
evaluate and rank renewablefalternative proj- 
ects with respect t o  key c r i t e r i a  such as 
technical f e a s i b i l i t y ,  public acceptabi l i ty ,  
f i nanc ia l  incentives and ownership options, 
while considering the s ign i f i can t  technologi- 
cal and f inanc ia l  uncertaint ies  associated 
wi th  t h e  development, c o s t ,  f i n a n c i n g  and 
operation of geothermal f a c i l i t i e s  as w e l l  as 
other n e w  technologies, 

The e v a l u a t i o n  approach inc ludes :  1) an 
assessment of the technical f e a s i b i l i t y  (com- 
mercial a v a i l a b i l i t y ,  r e l i a b i l i t y ,  probabilis- 
t ic  analysis  of uncertainties);  2 )  development 
of the basic conceptual design, i f  possible; 
3) s e n s i t i v i t y  analysis  of engineering econom- 

3 9 



ics ( level ized c a p i t a l ,  fue l  and O h M  cos t s  
t r e a t e d  p r o b a b i l i s t i c a l l y  t o  e v a l u a t e  t h e  
uncertainty of cos t  projections);  4) review of 
f inanc ia l  incent ives  and ownership options 
( f u l l  o r  p a r t i a l  Edison ownership,  Edison 
subsidiary ownership, non-uti l i ty ownership, 
t r a d i t i o n a l  f i n a n c i n g ,  p r o j e c t  f i n a n c i n g ,  
leasing,  etc.); 5) f inanc ia l  analysis  (quanti- 
t a t i v e  and q u a l i t a t i v e  evaluation of the r i s k  
and uncertainty related t o  cash flow, alter- 
nate ownership scenarios from both Edison's 
and an entrepreneur 's  perspective, i n  terms of 
minimum revenue requirements ,  n e t  p r e s e n t  
value, r e tu rn  on investment, s e n s i t i v i t y  anal- 
ysis) ;  and 6 )  l icensing (review of po ten t i a l  
l e g i s l a t i v e  and r e g u l a t o r y  c o n s t r a i n t s ) .  

A review w a s  made of avai lable  computer pro- 
grams with respect t o  the iden t i f i ed  modeling 
needs 'and criteria established including the 
a b i l i t y  t o  handle p robab i l i s t i c  analysis,  t he  
a b i l i t y  t o  perform s e n s i t i v i t y  analysis ,  and 
f l e x i b i l i t y .  Based on t h i s  review, it was 
decided t o  develop the  model in-house u t i l i z -  
ing a high-level f i nanc ia l  modeling language 
r a the r  than t o  procure a pre-packaged model. 

To date,  t h e  basic model has been developed 
and s e v e r a l  g e o t h e r m a l  cases  h a v e  b e e n  
eva lua ted .  Typ ica l  g r a p h i c a l  p r i n t o u t s  
include: 1) revenue and f u e l  cost  per kWh 
over project  l i f e ;  2) benefit  t o  cost  r a t i o  
over project  l i f e ;  and 3) revenues, expenses 
and net income over project l i f e .  This output 
was developed va ry ing  s e v e r a l  parameters  
including f u e l  cost  escalators  and ownership 
opt ions. 

This modeling too l  i s  proving t o  be invaluable 
i n  evaluating proposed geothermal projects ,  
developing negot ia t ion posit ions,  and fore- 
cast ing impacts on the Company and the rate- 
payer of proposed projects  and development 
scenarios. 

Transmission P lann ing  Edison 's  E lec t r i c  
System Planning group has analyzed the trans- _ _  . 

mission requirements t o  deliver- power from the  
fu tu re  SCE geothermal u n i t s  i n  the Imperial 
Valley t o  the Edison System. A s  we  current ly  
have no transmission t ie  with the Imperial 
I r r i g a t i o n  District System, the power from 
Brawley Unit 1 is  being sold t o  the I I D .  It 
is ,  of course, our 'objective to export sub- 
s t a n t i a l  quan t i t i e s  of geothermal power from 
the  Imperial Valley. While the ear ly  p l an t s  
w i l l  l i k e l y  be integrated with the exis t ing 
I I D  system with a t  least a portion of t h e i r  
power being exported with minor improvements 
t o  ex i s t ing  systems, i t  i s  ant ic ipated t h a t  
with the advent of Brawley Unit 2 projected 
f o r  1986, new transmission f a c i l i t i e s  w i l l  be 
required. 

Edison i s  working with the Los Angeles Depart- 
ment of Water and Power, t h e  Western Area 

3 - 10 

Power Administration of the DOE, t he  Califor- 
n i a  Department of Water Resources, San Diego 
Gas and Elec t r ic ,  t h e  C i t i e s  of Glendale ,  
Burbank and Pasadena, R i v e r s i d e ,  Anaheim, 
The Met ropo l i t an  Water Distr ic t ,  Arizona 
Public Service, and i n  pa r t i cu la r  with the I I D  
i n  developing a phased, long-range plan which 
w i l l  mutually serve the needs of a l l  p a r t i e s  
involved. 

Mammoth D i s t r i c t  Heat ing Update I n  1977, 
the Ben Holt Co. i n  cooperation with Edison, 
completed f o r  ERDA, a s tudy  a s s e s s i n g  t h e  
f e a s i b i l i t y  of u t i l i z i n g  t h e  geothermal  
resource a t  Casa Diablo t o  provide space and 
water heating a t  the s k i  r e so r t  community of 
Mammoth Lakes i n  the Eastern Sierra.  Edison's 
a n a l y s i s  of t h a t  s t u d y  determined t h a t  i t  
would no t  be c o s t  e f f e c t i v e  f o r  Edison t o  
develop the system at that time, primarily due 
t o  the high c a p i t a l  cost  of the system and t h e  
low operating factor.  

In  l i g h t  of Edison's recent increased emphasis 
on the u t i l i z a t i o n  of renewables, together 
with a subs t an t i a l  increase i n  the cos t  of 
e l e c t r i c i t y  a t  Mammoth (which u t i l i z e s  pri-  
marily electric heating),  and new tax incen- 
t i ves ,  regulations and financing a l t e rna t ives ,  
the concept w a s  re-evaluated. 

A r e v i s e d  implementat ion schedu le  was de- 
veloped based on a 1987 operating da te  f o r  a 
52 MW thermal system. Our latest  project ions 
of load growth, e sca l a t ion  rates, f u e l  cos t s  
and economic evaluation f a c t o r s  were incorpo- 
rated. A revised c a p i t a l  cost  ($45,000,000 
including brine production f a c i l i t i e s ,  heat 
exchangers, pumps, s torage and d i s t r i b u t i o n  
f a c i l i t i e s )  and associated carrying charges, 
O&M, and energy sav ings  ( i n c r e m e n t a l  f u e l  
cost)  and capacity savings were tabulated on a 
year-by-year basis.  The g rea t e s t  savings were 
the incremental f u e l  c o s t s  avoided o r  replaced 
by geothermal energy. The savings associated 
with reduction i n  system load w a s  not as g rea t  
as hoped; the capacity saved by the heating 
system i n  Mammoth during the summer is  q u i t e  
small. The value t o  Edison, therefore ,  as a 
summer peaking u t i l i t y ,  i s  correspondingly 
small. 

The analysis  i nd ica t e s  t h a t  t he  sa\iings begin 
t o  exceed t h e  c o s t s  a f t e r  n i n e  y e a r s  of 
operation; the savings become subs t an t i a l  i n  
the later years of the project. -The "bottom 
l i n e , "  however, i s  t h a t  t h e  p r e s e n t  worth 
of the cos t s  exceeds the  present worth of the 
savings by a subs t an t i a l  margin. 

Th i s  "re-look" w a s  based on conven t iona l  
financing and ownership assumptions. It is 
planned t o  use the modeling techniques de- 
s c r i b e d  ear l ie r  t o  e v a l u a t e  a l t e r n a t i v e  
project  configurations based on the  updated 
economics t o  de t e rmine  i f  t h e r e  are more 



e f fec t ive  approaches t o  developing the use of 
the Casa Diablo resource f o r  d i s t r i c t  heating. 

Mexican Geothermal Purchase Over and above 
t h e  420 MW g o a l  f o r  i n s t a l l e d  geothermal 
capacity on the  Edison system, a power pur- 
chase agreement was executed i n  November 1980 
between Edison and the Comision Federal de 
Electricidad de Mexico giving Edison purchase 
r igh t s  up t o  70 MW of e l e c t r i c i t y  beginning i n  
1984. Another 260 MW i n  purchase contracts 
with CFE are a l s o  anticipated.  This power 
w i l l  be generated by new geothermal un i t s  to  
be b u i l t  nea r  t o  t h e  fou r  very s u c c e s s f u l  
exis t ing un i t s ,  t o t a l ing  150 MW a t  the Cerro 
P r i e t o  geothermal r e source  a r e a ,  l o c a t e d  
approximately t h i r t y  m i l e s  south of Mexicali. 
In  conjunction with t h i s  agreement, several  
committees have been established t o  period- 
i c a l l y  d i s c u s s  t h e  p r o j e c t  i n t e r f a c e s  and 
review the progress of generation and ,trans- 
mission f a c i l i t y  development. We look forward 
t o  a long and mutually beneficial  program with 
CFE which has  been a t r u e  pioneer  i n  t h e  
e f f ec t ive  development of geothermal resources. 

u 

Power Plant Projects  Update The three Edison 
power plant projects ,  Brawley, Salton Sea and 
Heber have been desc r ibed  p rev ious ly  (1). 
The following w i l l  serve as a progress update. 

Brawley 9 MW Unit This  u n i t  began f i r m  
o p e r a t i o n  on J u l y  29,  1980. To d a t e ,  t h e  
plant has been operating a t  an average capac- 
i t y  f ac to r  of approximately 52% (2). The un i t  
has reached f u l l  rated gross output capacity 
of 10 MW bu t  has generally operated a t  ap- 
proximately-  7.5 MW. The geothermal steam 
produced by Union O i l  Company has  been of 
subs t an t i a l ly  higher puri ty  than or iginal ly  
anticipated.  Inspections of .  the generating 
u n i t  t u r b i n e ,  p i p i n g  and o t h e r  equipment 
indicate  t h a t  scal ing and corrosion are within 
acceptable l i m i t s .  

An ongoing assessment program monitors a l l  
relevant technical,  economic and environmental 
parameters needed t o  evaluate the f e a s i b i l i t y  
of follow-on commercial generation a t  Brawley. 

On May 1, 1981, the Los 
Water and Power became a 50% owner i n  t h e  
Brawley Unit 1 power plant program. LADWP and 
potent ia l ly  other mun p a l i t i e s  including the  

cit ies of Pasadena, Burbank and Riverside w i l l  
share i n  the costs  and revenues associated 
with the project. 

Salton Sea 9 MW Unit Construction of t h i s  
un i t  was i n i t i a t e d  on February 2, 1981. As 
of t h i s  writ ing,  the design by Fluor Power 
Services i s  approximately 85% complete, with 
construction about 15% complete. The un i t  
is scheduled t o  begin i n i t i a l  operation i n  
A p r i l  1982, with firm operation scheduled f o r  
July 1982. 

Heber 41 Mw Unit Preliminary engineering has 
been completed, with f i n a l  engineering and 
construction ready t o  begin. An Application 
f o r  Pub l i c  Convenience and Necess i ty  was 
f i l e d  with the California Public Ut i l i t i es  
Commission (CPUC) on March 7 ,  1980. On 
May 19, 1981, the  CPUC denied the appl icat ion 
based on high costs. A s  of t h i s  writ ing,  i t  
is  u n c e r t a i n  what t h e  next  s t e p  w i l l  be. 

Summary Remarks Edison's decision t o  aggres- 
s ively pursue the development of geothermal 
resources, a s  characterized by exploratory 
d r i l l i n g  a c t i v i t i e s  and resource/technology 
development programs i n  the early-to-mid-7O's, 
the i n i t i a t i o n  of power plant programs by the 
late 1970's, and the operation and ce r t i f i ca -  
t i on  a c t i v i t i e s  currently i n  progress, has 
taken the program through the lower knee of 
the S-shaped learning curve. The a c t i v i t i e s  
of t h e  las t  decade have placed u s  on t h e  
steepest inc l ine  of the ,curve. We a r e  learn- 
ing a great  dea l  very quickly. Brine u t i l i -  
z a t i o n  technology i s  being improved and 
demonstrated. Alternative project configu- 
ra t ions are being modeled and evaluated. It 
remains t o  determine what the f i n a l  economics 
of h o t  water  geothermal w i l l  be, and what 
economics are acceptable t o  the ratepayer and 
the companies involved. 
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John R. Ridgway, Jr. 
Houstrm Lighting & Frxer Ccmpany 

P. 0. Bcnc 1700, Houston, Texas 77001 
Tel: 713-481-7597 

Leading candidate for develqing ge&henml 
energy in the G u l f  Coast area is the gee- 
pressured aquifer system extenduag underthe 
Imisiana and Texas Gulf coasts. 
aquifer system is characterized by high 
pressure, moderate tgllperature, and contains 
dissolved gases, mostly methane. 

Prelim+ary investigation has involved 
scmenmg of thausands of petroleum wel l  
logs using sophisticatzd cmputer techniques 
which have identified several prim locations 
for actual drilling. Despite a l l  the prelim- 
inary information fran these scources it is 
necessary to produce brine fran the forma- 
tion to evaluate the aquifer characteristics. 
The Department of Energy has four design 
we l l s  under way or carrpleted a t  present. 
Cne of these is Pleasant Bayou No 2 and is 
located in Brazoria, Texas. 
the wells  are luxmn as SUJeetlake, Fkdcefeller 
Refuge and Parcperdue. 

Pleasant B a p  No 2 i n  Bramria County, 
Texas, was canpleted in 1979. Preliminary 
testing up to a flow of 20,000 barrels per 
day (EPD) was done i n  1980. testing to 
design capacity - 40,000 BPD - is scheduled 
to begin this &. The testing @pent  
has been redesigned, a seoond separator has 
been added, and arrang€m?IltS to sell the 
prodwxd gas have been made. The testing 
arranggnen, begblning with the d 
chrislmas tree consists of a long radius 
expansion bend fmn the flow outlet of the 
chrism tree to an anchor pint before 
entering the mual  valve and adjustable 
choke, used for controlling the flow to the 
separator installation. %e expansion bend 
accdaodates the growth and contraction of 
the tubing and other wel l  material as the 
tenperatme changes because of flow a n -  
ditions. 

This 

In lauisiaM 

Q1 thcl way to the separator area the piping 
is tappea for a bypass valve which allows 
flow to be bypassed a r a d  the separator 
installation directly to the disposal well ,  
Pleasant Bayou No 1, located scme 500 feet 
fran the p d u c t i o n  well .  

When the flaw line reaches the separator area, 
it divides and goes through tw separam i n  
parallel. Each is rated a t  -ktely 
20,000 barrels per day w i t h  a working 

3 

pressure of 1315 psi a t  300 F. 
wntrollers on each separator wntrol  the 
outflow of brine fran the seprator, while 
pressure control valves release gas fran 
the upper section of the separator to main- 
tain the set pressure. The brine outlets 
join downstream of the level control valve 
and go back to the disposal wdl. The gas 
streams fran the two separator pressure 
control valves join and enter the air cooled 
gas cooler W i - E r e  the fan forces coolirag air 
across the tubing con- the gas. N e x t  
is a glycol gas dehydrator w h i c h  includes a 
separating column to r€nKwe the glycol fran 
the stream. 

The gas is then ready for the sales meter 
which has been installed to permit marketing 
the separated gas into a nearby pipeline. 
Papent for the gas is on a Btu basis, hence 
the 10% or so c a r b  dioxide content is not 
significant since the flow is very s m a l l  
ccmpared to that i n  the pipeline wllich is 
acceptulg * thegas.  

The revised test htallation -ting 

Level 

. 

the second separator is due to begin 
operation in early July. 
up to the design flaw of 40,000 BPD should 
m be possible. 
wnprehensive evaluation of the reservoir. 
W i t h  this in€onnation, evaluation of the 

pressured fluid should be possible. 

~n muisiaM, the Magma Gulf, Technadril/ 
F e n h  & Scisson - Sweetlake we11 has been 

depth just last &. 
w e l l  had been previously canpleted. 

The third design we l l  knmn as Dt31 CHEMICAt - 
L R Seezy (ParcperCue) has reached total 
depth after two dr i l l ing incidents, each of 
which  required side tracking. This well is 

late July. 

TeChMclrilflenix & Scisson - Gladys MXall/ 
W e f e l l e r  kfuge is the faurth design we l l  
and is m drill ing at  about 7,500 feet. No 
mjor problew have been encountered. 

Other design wells have been planned but are 

Iarag term testing 

This w i l l  enable a mre 

d c s  of pxer production frm the geo- 

and was perforated at  the desired 
A nearby disposdl 

currently being c a n p l d  for flow testing in  

on hold due to federal budget umertam * ty. 
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&r Another source of information on these 
aquifers is the Wells of 
By th is  means the LlOE seeks gas or o i l  wells 
which turn aut to be dry  holes, that the 
uwner w i l l  release for perforation and flow 
testing by DOE to learn SaTEthing of the 
aquifer characteristics before the we l l  is 

1 finally plugged. These wells can provide 
only limited information because of their 
snall  size ocmpared with the design wells 
which are drilled and equipped for very high I 
kine flow rates. 

~ to determine quickly that a reservoir is not 
a producer, but to prave a good w e l l  takes a 
long the a t  high flow rates. 
Opportunity a l low for testing a number of 
fomtions at  d e s t  expense canpared with 
the cost of cmae design w e l l .  

'ty program. 

1 

I 

I 

It is S~TE-S possible 

Wells of 

Eight wells of O g p r t u m  'ty have been 
aguired and tested or are ncw being prepared 
for test. 
available before the end of 1981. 

!J?m mre wells are expcted to be 

It appears t h a t  the geopressured resource is 
widely dispersed and may lend itself to 
pcdwtion of the dissolved Illethane content 
in the brines. Felatively mall  wellhead 
generating units, capable of being relocated 
as the aquifers decline in prcdwtivity, 
have been suggested for recavering energy 
fran brine pressure and tanperature. 
Further evaluation w i l l  be possible only 
when testing of sufficient numbers of wells 
to a l low asse-t of fomtion permeability, 
reservoir flow characteristics and reservoir 
l i fe  has been done. 

EPRI Report AP-1457, July 1980, Geopressured 
Ehergy Availability, covers F&?Search Project 
1272-1. It provides excellent background 
infomation on the subject, altbugh only 

Bayou wll had been done when this project 
was aq le t ed .  

very preliminary testing of the Pleasant 

w 
1 
1 
i 
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GEOTHERMAL DEVELOPMENT PLANS IN CERRO PRIETO BAJA CALIFORNIA, MEXICO 

Fortunato Garibaldi and Alfred0 Ma?& 
Coordinadora Ejecutiva de Cerro Prieto 

Comisi6n Federal de Electricidad 
P.O. Box 248 

Calexico, CA. 92231 , (706) 562-8501 

This paper represents the status of the Cerro 
Prieto Geothermal Field and the short term 
expansion plans. 
divided in three areas which represent the 
different expahsion stages: Cerro Prieto 1.- 
Started commercial operations in 1973 and its 
actual generating capacity is 150 MW, which 
will be increased with an additional 30 MW in 
July 1981. Cerro Prieto I1 and Cerro Prieto 
111.- With a generating capacity of 220 MW 
each, will start commercial operations in 
1983 and 1984, respectively. 

Cerro Prieto I The actual technical data of 
the field is: 

Number of wells in operation 30 
Depth of the producing zone 
Total mixture production 

(water-steam) 5000 ton/hr 
Water/steam ratio 2.33 
Average mixture enthalpy 313 kcal/kg 
Range of reservoir temperatures 250-350°C 
Total dissolved solids (T.D.S.) 

Cerro Prieto has been 

1500 m 

in separated water at 
atmospheric pressure 2.5% weight 

Steam is separated from the water-steam 
mixture in a centrifugal separator installed 
at the well-head, at a pressure of 8 kg/cm2 
absolute. This high pressure separated steam 
feeds Units 1, 2, 3 and 4, with a capacity of 
37.5 MW each. The separated water from all 
the wells in C.P. I is conducted to a two- 
stage flashing plant; medium and low pressure 
steam are produced at pressures of 4.7 and 
2.5 kg/cm2 abs., respectively. This steam 
will feed the 30 MW low pressure unit known 
as 5th Unit. The high pressure turbogener- 
ators have single-cylinder, double-flow 
turbines, inlet pressure of 6.3 kg/cm2 abs., 
and outlet pressure of 0.108 kg/cm2 abs. 
The low pressure turbogenerator has a single- 
cylinder, double-flow, mixed pressure turbine; 
inlet pressure of 4.3 and 2.1 kg/cm2 abs. , 
and outlet pressure of 0.112 kg/cm2 abs. 
Each unit has a direct contact barometric 
condenser. 

Depth of the producing zone 2200-2500 m 
Average mixture enthalpy 340 kcal/kg 
Range of reservoir ,temperature 310-350°C 
T.D.S. in separated’water at 
atmospheric pressure 3.65% weight 

In order to have C.P. I1 in operation, it will 
be necessary to drill 25 wells, from which 20 
will be producing and 5 as stand-by. 
date 12 wells have been drilled, from which 7 
have been evaluated and their production 
characteristics are listed in Table 1. 

Up to 

The steam separation system will be in two 
stages, both will be in the well-head using 
centrifugal separators. The separation 
pressure in the first stage is expected to be 
in the range of 11.5 to 14.5 kg/cm2 abs., and 
for the second stage from 3.5 to 6.0 kg/cm2 
abs. The steam required to feed a 110 MW 
unit is about 650 ton/hr of high pressure and 
109 tonfir of low pressure steam. 

‘Each 110 MW generating unit consists of two 
55 MW turbines (tandem compound), single 
cylinder, double flow and mixed pressure; 
inlet pressure of 10.75 and 3.16 kg/cm2 e s .  
for high and low pressure, respectively; 
outlet,pressure of 0.1209 kg/cm2 abs. Each 
turbine has one low level jet condenser and 
a vacuum system consisting of one centrifugal 
type horizontal gas compressor driven by a 
single-flow high-speed, back pressure turbine. 
Gas ejectors are used during start-up and 
when one compressor is out of service. 

Cerro Prieto 111 With a capacity of 220 MW, 
will initiate commercial operation in 1984. 
The same number of wells will be necessary. 
At present time 10 wells have been drilled, 
from which 2 have been evaluated. The steam 
separation system and the power plant will 
be similar to that of Cerro Prieto 11. 

Cerro Prieto I1 With a capacity of 220 MW, 
will initiate commercial operation in 1983. 
The wells that will feed the C.P. I1 and C.P. 
I11 power plants are located NE of C.P. I. 
They will produce from a deeper and better 
thermal features aquiferi . 
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TABLE 1 

CERRO PRIETO I1 WELL DATA 

WELL Orifice Pc PRODUCTION ENTHALPY 
0’’ kg/cm2 (9) Water Steam Mixture kcal/kg 

M-149 
M-129 
M-147 
M-169 
T-366 
T-388 
M-93 

4 1/2 
2 7/8 
2 7/8 
3 7/8 
3 
3 
5 

20 121 54 
80 148 102 
85 145 105 
45 180 70 
64 168 82 
60 165 85 
21 168 79 

175 336 
250 385 
250 390 
250 330 
250 345 
250 363 
247 314 

I 
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MEAGER CREEK PROJECT UPDATE 

J. Stauder 
British Columbia Hydro and Power Authority 

555 West Hastings Street 
Vancouver, B.C. V6B 4T6 (604) 663-2753 

The Meager Creek area and the Meager 
Nountain volcanic complex, located in 
the Coast Range Mountains, are about 
160 km north of Vancouver. Since the 
early work in 1974, two potential geo- 
thermal reservoirs were identified on 
both the north and south sides of the 
volcanic complex. The south reservoir, 

where most of the work was done, is 
within crystalline basement rocks on 
the flanks of the Pliocene-to-recent 
volcano. Temperature gradients in 
shallow diamond drilled holes are in 
a range of 90 to 700OC per kilometer. 
Production size& deep drilling and 
testing to assess the reservoir will 
be initiated during 1981. 
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THE PAWTITIWING CF HYCROGEN SULFIDE IN 
THE cC"SER CF GEYSERS WIT 15 

Oleh heres 
Lawrence Berkeley Laboratory 

1 Cyclotron bad 
Berkeley, CA 94720, 415-486-5625 

Introduction. Geysers W i t  15 was the first of 
the surface condenser equipped geothermal units 
t o  go on l ine a t  The Geysers mwerplant of The 
Pacific Gas and Electric Ompany. %is 
occurred on July 25, 1979[11. 
W i t s  1 throqh 12 have contact condensers. 
The switch to surface condensers was motivated 
by considerations of hydrogen sulfide emission 
abatement. In the contact condensers there is 
a large liquid to v a n r  ratio, and about 75% of 
the hydrogen sulfide that is present in the 
geothermal steam supply ends up dissolved i n  
the cooling water. Qlce in the cooling water, 
it is emitted to the atmosphere fran the cool- 
irrj towers rnless further "tertiary" abatement 
is anployed. 
It was reasoned that, because the liquid to 
vapor ratio in a surface condenser muld be 
smaller by about a factor of twenty-five than 
in a contact condenser, most of the hydrogen 
sulfide muld remain in the vapor mse and 
leave by way of the condenser vent-gas rather 
than dissolving in the condensate. Each of 
units 13, 14, and 15 is equipped wi.th a Stret- 
ford Wit  hhich removes the hydrogen sulfide 
fran the vent-gas and converts it to elemental 
sulfur by reaction with air. Therefore, that 
part of the hydrogen sulfide klhich leaves the 
condenser with the vent-gas is not emitted to 
the atmosphere. m the absence of tert iary 
abatement, that part of the hydrogen sulfide 
that dissolves in the condensate is anitted to 
the atmosphere. , In practice, ulit 15 is 
operated with an effective means of ter t iary 
abatement (addition of hylrogen peroxide to the 
condensate to destroy the hydrogen sulfide), 
but this  is expensive. 
The Geysers is musual in that 
contains a significant concentration of ammonia 
(Table I). knnonia increases the concentration 
of hydrogen sulfide in the condensate by 
increasing its pH and, thereby, increasing the 
solubility of hydrogen sulfide in it (see 
below). This effect, klhich was earlier 
predicted and discussed[2], l i m i t s  the effec- 
tiveness of surface condensers in shifting the 
hydrogen sulfide to the vent-gas stream. 

td 
3 -  

TnBLE I 

Steam Compositions Used to Model Geysers Unit 15 

Premodification Postmodification 

ppmwa) moles/k$) ppmw mmoles/kg 

163 4.8 255 7.5 

88 5.2 128 7.5 

3260 74.0 3260 74.0 

H2S 

"3 

co2 

H3B03 167 2.7 167 2.7 

N - p  -- 33 -8 -- 33 a8 

02d) 262 8.2 262 8.2 

Notes to Table I: 

a )  ppnw - part per mi l l ion  by weight - 1 mg/kg. 

b) mmoles/kg = mg-moles/kg = millimolal. 

c)  In modeling, "N2" represents the sum of N2, 
A, H ~ ,  and cH4 actually reported i n  the steam 
analysis.  

d) 02, and part of the N2 ake from an air leak 
in  the turbine gland seal .  The composition of 
the motive steam to the  gas ejectors is not 
affected by t h i s  air leak. In that case, 
"N2" = 3.2 mmoles/kg and O2 = 0. 

In early 1979, cted w i t h  the Oakland 
Office of the U. rtment of bergy (SAN) 
t o  have the Law ley Laboratory pro- 
vide services in support of FG&E's inhouse pro- 
gram of geothermal research and developnent. 
The f i r s t  assigments given to IBLwere to 
write a c a n w e r  code that muld enable the 
partitioning and transport of hydrogen sulfide 
and other gases within the condensers of a 
geothermal powerplant to be usefully modeled, 
and to apply this cede to W i t  15. The results 
of this  mrk are reported here. 
Related modeling mrk on contact condensers, 
and experimental mrk on the catalytic a i r  oxi- 
dation of hydrogen sulfide w i l l  be.reported on 
elserJheret31. 
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Basic chemical considerations. Mmonia 
ihcreases the solubility of hydrogen sulfide in  
the condensate by reacting with it as a base: 

+ 
Essentially, the BlPnonia e k e s  hydrogen sulfide 
to go into solution as  HS as  w e l l  as The 
extent to vlhich anrnonia increases the yiubil- 
i t y  of hydrogen sulfide is reflected by the pH 
of the condensate. At typical condenser tem- 
peratures (about 50' C) the p ' ~ ,  of s is about 

HS- i n  solution is equal to that of H S, and 
the total  solubility of hydrogen sulfzde is 
twice khat it unuld be a t  a pH value low enoqh 
for the concentration of €E- to be negligible; 
for example, a t  pH 5, which muld be a typical 
value of condensate pH in the absence of 
anaonia. At pH 8.7, the solubility of hydrogen 
sulfide is about one hundred times greater than 
it unuld be a t  low pH. 
The range of pH valws encountered in the 
Geysers Ihits' cooling water and condensate is 
-ut 7.0 to 8.7. In the absence of mwnia, 
the condensate pH would always be less than 5 .  

Carbon dioxide is an acid gas and, in princi- 
ple, it o q h t  to reduce the solubility of 
hydrogen sulfide by dscreasing the pH of the 
condensate. Carbon dioxide dissolved i n  the 
condensate may lower the pH by reacting with 
water to produce carbonic acid khich then 
releases a proton: 

H2S + NH3 -> HS- + NH4 

6.7. Therefore, a t  pH 6.7 the conce 2 tration of 

kl 
C02 + H20 -> H CO 
H2C03 -> €KO3- + H +3 

or it may react w i t h  hydroxide ion to give 
bicarbonate directly: 

k2 
CO* + OH- -> Eo3- 
However, the effect of carbon dioxide is l i m -  
ited by 9 slow rates of reactions (1) and 
(2).  -p 21 C, k = 0.11 S- and k = 50500 1 
moles s t41. he rates of the ti& reactions 
are equal at pH 7.6, a t  vlhich value the half- 
l i f e  of dissolved carbon dioxide is about 4.5 
seconds. Meankhile, the residence time of the 
liquid Wse in the tube bvrdles is on the 
order of one second. mrthermore, because most 
of the carbon dioxide in the condenser remains 
i n  the vapor phase, the concentration of carbon 
dioxide dissolved in the condensate and thereby 
available for reaction is small, Because of 
this, the pHof the surface condenser conden- 
sate is determined mostly by the amonia and 
hydrogen sulfide in it, khile the carbon diox- 
ide and boric acid have only secondary effects. 
Carbon dioxide and effectively inert gases l ike 
nitrogen and hydrogen also have a secondary 
effect on the canposition of the condensate due 
to their very presence, in that they lower the 
temperature and increase the vapor to liquid 
ratio saneaat.  

(2) 

3 

Thecondensermodeli oadeCNDSR. C M I G R i s  a 
canplter p r o g d t s i i i T @ 2  FORTRAN which 
- 
is used to-model the steady s ta te  partitioning 
and transport of gases in  the condensers and 
cmoling water loop of a native or flash steam 
geothermal powerplant [ 51 . 
%en modeling a surface condenser equipped 
Unit, one usually models just the condenser and 
gas ejector system. The cooling water loopmay 
be and usually is modeled seprately because 
its chemistry has no effect upon that  of the 
condenser and ejector system. 
CNOSR models gas partitioning and transport in 
terms of a nunber of "boxes" khich represent 
the different parts of the system being 
laodeled. For each box, the partition of the 
gases between the liquid and vapor Mases is 
calculated assuning a thermal and chemical 
steady state within the box. Specifically, a 
steady state rate is calculated for the hydra- 
tion of carbon dioxide in the given box, and 
a l l  other acid-base reactions and phase rela- 
tions are modeled as being i n  fu l l  equilibriun. 
Alternatively, fu l l  chemical equilibriun 
including carbon dioxide hydration may be 
specified for any given box. Qcidation- 
reduction reactions are not modeled. 
The actual mass fluxes within the condenser ace 
calculated using the steady s ta te  results for 
the individual boxes and the patterns of liquid 
and vapor flow between the boxes that were 
specified in the input[$]. The thole procedure 
is repeated mt i l  a global steady s ta te  solu- 
tion is attained. 
A t  present, the following components are 
included in the chemical and transport models 
embcdied in CMIGR: water, heat, hydrogen sul- 
fide, ammonia, fixed carbon dioxide (i.e., the - and co -1, free carbon 

a s  such? , sulfur dioxide, dioxide (i.e., 
boric acid, oxden, nitrogen, hydrogen 
chloride, sulfuric acid,  and sodiun hydrox- 
ide(71. 
Neither (M>SR nor any other computer program 
can reliably predict the liquid and vapor flow 
fields within the condenser in the detail that  
is needed in this application. Therefore, the 
assuned flow fields m u s t  be carefully estimated 
using the condenser manufacturer's plans and 
specifications, and then finely and repeatedly 
adjusted to make the calculated resuLts reason- 
able and consistent with enpirical data fran 
existing condensers. This is the key to 
obtaining correct results using CMIGR. 
Normally, the pattern of liquid and vapor 
fluxes fran box to box is set a t  the start of 
developing the model, and changed infrequently 
after that. The rate of conductive heat remo- 
val fran each box is likewise usually set a t  
the outset and then l e f t  alone. The "fine tun- 
ing" of the model normally consists of 
carefully varying the amomt of steam flow fran 
the turbine exhaust to  each of the boxes. rn 
fact, one is trying to adjust the snall "resi- 

sun of y o 3 ,  
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dual" fluxes of v a p r  that remain after most of 
the water v a p r  has been condensed; it is in 
large measure these gas rich vapor fluxes that 
determine the gas partitioning prformance of 
the  condenser. The enthalpy that these resi- 
dual vapor fluxes represent is a mal l  fraction 
of the enthalpy supplied by the main steam flow 
and then removed by conductive heat transfer; 
t h i s  is &y considerable "fine tuning" is 
needed. 
lhis m i l d  be fair ly  simple i f  not for the sub- 
stantial  concentration of noncondensible gases 
in the residual vapor flows. At a given pres- 
sure and total enthalpy, increasing the concen- 
tration of noncondensibles present causes the 
temperature to decrease and the mount of water 
vapor in the vapor @ase to increase. Although 
t h i s  effect is, in essence, predictable, such 
predictions are laborious h e n  executed manu- 
ally; th i s  introduces a large measure of t r i a l  
and error into the "fine tuning" process. 
A f u l l  listing of (TJDGR and docunentation for 
it w i l l  be pblished elseaere. ?his docunen- 
tation w i l l  include a ful l  discussion of the 
chemical model and algorithms incorporated in 
CNDGR, as well as listings of input decks for 
typical condenser modeling problems, including 
the ones discussed here[8]. 
The desi n and function of Unit 15. wit  15's 
~ n - & k e ~ r ~ 6 - e ~ t ~ l y  identical 
tubing bundles, only one of h i c h  need be 
modeled. 

Figure 1 is a schematized depiction of one of 
these tubing bmdles[9]. The cooling water 
tubes run dom the length of the -le. %ere 
are two cooling water psses. The cooling 
water flow is countercurrent to the depicted 
"design vapor flow". There are a nunber of 
tube sheets, and these are perpendicular to the 
cooling water tubes &ich run throqh them and 
are supported by them. 
The "vapor channels" on either side of the con- 
denser are defined by rectangular orifices cut 
in the tube sheets. %re are no tubes within 
the  channels. The channels are broken up by 
small baffles h i c h  are approximately the same 
size as theorificesin the trt>e sheets, and are 
mounted in the channels between the tube 
sheets; that  is, the tw sheets and baffles 
alternate. The frnction of the baffles is to 
repeatedly force the vapor flow out of the 
channel and into the innermost roks of tubes, 
so as to remove additional moisture fran the 
vapor . 
me two vapor channels are connect& only a t  
the end of the bmdle nearest to the viewer; 
else&ere, the two channels are separated by a 
metal plate h i c h  also serves to provide some 
structural support to the bundle. This support 
plate is connected to two other plates of U- 
shaped cross section, one above and one below 
the vapor channels. The tw "U1s" are open 
upward and domward, respectively, and are 
empty. 

Design Vapor Flow 

"Cold" - Water Side w a d e  

Fig. 1. The v a p r  flow pattern that the main 
condenser of Geysers lhit 15 had been designed 
for. Qlly one tubing M l e  in the main con- 
denser is depicted. 

The design vapo ow assunes that the condens- 
ing steam w i l l  flow radially into the bmdle, 
and that most of the moisture w i l l  have con- 
densed out of it by the time that it reaches 
the vapor channel. The relatively mall mount 
of gas rich vapor that reaches the vapor chan- 
ne l  is then expected to flow dom the channel, 
dodgirq aromd the baffles as it flows, and 
pickiq up additional vapor frcin each section 
along the length of the bmdle. At the end of 
the warm pass side of the bundle the vapor flow 
t u r n s  aromd, and flows back dom the cold plss 
side in the same way. Finally, a t  the far end 
of the cold pass side, the vapor is removed 
fran the main condenser by ejector suction by 
way of a vapor exhaust hood (rot depicted). 
That the vapor should actually flow like'  th i s  
is implausible, because the baffles that block 
the channels offer considerable- resistance to 
vapor flow. Instead of evenly drawirq vapor 
out fran throqhout the -le, the ejectors 
w i l l  vent only the cold pass side. k a n h i l e ,  
relatively cool, gas rich vapor w i l l  stagnate 
on the essentially mvented hot pss side of 
the bmdle, and this w i l l  constitute a gas 
blockage. lhis canbination of *lanced vent- 
ing and gas blockage w i l l  inevitably increase 
the fraction of the hydrogen sulfide that dis- 
solves in the condensate. 
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Table I1 

Comparison of Modeling Results with Field Data 

Premodification 

Field Calculated - 
H2S in condensate (molal) 1.65 1.87 

NH3 in condensate (molal) 5.29 5.19 

c02 in condensate (molal) 0.97 0.82 

% total H2S in condensate 33 39 

Condensate pH 8.5 8.34 

Turbine backpressure (bar) 0.14 0.136 

Gross power (MW) 60 -- 

Postmodification 

Field Calculated - 
I .47 1.56 

7.36 

0.74 

19 21 

8.5 8.64 

0.14 0 136 

-- 42 

bi 

These predictions were confirmed. 'Ihe chemical 
data are sunmarized in the f i r s t  colunn of 
Table 11. The existence of a gas hlocka7e rms 
directly confinned by pressure measurements a t  
various p i n t s  within the v a p r  flow channel of 
one bmdle. 'Ihere was foud to be no detect- 
able pressure gradient along the channel on the 
hot pass side of the bundle, indicating l i t t l e  
or no vapor flow along it. 'Ihere was actually 
a shallow pressure minimun on the cold pass 
side, near the turn-around point. 'Ihe 
existence of this  minimun canpletely excluded 
the p s s i b i l i t y  that the vapor flow was obeying 
the design pattern. 
The conceptual model of the vapor flow pattern 
that MS ultimately arrived a t  on the basis of 
field data and modeling stlrlies is depicted in 
Figure 2. 'Ihe vapor flow on either side of the 
bundle is i n  the same direction: toward the 
vapor exhaust hood. Because the vapor exhaust 
hood vents only (one end of) the cold pass, the 
v a p r  fran the hot pass side must somehow be 
vented over to the cold pass side. 'Ihe only 
possible path for it is to cross Over under- 
neath the bundle and then go up into the v a p r  
channel on the cold pass side. 'Ihis much was 
established from consideration of the v a p r  
pressure data and design drawings alone. 
'Ihe modeling studies established h a t  proved to 
be the key to successfully retrofitting the 
condenser and substantially improving its 
hydrogen sulfide prformance. Apparently, the 
flow resistance along the v a p r  channels is so 
large relative to the resistance to radial .flow 
throqh the blndle that very l i t t le  vapor is 
actually vented fran most of the bmdle; per- 
force, ' this m a l l  anornt of v a p r  is very gassy 
because it carries with it most of the nomn- 
densible gases that accunulate in the bundle as 
the steam condenses. 'Ihus, not only the hot 
pass side of the bmdle is v a p r  blocked, but 
most of the cold pass side aFpears to be as 

well .  Apparently, most of the ejector capacity 
is satiated by drawing v a p r  with a much lowr  
gas content out of just that mall part of the 
bundle that is immediately adjacent to the 
vapr  exhaust hood. %e p r l y  vented p r t  of 
the bundle has p r  heat transfer, and the con- 
densate falling out of it contains a substan- 
t i a l  concentration of hydrogen sulfide. 
'Ihe gas ejectors are of the usual steam jet 
type. 'Ihe inter- and aftercondensers are mal l  
surface condensers of the tube-and-shell type. 
"he hydrogen sulfide partitioning performance 

Original Vapor Flow 

A 

Fig. 2. 'Ihe actual v a p r  flow pattern in a 
tubirq b d l e  before the condenser was modi- 
fied, as inferred fran field data and modeling 
studies. ij 
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Model of Geysers Unit 15 
Fig. 3. Smrt dashed arrom represent steam 
flow fran the turbine exhaust into the main 
condenser bundle. "Raw Steam" represents the 
motive steam supply to the gas ejectors. 

of a pwxp lan t  that is predicted or is actu- 
a l l y  ObSeNed is not particularly sensitive to 
the exact configurations of these canpnents, 
and they need not be described any further. 
"he condensate drips fran the inter- and after- 
condensers a re  discharged into the main con- 
denser cavity t h r o q h  a p r t  in its side. 
The model. Ihe ccmplter model developed for 
Unit 15 is depicted in Figure 3. The main con- 
denser is represented by a single cross section 
of one bundle; t h i s  is adequate, because there 
is probably l i t t l e  longitudinal variation in 
chemical conditions along most of its length. 
"hat most of the ejector capacity is in effect  
wasted is modeled by putting into the model a 
"IEAK" that permits steam to go d i rec t ly  from 
the turbine exhaust to the v a p r  exhaust hood. 
This condenser design includes a "reheating 
hotwell". mrt  of the steam that  flows into 
the bottom part of the bundle (represented by 
boxes Mc3 and Mc13 i n  the model) flows into the 
brndle fran mderneath; that is, by way of 
boxes Mc6 and Mc16. This steam contacts and 
par t ia l ly  reheats and steam strips the conden- 
sate f a l l i q  out of boxes Mc3 and "213. 01 the 
cold pass side of the bmdle only, there is a 
condensate deflector plate vhich causes the 
condensate formed above it to flow to the peri- 
phery of the bmdle and f a l l  into the hotwell 
fran there. In boxes Mc7 and Mc8 t h i s  p r t i o n  
of  the condensate contacts the steam flowinrj to 
boxes Mc3 and MC6, and is par t ia l ly  reheated 
and steam stripped by it. 

- 

,me gas ejectors need 
included in the model 

not be explicitl: 
because, for our pur- 

poses, they merely Serve to mix motive steam 
w i t h  the v a p r  being ejected. Therefore, it is 
suff ic ient  to depict only the inter- and after- 
condensers with the motive steam flowing 
d i rec t ly  into them along with the v a p r  being 
ejected. Each of these m a l l  condensers has 
one v a p r  pass, and is adequately represented 
by three boxes h i c h  represent the bmdle p l u ~  
a fourth vhich represents the drain. 
CLINE represents the condensate return l ine ,  
and PORT represents the p i n t  a t  h i c h  the 
return l ine  enters the main condenser. Because 
the main condenser is a t  lower pressure than 
the other tm, the condensate flashes and 
separates into tm phases in PORT. 
"he tw "output boxes" in  t h i s  model are DRAIN, 
h i c h  represents the main condenser drain, and 
STRET, a i c h  represents the Stretford wit. 
"he major result of the calculation is the par- 
t i t i o n  of hydrogen sulfide between SIRET and 
DRAIN. 
In the various condensers, only the steam side 
of the heat exchange tubes needs be included i n  
the model. The cooling water side of the heat 
exchange tubes is represented as simply a heat 
sink in the.given box. 
For the most part, the condensate flowing out 
of any given box is modeled a s  flowing into the 
box d i rec t ly  beneath it. The condensate f l o w  
ing out of MC1 is divided between Mc2 and Mc5, 
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Calculated Vapor Flows 

"Cold" Water Side "Hot" Water Side 
Originally After Modifications 

Fig. 4. N1 mass fluxes given in terms of 
grams of water vapor per second. Given the 
scale of the model, t h i s  is the same as  grams 
of wter vapor per kilogram of water in  the 
turbine exhaust. bbncondensibles a re  mder- 
stood to flow along with the wter vapor. 

Calculated Temperatures 

w I 

51.6 51.7 I 
Originally 

L 

Fig. 5. mpera tu res  in degrees Celsius. 

and the case w i t h  Kll is similar. ?he effect  It  w s  hard to make the fraction of the hydro- 
of the condensate deflector plate  is gen sulf ide dissolved in  the condensate in  the  
represented by having the condensate that flows model as large a s  it was born to be in  the 
out of MC2 flow into MC~. ?he pattern of vapor actual powerplant. Within the limits set by 
flows is depicted in Figure 4. physical plausibi l i ty  and the requirement of 

consistency with the design mass balance and 
'Ibse the design mass and heat bal- the available f ie ld  data, everything possible ance of the mi t  that were incorporated in the had to be done to the model to its hydro- 

are in -le '"* Ihe gen sulf ide plr t i t ioning performance as poor as is scaled to 1 kg/s steam flow fran the turbine tha t  of the actual perplant* nus, i n  a 

L., exhaust. (me design turbine stern flow is practical  sense, modeling the -ical perfom- 
134.7 kg/S.) 
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Table I11 

Specifications for the Geysers Unit 15 Model 

Condenser pressures (bars absolute): 

Main condenser: 
Intercondenser: 
Aftercondenser: 

Steam flow from turbine: 

Rate (g H20/s): 

0.136 
0.320 
1.000 

1000 

Enthalpy (kj/kg H 2 0 ) :  2317 

motive steam to qas ejectors (g H20/s): 

1st stage: 32.15 
2nd stage: 21.90 

Enthalpy (kj/kg H20): 2679 

Vapor flows between components (g H 2 O / s ) :  

Main condenser --> Intercondenser: 31.5 
Intercondenser --> Aftercondenser: 0.8 
Aftercondenser --> Stretford Unit: 0.5 

Heat removal by cooling water (kj/s): 

Main condenser: 2031 
Intercondenser (premod.): 152 7 
Intercondenser (postmod.): 151 e2 
Aftercondenserr 53.7 

The values in this table were derived from the 
design mass and heat balances provided to us 
by PGhE. 

ance of Ihit 15 turned into an extremun prob- 
lem. lhis circunstance increases our confi- 
dence in  the model that resulted. 
Ultimately, the observed hydrogen sulfide par- 
titioning and other field data e r e  matched 
using three major IYlysical assunptions: 
1) The v a p r  flow pattern is, in essence, 

that  depicted in figure 2, 

2) Most of the v a p r  that the gas ejectors 
eject fran the main condenser comes by 
of "the LFAK", instead of being evenly 
vented fran the &ole bundle, a* 

3) There is only partial contact between 
liquid and vapx in boxes MC6, 7,  8 and 
16, with consequently p o r  steam stripping 
of the condensate. 

Assunption 3) is reasonable. In the actual 
condenser the zone that corresponds to boxes 
MC6 and 16 in the model is only about one- 
quarter of a meter in vertical extent. The 
condensate that f l o h  off the deflector plate 
does so throqh fair ly  large holes, very prob- 

ably in compact streams. Therefore, t h e  fa l l -  
ing condensate does not have the o w r t u n i t y  
t o  be optimally steam stripped before i t  
reaches the hotwell. 
In the terminology of chemical engineering, the 
extent of steam stripping of the condensate in 
boxes MC6, 7 ,  8,  and 16 is less than a single 
plate per box. Ultimately, the extent of steam 
stripping in these boxes m s  modeled as. 0.083, 
0.022, 0.024, and 0.095 plates, respec- 
tively[lO]. 
%e pattern of "residual v a p r  flows" wifhin 
the main condenser that was finally arrived a t  
is depicted on the l e f t  of Figure 4. lhe total 
amornt of v a p r  that is ejected from the main 
condenser (31.5 g/s) was adjusted to awroxi- 
mately match the design heat and mass balance 
for the Ihit (Table 111). lhe division of this 
amornt between LEAK and the tubing bundle 
proper mas arrived a t  in matching the empirical 
hydrogen sulfide partitioning performance of 
the bit. The small residual v a p r  flows from 
Mc6 and 16 up to MC3 and 13, respectively, are 
the result of the small fractional plates of 
steam stripping assuned for boxes K6, 8 and 
16. lhese too Ere arrived a t  in matching the 
actual performance of the W i t .  
These tm effects may be traded off against 
each other i n  striving to match the empirical 
data. lhe balance between thm m s  ultimately 
determined by the need to have a Ftrysically 
reasonable temperature distribution within the 
bmdle ( le f t  side of Figure 5).  At various 
points in the model developnent process and a t  
its end fine adjustments E r e  made to make the 
patterns of vapx flow and temperature anooth 
and Wysically reasonable[lll . 
"he actual nunber and arrangement of boxes used 
in the model could also have been varied in 
matching the empirical data, but were nqt..  The 
'mesh" that represents the main condenser is so 
coarse that it could not have reasonably been 
made any coarser. Tb have made it finer by 
using smaller boxes and more of them muld have 
tended to decrease the concentration of hy3ro- 
gen sulfide in the cordensate. 
Physically, the large size of the boxes prob- 
ably means that a flowpath those length is com- 
parable to the radial extent of the boxes 
within the W l e  is needed to achfeve full 
contact between the incaning steam and the con- 
densate falling fran above. In other wxds, 
each of the boxes within the bundle corresponds 
to approximately one plate of liquid-vapr con- 
tact. 
lhe temperatures calculated within the tube 
b d l e  are low (Figure 5) , and the calculated 
concentrations of noncondensibles are 
correspondiqly high. Q1 the hot wter s ide of 
the bmdle the noncondensibles constitute about 
one-third of the vapx mse on a mole basis, 
while on the cold wter side they constitute 
one-half of the v a p r  mse. lhis situation is 
quite adequate to explain the mor thermal per- 
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formance of the mit ;  the heat exchange area in 
t h i s  condenser was wersized by 30% to allow 
for  tube fouling, but it just barely performed 
up to specifications with clean tubes. 
Ihe calculated concentration of bicarbonate in 
the condensate re f lec ts  mostly the value 
assuned for the residence time of the l iquid 
phase in each of the boxes. ?he residence time 
values used e r e :  2.5 seconds in each of K I ,  
2, 3, 11, 12 and 13, 0.2 s in  K 5  and 15, 0.3 s 
i n  K6 ,  7, 8 and 16, 2.0 s in I C l ,  2 and 3 and 
CLINE, and 1.0 s i n  ACl, 2 and 3. These values 
were determined using the actual Wysical 
dimensions of the various components to esti- 
mate how long it muld t a k e  the condensate to 
f a l l  t h r o q h  them, etc. 
R e s u l t s  and practical  reconrnendations. ?he 
firstliiiiii in M l e  11 presents the e s s n t i a l  
data about the chemical performance of Geysers 
Unit 15, a s  determined fran the f i r s t  mass bal- 
ance established soon af te r  it w n t  - on 
line[l2].  At tha t  time the steam m p s i t i o n  
was approximately that presented in the f i r s t  
C:WD colunns of -le I. ?his is the body of 
dsta to h i c h  the model was f i t tear l31.  

The second colunn in Table 11 presents the 
model's output. ?he only significant 
discrepancy is that  the model shorn a s l igh t ly  
higher fraction of the hydrogen sulf ide parti- 
tioning into the condensate than is actually 
observed. lhis discrepancy was due primarily 
t o  the use of inconsistent data (not show) a t  
one point in developing the model1141. 
It turned out that  the condenser could be Ny- 
s i ca l ly  modified to correct the problem of poor 
venting. Ihe essence of t h i s  modification is 
shown in  figure 6. Basically, the 0-sham 
channel on the top of the bundle ms covered 
w i t h  a Elded metal plate to make it an 
enclosed vapor removal duct. Venting of each 
section of the tube bundle into the duct is 
prwided by properly sized holes dr i l led  
t h r o q h  the floor of the duct into each section 
on either side of the bundle. ?he newly formed 
duct is vented to the vapor exhaust hood a t  one 
end, d i l e  the original vapor flow channel is 
blocked off fran the hood. 
?he idea of t h i s  modification is to force prop- 
e r l y  balanced venting of a l l  sections of the 
tube bundle[15]. Ideally, the anornt of v a p r  
vented fran each section in  the bundle should 
be proportional to the m o m t  of steam tha t  
condenses within that  section. In this case, 
the par t ia l  pressure of noncondensibles in the 
vapor, the temperature, and the vapor to liquid 
r a t io  muld be the same in each section of the 
brndle . 
?he key to accomplishing this is to s ize  the 
vent holes in  the bottom of the v a p r  duct 
appropriately. A f i r s t  order engineering cal- 
culation suggests that the sun of the areas of 
the holes in  the duct should be equal to the 
cross-section of the duct, and that the sun of 
the areas of the holes venting any one section 

Present Vapor Flow 

r'ig. 6. ?he v a p r  flow pattern in a tubing 
bmdle a f t e r  the condenser hael been modified a s  
discussed in the text.  

should be prowrtional to the mount of steam 
that condenses in  that  section; that amomt may 
be estimated by performing routine heat 
transfer calculations. Dctreme accuracy in  
s i z i q  the holes is actually not required 
because the w e r a l l  performance of the 'con- 
denser is not very sensi t ive to t h i s  within 
reasonable l i m i t s [  161. 

'Ihis modification was original ly  proposed by 
G.W. Allen, hho w s  then w i t h  the #;&E Depart- 
ment of minee r ing  &search. It was evaluated 
by SpL. using the nunerical model of W i t  15 
described above, correspondingly modified for 
t h i s  plrpose. 
Essentially, the modifications in  the model 
consisted of eliminating the urn, changing the 
vapor flow pattern inside the main condenser 
tube bundle to that  shown on the right s ide in 
Figure 4, and rebalancing the steam flow into 
the bundle to give a miform temperature 
throughout the bundle. Neither the vapor flow 
pattern mderneath the bundle (MC6, 7, 8, and 
161, nor the nunber of plates of reheating in 
these boxes was changed. ?he resulting vapor 
flow and temperature f i e lds  a re  show on the 
right in Figures 4 and 5. 
lhese calculations indicated that  modifying the 
condenser in  t h i s  way muld lead to a substan- 
kial improvenent in  its hydrogen sulf ide parti-  
tioning performance. Based on these calcula- 
t ions,  the decision was made by #;&E t o  proceed 
with the modifications. The modifications wre 
engineered by J. Laszlo of #;&E's Mechanical 
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Ehgineering Department, with assistance from L. 
Forster of the Ecolaire Company. lhey were 
implemented during the annual overhaul shutdom 
in  September of 1980. 
thfortunately, over the time of the shutdovn 
the canposition of the steam supply to U n i t  15 
changed (Table I, colunns 3 and 4 ) ,  and the 
amount of available steam flow dropped. Inhen 
W i t  15 went back on l ine ,  it did so with a 
gross powr output of about 42 MW, and the 
change in  steam canposition made it hard to 
canpare its performance in  its modified form to 
what it had been before. 
Finally, several months a f te r  it w n t  back on 
l i n e  adequate chemical data had been gathered 
t o  allow the effect  of the modifications to be 
assessed. It appears tha t  they wrkerl. 
Although the steam concentrations of hydrogen 
sulf ide and rmmonia had both increased by about 
half ,  the concentration of hydrogen sulf ide in 
the condensate had actual ly  decreased by a 
small moul t  (canpare Table I1 colunns 1 and 
3).  €bwver, there had been a substantial 
decrease i n  the fract ion of the hydrogen sul- 
f ide  in the condensate. 

Calculations -re then performed using exactly 
the same postmdification model, but with the 
new steam canposition. ?he resu l t s  of these 
calculations are  s m a r i z e d  in colunn 4 of 
Table 111. 

There are  tw known inaccuracies i n  the calcu- 
la t ion ,  &ose effect  may be estimated and 
corrected for. First, the p rmdi f i ca t ion  
model is knom to be pessimistic, and this 
error  probably was carried Over into the pst- 
modification model. Iherefore, the l a t t e r  is 
probably pessimistic by about the same factnr. 
Second, it turned out that  the holes tha t  had 
actual ly  been dr i l led  t h r o q h  the floor of the 
new vapor removal duct had not been optimally 
sized. In effect ,  the sections on the hot 
water side were vented too much hhile the sec- 
t ions  on the cold wter side wre vented too 
l i t t le.  In our estimation, the effect  of t h i s  
was to increase the mount of hydrogen sulf ide 
i n  the condensate by about 9%. Mjusting the 
calculated figures for these e f fec ts  leads to a 
predicted concentration of hydrogen sulf ide in 
the condensate of 1.44 millimolal &ich is 
within analytical  error of that actual ly  
observed. 
It is possible to estimate 
quences of the modification. Using the 
ification model, y estimate that, had the* 
uni t  not been modified while the steam canposi- 
t ion  G n g e d  as it did,  the concentration of 

ide in  the condensate wuld  have 
ppnw a f t e r  the annual overhaul. 

is figure for the knom pssimisn 
of the model, we obtain a revised estimate of 
about 85 ppnw. Iherefore, the modification 
succeeded i n  reducing, the hydrogen sulf ide con- 
centration i n  the condensate by about 35 ppnw. 

?he agreement is, overall ,  goda. 

onan ir: 

Unit 15 is presently operated with t e r t i a r y  
abatement by hydrogen proxide.  The hydrogen 
peroxide is used a t  a ra te  of approximately 1.5 
moles p r  mole of hydrogen sulf ide dissolved in  
the condensate; because their  molecular w igh t s  
a re  equal, t h i s  means 1.5 pods of hylrogen 
peroxide per pound of hydrogen sulf ide a s  m1J. 
me price of 50% hydrogen peroxide is abqbt 
$0.25/lb, and the current steam supply to Unit 
15 is about 770,000 lb/hour . Combining these 
figures,  we estimate that the savings realized 
by the modifications anolnt to $20.20/hour = 
$485/day. 
Within normal l i m i t s ,  changes of U n i t  load and 
turbine backpressure seem to have had no ef fec t  
on hydrogen sulfide partitioning. It is possi- 
ble  that  the modifications increased 'he 
operating backpressure somewhat; reducing the 
gross load by 18 MW o q h t  to have caused the 
backpressure to decrease, but no such decrease 
was observed h e n  the U n i t  w n t  back on l ine.  
The e f fec t  of var i steam chemistry. ps has 
b e e n n o t e d r a l n - e n  sulf ide 
parti t ioning in a condenser varies with the 
canposition of the steam. Iherefore, one can- 
not assign a "partitioning value" to a given 
condenser design; however, one may predict its 
parti t ioning performance for a given steam can- 
position, or wen define a "response surface" 
which describes the parti t ioning, etc., a s  a 
function of stem canposition. 
Figure 7 depicts the concentration of hydrogen 
sulf ide i n  the condensate a s  a function of the 
hydrogen sulf ide and ammonia concentrations in 
the steam. The effect  of varying steam hydro- 
gen sulf ide is remarkably m a l l  except a t  the 
lowx hydrogen sulf ide concentrations. me 
effect  of varying the ammonia concentration is 
larger.  Figure 7 may be used to predict the 
effect of further changes of steam composition 
upon the concentration of hydrogen sulf ide in  
the condensate. 
Figure 8 depicts the prcentage of hydrogen 
sulf ide dissolved in the condensate as a fmc- 
t ion of the mole ra t io  of imrmonia to hydrogen 
sulf ide in  the steam. Although the correlation 
is not perfect, it is obvious, and it is the 
strongest that  m s  found. 
Calculations wxe also performed for the case 
of steam canpositions h i c h  are  similar to 
those in Table I except that they contain no 
ammonia. In this case, the premodification 
model predicted 0.2% of the hydrogen sulf ide i n  
the condensate, a i l e  the pstmodification 
model predicted less than 0.03% of the hydrogen 
sulf ide in  the condensate. In other wrds ,  i f  
there is no annonia in the steam, a surface 
condenser w i l l  give v i r tua l ly  no hydrogen sul- 
f ide in  the condensate, regardl= of design, 
vapor venting pattern, etc. 
In general, once a model has been set up, it 
may be ~ e d  to predict hydrogen sulf ide parti-  
tioning, pH, etc., over a broad range of steam 
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Geysers Unit 15 Today 

e g .  7. Cbndensate hflrogen sulfide concentra- 
tions for Uli t  15 as a function of stem canpo- 
sit ion,  calculated rsing the postmodification 
model. ppnw = part per millfon by wight. 
mmoles/lql = nq-moles/kg. kmnonia concentra- 
tions given in moles/@ and ppnw. 

mposit ions.  %e only restriction is that the 
total  concentration of mncondensibles i n  the 
steam (excluding m n i a  fran the sun) should 
not.be much different fran that i n  the stem 
canposition for h i c h  the model ms ini t ia l ly  
set up[171. 

Geysers Unit 15Todoy 
I I I I 

01 I I I I I 
0 I 2 3 

NH,: H2S Mole Ratio 

Fig. 8. 'Ihis is a replot'of Fig. 7.  

Sunnary and discussion. 'lhe geothermal con- 
denser =elins code C X S R  has been success- 
fully applied & modeling Geysers W i t  15. 
mis modeling tack led to practical recamnenda- 
tions for modifying th i s  Wi t ' s  main condenser 
to improve its hydrogen sulfide partitioning 
performance. 'Ihese recommendations wre imple- 
mented, and they wrked. 
The model of wi t  15 was developed and refined 
by adjusting it to match the actual hydrogen 
sulfide partitioning performance of Ulit  15 a s  
determined in the field. m retrospect, it is 
clear that t h i s  Wi t ' s  performance could not 
actually have been predicted in advance. IBw- 
ever, it ms p s s i b l e  to accurately predict the 
effect of the modifications, because. the post- 
modification model was really an extrapolation 
of the premodification model. m particular, 
that portion of the model h i c h  describes the 
extent of condensate reheating by steam below 
the bundle was taken Over fran the premodifica- 
tion model mchanged. 

"he accuracy with h i c h  the hydrogen sulfide 
partitioning prfomance of a given condenser 
design may be predicted ahead of time w i l l  vary 
with the detai ls  of that design. m prticu- 
lar ,  a design h i c h  forces a relatively wll 
balanced am3 wll defined pattern of vapor 
venting fran the blndle wuld be much easier to 
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evaluate. mwever, even in this .case it is 
diff icul t  to predict to h a t  extent the conden- 
sate is reheated by the incaning steam. fie 
best that can be done is to estimate the nunber 
of plates of reheating by drawing on past 
experience. 
The pattitioning of hydrogen sulfide is 
affected by the wera l l  steam chemistry; in 
particular, by the ratio of annonia to hydrogen 
sulfide in the steam. lherefore, meaningful 
calculations cannot be made anless a t  least  the 
correct hydrogen sulfide and anmonia concentra- 
tions in the steam are known by the modeler. A 
condenser d e l  may best be considered a 
response function a i c h  calculates the concen- 
tration of hydrogen sulfide in the condensate, 
etc., a s  a function of steam canposition. 
Because the ccmposition.of the stefm supply to 
wi t  15 changed during the t!me that it was 
beinrj overhadled and modified, the actual con- 
centration of hydrogen sulfide in the conden- 
sate that was measured after the modifications 
was not the sameashad been predicted. €bw- 
ever, putting the new steam chemistry into the 
"after modification" model did result in calcw 
lated figures h i c h  matched the new field data 
quite ell. m other mrds, the "response 
function" that had been predicted for the modi- 
fied ulit was correct. 
Modeling the ,chemical characteristics of the 
condenser also led to an improved uderstanding 
of mass transport and heat transfer within it. 
In a sense, the pattern of vapor flow and its 
interaction with the liquid #me were eluci- 
dated by analyzing the results of a tracer 
experiment. 
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NWES : 

[l] Geysers W i t s  13 and 1 4  are equipped with 
surface condensers of the same kind, but they 
Went on l ine after Lhit 15. 
121 Weres, O., -0, K., and bod, B., 
"Resource, Tkchnology and Ehvironnent a t  Ihe 
Geysers". Report 1865231. Lawrence Berkeley 
Laboratory, Berkeley, CA. July 1977. Sections 
11.6 and 7. (This and other LBL reports are 
available fran the National mhn ica l  Informa- 
tion Service .) 
[31 Reports in preparation. 
141 The formulas used in our code to calculate 
these rate constants and their inverses are 
taken fran: Pinsent, B.R.W., Pearson, L., and 
b q h t o n ,  F.J.W., "%e Kinetics of Cbmbination 
of Qrbon Dioxide with Vrox ide  Ions", Trans. 
Faraday sc., 2 , 1512 (1956) ; and Sirs, J.A. , 
"Electranetric Stopped Flow Pkasurments of 
Rapid &actions in Solution: W r t  2. - Glass 
Electrode pH Pkasurements", Trans. Faraday 

[SI Other murces of chemical data inclllded in 
CNDGR's data base inclllde Mwards, T.J., New- 
man, J., and Prausnitz, J.M., "Ihermodynamics 
of Pqueous s l u t i o n s  Containing volati le Wak 
Electrolytes", AIChE J., 21 , 248 (1975); 
Helgeson, H.C., "fiermodynamis of Qmplex Dis- 
sociation in  Aqueous Solution a t  Elevated -- 
peratures", J. ays. &em., 71 , 3121 (1967); 
Mesmer, R.E., Baes, C.F., JrT and m e t o n ,  
F.H., 'Acidity Measurements a t  Elevated 'Em- 
peratures. VI. Boric Acid Dquilibria", moq. 
&em., 11 , 537 (1972); Truesdell, A.H., and 
Jones, BX., "WTEQ, A (bmptter Program for 
calculating Chemical m i l i b r i a  of Natural 
Waters', J. Research U.S. Geol. Survey, 2 , 233 
(1974) ; International Crit ical  Tables-, -1. 

W., The Structure and Pro rties of Water , 
QxforTuliversity PreF(&S B d  , 
1969), ~ p .  182-191; and Fisher, J.R., "Ihe 

, Ion-Product Constant of mter to 350°Cr 
Thesis, Ihe Pennsylvania State lhiversity, 
Department of Geochemistry and Mineralogy, June 

[6] The pattern of liquid and vapor flows is 
specified in the sense of "the liquid flux out 
of box Agoes to box B, khile the vapor flux 
out of box A goes to box C"; the actual 
flowrate of liquid or vapor fran box A to  box B 

SOC., 54 207 (1958). 

111, Pp. 256-7; Eisenberg,  D e r  m U P n a n n ,  

1969 
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or C is calculated. Either f l u x  out of a given 
box may be s p l i t  a s  desired between up to eight 
other boxes a s  -11. 

171 In modeling, "nitrogen" normally represents 
the sun of nitrogen, atgon, methane, and hydro- 
gen. A l l  of these gases are  pract ical ly  iner t  
inside of the condenser, and the only e f fec ts  
they have arise fran the fact  of their Wysical 
presence. 
[E] Report in  preparation. 
[9] Details tha t  are  not h e d i a t e l y  relevant 
to the present purpose have been l e f t  out to 
protect the manufacturer's proprietery 
interests .  
[ lo ]  Steam stripping within a given box by less 
than a f u l l  plate is modeled by having part  of 
the steam flowing t h r o q h  it "bypass it". cbn- 
s ider  box MC7, h i c h  ms modeled with the 
ass'mption of 0.022 plates of steam stripping: 
about half of the steam that  condenses in  Mc3 
may reasonably be assuned to reach Mc3 by way 
of K7. If K 7  strippea by a f u l l  plate,  50% 
of the amomt of steam that condenses in  K 3  
wuld be modeled as flowing fran the turbine 
exhaust into MC7, and then out of MC7 into Mc3. 
Stripping by 0.022 p la te  is represented by hav- 
ing only 50% x 0.022 = 1.1% of the steam flow 
into MC7, &ile the remaining 48.9% flows 
d i rec t ly  into MC3. 

1111 A l l  of these a3justments wre made by 
careful ly  and f inely varying the fluxes of 
steam from the turbine exhaust into the various 
boxes in  the bmdle. Occasionally, the rate  of 
heat removal fran the main condenser, the 
intercondenser, o r  the aftercondenser had to be 
adjusted to make the vapor flom between the 
condensers match the design mass balance. In 
such cases, the residual vapor flows inside the 
main condenser usually had to be rebalanced. 
1121 Qwted fran an internal #;&E memo h i c h  
was provided to tJ3L a s  a private cammication. 

1131 Other, more ccmplete mass balance data 

have become available since, but t h i s  happened 
too l a t e  for it to be used in t h i s  wxk .  This 
additional data is presented in: Henderson, 
J.M., m, w.P.c., and m a ,  AL., "Material 
Balance, wi t  15, The Geysers mkRr Plant". 
#;&E Department of minee r ing  Research &port 
411-80.12. San Ramon, CA. m y  15, 1980. 
[ 1 4 j  This is a recurrent problem in this sort 
of w x k .  Abasic  problem is that  the canposi- 
t ion of the steam changes with time. There- 
fore, one cannot combine, say, a steam hydroget1 
sulf ide concentration value determined one 
month with a condensate concentration value 
measured the next. Ideally, one should mrk 
with only one self-consistent mass balance 
based on measurements performed over no mor? 
than a few days time. 
1151 This principle of bdlanced venting into a 
vapor duct that rms the length of the tube 
bmdle is incorporated in  the design of the 
condensers that  w i l l  be used in  wits 16 and 
beyond. 
1161 When hydrogen sulf ide dissolves in  the 
condensate mainly a s  ammonim bisulfide,  its 
part i t ion between vapor and l iquid varies 
approximately in  proportion to the square root 
of the volune ra t io  of v a p x  to liquid. 
1171 This is more a mathematical idiosyncracy 
of the d e l  than a Wysical character is t ic  of 
the system being modeled. Changing the concen- 
t ra t ion  of noncondensibles muld perturb the 
calculated temperature and vapor flow f i e lds  in  
a nonphysical way, and require the stem flows 
into the bmdle to be "rebalanced". Therefore, 
when changing the steam composition, one 
adjusts  the actual new composition to be teste3 
to match the to ta l  concentration of nonconden- 
s ib l e s  in  the steam canposition that  was origi-  
na l ly  used. This is best done by changing the 
concentration of nitrogen in  the steam. Mels  
of wll vented condensers a re  less sensi t ive to 
to ta l  gas loading than those of poorly vented 
condensers. M e l s  of contact condenser power- 
plants are  re la t ively insensit ive tD it. 
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W GROWTH OF HOT DRY ROCK RESERVOIRS 

Hugh Murphy, Henry Fisher, Charles Grigsby and R. Lee Aamodt 
Los Alamos National Laboratory 

Mail Stop 981 
Los Alamos, NM 87545 (505) 667-4318 

Since its creation in 1977, the hot dry rock 
geothermal reservoir at Fenton Hill, New Mexico, 
has been extended in size and heat production 
capacity by an order of magnitude. This growth 
was accomplished without redrilling of either 
the injection or the production well, and is 
attributed to both pressurization and thermal 
contraction cracking of the surrounding reser- 
voir rock. 
four years of intermittent operation have shown 
that the reservoir void volume has increased by 
more than a factor of 20, from 11 to 260 m3. 
Since thjs void volume is due to thin, nearly 
closed fractures in otherwise nonporous rocks, 
a significant increase in the number of frac- 
tures and fracture area is indicated. This is 
confirmed by heat transfer modeling of heat pro- 
duction and thermal drawdown results. Actually, 

Tracer injection tests over the 

two models have evolved, and while the derived 
results differ in detail, gross reservoir prop- 
erties such as active heat transfer area are in 
reasonable agreement. Both models indicate 
that this heat transfer area has grown from 
10,000 to 70,000 m2. Despite this reservoir 
growth other reservoir properties, which might 
have been expected to keep pace, fortunately 
did not. For example, water losses caused by 
diffusion of water through the fracture network 
to the surrounding rock increased by only 30 
percent, despite a 6-fold increase in heat 
transfer area. In addition, the hydraulic re- 
sistance or impedance of the reservoir remained 
nearly constant--apparently the longer flow 
paths corresponding to fracture growth were 
compensated by opening of the fractures. 
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EPRI GEOTHERMAL PROJECTS OVERVIEW: 
POWER CONVERSION AND NONCONDENSABLE GAS CONTROL 

Evan E. Hughes 
Electric Power Research Ins t i tu te  

P. 0. BOX 10412 
Palo Alto, CA 94303 (415)855-2179 

Introduction 
Program is par t  of the e f fo r t  by the e lec t r ic  
u t i l i t y  industry directed a t  realizing certain 
advantages offered by geothermal power gener- 
ation. 
in te res t  i n  geothermal resources a s  a source of 
new e lec t r ica l  generating capacity a r i s e  from 
the following character is t ics  of geothermal 
power systems : 

The EPRI Geothermal Power Systems 

The principal reasons for u t i l i t y  

e 
e No emissions of combustion a i r  

e 
e 

e 

Based on a domestic energy resource; 

pollutants;  
No nuclear radiation accident r i sks ;  
Compatible with expansion by small 
inckements ; 
Technology available now and deployed 
in  several countries. 

The actual,  physical character is t ics  of geo- 
thermal energy resources give geothermal power 
systems cer ta in  unique features re la t ive t o  
other sources of energy available t o  the elec- 
t r ic  power industry. Three of these unique 
features of geothermal power production are  
noteworthy because they give rise t o  the major 
problems being addressed by the EPRI geothermal 
research program: 

e Low temperature resource 
e Dissolved minerals and gases 
e Dependence of each power plant on a 

single geothermal reservoir a s  i ts  
source of "fuel". 

In  w h a t  follows I w i l l  elaborate br ief ly  on 
each of these features of geothermal power 
production and w i l l  indicate how the EPRI geo- 
thermal power has addressed the problems asso- 
ciated with these natural features. 
I w i l l  mention some specific results of EPRI 
research directed toward solving these 
problems. 

Finally, 

from the heat (or enthalpy) t h a t  i s  the source 
of energy for the system. The substantial  cost  
of the exploration, dr i l l ing ,  well construction 
and other ac t iv i t i e s  needed t o  produce geother- 
m a l  f luid from a reservoir make fuel cost  
a significant factor,  even though geothermal 
f lu id  i s  not a s  e f f ic ien t  a producer of power 
a s  a f luid heated by combustion. Therefore, 
achieving a high level  of resource ut i l izat ion 
is important t o  making geothermal an economi- 
ca l ly  viable source of power generation. 
(%source ut i l izat ion is measured in  watt-hours 
of e l ec t r i c i ty  produced per kg of geothermal 
f lu id  supplied to  the power plant.) 

Tb improve the power output per uni t  of flow of 
geothermal f luid into the conversion system, 
EPRI has placed major emphasis on binary cycle 
geothe-1 power plants.  Projects directed a t  
the binary cycle technology have included com- 
ponent tes t ing and power system design. 
addition, the EPRI geothermal program has fo- 
cused on development of one advanced power con- 
version system tha t  can increase the resource 
ut i l izat ion i n  direct  f lash power plants. This 
is  the rotary separator turbine ( E T )  power 
system. 

Another consequence, and problem, ar is ing from 
the relat ively low temperature of available 
geothermal f lu ids  is  the need t o  re jec t  more 
heat per uni t  of e l ec t r i c i ty  produced than 
would be rejected from a combustion plant  gener- 
a t ing the same amount of e lec t r ic i ty .  
problem i s  intensified by the relat ive scarcity 
of water for  power plant cooling in  many geo- 
thermal resource areas of the United States. 
EPRI has addressed the problem through an anal- 
ys i s  of wet/dry cooling systems, showing tha t  
appreciable reduction in  cooling water require- 
ments i s  possible a t  a cost  penalty tha t  i s  
high in  hot desert  areas l i k e  the Imperial 
Valley but modest i n  moderate o r  cool climate 
regions. 

In 

This 

Problems and Program Content 
sources t h a t  occur close enough t o  the surface The dissolved mineral and gas content of natu- 
of the ear th  t o  be potent ia l ly  useful i n  meet- r a l ly  occurring geothermal f lu ids  produces the 
ing human energy needs are  always of lower problems of scaling and corrosion and the prob- 
temperature than the temperatures we choose to blem of H2S emissions. 
work with when w e  can burn a fuel  to produce noncondensable gas content has consequences 
heat for  power generation. The thermodynamic fo r  net  power plant efficiency, due to the 
consequence of a lower temperature coming into paras i t ic  power requirements imposed by the 
a power conversion system i s  lower efficiency: need t o  remove gases from the condenser. 
l e s s  production of useful work (or e lec t r ic i ty)  address the scaling and corrosion problems, 

EPRI has conducted studies of brine chemistry 

Geothermal re- 

In addition t h e  t o t a l  

Tb 
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and has developed computer codes t o  simulate 
scale and corrosion i n  geothemal power systems. 
A mobile chemical analysis laboratory has been 
bu i l t  and i s  in use t o  develop a data base on 
geothermal chemistry and t o  provide on-site 
chemical sampling and analysis capabili ty for 
geothermal power plants and f ie ld  test projects. 

E lh ina t ion  of the environmental problems 
associated with H S emissions (primarily an 
odor nuisance prohem) and al leviat ing the 
corrosion potential  carried by acid gases i n  
geothermal f lu ids  a re  the objectives of current 
EPRI projects t o  t e s t  upstream removal of non- 
condensable gases. These projects involve 
laboratory measurements of H2S removal by 
copper sulfate  scrubbing and f i e l d  measurements 
of noncondensable gas removal by upstream 
reboiling. 

The d i rec t  reliance of a geothermal power 
plant on the production of energy from a spe- 
c i f ic  reservoir gives rise t o  problems affect-  
ing both decisions on whether t o  build a geo- 
thermal plant  and choices of plant  design, 
construction and operation. 
m a l  binary cycle projects have included opt i -  
mization studies that take into account changes 
in reservoir production over the l i f e  of such 
a plant.  Resource and reservoir studies have 
been included in  the EPFU geothermal program, 
although the major e f for t s  of the program are  
concerned with resource use rather  than re- 
source production. 

Figure 1 presents a matrix summarizing the 
EPRI Geothermal P o w e r  Systems Program i n  terms 
of the characterist ics,  problems and program 
responses discussed above. 

The EPRI geother- 

Economics and Resulting Implications for  
Program mntent 
garding the economics of geothermal power gen- 
eration have influenced the design of the EPRI 
program. 
in  order t o  make expl ic i t  some of the ration- 
a l e  behind program and project objectives. 

Flashed steam o r  binary cycle p o w e r  conversion 
systems are  the technologies for  use with the 
hot water (as  opposed t o  dry steam) geothermal 
resources. (my steam resources are economi- 
cal ly  very a t t rac t ive ,  but are  too rare  to be 
considered by most u t i l i t i e s . )  Both of these 
technologies for  the hydrothermal resources 
are  expected t o  have the following economic 
characterist ics:  

Some general conclusions re- 

I w i l l  summarize these conclusions 

Costs very dependent on "fuel" supply 
parameters - temperature 

- well cost  
- well production rate. 

Usually lower busbar e lec t r ic i ty  cost  
than oi l - f i red power pldnts. 

Sometimes competitive with coal and 
nuclear. 

9 

0 Fuel cost  (geothermal fluid supply cost) 
is  a major factor,  about half the busbar 
e l ec t r i c i ty  cost .  

These and other considerations lead t o  the 
following conclusions regarding the major ways 
t o  reduce the cost  of geothermal power: 

CHARACTERISTIC I PROBLEM 1 PROGRAM RESPONSE 

RELATIVELY LOW TEMPERATURE 
OF RESOURCE 

0 ADVANCED CONV. TECH, DEV. 

0 BRINE CHEMISTRY STUDIES 
0 COMPUTER SIMULATION DISSOLVED MINERALS I SCALING AND CORROSION I 0 MOBILE CHEMISTRY LABORATORY 
0 BINARY DESIGN OPTIMIZATION 
0 RESOURCE/RESERVOIR STUDIES I RESERVOIR RISK IN 

PLANT DECISIONS I PLANT/RESERVOIR LINK 

Figure 1 -- EPFU Geothermal Program: Response t o  
Problems Confronting Geothermal Power Development 
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Achieve high rel iabi l i ty  and capacity 
factor; t h i s  is the objective of the 
scale control and other chemistry-related 
projects. 

Reduce geothermal fluid production costs; 
t h i s  i s  primarily a resource company 
issue, but i s  also a motivating factor 
for EPFU projects on reservoir and 
resource topics. 

Increase resource utilization efficiency: 
more kWh per kg of brine produced; t h i s  
i s  a key objective of the advanced con- 
version technology projects. 

Highlights 
areas of the EPRI geothermal program. 
are binary cycle power systems, advanced con- 
version concepts and upstream removal of non- 
condensable gases. 
section, by Meredith Angwin of EPRI, high- 
l ights projects involving geothermal chemistry 
and geopressured resource utilization. 

I w i l l  highlight results from three 
These 

The other paper i n  th i s  

Binary Cycle Power Plant Development 
jective of the major EPRI effort  on binary 

The ob- 

cycle power plant development is t o  extend 
the range of economic geotherma r genera- 
tion t o  lower temperature hydro 1 re- 
sources. 
jects i n  t h i s  area are as  follows: 

Primary results from the EPFU pro- 

e Binary cycle resource utilization 
efficiency (Wh/kg) can be over 1/3 better 
than 2-stage flash 

e Fouling of heat exchang 
Heber brine w i l l  not be excessive 

e Brine to isobutane heat transfer can be 
adequately estimated using standard values 

. and methods 

e Hydrocarbon turbine (axial flow o r  
radial in-flow) can be supplied for 
65 MWe (gross) binary plant with minimal 
change from existing equipment 

e optimized preliminary design binary 
plant a t  Heber is complete (65 MWe gross, 

,45 MWe net) 

Contractors who have performed the work on 
these projects include: Holt/Procon, San 
Diego Gas and Electric, Fluor, Ben Holt, 
Colley, Schilling, PFR Engineering, Elliott ,  
and Rotoflow. 

Advanced Power Conversion Concepts The objec- 
tive of the EPRI projects on advanced geother- 
m a l  power conversion concepts is t o  increase 
the Wh/kg efficiency with systems having 
acceptable capital cost and good reliabil i ty.  
Principal results in  th i s  area include the 

following : 

e Designed, buil t  and tested 30-inch, 2OkWe 
experimental rotary separator turbine: 

- power from liquid phase: 21 lcwe 
from 6742 kg/h a t  177OC 

- resource utilization efficiency: 
12.0 Wh/kg for RST and flash steam 

9.6 Wh/kg for optimized 1-stage 
turbine 

flash steam turbine 

e Designed 54-inch RST capable of operating 
from 140°C to 25OoC 

Compared advanced concepts with each other 
and w i t h  conventional flash and binary 

The contractors who have worked on EPRI projects 
in  t h i s  area are Biphase Energy Systems and 
The Ben Holt Company. 
evaluation and development of the rotary sep- 
arator turbine, is a cost-shared effort  with 
major funding corning from Biphase as a joint  
venture of Research Cottrell and Transamerica 
Delaval . 

e 

The major project, 

Upstream Removal of Noncondensable Gases 
objective of the EPF& projects on removal of 

The 

noncondensable gases from geothermal steam is 

this-area are as follows: 

the 

e 

e 

e 

The 

elimination of these problems : 

Hydrogen sulfide (H2S) odor nuisance 
constraining geothermal power development 

Corrosion induced by acid gases 

Wss of net power output by diversion of 
steam o r  power t o  eject noncondensable 
gases from the condenser. 

principal results of the EPRI projects in  

Upstream condensing and repoiling tested 
at  The Geysers with a heat exchanger unit 
processing a steam flow of about 400 kg/h 
(50 kWe equivalent): 

- over 90 percent H S removed, 
average removal 92 percent 

heat transfer good enough for 
acceptable cost of heat exchanger a t  
commercial size. 

- 

Upstream copper sulfate scrubbing studied 
by laboratory t e s t s  and engineering assess- 
ment for application t o  flashed steam 

Preliminary designs and cost estimates 
obtained for improved upstream condense/ 
reboil units. 
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%e contractors who have performed t h i s  work are  
Coury and Associates on the heat exchanger for  
upstream reboiling and E I C  Laboratories on the 
copper sulfate  scrubber. 
upstream reboiler was supported by Pacific Gas 
and Electric Company through provision of a 
site, f i e ld  and laboratory support and other 
cooperation. 

EPRT. Project Reports Papers on 1 4  EPRI geo- 
thermal projects are  contained i n  the follow- 
ing section of these Proceedings. 
guide to these papers, Table 1 has been pre- 
pared t o  summarize the projects by l i s t i n g  the 
contractors, the problems addressed and the 
principal products of the work. 

As a 
The f i e ld  test of the 

Table 1 

GUIDE TO EPRI Pw)JECTS PRESENTED AT THE FIFTH EPFU 
GEOTHERMAL CONFERENCE: SAN DIEGO, JUNE 23-25, 1981 

Page Contractor Problen? Addressed Product 

Section 5A: Assessments: 

Stanford University F?eservoir Assessment 

PFR Engineering Binary Plant Performance 

Wnual on Techniques 1 

Data on Magma's Plant 5 

United Technologies B e s t  U s e  of Geopressure Study of Hybrid Concepts 11 

Ben Holt Company 

ARINC Research 

B e s t  Conversion Cycles Survey/Study of Concepts 24 

Assuring High Availability Analysis of H e b e r  Binary 32 
Plant Design 

Section 5B: Field Tests: 

Biphase Energy Systems Eff ic ient  Fesource U s e  Preparation for  Wellhead 1 
Test 

Coury and Associates 

Pacific Gas and Electric 

Upstream Gas €&moval 

Upstream Gas Femoval 

Results from Test U n i t  5 

Plan for P i l o t  Plant 21 

Rotoflow Corporation Turbine for  Binary Plant Conceptual Design 23 

Bechtel Group Scale Formed i n  Turbine by 
B r i n e  Carried i n  Stream 

Evaluation of Steam 31 
Separators 

Section 5C: Chemistry 

Bechtel Group Control of Scale Formation Study of Crystall izer 1 
Concept ' 

Cuntrol of Scale Formation Heat Exchanger Test Unit 11 Sierra Pacific mwer 

EIC Laboratories Upstream H S Removal 2 Tests/Study of Scrubbing 13  
with Copper Sulfate 

Mckwell International Mineral/Gas Content of Fluids U s e  of Mobile Chemistry 17 
Laboratory 
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EPFU GEOTHERMAL PROJECTS - OVERVIEW 

, 

Meredith Joan Angwin 
Project Manager 

Geothermal Power Systems 
Electr ic  Power Research Ins t i tu te  

P.O. Box 10412 
Palo Alto, CA 94303 (415) 855-2594 

The purpose of t h i s  t a l k  i s  t o  describe four 
geothermal projects, which have been active 
this year and which I have been managing. 
Three of these projects w i l l  be discussed fur- 
ther  a t  t h i s  meeting by the respective contrac- 
tors. The four projects are:  

653 Geothermal Computer Codes 
0 741 mobile Laboratory 

1671-2 Advanced Geopressured Systems 
0 1197-3 Copper Sulfate HZS Removal 

The purpose of the f i r s t  project ,  Geothermal 
Computer Codes, 653, was t o  develop, t e s t  and 
dis t r ibute  geothermal computer codes tha t  can 
predict  scale and corrosion i n  geothermal sys- 
tems. The code can be used i n  several ways: 

As an a id  i n  powsr plant design. A de- 
signer can simulate the scale and corro- 
sion consequences of several plant  con- 
figurations o r  assess the scale producing 
potent ia ls  of varying the parameters of a 
single configuration. 

To estimate actual brine constituents from 
ambiguous analyt ical  data. By " in i t ia l -  
izing" the brine with the computer codes, 
one can account for  l o s s  of gases, oxygen 
contamination, etc. in the measured brine 
quantit ies.  

To determine the e f fec t  of downhole or  
formation flashing on brine constituents, 
and on scale formation i n  the well o r  
aquifer. 

To determine the e f fec ts  of mixing differ-  
ent  f lu id  streams. 
important i n  areas l ike  the Imperial 
Valley i n  which make-up injection water 
may be required. 

To a id  i n  interpreting resu l t s  of equip- 
ment f i e l d  tests, such a s  heat exchanger 
t e s t s  and the condenser-reboiler upstream 
H2S abatement method. 

This is par t icular ly  

WELL, a code modelling flow and flashing i n  
a geothermal well; 
PLANT, which simulates power plant per- 
formance as scale levels  i n  the plant 
increase; 

0 GEOSCALE, an executive code that models 
scale deposition and power plant per- 
formance over time, with a given input 
brine (call ing PLANT and FLOSCAL a s  sub- 
routines). 

The f i r s t  three of these codes (EQUILIB, FLOSCAL 
and WELL) have been extensively tested.  Spe- 
c i f ica l ly ,  eight "case studies" w e r e  performed 
( l i s ted  i n  Table 1) using real-world f i e ld  data 
t o  t e s t  the code's capabi l i t ies .  

The codes a re  now complete, and a surmnary re- 
port  and workshop report w i l l  be available soon. 
W e  expect the codes t o  be licensed for  dis-  
t r ibut ion through the Electric Power Software 
Center by the end of the year. They w i l l  not 
be reported on further i n  t h i s  session. 

The Mobile Geothermal Laboratory (741) was de- 
signed t o  provide an-site chemical analysis 
using standard methods to: 

0 Derive a consistent chemical "signature" 
of a geothermal f i e ld  (build the "brine 
data base"). 
Support EPRI and u t i l i t y  f i e ld  tests. 0 

The laboratory has been qui te  active i n  the 
year since the l a s t  annual meeting. 
producibility of sampling and analysis were 
characterized, and the f i r s t  "signature test" 
was taken a t  the federal  w e l l  s i t e  near East 
Mesa, California. 

Next the laboratory went to Brazoria, Texas, 
where it performed a signature t e s t  on the geo- 
pressured w e l l ,  Pleasant Bayou #2.  A t  t h i s  
s i t e ,  the l a b  sampled both the gases separated 
a t  the 800 p s i  separator, and the gases tha t  
remained dissolved i n  the reinjected brine. The 
two  gases were quite different  i n  make-up as 
shown i n  Table 2.  It i s  c lear  from t h i s  analv- 

The re- 

To accomplish these objectives, the following 
codes were written: 

sis t h a t  the high pressure separator recovers 
most of the methane, leaving a high C02 gas 
stream i n  the reinjected fluid.  

FKSCAL, a chemical kinet ics  and f lu id  California t o  support the SCE Brawley p i lo t  

EQUILIB, an equilibrium chemistry computer 
code; Subsequently, the laboratory went t o  Brawley, 

dynamics code; 
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plant, and t o  Dixie Valley, Nevada t o  support 
Project 1525-1, heat exchanger tests. 

N e x t  year, the laboratory w i l l  be equally busy. 
Plans include more geopressured tests, and fur- 
ther support of EPRI f i e ld  t e s t s .  (Steam sep- 
arator,  Project 1672-1, and mtary Separator 
Turbine, Project 1196). Support of Utah Power 
and Light's planning ef for t s  is also expected. 
This project w i l l  be reported a t  t h i s  meeting 
by the contractor. 

The Geopressured Advanced System project 
(1671-2) developed concepts for  wellhead geo- 
pressured power generation, using a l l  geo- 
pressured methane and thermal energy on-site. 
In t h i s  project,  s m a l l  gas turbines and gas 
engines used a l l  the methane of a single w e l l ,  
and the thermal energy of that w e l l  was used 
i n  a flashed o r  binary bottoming cycle. 
configurations were evaluated from a thermo- 
dynamic and r e l i ab i l i t y  standpoint. Gas engine- 
flash and gas turbine-binary plants were se- 
lected for  further evaluation. Some of the con- 
clusions of t h i s  study were that: 

Twenty 

More thermally e f f ic ien t  power plants a re  
possible w i t h  these combined cycles; 
Combined cycles save the costs of pres- 
surizing methane for  pipeline sales; 
The overall  economics is very sensit ive t o  
the amount of gas in  the brine; 

0 The comparative economics (combined cycle 
versus sel l ing methane off-site) is  very 
sensit ive t o  the price received for  the 
gas. 

The f ina l  report for  this project i s  under re- 
view. 
meeting by the contractor. 

The l a s t  project  t o  be discussed i s  the Copper 
Sulfate H2S Removal Process (Rp1197-3). 
t h i s  project,  the copper sulfate  process was 
evaluated for  use i n  flashed steam conditions. 
In general, a s  i n  any scrubbing process, there 
is decreasing cost  with increasing steam input 
pressure, and increasing costs and decreasing 
eff ic iencies  w i t h  decreasing H2S concentration. 
The investigators of the project assumed that 
less-abatement would be required for  lower 
H2S concentrations. 

The report for  t h i s  project is i n  f ina l  typing. 
The project w i l l  be reported a t  t h i s  meeting 
by the contractor. 

The project w i l l  be reported a t  t h i s  

In 

TABLE 1 CASE STUDIES 

Heber 2000 hr  Heat Exchanger Tests 

Cerro Prieto Flashing W e l l s  

Kizildere Flashing Flow Tests 

power System Equipment Module Tests 

RGI East Mesa Flash Tests 

Flashing Flow i n  Porous Media 

SCE Flash Plant a t  Heber 

Heat Exchanger Method of H2S Removal 

TABLE 2 
GEOPRESSURED GAS ANALYSIS 

Analyte Separator 

Amount S C F p B L  22 

Pressure PSIG 800 

Co2 (mole %) 1 2  -3% 

Methane (mole%) 83.9% 

Ethane (mole %) 1.75% 

Propane (mole %) 1.18% 

Hydrogen 
(ppm volume) 300 ppm 
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b, RESEARCH AND DEVELOPMENT PROJECTS 

Advanced Power Systems Division 
Renewable Resources Systems Department 

GEOTHERMAL POWER SYSTEMS 

+e - Geothermal Exploration Methods and Techniques: Contractor: 
University of Texas, Dallas. Final Report No. ER680 

ect No. RP375), February 1978. 

+RP376 - Test and Evaluation of a Geothermal Heat Exchanger: Con- 
tractor: San Diego Gas and Electric Company. Final 

Report No. EPRI376, November 1975. 

+RP556 - Environmental Baseline Data Acquisition - Beber: Contractor: 
San Diego Gas and Electric Company. Final Report No. ER352, 

February 1977. 

+RP580 - Low-Salinity Hydrothermal Demonstration Plant: Contractors: 
Holt/Procon and San Diego Gas and Electric Company. Final 

Report No. ERI.099 (Project No. RP580-2), June 1979. 

RP653 - Computer Simulation of Scale Formation in Geothermal Systems: 
dict precipitation of solids and scale formation caused by geothermal 
brines in geothermal power systems. First-phase work included the 
development of a methodology for calculating the equilibrium brine 
chemistry,.lalwratory experiments on the kinetics of scaling, and 
power plant modeling. Battelle, Pacific Northwest Laboratories is 

. the contractor. .Interim Report No. ER635 (Project No. RP653-1) , 
' Vols. I and 11, January 1978. The second phase incorporated a scaling 
kinetic model and a capability to calculate scale deposition in geo- 
thermal flow streams. 
case studies. 

RP741 - Mobile Geothermal Fluids, Materials, and Components Test 
Laboratory: The objdctfves of this project are: (1) to 

support field testing of geothermal fluids and critical components; 
and (2) to develop detailed knowledge of geothermal fluid character- 
istics for a better understanding of site-to-site variability. The 
construction of the mobile chemical analysis laboratory is complete, 
and field use has begun. Rot3cwell International : is,the contractor. 

The objective is to develop an analytical capability to pre- 

The present phase of work involves a number of 

+RP791 - Study of Brine Treatment: Contractor: - 
Laboratory. Final Report No. ER476 (Project No. RP791), 

November 1977 

+WE46 - Geothermal Heat Exchanger Test: Contractor: The Ben Holt 
Company. Final 

August 1978, 

+Rp927 - Waste Heat Rejecti 
tractor: R. W. Be 

No. W927-11, October 1979. 

n Expander Turbine Design I Contractors : Elliott 
Company, Rotoflow Corporation, and<. F. Braun bi Co. Final 

Report No. ER513 (ProjectJ$oo. ep928-1), May 1979; Final Report No. 
Ea034 (Project No. Rp928-41, March 1979. 

inis .- 
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RP929 7 Geothermal Reservoir Assessment Techniques: 

accepted techniques for assessing geothermal reservoirs and compile 
these into a single reference document for use by utilities. 
scope of the document will be limited to hydrothermal and geopressure 
reservoir types. 

RP1094 - Binary Cycle Equipment Test: 
heat exchanger modules designed to simulate typical power systems. 
The results are expected to include: (1) Benchmark data of system 
operating characteristics; (2) data of heat transfer, scaling, and 
corrosion; and (3)  performance of two candidate hydrocarbon working 
fluids. This project is funded by EPRI and W E ,  with Lawrence Ber- 
keley acting for DOE. Colley Engineers & Constructors, Inc., and 
J. R. Schilling are the contractors. 

RP1195 - Assessment of Critical Geothermal Technical Issues: The 

plant design, reliability, and operation. Data will be gathered 
from four sources: (1) the Cerro Prieto flashed steam power plant 
operating data; (2) Magma Power Company's proposed 11.2 Mwe binary 
cycle experimental plant; (31 experimental data on mineral and con- 
struction material solution in geothermal brines and their chemical 
kinetics; and (4) plant performance effects of adding acid to geo- 
thermal brines. The contractors are: Stanford University; Systems, 
Science and Software; PFR Engineering Systems, Inc; Arizona Public 
Service; and Colley Engineers. 

RP1196 - Field Evaluation of Rotary Phase-Separator Turbine: 
objectives of this project are to evaluate the performance 

and to assess the potential of total flow power conversion systems 
that generate electricity from water-dominated geothermal resources. 
A bench model hydraulic turbine, coupled to a rotary steam separator 
has been built and tested at three geothermal sites as a single 
flash/separator/turbine unit. A pilot plant is being designed and 
built for operation at a site where it will accept the total flow 
from a hydrothermal well. Biphase Enercw Svstems, a joint venture 
by Research-Cottrell and Transamerica Deleval, Inc., is the con- 
tractor and the cosponsor. 
tractor and cosponsor. 

RP1197 - Upstream Removal of Hydrogen Sulfide (H2S) from Geothermal 
Steam: 

criteria, cost, operational factors, and removal efficiency of two 
methods for upstream removal of H S from geothermal steam - a heat 
exchanger process and a copper sulfate scrubbing process. The heat 
exchanger process is being tested at The Geysers through a coopera- 
tive effort with Pacific Gas and Electric Company. Coury & Associ- 
ates, Inc., is the contractor for field testing of the heat exchanger 
process, and EIC Laboratories is the contractor for laboratory experi- 

The objective 
of this study is to collect information on the generally 

The 

The contractor is Stanford University. 

The objective of this project 
is to develop experience with small-scale, binary cycle, 

goal is to establish a data base for use in geothermal power 

The 

Biphase Energy Systems is the con- 

The objective of this project is to assess the design 

hments on copper sulfate scrubbing. 

+Rp1272 - Assessment of Economics and Technologies for Geopressure 
Energy Extraction: Contractor: Southwest Research Institute. 

Final Report No. AP1457 (Project No. RP1272-1), July 1980. 

RP1525 - Control of Scaling in Geothermal Power Systems: 
methods for geothermal applications, the following approaches will be 
analyzed and compared: 
formation; chemical and mechanical removal of scale; and stimulated 
precipitation with solids removal. 
control will be developed in this project with the objective of 

In the 
assessments made by this project of current scale control 

use of chemical additives to inhibit scale 

At least one concept for scale 

+ denotes that the project is finished. 
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reducing by 50% the outage rate due to scale accumulation. 
Pacific Power Conipany and Bechtel National, Inc., are the contractors. 

Sierra 

RP1671 - Geopressure Energy Conversion - Preferred Systems: 
energy recovery systems. 
single-use, e-g., combustion engines with combined cycles for power 
production from both methane and heat. The evaluation will be made 
from conceptual designs of integrated power systems. 
is United Technologies Corporation. 

RP1672 - Geothermal Fluid Process Technology: The objective of this 

determine the optimum separator application as a function of operating 
conditions. The evaluation begins with a technical assessment and 
then focuses on the design and operation of a steam separator test 
system at a geothermal site. 

The ob- 
jective of this project is to evaluate concepts for geopressure 

These systems will be based on multi-use and 

The contractor 

project is to evaluate different steam separator designs to 

The contractor is Bechtel National, Inc. 

Rp1673 - Geothermal Technology and Economic Assessment of Advanced 
mate to the year 2000 the impact of emerging technologies on the 
growth of geothermal power operation. 
proving geothermal power conversion systems are being compared to 
conventional flash and binary geothermal power systems. The con- 
tractor is The Ben Holt Company. 

RP1900 - Binary Cycle Geothermal Demonstration Plant: 
first large-scale, binary-cycle, geothermal power plant for commer- 
cial operation by 1986. In this project the technical performance, 
the environmental acceptability, and the economic feasibility of the 
binary-cycle technology will be demonstrated for moderate temperature 
geothermal resources. 
this project; the contractor is San Diego Gas and Electric Company. 

*F@1991 - Support to 50 MW(e) Direct Flash Demonstration Plant Field 
The objective of this project is to conduct 

to compare design speci- 

Power Generation: The objective of this project is to esti- 

A number of concepts for im- 

The objective 
of this project is to design, construct, and certify the 

DOE and several utilities are cosponsors of 

Data Evaluation: 
an independent assessment of the 50 MWw(e) flash steam plant at Baca, 
New Mexico. The tasks of this project are: 
fications of the reservoir, steam, and power systems at Baca with 
other sites; to identify critical components for which further re- 
search could reduce costs or improve performance; to prepare plans 
for testing significant improvements; to design a data analysis sys- 
tem for calculating plant performance; and to analyze, evaluate, and 
report plant performance. 

*RP1992 - Reservoir Risk Assessment Techniques: The objective of this 
project is to develop a quantitative risk assessment method- 

ology for geothermal plants, taking into account regional geological 
distribution probabilities and particular properties of the reservoir 
such as temperature, pressure, permeability, height of the producing 
zone, and diameter of the well. 
requirements for information on geothermal power development needed 
by utilities in determining generation expansion plans, commitment to 
plant construction, terms of contracts with energy suppliers, and 
designs of power plant and production/injection systems. 

This methodology will meet the 

*Re1994 - Assessment of Advanced Geothermal Conversion Concepts: The 
objective of this project is to conduct preliminary assessment 

studies on selected concepts and conversion options for geothermal 
energy conversion and direct utilization. Possible examples of these 
concepts are alternate methods of hydrogen sulfide abatement, well-head 
conversion systems, scale control and fluid treatment, and energy re- 
covery and heat rejection. 
dry rock and geopressure options. 

This project could also investigate hot 

* denotes that a contract is not yet signed. 
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Introduction 

The increasing cost  of f o s s i l  fuels  has led 
many u t i l i t y  canpanies t o  consider development 
of geothermal energy as a source of e lec t r ica l  
power. Because only a few u t i l i t i e s  i n  the en- 
t i r e  world have pract ical  experience indevel- 
opment of geothermal energy, few u t i l i t i e s  
are  prepared t o  handle the complex problem of 
geothermal power development. As there are  
many different  types of gas and o i l  producing 
reservoirs,  there are a host of different  types 
of geothermal systems. 
geothermal reservoirs requires the ta len ts  of 
many trained technical experts. Examples in- 
clude mechanical engineers, and c i v i l  engineers 
fo r  power plant s i t i n g  and design: geologists, 
and geochemists, and geophysicists for  explora- 
t ion fo r  geothermal systems and planning i n i t i a l  
d r i l l ing ,  petroleum engineering d r i l l i ng  en- 
gineers for  d r i l l i ng  of exploratory and develop- 
ment wells; petroleum production engineers fo r  
operation of w e l l s  and tes t ing of wells: and 
petroleum reservoir engineers f o r  evaluation of 
the geothermal system and planning of thedevel- 
opment of the system. Although sane of these 
special t ies  may be in-house t a l en t  €or cer ta in  
u t i l i t i e s ,  it is ra re  tha t  any u t i l i t y  has ac- 
cess to spec ia l i s t s  in a l l  of these fields. It 
is often not obvious t o  u t i l i t y  s ta f f  which of 
these special t ies  are  required t o  answer im- 
portant problems. The main objective of ?is 
project was t o  prepare a reservoir assessment 
manual t o  guide u t i l i t y  s t a f f s  i n  planning the 
development of geothermal reservoir systems. 
addition to preparation of a manual outlining 
the s t a t e  o f . t he  a r t  of this new technology it 
was also intended t o  prepare new answers t o  
existing questions which have not previously 
been handled. The problems considered in  t h i s  
category generally concern the producing char- 
acteristics of both dry steam and boiling 
l iquid geothermal wells. 
w e r e  conducted and reports prepared. The 
following presents a description of the reser- 
voir  assessment manual and an exampleofthekind 
of information made available through original 
researches conducted in  t h i s  study. 

Proper assessment of 

In 

Four or iginal  studies 

GEOTHERMAL RESEWOIR ASSESSMENT MANUAL 

CONTRACT # 929-2 

Henry J. Ramey, Jr. 

Stanford University 

Petroleum Engineering Department 

Stanford, a. 94305, 415-497-1774 

Description of Manual 

Table 1 is an outline of the reservoir assess- 
ment manual. This outline is a f a r  more de- 
ta i led  outline than the outline presented in  
our previous report, "Geothermal Reservoir 
Assessment Techniques Manual" by Sanyal, e t  a l . ,  
EPRI  1977 Annual Meeting Proceedings. Although 
most of the intent  and planning of the original 
manual are  included i n  the outline shown in  
Table 1, preparation of the manual revealed 
weaknesses i n  the original plan. For example, 
the or iginal  p l aped  outline did not include 
cwerage of dr i l l ing ,  and some information i n  
the original planned outline has been mwed t o  
provide continuity in  presentation of the in- 
formation. 

Most mineral f luids  producing canpanies are 
organized i n  paral le l :  
sion and a producing division. 
t ion division includes the technical special- 
ists 
dr i l l ing  fo r  t e s t ,  and the producing division 
includes a l l  technical special is ts  involved in  
dr i l l ing  developnent w e l l s ,  planning the de- 
velopnent and conducting the production of the 
f luid.  Although both divisions must operate 
simultaneously i n  paral le l ,  it is necessary 
t o  cmplete  the exploration phase of the de- 
velopnent of a specif ic  property prior t o  the 
developnent of the producing division's func- 
tion. For t h i s  reason the manual was planned 
in  a sequence t o  indicate the near chronolog- 
i c a l  operations involved in  the finding, 
dr i l l ing ,  and development of a geothermal pro- 
ducing system. 
various geothermal assessment ac t iv i t ies .  

W e  return now t o  Table  1 and a brief discussion 
of the outline of the reservoir assessment 
manual. Section One w i l l  present an introduc- 
t ion t o  the manual and s t a t e  the objective f o r  
the developnent of the  manual. It w i l l  discuss 
the petroleum reservoir assessment and identi- 
fy problems specif ic  t o  the geothermal systems. 

an exploration divi-  
The explora- 

involved i n  locating properties worth 

Figure 1 is a flaw chart  of 
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In addition it w i l l  attempt t o  identify u t i l i t y  
viewpoint and the need for  t h i s  manual t o  serve 
u t i l i t y  s taff  m e m b e r s .  

Section Two w i l l  provide a brief discussion of 
the special is ts  involved i n  exploration for  
geothermal systems and the types of operations 
that they conduct t o  identify geothermal sys- 
tems. 
analyze the waters flowing from the earth and 
from various chemical constituents t o  deter- 
mine tha t  the water was in  equilibrium a t  cer- 
t a in  temperature levels. This makes it possible 
t o  identify tha t  even cold effluents from the 
earth had been previously heated t o  temperatures 
characterist ic of geothermal f lu id  rock systems. 
Another example is  in  the area of geophysics. 
Surface measurements of ' the e lec t r ica l  res is t iv-  
i t y  of rocks, the geothermal temperature gradi- 
ent  i n  the near surface, and the transmission 
of sound waves through the earth often w i l l  
permit identification of systems containing 
steam or  hot brines. 

For example, geochemists are able t o  

Once a potential  geothermal system has been 
identified it is necessary t o  drill a w e l l  t o  
t e s t  the potential  geothermal reservoir. 
t ion Three i n  Table  1 w i l l  provide a brief dis- 
cussion of d r i l l i ng  because dr i l l ing  ac t iv i t i e s  
are  not a ccmmon part  of the operations of most 

. 

u t i l i t i e s .  Although much geothermal system 
d r i l l i ng  is quite similar t o  d r i l l i ng  for  gas 
or  o i l ,  special  problems caused by low pressure 
steam systems and high temperature brine systems 
w i l l  be identified.  

Sec- 

Section Four in  the manual w i l l  contain a dis- 
cussion of formation evaluation fran an exist-  
ing dr i l led  bore hole. Ordinarily it is possi- 
ble t o  run a variety of w i r e  l ine  well logs i n a  
bore hole t o  make geophysical measurements which 
can be interpreted t o  yield important information 
about the rocks and the f lu id  contents of the 
rocks encountered in  d r i l l i ng  the well. This 
s o r t  of work is frequently done by geologists, 
geophysicists, and petroleum engineers. 

Section Five presents one of the most important 
areas of reservoir tes t ing once the w e l l  has 
been dr i l led.  It is  possible t o  drill a w e l l  
through a f lu id  bearing formation and yet  see 
no evidence of the presence of the important 
f luid.  A variety of pressure transient t e s t s  
may be run i n  w e l l s  t o  determine the  existence 
of important quantit ies of reservoir f lu ids  and 
t o  obtain early information about the potential  
f lu id  reserves in  the system. This is a can- 
plex system depending upon high levelmathe- 
matics and is generally the prwince of e i ther  

the groundwater hydrologist o r  a petroleum re- 
servoir engineer. 

Once a well is produced and hot f l u id  mwes 
frcm a formation up the wellbore t o  the surface 
heat transmission enters the problem. The loss  
of heat from hot f luids  in  a wellbore t o  cold 
adjacentearth is the main subject of Section 
Six i n  the manual. This problem a lso  ar ises  
i n  another way. The cooled f luids  from a 
pawer plant are  frequently reinjected back 
into a formation. AS cold f lu id  passes down 
a w e l l  it encounters hot formatiorsand gains 
heat. Heat flaw t o  and from a wellbore is a 
matter pf great  importance in  the production 
of geothermal energy. ~ 

Section Seven i n  the manual concerns wellbore 
f luid flow. 
tan t  cases where geothermal w e l l s  were d r i l l ed  
and the f lu id  producing capabili ty of the bore 
hole was extremely limited. In  sane cases the 
reason for  poor productivity of a geothermal 
w e l l  was tha t  the formation was poor and e i ther  
contained l i t t l e  f lu id  o r  had such lowconductiv- 
i t y  t ha t  it would not transmit f luids .  On the 
other hand the 
is sanetimes the resu l t  of plugging of the for- 
mation near the wellbore or  flow res t r ic t ions  
within the wellbore a s  the f lu id  passes f ran 
the formation to the surface of the earth. I n  
the case of the geothermal w e l l  HGPA d r i l l ed  
by the University of Hawaii on the big island 
of Hawaii, formation plugging was serious and 
led ttr i n i t i a l  speculations tha t  the well Would 
not be productive. 
improve since the time of completion. 
another occasion, a poor well d r i l l ed  in  The 
Geysers f i e ld  was found t o  be a r e su l t  of ob- 
structions within the wellbore. Material near 
the bottom of the well choked the flaw from 
the formation t o  the surface of the earth. A 
major research was conducted in  t h i s  project 
on the producing characterist ics of wellbores. 
This work included both the flow of single 
phase steam and multi-phase flaw. Four master 
of science reports were prepared i n  the petro- 
leum engineering department a t  Stanford 
An example of the resu l t s  of this study is in- 
cluded i n  the next section of t h i s  report. 

Sections Eight and Nine in  the reservoir manual 
deal with w e l l  del iverabi l i ty  and material and 
energy balance performance of geothermal reser- 
voirs.  These two sections c w e r  important por- 
t ions of the reservoir engineering of geother- 
mal f luids  systems. Two signif icant  reservoir 
engineering questions are: 
potential  del iverabi l i ty  of a system (how many 

There have been a number of impor- 

reason for  poor productivity 

This w e l l  has continued t o  
On 

1 - 4  . 

what is the 
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w e l l s  be oequlredl ma how much f lu id  is 
present, or what are  the f lu id  reserves? The 
term %team reserveb is used by many of the 
special is ts  l'nvolved in  geothermal systems i n  
d5fferent senses.. mese seotions w i l l  cwer 
hiportant concepts as f a r  a s  the production 
of geothermal systems and establishment of 
l l ' f e t h e  hreconcerned. 

Section Ten concerns the subject 'of Iteinjection 
of cool geothermal fluids.  
mal f lu ids  may contain s a l t s  and materials 
which may be injurious t o  plant or  animal l i f e .  
Thus there is a need t o  t r e a t  these materials 
as waste containing materials. 
hand, production of f lu ids  may lead t o  sub- 
sidence Of the surface of the earth and t o  
depletion of the reservoir f luid.  Because of 
the  depletion of f lu ids  i n  geothermal systems 
due t o  extremely high producing rates ,  the 
reinjection of f lu ids  fo r  both waste disposal 
and proper reservoir management is an important 
subject. 

Section Eleven w i l l  contain concluding remarks 
on the manual and attempt t o  prwide a basis 
for  understanding of the r i sk  involved i n  
assessment of geothermal systems. 
t ions i n  the manual w i l l  contain nanenclature, 
engineering uni ts ,  and appendix items as  needed. 

The cool geother- 

On the other 

Other sec- 

Wellbore Fluid Flow 

A major research e f fo r t  was conducted in  th i s  
project on wellbore f lu id  flow. 
subject of established importance t o  gas and 
o i l  production. Although steam is frequently 
injected in to  o i l  w e l l s  t o  a id  o i l  recwery, 
it is rare tha t  steam is injected at  ra tes  
approaching the magnitude of the monumental 
producing ra tes  f ran geothermal steam wells 
Because of the-high veloci t ies  encountered 
geothennal steam producing wells, it appear 
necessary t o  conduct a fundamental investig 
t ion  of the wellbore f lu id  flow behavior of 
both s ingle  phase and multiphase geothermal 
f lu id  producing w e l l s .  ~ This study led to 
the produdion of four Master of Science 
reports it Stanford Universi 

Ankwnple of the &portan 
study 5s presented by Baza2, See a l so  re-- 
ference 5 by Morales-Gil, e t .  a l .  The we1 
was dr i l led  i n  a d r y  st&am f i e l d  t o  a depth 
of 8,000 fee t .  
of t h i s  w e l l  were disappointing i n  tha t  the 
well w d d  produce only a l i t t l e  wer 80,000 
pounds of steam per hour f ran a reservoir 
wherein good w e l l s  would frequently produce 

This is a 

* 

' 

The producing character is t ics  
. 

300,000 pounds of steam per hour. 
t i a l l y  believed tha t  the w e l l  had encountered 
a poor portion of the reservoir. 
when the producing characterist ics of the w e l l  
were canputed using the methods developed in  
th i s  research, the resu l t s  shown in  figure 2 
were obtained. Figure 2 presents the mass 
flow-rate through a w e l l  cmpleted in  a manner 
similar t o  tha t  found i n  the f i e l d  case, as a 
function of the producing w e l l  head pressure. 
It can be seen fran figure 2 tha t  the maximum 
ra t e  possible f ran t h i s  well is less than 
90,000 pounds per hour. 

It was ini-  

However, 

The conclusion fran t h i s  calculation was tha t  
the wellbore i t s e l f  contained flow restr ic t ions 
suff ic ient  t o  l i m i t  the mass flow ra t e  possible 
from the w e l l .  The formation was not the 
controlling factor  and was capable of much 
higher flows. 
calculations involved i n  references 1 through 
5 is tha t  the possibi l i ty  of c r i t i c a l  choking 
and the loss of energy by heat conduction 
f r m  the wellbore a re  both included i n  the 
study. One product of t h i s  study is pre-can- 
puted graphs tha t  w i l l  permit a u t i l i t y  t o  
consider w e l l  canpletion and see immediately 
the maximum steam producing rates  possible 
f ran a w e l l .  

References 

1. Morales-Gil, C.: "Effect of Chokes and 
other Restrictions on Pressure Drop'in 
Geothermal Wells", MS Report i n  Petroleum 
Engineering, Stanfbrd University, June 
1978. 

The unique feature about the 

2. Baza, John R: '' Calculation of the Perfor- 
mance of Dry Steam Wells", MS Report i n  
Petroleum Engineering, Stanford University, 
July 1979. 

Tai, T.: "Wellhead Evaluation 
thermal Effluent" 
Engineering, Stanford Un ril 
1979. 

MS Report i n  Petroleum 

4. Faridriana, L.8 " A Humerical Simulator 
f o r  Fluid Flow i n  ,a Geothermal W e l l " ,  MS 
Report i n  Petroleum Engineering , Stanford 
University , July 1979 , 92 pages. 

5 .  Morales-Gil, C., Baza , J.R., Ramey, H.J., 
Jr., and Sanyal, S.K.: "Calculation of 
Performance of D r y  Steam Wells" , Geother- 
mal Resources Council, Transactions, Vol. 
3, Sept., 1979, pg 465. 

S A - 3 '  



Table 1 

RESERVOIR ENGINEERING ASSESSMENT OF GEOTHERMAL SYSTEMS 

1. Introduction-state problem-usual methods fo r  petrolem reservoir  
geothermal apecial problems--utility vievpoint. 

2. Exploration 
2.1 Geophysics - Geologg 
2.2 Geochemistry 
2.3 Srmpary 

3. Drilling 
3.1 Cable too l  d r i l l i ng  
3.2 Fatars d r i l l i ng  
3.3 M r  d r i l l i n g  

3.5 smary 
3.4 Coring, mud logging. and d r i l l  atem t e s t ing  

6. Fornation Evaluation 
4.1 
b.2 Detect im of f ractures  
6.3 

Brief dwcript ion of c-on vell lops 

Status  of Geothermal l o r  interpretat ion 

5. Pressure Transient Testing 

5.1 Drudovn 
5.2 Buildup 
5.3 Interference 
3.b Sys tw  cooprrmsibilitg 
5.5 Fracture systems 
5.6 Inertial effects .  ear th  t i des  
5.7 sumary 

6. Wellbore Beat Trmwroisslon 

6.1 P r d u c t i m .  s h g l e  Ph- 
6.2 Inject ion 
6.3 W n  

7. Wellbore l l u i d  Flow 
7.1 Bottmhole pressure calculation ( a t a t i c  and f l a r ing ,  s ingle  

and multipbase f l w )  
7.2 Inflow perfo-ce-atm (work of W r a l w .  mra) 
7.3 Inflow perfo-e-ltiphue (work of Worales. B . 4  
7.4 Performrmee charts 
7.5 s-rY 

8.' Deliverabi l i ty  

8.1 Theory-radial, aph. flov. akin effect ,  parallelepiped d e 1 S  
8.2 Rate-time graphs 
8.3 Ap* va q 00 l o g l o g  graphs 
8.6 Rate ve wellhead pressure 
8.5 s a r y  

9. Warerial and Enem Balances 

9.1 Voltmetric e s t i u t e a  
9.2 Uaterial-eneag halanca methods 
9.3 p l r  va stem produced 
9.4 Decline curve analysis, c--tzU. arc .  
9.5 w p t e r  modeling 
9.6 S-ary 

leinleeticm-Oteed. rute  disposal. aubaidmce. heat a c m w i n g )  

10.1 V e r t i c a l  h u t  f l a  from ?et. lit. 
10.2 Cringarten-amty 
10.3 ampurer modeling 
10.6 S u m a r ~  

--The future. a t a t e  of ut, etc.. PU aaaeasment of r isk.  

10. 

12. 

12. U-latrrre--S?E where p o u i b l c E t X l i a h  mica (SI d t S  lo Wr.1 

€3. &vendi; 

1 Other Dit8 

7 .  

hlYS's 

Ye l l  l e s t  h l y s l s  

Dct8iled Rererwlr 
'Dcfinlt lm: Resource 
Purl l ty and pluntlty 

Other DIU h l y s e s  Esttr l te 

I 

c 
Refinncnt of Asscrs- 
mt 8nd Rnerwir Yell  l n t l n g .  Ibnl-  

toring of l leserwlr MaNgcnent 
forutlm Ivalwtion. Yell  Borc 

Engineering 

Figure 1. Flow chart of peothemal reservoir assessment 
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Figure 2. Computed wellhead performance curve for a dry steam 
v e l l  
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c3mRmEmmoN OF 11.2 Mwe M!mA EASP MESA BINARY EOWER FJLANl! 

MA@lA mANT RP#1195-3 

Joseph M. PLnndyk and Jagjit Singh 

4676 Adniralty Way, #832 
PFR meIyy systems, Inc. 

Marina del Rey, CA 90291 (213) 822-8620 

mMJmoN AND sx!MmRY The Magma Geothermal 
Binary Paver Plant at East Mesa, i n  the Imper- 
i a l  Valley, has operated for the past tm years. 
The objective of the RPl195-3 project is to 
evaluate the following aspects of the plant: 

0 The pr0Cess:"Magmamax PToceSs" 
0 The ccanpanents: Turbines, H e a t  Exchangers, 

Pumps, HBat Rejection -ten 
0 Data Cbllection system: Gathering, RxIw- 

tion 
0 Operating History 
0 PerforrMnce Resul ts  
0 (bnclusions: Process, Canpnents, Other 

F'actors 

"he Magnamx Process uses a dual binary rankine 
cyde w i t h  isobutane as the mrking fluid & the 
main (tqping) cycle and propane in  the bottarr 
ing cycle. Tfie overall plant is designed to 
produce 11.2 MWe and is Shawn in Figure 1 . 
of 1979 and has since then operated inter- 
mittently. Ihe IIliucinam 7 level obtained 
up to this date is 6.7 MWe with only the iso- 
butane cycle in operation. The propme cycle 
is presently undergoing start-up after intital 
problans w i t h  the propane turbine. 

A t  a gmss p e r  l eve l  of 6.2 gross cycle 
efficiency of 9.8% and heat rate of 34,925 BRI/ 
kwhr was obtained . ta-Entheamxlntofthe 
p u e r  supplied to the nain feed pmp is taken 
into acanmt  the gross efficiencies inuease 
to 10,6% and 32,200 BTu/lau-hr, respectively. 

caused by main and auxiliary turbines, heat 
exchangers and brine plxdwtion punp pmblBas. 
Magma is diligently mmectmg theseFapblems 
andhasorderedmrotheridxtaneturbine 
and iaesigned new heat occhangers which indi- 
cate their high level of d t m e n t  to con- 
tinueit operation of th= Wxld's largest Binary 
Geothermal pEkuer plant. 

THEclmFumm nlemaincmlpm?ntsandlyzed 
o n t h e p m j e c t a r e t h e t u r b i n e s , h e a t ~  
ers, prnps and the heat reject5on system. 

1. IsobutaneTllzbine - Ihei.s&&me t d i r l e  
Ls a lllodified Yark tandezn-type three-stage 
axqm%smwithan- 'ate extraction 
point. ?he turbine rator was heavily -gad 
in 

C?EZZI%Z &patiy in early 1981 and returned 

!rh= plant was init ially started in late surmer 

have been a d e s  of plant stoppases 

1980 due to thenral d k b r t k i n  Of 
_. t h e m .  IhedtWasrebui l tbylXkJ 

6d 

to service by April 1981. It currently is 
undergoing furthur bearing llpdifications and 
is expeckd to return to Service in June 1981. 
The isentropic and mchanx 'cal efficiencies are 
75% + 10% and 85% + lo%, respectively. The 
lnechrmical efficieiiky includes losses i n  the 
kings, gear box, and electric generator. 

2. H e a t  Exchang ers - The ten brine to isobu- 
tane heat exchangers fmployed by the main 
isobutane cycle are single pass, mater cur- 
rent shell and tube type eXdL3ngerS with 80- 
foot-long tubes using a nnrel tube support 
system. The un i t  has a floating rearhead b 
of ccrms- * ccrmsisting of a floating piston 
and cylinders which has proven unreliable i n  
practice. The rearhead was welded to the 
shell and the design is l l ~ x ~  essentially a 
"fixed tube sheet". During start-up and oper- 
aticn the heat exchangers developed leaks 
through the rearhead asse-bly, thereby intra- 
ducixq brine inb the isobthn esystem. New 
heat exchangers have been &signed and Magma 

obtaind from the f i r s t  exchanger where iso- 
butane is in the liquid phase appears reliable 
and produes an average overall k a t  t ransfs  
Croeffident of 275 m/hr-ft2-0F. This value 
is -&le franm3dern heat transfer 
predicticnmthdsandis inthesamerange 
as those ObtaUEd * frantheearlierlmuspon- 
sored w a n ,  Pilot Scale Exchanger mule 
Test (pfjlmr). 

The fouling factors aMained aver the tinE 
per- of Septe&x tbmugh IQnmker l980 
are negligible. '&?re may be a certam * amxmt 
of carrosionof thetukx?s, but this has rrot 
been p s i t i d y  ascertained. 

The ischlzne heat rejection system consists 
of tbm Farallel water clooled ccadensers of 
the shell and tube type. The water is cooled 
by- spray ponds & a  aeepstorase e. 
!rhe imbutane axdmsers developed a leakage 
a ? z o m d t h e C ; h a n n e l ~ ~ ~ o n t h e  
water side. A p x t h n  of the water by-pssed 
the tubes, her ing  the effdveness of * 
d t s ~ i n l a t e o c t o b e r 1 9 8 0 ,  Thedata 
aoquisition systandtored the loss in 
efficiency of fche oondenser. An average owz- 
all heit  transfer coefficient in the - 
0.f 80 mUkft2+F was Cbtaimd during the 
periodwhentherewasrnirrimal or no leakage. 
The 

- 

expects to replace the e x i s t i n g  units. Data 

heat rejection system has pmvided 
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PRlKTtR 
(output) 

dger 
DISC 1 

DISC 2 

- Storage of system. Cortran control 
routines and physical properties 

- Storage of data (PSM and Vsw) 

HtHMIV 

Figure 2. DATA PROCESSING SYSTEM 

DAiA 
SHELlf - 

T cooling with an approach to the wet  bulb 
erature which generally varies fran 10 to 15 

m C0-m SYSTEM 

1. Data Gathering - Industrial level instru- 
mentation was wid to all& data a t  all 
important locations in the plant. The main 
data required are tapratures ,  pressures, 
flm rates of the main process stream, and 
the electrical p i e r  generated and consuned. 
A portion of the data w a s  obtained franthe 
main control roam and the remaining fran 
local field instrurmtz1l5cm~. Usually two 
operabrs are required to record data sirmil- 
taneously f r a n  the a n t m l  roan and local 
stations. This data was tkn check€d for 
inamsistencies or missing data before logging 
into.the anputer systgns (Figwe 2). 
data is checked by a ocmplter program again 
before it is redcuzd. 
makes use of the steady state Imdels of the 
overall pxocess and individual ccmpnents 
using w e l l  reoagnized oorrelatians. 

OPERmINS HIsroRy 
plant in the mmrm of 1979 it has mccmntered 
!x2vwxl pnblgns w i t h  the key ccxtpnents. 
These are surmarized below. . 

0 B r h e  to isobutane leaks 

. Tube to tube sheet leaks in the main hsat 

 ofma main brine^ * p m p s  
0 Main isobutane turbine due to 

e Main isobukne turbine breaMown due to 

. 

Ihe 

The canputer software 

since the start-up of the 

the piston 
and Cylinaer asserrbly in the rear k i d s  
of min heat -s 

exchangers 

shaf tco l . lp l ingfa i l~  I 

damage to the rotor blades fran possible 
thennal distortion 

.Propane turbine bmalubm due to shaft LJ 

Storage 
KEYBOARD --.e I10 CWPUTCP. e- Devices 
(input) CONTROLLER 

a * 

failure 
0 Water bypassing in the condensers 

Magna has mtinwusly r e v i d  these problems 
and solved them as they appear, 

takenonseptenber3, l980arereportedin 
Figure 3, which is a afputer printout. The 
figure provides the performrice results used 
tdevaluate the overall process and individual 
cmpnents efficiency. Ihe mall process 
perfoxrnance parameters are smnarized in 
Table 1. 

ty involved in these results is 
estimated to be in the rarige of 10-20% depend- 
jng upn the ccny?lexity of ccmputations in- 
volved and the kind and ammt of data used. 
%e arromt of data reduced to date is not 
sufficient to indicate the repeatability of 
the results. More data w i l l  be pxessed 
after the star+up of the plant and an at- 
w i l l  be made to verify the repeatability of 
results. 

CFCUJSIONS &'level obtained 
to date is Wow the design Wues. 
factors are respmsible for this lw pwer 
production. Sarre of the main factors are 
lower brine flow rates, higkr  dint tap 
exatures and lcrwer isobutane enthalpies at  ' 

the 'inlet of main turbines. Table 2 smmrizes 
these cases. 

'Ihe sink-taperature has a direct effect on 
them- ' . Figures4anl5shaw 
the effects of changing sink temperaanre cm 
the per  output of the isabutane main turbjne 
and propane turbine, respectively. As the 
sink lY3perature goes up the back pressure 
on the turbine inmeases resulting in lower 

Typical results obtained frcan data 

' 

severdl 
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1) ISOBUTANE HEATERS 111063.0 106772 0 9 -3.9 35.90 216.9 0.00110 
2) C3 SUPERHEATER 0.0 0.0 O B 0  

4) TOTAL HEAT DELIVERED 216533.5 203903.0 -5.0 
--105470.6 -97130.2--7r9- . -3)- I-C4 BOXLERSvSUPERHv 
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I W Table 1 Overa l l  P l a n t  E f f i c i e n c y  

1. Overall  Cycle  E f f i c i e n c y ,  % 
( f i r s t  l a w )  

2. Heat Rates 
( BTU/ k w- h r  ) 

3. S p e c i f i c  Power O u t  
(BTU/lb of B r i n e )  

Design 

12.9 

26,500 

23 .6 

4. P a r a s i t i c  Losses, % 12.0 
(Power Consumed/Power Produced) 

Ope r a t i o n s  
( 9/3/ 80 1 

9.8 

34,925 

15.9 

Table  2 

I t e m  Per cent Loss 

45.0 

1. Low br ine  flow rate  13% 
2. E f f i c i e n c y  of h e a t  r e j e c t i o n  system 17  
3. Lower i sobutane  en tha lpy  a t  t h e  1 0  

t u r b i n e  i n l e t  ----- 

pwer.ou@+ 
ingwatertgnperatureovertherangeexamhed. 

!the mjor mmlusions which  can be drawn frun 

The figure indicates a 1- 
r e l a ~ o n s h l p  between the level arrlozlol- 

the plant are the follawing: 

T o t a l  4 0% 

0 The perfomaxe of the brine heaters and 
condensers can .be accurately predicted 
through use of d e r n  heat transfer 
-logy 

0 Efficient cooling t0wsz-s are the mst 
practical heat rejection system for - pawer Plan- 

0 The efficiency of major crnpnents and 
of the Binary systan have been proven 
t obe  high. 
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HYBRID POWER PLANTS FOR GEOPRESSURED RESOURCES 

CONTRACT No. RP 1671-2 

H. Ezzat W a l i f a  
United Technologies Research Center 

E a s t  Hartford, CT 06108 

Summary The object ive of t h i s  project  was t o  
assess  the technical  and economic f e a s i b i l i t y  * 
of hybrid power p l an t s  which simultaneously 
u t i l i z e  the methane, thermal and hydraulic 
energy produced by a s i n g l e  geopressured 
well. A large number of hybrid power plant 
configurations,  comprising both gas engine and 
gas turbine topping systems i n  combination 
with bottoming f l a sh  and binary systems, were 
screened according t o  preliminary performance 
and r e l i a b i l i t y  criteria. Gas engine-topped 
double-flash systems and gas turbine-topped 
dual-pressure binary systems were chosen f o r  
fu r the r  de t a i l ed  analysis .  Extensive thermo- 
dynamic optimization and s e n s i t i v i t y  analyses 
were performed t o  determine the design and 
operating conditions corresponding t o  peak 
o u t p u t  € o r  two r e p r e s e n t a t i v e  geopressur-  
ed resources: the S. E. Pecan Island resource, 
and t h e  P l e a s a n t  Bayou #2 r e s o u r c e .  The 
c a p i t a l  and operating c o s t s  were estimated fo r  
each system/resource combination, and were 
employed t o  ca l cu la t e  the levelized cos t  of 
e l e c t r i c i t y .  The hybrid p l an t s  were compared 
with conventional f l a sh  and binary geopressur- 
ed power p l a n t s  and were found t o  be both 
thermodynamically and economically superior.  
The level ized cost  of e l e c t r i c i t y  produced by 
t h e  hybr id  p l a n t s  was found to be 40-50 
percent lower than the cos t  of t h a t  produced 
by t h e  conven t iona l  geopressured p l a n t s .  

Introduction 
v o i r s  contain highly pressurized hot brine,  
o f t en  ss turated with dissolved na tu ra l  gas . .  
As such, they are endowed with three energy 
components: hydraulic (highly pressurized),  
thermal (hot br ine)  and chemical (dissolved 

Geopr essur ed-geotherma 1 r 

Prev ious  s t u d i e s  of geopressured r e s o u r c e  
u t i l i z a t i o n  (1,2,2) cons ide red  gas as t h e  
primary' commodity t o  be extracted from these 
valuable resources, subordinating po ten t i a l  
generation of g l ec t  ' 
and hydraulic compo 
process ing  of n a t u r a l  gas .  None of t h e s e  
s tudies  considered the f e a s i b i l i t y  of using 

* The economic ana lys i s  w i l l  be recalculated 

I 

Q 

before the  f i n a l  report is issued. 
SA 

the natural  gas on-site, i n  addition t o  the 
thermal  and h y d r a u l i c  energy,  t o  g e n e r a t e  
e l e c t r i c i t y  by means of hybr id  ( o r  t o t a l )  
energy conversion systems. Hybrid systems for 
the t o t a l  u t i l i z a t i o n  of geopressured resour- 
c e s  were proposed as e a r l y  a s  1977 by t h e  
author (4). I n  these systems, a f t e r  conver- 
t i n g  the hydraulic energy i n t o  work by means 
of a su i t ab le  hydraulic turbine,  the separated 
natural  gas i s  used t o  fue l  a topping combus- 
t i o n  prime mover whose waste energy i s  used in 
combination with the br ine thermal energy t o  
generate addi t ional  work by means of a bottom- 
ing vapor power system. Preliminary s tud ie s  
a t  United Technologies Research Center (UTRC) 
iden t i f i ed  several  hybrid power generation 
systems tha t  would e f f i c i e n t l y  u t i l i z e  the 
t r i p l e  energy p o t e n t i a l  of geopressured 
resources (?,a). These s tud ie s  indicated t h a t  
hybrid systems would be both thermodynamically 
and economically superior t o  conventional, 
nonhybrid geopressured power g e n e r a t i o n  
systems, i n  which the gas i s  separated and 
dispensed as pipel ine natural  gas. Further- 
more, hybrid power plants  would not require  an 
e l a b o r a t e  gas  p rocess ing  and d i s t r i b u t i o n  

. equipment and would thus be more su i t ab le  fo r  
remote and off-shore applications.  

In o r d e r  more f u l l y  t o  c h a r a c t e r i z e  t h e  
peFformance and economic features  of hybrid 
power plants  fo r  geopressured resourc_es, the 
E l e c t r i c  Power Research I n s t i t u t e  contracted 
UTRC t o  perform a detai led ana ly t i ca l  study t o  
assess  the technical .and economic f e a s i b i l i t y  
of such plants.  The present paper contains a 
summary of t h i s  study. 

In  . 
order t o  evaluate  the  influence of wellhead 
c o n d i t i o n s  on t h e  d e s i g n  and economics of 
s ingle-wel l  hybrid power plants ,  two represen- 
t a t i v e  geopressured resources were considered. 
The f i r s t  is the S. E. Pecan Island Prospect 
i n  Lou i s i ana  as modeled by t h e  Southwest 
Research I n s t i t u t e  (SRI) under a r e c e n t  
EPRI-sponsored study (2). The second resource 
i s  the Pleasant Bayou #2 w e l l  i n  Texas whose 
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TABLE 1 

INITIAL WELLHEAD CONDITIONS 

Resource 

Wellhead Temperature, F 
Wellhead Pressure,  psia  
Total  Dissolved Solids,  ppm 
Brine Flow rate, 1061b/hr 
Noncondensable Gases (NCG), SCF/bbl 
Lower Heating Value of NCG, Btu/SCF 

(A) (B) 
S.E. Pecan Island Pleasant Bayou #2 

Preliminary Revised 

300 279 279 
3300 3600 3600 

80,000 137,500 137,500 
0.73 0.73 0.73 

35 29 29 
900 900 755 

preliminary wellhead conditions were provided 
t o  UTRC by EPRI ea r ly  during the conduct of 
t h i s  i n v e s t i g a t i o n  and l a t e r  r e v i s e d  t o  
r e f l e c t  the refined EPRI estimates established 
on t h e  b a s i s  of a c a r e f u l  assessment of 
a v a i l a b l e  wel lhead measurements. Table  1 
contains a l i s t i n g  of the per t inent  i n i t i a l  
wellhead da ta  fo r  the two resources. Both the  
preliminary and revised da ta  are given f o r  the 
Pleasant Bayou resource. The noncondensable 
g a s e s  (NCG) d i s s o l v e d  i n  t h e  S. E. Pecan 
Island br ine were assumed t o  consis t  approxi- 
mately of 90 percent methane, 5 percent ethane 
and higher hydrocarbons and 5 percent noncom- 
bust ible  gases. The lower heating value of 
t h i s  gas (LHV) i s  about 900 Btu/SCF. The same 
LHV was assumed fo r  the preliminary Pleasant 
Bayou data.  The revised Pleasant Bayou value 
w a s  based on a more careful  evaluation of the 
composi t ion of t h e  noncondensable g a s e s  
p r e s e n t  i n  a c t u a l  samples t aken  from t h e  
w e l l .  The p re l imina ry  P l e a s a n t  Bayou d a t a  
were used only f o r  the screening of alterna- 
t i v e  hybr id  power p l a n t  c o n f i g u r a t i o n s ;  
otherwise, the revised da ta  w e r e  used. 

The wel lhead p r e s s u r e  and flow r a t e  are 
s t r o n g l y  in t e rdependen t .  The d e p l e t i o n  
p ro f i l e s  f o r  the S. E. Pecan Island reservoir  
were modeled by the Southwest Research Ins t i -  
t u t e  (2). Because of the absence of a s i m i l a r  
model f o r  the Pleasant Bayou reservoir ,  i t s  
depletion p r o f i l e s  were assumed t o  be similar 
t o  those of the S. E. Pecan Island reservoir .  
Figure 1 shows these p ro f i l e s  f o r  the s ing le  
w e l l  p roduc t ion  s c e n a r i o .  The SRI model 
assumes t h a t  t h e  wel lhead p r e s s u r e  w i l l  
decrease l i nea r ly  u n t i l  a value of 300 ps i a  i s  
reached. The b r i n e  flow r a t e  w i l l  remain 
constant during t h i s  phase. Subsequently, the 
flow rate w i l l  be allowed t o  decl ine i n  order 
t o  m a i n t a i n  a c o n s t a n t  300 p s i a  wellhead 
p r e s s u r e .  The g a s  c o n c e n t r a t i o n  remains 
e s sen t i a l ly  constant during the  e n t i r e  produc- 
t i o n  l i f e  of the w e l l .  

I I I 
0 5 10 15 20 

YEARS 

Fig. 1 Geopressured Resources Dep le t ion  
P ro f i l e s  

Hybrid System Configurations A simplified 
block diagram of a hybrid system, indicat ing 
i ts  primary subsystems, is shown i n  Fig. 2. 
The hydraulic turbine and the gas processing 
f a c i l i t y  a r e  e s sen t i a l ly  independent of the 
thermal power plant.  The la t ter  cons i s t s  of a 
topping loop comprising a combustion prime 
mover, and a bottoming loop comprising a vapor 
power plant .  

In  general, four basic hybrid configurations 
can be formed by combining a gas turbine o r  a 
gas engine i n  the topping loop with a f l a s h  
steam system o r  a binary system i n  the  bottom- 
ing loop. The waste energy rejected by the  
topping loop is t ransferred t o  the working 
f l u i d  i n  the bottoming loop by means of heat 
exchangers interposed between the  two loops. 
Table  2 l i s t s  p o s s i b l e  topping/bot toming 
combinat ions and a s s i g n s  d e s i g n a t i o n s  t o  
each. 
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TABLE 2 

POSSIBLE TOPPING/BOTTOMING CONFIGURATIONS 

Reciprocating Gas 
Topping System Gas Engine Turbine 

Bottoming System Working Fluid System Designation 

Single-Flash Steam 
Double-Flash Steam 
Single-Pressure Binary Steam 
Single-Pressure Binary Organic 
Dual-Pressure Binary Steam 
Dual-Pressure Binary Organic 

GE/F-~ ( S) 

GE/B-~(s) 
GE/B-~ ( 0 )  
GE/B-Z ( S) 
GE/B-Z(O) 

GE/F-2 (S) 
GT/F-~ (s) 
GT/F-Z (s) 
GT/B-~ ( S) 
GT/B-~(o) 

GT/B-Z ( 0 )  
GT/B-2 (S) 

OMOEIMATlON 

CONDITIONING 

IIEINJ€CTtON 

Fig. 2 Simplified Block Diagram of a Hybrid 
System 

Hybrid Power Plant Screening A review was 
made of a large number of variations on the 
hybrid configurations listed in Table 2. Ten 
(10) candidate configurations were identified 
and subjected to a screening analysis based on 

preliminary thermodynamic performance and 
reliability criteria to select two systems for 
further detailed design and economic analysis. 
Five configurations comprised a reciprocating 
gas engine in the topping loop and five 
comprised a simple gas turbine. Combined with 
two sets of geopressured resource data, a 
total of twenty (20) system/resource cases 
were considered. 

a) Performance The performance of each 
hybrid system was evaluated in terms of the 
resouce utilization factor, RUF, measured in 
Wh/lb of brine. The resource utilization 
factor is defined by dividing the net power 
output of the entire facility by the brine 
flow rate. Allowances were made for the 
parasitic and auxiliary power consumption 
attributed to the reinjection pumps, cooling 
tower fans and pumps, feed pumps, etc. 

Preliminary performance and waste energy 
characteristics for typical gas engine and gas 
turbine prime movers were selected from open 
literature (l-2) as given in Table 3. Other 
screening assumptions are given in Table 4. 
In the case of bottoming binary systems 
employing organic working fluid, a cursory 
survey of the thermal stability and perfor- 
mance characteristics of a number of organic 
fluids led to the selection of toluene, 
although other fluids such as the pyridine- 
water azeotrope could also be employed. 

TABLE 3 
TYPICAL GAS ENGINE' AND GAS TURBINE CHARACTERISTICS 

Gas Engine Gas Turbine 

Thermal Efficiency 0.35 0.30 
Fraction of Energy in Exhaust Gas 0.28 0.70 
Fraction of Energy in Jacket Water 0.23 -- 
Miscellaneous Energy Losses 0.14 --- 
Exhaust Gas Temperature, OF Q, 1000 Q, 950 
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TABLE 4 

u BOTTOMING SYSTEM ASSUMPTIONS 
Stack Temperature, OF 1 300 

Vapor TurbinefGenerator Efficiency 0.8 
Pump/Motor Efficiency 0.8 
Cooling Tower Pump Lift, ft 50 
.Heat Exchanger Pinch Temperature Difference, OF (Brine HX) 18 

(Exhaust Gas HX) 50 
Heat Exchanger Pressure Drop, X 5 
Condenser Cooling Water Inlet Temperature, OF 95 

Steam 750 - Organic Fluids 650 

Condenser Saturation Temperature, OF 120 

Maximum Superheat Temperature, OF 

topping, configuration GTIB-2 with toluene as 
Tables 5 and 6 summarize the results for the the working fluid offers the best performance 
s. E. Pecan Island and Pleasant Bayou resour- for both resources. Nevertheless, the differ- 
c e s ~  respectively. It can, be Seen that among ences among the RUF values for many of the 
gas engine-topped systems, configuration listed configurations are not large enough to 
GEIF-2 provides the highest RUF for both warrant the categorical elimination of all 
resources. Among those employing gas turbine systems other than GE/F-2 and GTfB-2 (toluene). 

Conf ig- 
ura t ion 
GE/F-~ 

GE/B-~ 

GT/F-~ 

GT/B-~ 

GE/F-2 

GEIB-2 
GE/B-2 

GT/F22 
GTfB-2 

GT/B-2 

Conf ig- 
uta t ion 
GE/F-1 
GE/F-2 
GE/B-~ 
GE/B-2 
GEIB-2 
GTf F-1 
GT/F-2 
GTf B-2 

GT/B-2 
GT/B-~ 

TABLE 5 
PWFORMANCE CHARACTERISTICS OF HYBRID POWER PLANT CONFIGURATIONS 

(S.E. Pecan Island) 

Working 
Fluid 
Steam 
Steam 
Steam 
Steam 
Toluene 
Steam 
Steam 
Steam 
Toluene 
Toluene 

Gross Output (kW) 
Hydraulic Topping Bottoming 
system system System Total 
157 5 6737 3401 11713 
1575 6737 4272 12584 
1575 6737 3025 11337 
1575 6737 3908 12220 
1575 6737 3545 11857 
1575 5775 3772 11122 
1575 5775 4259 11609 
1575 5775 3912 11262 
1575 5775 3187 10537 
1575 5775 4785 12135 

Paras it ic 
Power 
(kW) 
736 
769 
515 
570 
747 
716 
747 
551 
610 
705 

Net 
Output 
0 
10978 
11816 
10822 
11650 
11110 
10406 
10862 
10711 
9927 
11430 

TABLE 6 

PERFORMANCE CHARACTERISTICS OF HYBRID POWER PLANT CONFIGURATIONS 
(Pleasant Bayou-Preliminary) 

Working 
Fluid 
Steam 
Steam 
Steam 
Steam 
Toluene 
Steam 
Steam 
Steam 
Toluene 
Toluene 

Gross Output (kW) 
Hydraulic Topping Bottoming 
System System System Total 
1725 5527 2466 9718 
1725 5527 3234 10486 
1725 5527 1975 9227 
1725 5527 2809 10270 
1725 5527 2809 10061 
1725 4738 2694 9157 
1725 4738 3405 9868 
1725 4738 2832 9295 
1725 4738 2755 9218 
1725 4738 3756 10219 

Parasitic 
Power 

685 
709 
475 
509 
667 
665 
698 
489 
565 
'652 

0 
Net 

%E 
9033 
9777 
8752 
9761 
9394 
8492 
9179 
8806 
8653 
9567 

RUF 
(Wh/lb) 
15.04 
16.19 
14.82 
15.96 
15.22 
14.25 
14.88 
14.67 
13.60 
15.66 

RUF 
(Wh/lbl 
12.37 
13.39 
11.99 
13.37 
12.87 
11.63 
12.57 
12.06 
11.85 
13.11 
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(b)  Re l i ab i l i t y  Ea r l i e r  s tudies  ofgeopres- 
sur& . resource u t i l i z a t i o n  f a c i l i t i e s  indic- w ated tha t  the cos t  of production and reinjec- 
t i o n  w e l l s ,  gas  s e p a r a t i o n  and p rocess ing  
equipment and other  f i e l d  r e l a t ed  costs  would 
account for  a s  much a s  85 percent of the t o t a l  
cos t  of these f a c i l i t i e s  (L-L, ?,*I. Under 
these conditions it  i s  important t o  ensure 
tha t  the power generation equipment w i l l  not 
render i d l e  t he  large c a p i t a l  invested i n  the 
wel l f ie ld  and gas separation equipment because 
of r e l i a b i l i t y  problems. In  order t o  assess  
the r e l a t i v e  r e l i a b i l i t y  of the various power 
plant configurations,  an index of r e l i a b i l i t y ,  
based on the established forced and mainten- 
ance outage r a t e s  of the major power plant 
components, was estimated. The r e l i a b i l i t y  
index (RI) used fo r  t h i s  purpose is  defined 
by: 

In  t h i s  expression FOi i s  the forced outage 
r a t e  of component i and MOmx i s  the mainten- 
ance outage r a t e  of the component requiring 
the longest maintenance down-time. The FO and 
MO f ac to r s  were obtained from the extensive 
l i s t i n g  of the forced and maintenance outage 
r a t e s  complied by the Edison E lec t r i c  Ins t i -  
t u t e  fo r  a wide va r i e ty  of power plant  compon- 
e n t s  (2). 
Table 7 contains the  r e l i a b i l i t y  index values 
fo r  various hybrid power plant configurations. 
It should be emphasized t h a t  the r e l i a b i l i t y  
index as defined by equation (1) i s  somewhat 
a rb i t r a ry  and should be used only i n  qual i ta-  
t i ve  comparisons. It is evident, however, 
t h a t  binary systems would be somewhat less 
r e l i a b l e  than f l a sh  systems owing t o  the  need 
f o r  p e r i o d i c  c l e a n i n g  of t h e  b r i n e  h e a t  
exchanger i n  b i n a r y  systems. Also,  t h e  
differences among the r e l i a b i l i t y  indices of 
the various systems a re  not large enough t o  
warrant the categorical  elimination of any 
pa r t i cu la r  system on the bas i s  of poor reli- 
a b i l i t y  alone. 

The fo rego ing  performance and r e l i a b i l i t y  
screening ind ica t e s  t h a t  f l a s h  steam bottoming 
systems a t e  a b e t t e r  match fo r  gas engines and 
t h a t  o rgan ic  b i n a r y  bottoming systems are 
b e t t e r  sui ted t o  gas turbines. Therefore, gas 
engine-tapped double-flash systems (GEfF-2) 
and gas turbine-topped dual-pressure toluene 
binary systems (GTfB-2; toluene) were selected 
fo r  detai led investigations.  Figures 3 and 4 LJ 

S A  

c o n t a i n  s i m p l i f i e d  flow diagrams of t he  
thermal power p l a n t  p o r t i o n  of GEfF-2 and 
GTfB-2 systems, respectively.  Both systems 
consis t  of commercially available hardware 
t h a t  has been extensively used i n  the power 
and process industries.  

(HYBRID WNFIWR4TK)N ouF-2) 

o*s ENGlNE 

Fig. 3 Flow Diagram of a Gas Engine-Topped 
Double-Flash System (GEfF-2) 

Fig. 4 Flow Diagram of a Gas Turbine-Topped 
Dual-Pressure Binary System (GT/B-2) 
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TABLE 7 

OVERALL RELIABILITY INDEX 

Configuration Re l i ab i l i t y  Index 
G E / F - ~  0.921 
GE/F-2 0.907 
G E / B - ~  0.899 
GE/B-2 0.883 
G T / F - ~  0.918 
GT/F-2 0.902 
G T / B - ~  0.896 
GT/B-2 0.879 

150 p s i a  would s u b s t a n t i a l l y  i n c r e a s e  t h e  
moisture content of the gas with very l i t t l e  
increase i n  the amount of separated methane. 
These machines w i l l  have t o  o p e r a t e  under 
high-head conditions and must be designed t o  
t o l e r a t e  the l i b e r a t i o n  of the dissolved gas 
and the high concentration of dissolved so l id s  
without a s ign i f i can t  l o s s  of eff ic iency o r  
r e l i a b i l i t y .  

The thermal power system receives a stream of 
dehydrated natural  gas and another of hot,  

TABLE 8 
GAS ENGINE CHARACTERISTICS 

TYEE 
Speed, RPM 
Compress ion R a t  io 
Energy Balance* . Electrical Output . Exhaust Gas Energy . Jacket Water 6 Charge A i r  Energy . Lube O i l ,  Radiation, Unaccounted 
Exhaust Temperature, OF 
Jacket Water Temperature , OF 
Fuel . LW (Btu/SCF) - Typical 

- Minimum . Supply Pressure (psig) 

** 
- 

Turbocharged, Spark-ignition 

% 8.25:l 
% 400-600 

0.36 
0.28 
0.18 
0.18 
915 
180-200 
Natural Gas 
900 
600 
50 

I/ 

*Based on LW of f u e l  gas 
**Higher jacket  water temperatures and ebu l l i en t  cooling would necess i t a t e  

some design modifications 
# Gas should be f r e e  of l i qu id  hydrocarbons 

Hybrid System Design Character is t ics  The two 
systems selected on the bas i s  of preliminary 
performance and r e l i a b i l i t y  c r i t e r i a  were 
s u b j e c t e d  t o  a pa rame t r i c  thermodynamic 
analysis  t o  determine t h e i r  optimum design 
parameters and t o  estimate the  s e n s i t i v i t y  of 
the system output t o  deviations from these 
des ign  parameters .  The o b j e c t i v e  of t h e  
thermodynamic optimization was the maximiza- 
t i o n  of the bottoming system power output. 

, Insofar  as power generation i s  concerned, the 
power generation f a c i l i t y  can be divided i n t o  
two es sen t i a l ly  independent parts:  (1) the  
hydraulic power system, and (2) the thermal 
power' system which comprises  t h e  topping 
gas-fueled combustion prime mover and t h e  
bottoming vapor power system. 

The hydraulic power system i s  included i n  the 
gas separation and processing f a c i l i t y  and 
c o n s i s t s  of a h igh -p res su re  t u r b i n e  t h a t  
lowers the pressure from i t s  wellhead level  t o  
about 1000 ps i a  and a low-pressure turbine 
which lowers the pressure from 1000 t o  150 
psia.  Reduction of the pressure much below 

es sen t i a l ly  gas-free brine (Figures 3,4). A l l  
the equipment i n  both the topping and bottom- 
ing loops are commercially avai lable  from a 
large number of manufacturers i n  the USA and 
abroad. Tables 8 and 9 contain summaries of 
the design and performance cha rac t e r i s t i c s  of 
the gas engines and gas turbines used i n  the 
design analysis.  Table 10 l i s t s  the design 
assumptions fo r  the remainder of the system. 

TABLE 9 
GAS TURBINE CHARACTERISTICS 

X Y E  : Simple-cycle 

Energy Balance 

Pressure r a t i o  : % 12-14:l 
* # 

. Electrical Output : 0.30 . Exhaust G a s  Energy : 0.70 
Exhaust Temperature, O F  : 1050 
- Fuel : Natural G a s  
. LW (Btu/SCF) - Typical : 900 

- Minimum : 550 . Supply Pressure (psig) : 150-250 

*Based on LW of f u e l  gas. 
#Lubricating o i l  and r ad ia t ion  energy lo s ses  

are very small. 
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TABLE 10 
* 

DESIGN ASSUMPTIONS 
Design Value 

k, 

Wet-bulb Temperature, OF 80 
Condenser T e r m i n a l  Temperature Difference, O F  

. Flash Systems (Direct Contact Condenser) 2 (subcooling) . Binary Systems (Surface Condenser) 7 

Minimum Temperature Difference, OF 
. Brine H e a t  Exchangers 10 . 'Exhaust G a s  Heat Exchangers 50 

Overall  Hydraulic TurbinelGenerator Efficiency, % 80 

Reinject ion Pressure,  psia  

* 
See Table 4 f o r  add i t iona l  assumptions 

The most s ign i f i can t  parameters t h a t  a f f ec t  
the output of f l a s h  and binary systems are the 
f l a s h  and bo i l ing  pressures,  respectively.  
Figures 5 and 6 depict  t he  influence of these 
parameters on the gross output of t he  bottom- 
ing system f o r  the S. E. Pecan Island resour- 
ce .  S i m i l a r  t r e n d s  were observed f o r  t h e  
Pleasant Bayou resource. These r e s u l t s  were 
employed t o  s e l e c t  t h e  f l a s h  and b o i l i n g  
pressures corresponding t o  peak output. Table 

.. 

140 160 180 200 220 240 

LOWPRESSURE FUSH TEMPERATURE. F 

Fig. 5 Gross Output o f '  the  Bottoming System 
i n  GE/F-2 Plants  44 

600 

11 summarizes t h e  power r a t i n g s  f o r  t h e  
various power generation subsystems of GE/F-2 
and GTIB-2 systems f o r  both S. E. Pecan Island 
and Pleasant Bayou X2 resources. The auxil-  
i a ry  and p a r a s i t i c  power consumption are a l so  
l i s t e d  as w e l l  as the resource u t i l i z a t i o n  
factor .  

5.0 
6.E PECANlSWD 

I I 1 I I I 
140 150 180 200 220 240 260 

U)WPRESSURE BOILER TEMPERATURE. 'F 

Fig. 6 Gross Output of the Bottoming System 
i n  GE/B-2 Plants 
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Resource 
System Designation 

TABLE 11 
SUMMARY OF POWER RATINGS 

(1) Output Power, kW . HP Hydraulic Turbine . LP Hydraulic Turbine . 
. HP Steam (Toluene) Turbine 
. LP Steam (Toluene) Turbine 

Gross Power Output, kW 
Auxiliary and P a r a s i t i c  Power, kW . Reinjection Pumps . Cooling Water Pumps 
. Cooling Tower Fans 
. Feed Pumps & Miscellaneous . Condenser G a s  Extraction System 

Total  Power Consumption, kW 

Resource Ut i l i za t ion  Factor,  Whf l b  

Gas Engine o r  G a s  Turbine 

(2) 

(3) N e t  Power Output, kW 
(4) 

Sens i t i v i ty  t o  Wellhead Conditions Owing t o  
the r e l a t ive ly  high uncertainty associated 
w i t h  geopressured r e s o u r c e s ,  a s tudy  was 
undertaken t o  assess the e f f e c t  of gas content 
and wellhead temperature on the power output 

- GEIF.2 ---- Glmz 

02 0.3 0.4 0.5 0.6 0.7 

MUNALENT NAfuRAL OAS pR0WcTK)N. lo5 8cFm 

Fig. 7 E f f e c t  of Ga.s P roduc t ion  Rate on 
output 

S.E. Pecan Island 
GEf F-2 GTf B-2 

1150 1150 
425 425 

6930 5775 
1745 (1995) 
2435 (2685) 

12685 12030 

425 345 
130 225 

70 95 
10 120 

120 25 
755 810 

11930, 11220 
16.35 15.37 

Pleasant Bayou 12 
GE f F-2 GTf B-2 

1300 1300 
425 425 

4815 4015 
1190 (1415) 
1690 (1825) 
.9420 8980 

420 325 
110 170 
60 70 
10 80 

120 20 
710 665 

8700 8315 
11.92 11.39 

of hybrid power plants .  The r e s u l t s  of t h i s  
s tudy  are d e p i c t e d  i n  F igs .  7 and 8. The 
gas  c o n t e n t  i s  expres sed  i n  t e r m s  of an  
equivalent production of a nominal na tu ra l  gas 
whose LHV i s  900 Btu/SCF. It can be seen t h a t  
the power output is strongly dependent on the 
gas  c o n t e n t  b u t  on ly  weakly dependent on 
wellhead temperature. The points  shown i n  
F igs .  7 and 8 r e p r e s e n t  t h e  a l t e r n a t i v e  
wellhead da ta  l i s t e d  i n  Table 12. 

----- m*z - e - 2  
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TABLE 12 

ALTERNATIVE WELLHEAD DATA # 
(Pleasant Bayou) 

I I1 111 I V  V 

0.73 0.73 0.73 0.73 0.73 

3600 3600 3 600 3600 3600 

137,500 137,500 137,500 137,500 137,500 

Case 

6 Flow Rate, 10 lb/h 

Pressure, psia  

TDs, Ppm 

Temperature, OF 279 279 279 265 290 

NCG Content, SCF/bbl 29 19 35 29 29 
* . HP Gas*, SCF/bbl . LP G a s  , SCF/bbl 

22 12 28 22 22 
7 7 7 7 7 

Average LHV, Btu/SCF 755 697 774 755 755 

Equivalent G a s  Production, SCF/h 50740 30690 62780 

# pata provided t o  UTRC by EPRI * 
LHV of HP G a s  - 866 Btu/SCF and of LP Gas = 406 Btu/SCF 

50740 50740 

Hybrid Power Plant  Sizing and Costing The 
c a p i t a l  and operating c o s t s  of an i n s t a l l a t i o n  

fo r  the uncertainty i n  the design, performance 
and cos t  of unproven pieces of hardware; and a 

c o n s i s t  o f  d e s i g n  and c o n s t r u c t i o n  c o s t s ,  
c a p i t a l  charges, and operation and maintenance 
expenses. For the purpose of costing, the 
e n t i r e  i n s t a l l a t i o n  was divided i n t o  (1) the 
f u e l  supply f a c i l i t y  which i n c l u d e s  t h e  
production and r e in j ec t ion  wells and associ- 
a t e d  equ ipmen t ,  ( 2 )  t h e  f u e l  p r o c e s s i n g  
f a c i l i t y  which includes the gas separation 
and conditioning equipment, and (3) the  power 
plant  proper which includes both hydraulic and 
thermal power systems. 

The design and construction cos t s  comprise the 
i n s t a l l e d  c o s t  of t he  e n t i r e  system, including 
bo th  d i r e c t  and i n d i r e c t  f i e l d  c o s t s  and 
c o n t i n g e n c i e s .  These d a t a  were e s t i m a t e d  
a f t e r  the per t inent  s i z ing  parameters of each 
of the major components had been specified.  
The c a p i t a l  costzof  the fue l  supply f a c i l i t y  
w a s  taken from Reference (3). An annual  
i n f l a t i o n  rate of 13 percent was introduced t o  
ad jus t  t he  Reference (2) values from third- 
quarter  1979 t o  mid 1980 do l l a r s .  The design 
and construct ion cos t s  a lso include the cos t  
of general f a c i l i t i e s  such as general piping 
and i n s t r u m e n t a t i o n ,  c i v i l  and s t r u c t u r a l  
work, on-site k l e c t r i c  d i s t r i b u t i o n  systems, 
s a fe ty  and f i r e  protect ion systems, laborator- 
ies, e t c .  

Two types of contingency f ac to r  were employ- 
ed: a module o r  process contingency t o  account 

project contingency which accounts fo r  the 
cos t  of addi t ional  equipment cos t s  t ha t  may 
r e s u l t  from a more d e t a i l e d  des ign  of a 
de f in i t i ve  s i te-specif ic  project ,  a s  well as 
unforeseen cos t  increases during plant  const- 
ruction. A project  contingency f ac to r  of 15 
percent was assumed i n  t h i s  study. A module 
contingency f ac to r  of 10 percent w a s  added t o  
the cost  of the hydraulic turbine t o  account 
fo r  the uncertainty associated with the e f f ec t  
of t he  l i b e r a t i o n  of dissolved gas inside the  ' 
machine. 

The c a p i t a l  changes consis t  of prepaid royal- 
t ies,  preproduction costs ,  working c a p i t a l ,  
i n i r i a l  f l u ids  and chemicals cos t ,  land and 
al lowance f o r  funds.  d u r i n g  c o n s t r u c t i o n  
(AFDC). These i t e m s  were estimated i n  accord- 
ance with EPRI recommendations. 

The operation and maintenance expenses 'were 
a l s o  estimated i n  accordance with EPRI recom- 
mendations and include both fixed and var iable  
c o s t s ,  . t h e  f i r s t  o f  which comprises  bo'th 
operating and maintenance labor and mainten- 
ance materials. 

Table 13 contains a summary of the cos t  da t a  
fo r  GE/F-2 and GT/B-2 systems at  both the S. 
E. Pecan Island and Pleasant Bayou resources. 
It can be seen t h a t  t he  difference between the 
two resouces has the s t rongest  impact on cos t  
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TABLE 13  

SUMMARY OF HYBRID POWER PLANT TOTAL CAPITAL AND OPERATING COSTS 

Resource 
Configuration 

Capital  Cost . Design & Construction . Capital  Charges 
Total  Capi ta l  Cost 

Annual O&M Cost 
. Fixed . Variable 

Construction Period (years) 

Investment Dispersion . F i r s t  year . Second year 

Ins t a l l ed  Power (kW) . Hydraulic . Thermal 

Total  In s t a l l ed  Power 

Unit In s t a l l ed  Cost ($/kW) 

($1000 - Mid 1980) 

S.E. Pecan Island 
(GE/F-2) (GT/B-2) 

25552 
2717 

28269 

992 
46 

2 

5146 
20406 

1575 
10355 

11930 

2370 

pe r  --W; t h e  d i f f e r e n c e  between GE/F-2 and 
GT/B-2 systems a t  the same site i s  r e l a t i v e l y  
smal 1. 

Economic Evaluation The levelized cos t  of 
e l e c t r i c i t y  produced by hybrid power p l an t s  
w a s  computed i n  accordance with the  Revenue 
Requirement methodology described i n  the EPRI 
Technical Assessment Guide (11). The assump- 
t ions used fo r  determining the levelized fixed 
charge ra te  are g iven  is Table  14. These 
values are iden t i ca l  with the values given i n  
Reference (2) f o r  an annual i n f l a t i o n  rate of 
6 percent and lead t o  a levelized fixed charge 
r a t e  of 14.74 p e r c e n t ,  a l l owing  f o r  a 10 
percent investment tax c r e d i t  and accelerated 
depreciation. 

A levelized capacity f ac to r  of 85 percent w a s  
assumed fo r  a l l  the plants.  However, because 
the  ne t  output of the  power plant  w i l l  decl ine 
over its l i f e t ime  due t o  reservoir  depletion, 
the economic analysis  w a s  based on a level ized 
plant  output t h a t  takes i n t o  account both the 
levelized capacity f ac to r  and the e f f ec t  of 
depletion. The levelized cos t  of e l e c t r i c i t y  
was computed by dividing the levelized annual 
c a p i t a l  and operating c o s t s  by the levelized 
annual  ou tpu t  k i l o w a t t  hours .  F igu re  9 

25056 
2704 

27760 

967 
82 

2 

5319 
19737 

1575 
9645 

11220 

2474 

- 

Pleasant Bayou 12 
(GE/F-2) (GT/B-2) 

23613 23193 
2553 2535 

25728 26166 - - 
950 919 
32 63 

2 2 

4907 5007 
18706 18186 

1725 1725 
6975 6590 

8315 

3008 3094 

- 8700 - 

TABLE 14 

ASSUMPTIONS FOR LEVELIZED FIXED 
CHARGE RATE 

Debt Ratio 
Annual Debt Cost 
Preferred Stock Ratio 
Annual Preferred Stock Cost 
Common Stock Ratio 
Annual Common Stock Cost 
Annual Weighted Cost of Capi ta l  
Federal and S t a t e  Income Tax Rate 
Property Taxes and Insurance 
Investment Tax Credit  
F a c i l i t y  L i f e  (years) 
Retirement Dispersion Allovance 

50.0% 
8.0% 

15.0% 
8.5% 

35.0% 
13.5% 
10.0% 
50.0% 

2.0% 
10.0% 
20 
0.67% 

contains a comparison of the levelized cost  of 
e l e c t r i c i t y  f o r  four hybrid power plant  cases, 
i n d i c a t i n g  t h e  c a p i t a l  and o p e r a t i n g  c o s t  
contr ibut ions f o r  each. Figure 10 dep ic t s  t h e  
same comparison expressed i n  terms of inf la-  
t ion-independent level ized cos t  (12). 

Economic Comparisons I n  order meaningfully t o  
compare hybrid power p l an t s  with t h e i r  conven- 
t i ona l  counterparts,  t he  revenue t h a t  would be 
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KEY (0 6 (3) GEIF-2. ENGINE JACKET STEAM MIXED WITH HIGH-PRESSURE FUSH STEAM 
(2) 6 (4) GEIS-2. TOLUENE 

OPERATING COST CAPITAL COST 0 

S E. PECAN ISLAND PLEASANT BAYOU NO. 2 

Fig, 9 Levelized Cost of E l e c t r i c i t y  Express- 
ed i n  Current Dollars 

S.E. PECAN ISUND PLEASAM EAYW 12 

I 

Fig. 10 Levelized Cost of E l e c t r i c i t y  Express- 
ed i n  Inflation-Independent Dollars 

SA 

obtained from the sale of natural  gas i n  the 
conven t iona l  c a s e  must be r e a l i s t i c a l l y  
estimated. Insofar  as the economic feasibi-  
l i t y  of geopressured energy developments i s  
concerned, i t  is  only necessary t o  require  
t h a t  t he  revenue from the  sale of natural  gas 
and e l e c t r i c i t y  must be s u f f i c i e n t  t o  recover 
a l l  the  c a p i t a l  and operating expenses of the 
e n t i r e  f a c i l i t y ,  including a reasonable r e tu rn  
on investment. It does not matter how much of 
t h i s  revenue is derived from the s a l e  of gas 
and how much i s  d e r i v e d  from t h e  sa le  o f  
e l e c t r i c i t y .  The par t i t ioning of t he  revenue 
w i l l  depend ul t imately on t he  market value of 
each of the,output commodities over the l i f e -  
time of the i n s t a l l a t i o n .  For these reasons, 
i t  is r a the r  a r b i t r a r y  t o  estimate the  cos t  of 
e l e c t r i c i t y  by assuming t h a t  methane-free 
br ine w i l l  be supplied t o  the power plant  as a 
f r e e  by-product of t h e  gas  s e p a r a t i o n  and 
conditioning process as was done i n  Reference 
(2). Figure 11 contains parametric comparison 
between t h e  l e v e l i z e d  c o s t  of e l e c t r i c i t y  
produced by hybrid and conventional p l an t s  a t  
the S. E. Pecan Island resource i n  which the  
levelized p r i ce  of natural  gas was t r ea t ed  as 
a parameter. The cos t  and performance da ta  
fo r  the conventional p l an t s  were obtained from 
Reference (2). It can be seen t h a t  hybrid 
p l an t s  remain superior t o  conventional p l an t s  
over a wide range of gas prices.  

Wellhead na tu ra l  gas p r i ces  vary widely from 
one locat ion t o  another and are subject t o  
Federal regulat ions and s t i l l - e x i s t i n g  long- 
t e r m  contracts .  The future  pr ices  of wellhead 

Fig. 11, Comparison of Hybrid and Conventional 
Plant s 
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n a t u r a l  gas  are  not  known w i t h  r easonab le  
ce r t a in ty ,  although the  general consensus i s  
t h a t  t hey  w i l l  expe r i ence  rea l  e s c a l a t i o n  
u n t i l  they become competitive with a l t e rna t ive  
f u e l s  such as o i l  and coa l -de r ived  l i q u i d  
and gaseous fuels.  Nevertheless, the h i s to r -  
i c a l  escalat ion of natural  gas p r i ces  has  been 
amply documented (13). Futu re  g a s  p r i c e  
escalat ion scenarios have been developed by 
DOE and other  organizations. According t o  
r e c e n t  DOE macroeconomic models (141, t h e  
average pr ice  of natural  gas, which amounted 
t o  $1.37/103 SCF a t  the wellhead i n  mid 1980 
(131, would e sca l a t e  a t  an annual real rate of 
12 percent u n t i l  1985 followed by a milder 
4.6 percent rate from 1985 t o  1990 and 4.0 
pe rcen t  a f t e rwards .  The ,same source  a l s o  
provides da t a  on a lower escalat ion scenario.  
The levelized wellhead pr ice  of natural  gas as 
computed by both the  high and low esca la t ion  
scenarios i s  marked on Figure 11. Figure 12 
presents a comparison of hybrid and conven- 
t i o n a l  p l an t s  over a range of single-well gas 
production rates. In  t h i s  comparison, t he  
wellhead temperature, pressure and flow rate 
as w e l l  as  the deplet ion p ro f i l e s  are similar 
t o  those of S. E. Pecan Island. It i s  evident 
t h a t  hybrid power p l an t s  would be f a r  superior 
t o  t h e i r  conven t iona l  c o u n t e r p a r t s .  The 
levelized cost  of e l e c t r i c i t y  produced by the 

NoulNAL 

I I I I t 
10 15 20 25 30 35 

0 

NATURAL OlLS CONTENT. SCFlbM 

Fig. 12 Effect of Gas Production Rate on the  
Levelized Cost of E l e c t r i c i t y  

hybrid plant  would be 40-50 percent lower than 
t h a t  of e l e c t r i c i t y  produced by conventional 
geopressured power plants.  

Acknowledgement The work described herein w a s  
performed by the Advanced Energy Conversion 
System Group a t  t h e  United Technologies  
Research Center. UTRC contributors t o  t h i s  
e f f o r t  were D r .  R.W. Bass, M r .  F.R. Biancardi, 
D r .  H. E. Khalifa (Pr incipal  Invest igator) ,  
M r .  A. M: Landerman, D r .  T. N. Obee and M r .  B. 
W. Rhodes. Mrs. Meredith J. Angwin w a s  the 
EPRI Project  Manager. 

References 

1. 

2. 

3. 

4. 

5. 

6 -  

7. 

8. 

M. H. Dorfman and R. W. Deller,  Eds. 
(1975): Proceedings of F i r s t  Geopressur- 
ed Geothermal Energy Conference, Center 
f o r  Energy Studies,  Universtiy of Texas 
a t  Austin. 

G. K. U n d e r h i l l ,  e t  a l . ,  Eds. (1976):  
P r o c e e d i n g s  o f  Second G e o p r e s s u r e d  
Geothermal Energy Conference - Vol. IV, 
Center f o r  Energy Studies,  University of 
Texas a t  Austin. 

R. K .  Swanson (1980): Geopressured 
Energy Ava i l ab i l i t y ,  EPRI Report AP-1457, 
Palo Alto, CA. 

H. E. Khalifa (1977): Superheated Flash 
Systems: A Type of Hybrid Plant ,  Minutes 
of the Sixth Meeting of t he  Centers f o r  
the Analysis of Thermal/Mechanical Energy 
Conversion Concepts,  Brown U n i v e r s i t y  
R e p o r t  CATMEC/S, P r o v i d e n c e ,  R .  I. 

H. E. K h a l i f a  (1979):  Gas Turb ine  - 
Topped Energy Conversion Systems f o r  
Geopresssured Geothermal Resources ,  
United Technologies  Research Cen te r  
Report  879-150852-1, E a s t  H a r t f o r d ,  
CT . 
H. E. Khalifa (1981): Gas Turbi'ne-Topped 
Hybrid Power P lan t s  fo r  t he  Ut i l i za t ion  
of Geopressured Geothermal Resources,  
ASME Paper 81-Pet-5, P resen ted  a t  t h e  
1981 Energy Sources Technology Conference 
and E x h i b i t i o n  h e l d  i n  Houston, TX. 

K. W. Stinson (1976): Diesel Engineering 
Handbook, 2nd Print ing,  Business Journal,  
Inc., Stamford, CT. 

Gas T u r b i n e  World Handbook, Vol.  5 
(1981). 



9. 

I 

10. 

11. 

12. 

13. 

14. 

C. L. Segaser (1977): Internal Combus- 
tion Piston Engines, ICES Technology 
Evaluations, Argonne National Laboratory 
Report ANL/CES/ TE77-1. 

Equipment Availibility Component Cause 
Code Summary Report for the Ten Year 
Period 1967-1976 (19781, Edison Electric 
Institute Report 77-64A. 

Technical Assessment Guide (19791, 
EPRI  Publication PS-120-1201-SR, Palo ~ 

Alto, CA. 

B. M. Louks and M. J. Gluckman (1980): 
The Real Cost of Synthetic Fuels, Pro- 
ceedings of 7th Annual International 
Conference on Coal Gasification, Liqui- 
fact ion and Conversion to Electricity, 
University of Pittsburgh, PA. 

Monthly Energy Review (1980), U . S .  
DOE, Energy Infprmation Administration 
Publication DOE/E 1A-0035 ( 80/10), Govern- 
ment Printing Office, Washington, DC. 

S. Siteer, R. Moden'and P. Don Vito 
(1979): Historical, and Forcasted Energy 
Prices by DOE Region and Fuel Type for 
Three Macroeconomic Scenarios, U.S. DOE, 
Energy Information Administration Publi- 
cat ion DOE /E 1A-0184/ 1 5, Gove m e  at Print 
ing Office, Washington, D.C. 

SA - 23 



\ 

ASSESSMENT OF ADVANCED GEOTHERMAL ENERGY CONCEPTS 

Contract No. Rp1673-1 

Ben Holt, Anker V. Sims and Richard G. Campbell 
The Ben Holt Co. 

201 So. Lake Avenue 
Pasadena, CA 91101 (213) 684-2541 

A number of advanced concepts have been pro- 
posed for converting geothermal energy to elec- 
t r ic i ty .  Many of these concepts are claimed 
to have advantages over conventional binary and 
flashed steam cycles. These claimed advantages 
include higher efficiency, lower cost, higher 
resource utilization, and better reliabil i ty.  
Some of these concepts have only been explored 
on paper, while others have been tested i n  
f ie ld  operation. Some are said to be suitable 
for a wide range of geothermal resources, while 
others are aimed a t  special needs. The purpose 
of this  study was to analyze concepts that have 
been proposed for hydrothermal resource u t i l i -  
zation, and to compare them w i t h  conventional 
steam flash and binary systems and w i t h  each 
other. 

The evaluation of the concepts began with a 
l i terature survey, followed by discussions w i t h  
inventors and proponents. The information ob- 
tained included efficiency data (both measured 
and predicted), developtent s ta tus ,  research 
and development spending, date of expected com- 
mercial availability, resource applicability, 
and estimated cost. 
vantages of each concept, both technical and 
economic, were evaluated to give applicabili- 
t i e s  of the concepts from a common method of 
analysis. 

The concepts analyzed included variations of 
the binary and flashed steam cycles, fossil/ 
geothermal and solar/geothermal hybrids, total 
flow devices, (Biphase rotary separator turbine, 
helical expander, bladeless turbine, LLL im- 
pulse turbine, LLL reaction turbine, El l iot t  
turbine and Horst expander) and four other con- 
cepts; thermoelectric, m i s t  l i f t ,  shape memory 
effect alloy engines and the Ericsson cycle. 
None of these l a s t  four cycles appear attrac- 
t ive a t  this time, when compared to convention- 
a l  systems. 

Several o f  the total flow devices appear to im- 
prove'the efficiency of steam flash systems by 
replacing the conventional flash tanks. These 
devices nay also have limited u t i l i t y  as non- 
condensing wellhead generating units. 

The Sperry gravity-head system potentially 
gives the highest efficiency of a l l  the con- 
cepts. 
w i t h  the primary heat exchanger inside the well. 
The working fluid circulating pump is elimi- 
nated, since a therrmsiphon effect is created 

The advantages and disad- 

This system is a modified binary cycle 

in  the downhole tubing. The gravity-head sys- 
tem savings m u s t  overcome the problems of 
having equipment i n  the well. 

A detailed economic analysis was made of the 
Biphase rotary separator turbine (RST). 
Quantitative comparisons were made between 
geothermal power processes employing rotary 
separator turbines and single stage steam 
flash, t w o  stage steam flash, and binary 
processes. Single and two stage steam flash 
processes using RST's i n  place of flash ves- 
sels  were chosen for the RST processes. Two 
typical geothermal resources were investigated; 
a 36OoF non-scaling moderate temperature re- 
source (MTR), and a 507 F non-scaling high 
temperature resource (HTR) . Wellhead and 
50 MWe plant size designs were developed for 
each of the process-resource combinations, 
resulting i n  a total  of 20 cases. Field and 
plant capital costs and levelized bus bar 
power costs were estimated for each case. 

Brine usages for the RST processes were con- 
sistently lower than the corresponding 
flashed steam processes. A t  the MTR, the 
binary process was, however, still lower. A t  
the HTR brine usage for the RST processes is 
lower than for the other processes. 

Estimated bus bar costs for single stage 
flash plants are consistently higher than 
those for the other plants for a given re- 
source and plant size. 
costs for binary are significantly lower than 
the others. The advantage is  the result  of 
the lower brine requirements for the binary 
process, reflected in lower fuel costs. 

A t  the HTR a l l  processes use flashed steam 
as a heat source a d  the bus bar costs, ex- 
cept for single stage flash, are close to one 
another. The binary plant shows the lowest 
cost for 50 MWe plants a t  65 mills/kWh. 
significantly lower brine requirements and 
fuel costs for the RST processes have been 
offset  by higher capital costs. 

0 

A t  the MTR the bus bar 

The 

The RST processes use the concept of -Ploy- 
inu a power producing isentropic flash i n  
place of the isenthalpic flash used i n  
flashed steam plants. 
cept is  sound and actual improvements i n  
brine utilization have been demonstrated i n  
f ie ld  tests. 
runs has not yet been demonstrated. 

The thermodynamic con- 

System rel iabi l i ty  for extended 
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COMPARISONS OF ADVANCED POWER CONVERSION CONCEPTS 

(from vugraphs shown at conference) 

PROJECT OBJECTIVES 

e 

e 

Identify and describe conversion concepts 

Determine technical and economic advantages 
and disadvantages 

Compare concepts with conventional cycles 
and with each other 

e 

e Perform detailed economic analysis of 
Biphase rotary separator turbine (RST) 

- Analyze for medium and high temperature 
resources and for wellhead and central 
plant applications 

Compare to single and dual stage flashed 
steam plants and to binary cycles 

- 

- Analyze both single and dual stage RST 
cycles. 

CRITERIA FOR COMPARING ADVANCED POWER CYCLES 

Technical : 

e Machine Efficiency 
e Brine Utilization 
e Complexity 
e Resource Applicability 
e Size Limitations 
e R&D Status 

Economic : 

e Capital Cost 
e Power Cost 
e Availability 

We included all concepts that have been 
actively promoted for geothermal applications 

The concepts fit into several categories: 

- Flashed Steam - Binary Cycles - Hybrids - Total Flow Devices - Others (mostly developed for other energy 

e 

sources) 

METHODS OF EVALUATION 

Q Literature aurvey 
e Discussions with inventors and proponents 
e Technical analysis 
e Economic analysis 
e Comparison with other concepts 

CONCEPTS STUDIED 

Flashed Steam Single Stage 
Two Stage 

Binary Standard 
Flash 
Dual Cycle 
Direct Contact 
Gravity Head 

Hybrid Fossil 
Solar 
Combined 

Total Flow Bladeless Turbine 
LLL Impulse Turbine 
LLL Reaction Turbine 
Biphase RST-1 Stage 
Elliott Turbine 
Helical Expander 
Horst Expander 

Thermoelectric 

Mist Lift 

Shape Memory Effect 

Ericsson Cycle 

EVALUATION OF ADVANCED CYCLES 

0 Flashed steam and standard binary systems % 

were used as a basis for comparison with 
other systems. 

Flash binary was demonstrated at the GLEF. 
Although less efficient than pure binary, 
the process can be used in a scalfng environ- 
ment. 

Direct contact binary cycles show promise of 
lower capital costs than standard binary and 
progress has been made in solving the problem 
of working fluid loss in the spent brine and 
contaminatfon of the working fluid with non- 
condensable gas. 

Two modifications of the dual binary cycle are 
employed at Raft Wver and East Mesa. Neither 

e 

e 
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has been demonstrated as yet. 
potential improvements in brine utilization 
as compared to standard binary. 

The Sperry gravity head system shows theo- 
retical performance to be the best of all 
systems studied. 
of having equipment in the well have not 
been demonstrated. 

Both offer 

m 

Solutions to the problems 

Hybrid systems employ the combustion of 
fossil fuels and biomass augmented by geo- 
thermal heat to generate electricity. 
systems are essentially state of the art, 
but none b m e  yet been built. 

These 

CAPITAL. COSTS ESTIMATES METHODOLOGY 

Prepare process flow diagram 

e Estimate major equipment costs from vendor 

Size and rate major equipment 

quotations and in-house records (mid-80 basis) 

e Apply installation factors to major equipment 
costs to arrive at installed costs 

Apply sales tax 

Add 20  percent for contractor's fee and 
contingency 

BASELINE CASES FOR RST STUDY 

Processes 

e Single-stage steam flash 
Two-stage steam flash 
Binary 

Resources 

Heber Medium temperature (360°F) 
Low non-condensables (50 ppm) 
Low salinity (14,000 ppm) 
Non-scaling 

Brawley High temperature (507OF) 
High non-condensables (2 .7% w) 
High salinity (10.5% w) 
Non-scaling in plant (assumption) 
Spent brine treatment provided 

Plant Sizes 

e 50 MWe central plant 

Two of the total flow devices (helical 

Ld screw expander and rotary separator turbine) 
have been tested on a significant scale and 
show promise for replacement of flash tanks 
in steam flash plants as well as use for 
non-condensing wellhead generating units. 

Thermoelectric, mist lift, shape memory 
effect and Ericsson cycles require exten- 
sive development. 

(see Table I) 

Wellhead generating plant 
Heber self-flowing wells flow at 5000,00O#/hr 
Heber pumped wells flow at 650,00O#/hr 
Brawley wells flow at 450,00O#/hr 

5A - 2 6  

LEVELIZED FUEL COST ASSUMPTIONS 

Private sector developer owns and operates 
field, selling heat energy to investor- 
owned utility. 

2 0  percent DCF rate of return to developer. 

Intangible drilling expense = 70 percent of 
the cost of production wells. 

Working capital = one month's operating and 
maintenance cost. 

Sum of the digits depreciation. 

10 percent investment tax credit. 

New wells drilled during the life of the 
project = number of original wells. 

Project life = 30 years. 

O&M costs escalated at 6 percent per year. 

Property taxes = 6 percent of revenues. 

Royalty payments = 10 percent of revenues. 

15 percent depletion allowance. 
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LEVELIZED CONVERSIONCOST ASSUMPTIONS 

Power p l a n t  owned and operated by investor- Property Tax Rate = 1  

Insurance Rate = 1  

Assessment Guide Investment Tax Credi t  = 10 

= 80 

owned u t i l i t y .  

Based on 1979 ed i t i on  of EPFU Technical 

% 
10 I n t e r e s t  on Capi ta l  (MAR) = - o Capacity Factor 

I n t e r e s t  on Loan = 8  O&M cos t s  escalate a t  6 percent per  year. 

Debt/Total Capi ta l  = 50 

HEBER 50 MW 

SINGLE DUAL 
FLASH FLASH 

RST 
BINARY SF 

RST 
DF 

Plant  Capital 
106 $ 

Power mills/kWh 
Plant  

Fuel 

Total  

43.1 46.5 64.0 37.1 37.4 

26 

39 

65 

26 

53 

79 

28 30 

26 42 

37 

35 

72 

180 

54 

154 

72 

2 1 1  Brine lbs/kWh 263 196 

HEBER WELLHEAD 

3.6 5.5 P lan t  Capi ta l  
106$ 

6.0 5.0 8.3 

Power m i l l s / k W h  
Plant  

Fuel 

Total  

121 105 

77 57 

198 162 

66 

37 

103 

110 

61 

171 

117 

53 

170 

180 Brine Ibs/kWh 263 196 154 2 1 1  

BRAWLEY 50 MW 

47.5 54.4 Plant  Capital 
106$ 

Power mills/kV?h 
P lan t  

Fuel 

Total  

39.1 47.6 59.8 

30 33 

51  38 

81 71 

27 

38 

65 

30 

38 

68 

35 

36 

71 

92 75 Brine lbs/kWh 119 87 90 
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Plant Capital 
1068 

Power mills/kklh 
Plant 

Fuel 

Total 

Brine lbs/kklh 

SINGLE DUAL 
FLASH FLASH 

6.8 10.2 

78 

91 

169 

119 

71 

67 

138 

87 

CONCLUSIONS 

BINARY 

6.6 

59 

71 

130 

92 

RST 
SF 

8.5 

66 

70 

136 

90 

RST L, 
DF 

13.4 

72 

58 

130 

75 

Installation of RST units in place of 
throttling valve and flash tank improves 
performance of steam flash cycles at Heber 
and Brawley. Important to remember that all of the 

The tests planned at Fbosevelt Hot Springs 
later this year should validate RST designs. 

Brawley cases assume no scaling in plant 
Brine consumption is down, capital invest- equipment. 
ment is up, and bus bar costs are down as 
compared to steam flash cycles at Heber and 
Brawley. 

Bus bar energy costs for binary system are 
lower (in one case equal) than either steam 
flash or RST systems. 
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Concept I Efficiency 

Flashed Steam 

Singlu Stage 
Two Stage 

Standard 
Flash 
Dual Cycle 
Direct Contact 
Gravity Head 

Aybrid 
Qoss i l  
Solar 
Cmbined 

Total  Flow 

Bladeless Turbine 
L U  Ippulse Turbine 
LLL Reaction Turbine 
Biphase RST-1 Stage 
E l l i o t t  Turbine 
Hellcirl Expander 
Horst w a n d e r  

Brine 
U t i l .  
(1) 

.59 

.79 

1.00 . - 
-73 

1.15 

17.0 - - 
,68 
.SI 
-51  
.73 
.73 
.63 

'lachin 
t - 
- 
c 

- - 
- 
- ., - 

.54 

.45 

.40 

.SO 

.SO 

.so 

.46 
* 

9 

- 

!omplexity 

L-low (2) 
Nmedium 
Hihigh - 

L 
L 

M 
a 
H 

'I4 
M 

M 
M 
M 

" 4  
L 
I4 
M 
L 

H 

n 
M 

M 
H 

n 

'aper 
itudy 
- 

X 
X 

x 
X 
X 
X 
X 

X 
X 
X 

X 
X 
X 
X 
X 
X 
X 

X 

X 

X 

X 

Table  I 

SVIMRY CONPARISON 

R and D Status  

.ab 
rest  - 
X 
X 

X 
X 
X 
X 
X 

- - - 
X 
X 
X 
X 
X 
X 
X 

- 
X 

X - - 

cost  (31 

.Plant 

.86 

.87 

1.00 - - - 

- 

.76 - 
1.08 

.53 

.59 

2.81 
- 

2.11 

power 

- 

1.92 
1.57 

1.00 - 
1.08 
0.87 

0.90 - - 

1.01 

- 
1.33 
1.33 

.91 
1.00 

2.50 
- 

3.50 

- 

Sl 
c150ec 

N 
N 

Y 
Y 
N 

Y 
Y 
Y 
N 
14 
Y 
Y 

Y 
Y 

Y 
Y 

Resource 

:able: 
I15O0C 

Y 
Y 

Y 
Y 
Y 
Y 
Y 

Y 
Y 
N 

Y 
Y 
Y 
Y 
Y 
Y 
Y 

Y 

N 

Y 

Y 

Y e s ,  N' 
ica 1 i ng - 

Y 
Y 

N 
Y 
a 
Y 
N 

Y 
Y 
N 

N 
N 
N 
N 
N 
Y 
Y 

N 

Y 

Y 
N 

1 
CC0- 

Prcssurcd 

Y 
Y 

Y 
Y 
Y 

M 
N 
Y 
N 
N 
Y 
Y 

N 

N 

N 
N 

le11 
lead 
- 

Y 
Y 

Y 
Y 
Y 
Y 
Y 

Y 
Y 
Y 

Y 
Y 
Y 
Y 
Y 
Y 
Y 

Y 

Y 

Y 
Y - 

Applicabili ty 

k n t r a l  
Plant - 

Y 
Y 

Y 
Y 
Y 
Y 
Y 

Y 
Y 
Y 

Y 
Y 
N 
N 
Y 
N 
N 
Y 

Y 

Y 

Y - 

Elcmcnt of 
Cent. Plant 

(1) 

(2) 
(3) 

Brine u t i l i m t i o n  eff ic iency is the ratio of p e r  per  u n i t  br ine fo r  the concept divided by pwor per  un i t  brinQ f o r  a standard binary cycle. 
The resource chosen vas Ileber, rea reference (9) of sect ion 3. 

Cmpared to a standard binary cycle. 
Relative costs: the ratio of the  cost fo r  t he  concept divided by the cost  for  a standard binary,  assuming a 5 0  MWe ne t  plant  a t  Aeber. see 
referenoe (9) of sect ion 3. 



HEBER RST - TWO STAGE 

VI 
gr 
I 

W 
0 

I r 

STEAM 
TURBINE 1 - RST- 1 BRINE FROM 

WELL 

RST-2 CONDENSER 

COOLING 
BRINE TO HAfER 

INJECTION WELL 

C c 



E r
 

I 

S
A

 - 
31 



RELIABILITY AND AVAILABILITY OF HEBER BINARY PLANT 

EPRI Contract RP 1900-2 

Dr. James K. Witt 
ARINC Research Corporation 

2551 Riva Road 
Annapolis, Maryland 

Introduction 
of an adaptation and application of a relia- 
bility and availability assessment methodol- 
ogy to the Heber Binary Plant. 
methodology was developed under EPRI Contract 
RP 1461; it has been applied previously to 
gasification combined-cycle (GCC) and advanced 
coal-fired plant (CFP) designs, as well as a 
number of operational oil-fired and gas-fired 
combined-cycle plants. 

This paper presents the results 

The assessment 

A factor essential to the economic viability 
of the binary geothermal concept is that the 
planned demonstration plant achieve a high 
level of availability. Further, it has been 
shown that reliability and availability are 
quantifiable design parameters that should be 
addressed throughout the design and develop- 
ment phase to ensure that a system's economic 
and performance goals are realized. For these 
reasons, EPRI contracted with ARINC Research 
Corporation (1) to adapt its assessment meth- 
odology to the Heber design so that initial 
baseline estimates of the plant reliability 
and availability could be obtained, and (2) to 
develop an operating model that could be used 
in evaluating design alternatives and obtain- 
ing updated assessments of the expected plant 
performance as the design evolves. 

The specific objectives of the project are as 
follows: 

To develop a computer-based assessment 
model of the Heber design 

To exercise the model to obtain base- 
line estimates of the plant reliabil- 
ity and availability 

baseline results to data uncertainties 

To rank the plant components by their 
effect on the baseline results 

To determine the sensitivity of the 

To identify potential availability 
improvement options 

To assess the impact of potential 
reliability growth on the plant's 
performance 

Plant Description The assessment model was 
based on the design illustrated in the Prelim- 
inary Design Manual for a Geothermal Demon- 
stration Plant at Heber, California (Ref. 1). 

5 A  
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This design uses the binary cycle (geothermal 
brine/hydrocarbon mixture) to develop 50 MWe 
of output power from the moderate temperature 
brine of the Heber geothermal anomaly. 

The geothermal brine is pumped from the anomaly 
to the plant, where its thermal energy is 
transferred to the secondary hydrocarbon fluid, 
which is then used to drive a turbine/generator 
set to produce electric power. 
fluid is then returned and reinjected to the 
anomaly; and the hydrocarbon fluid is cooled, 
condensed, accumulated, and returned to the 
heat exchanger. The plant design consists of 
seven independent subsystems, summarized in 
Table 1 and shown schematically in Figure 1. 
Future plans call for the addition of one heat 
exchanger, one hydrocarbon condenser, and 
three cooling fan modules. 

The primary 

Technical Approach 
tasks : 

The study consisted of six 

Characterize the plant design and 

Define system states, fault trees, and 

Develop component failure and repair 

- Adapt and apply the assessment model - Develop reliability growth estimates 

Prepare final report 

equipment 

state definitions 

data base 

and assess their impact 

On the basis of the design described in Refer- 
ence 1, the plant was partitioned into seven 
independent subsystems (ISSs), shown in Figure 
1. A fault tree was developed for eqch sub- 
system to relate the occurrence of a top-level 
event (e.g., subsystem failure) to the individ- 
ual components within the subsystem that could 
cause the event. Figure 2 is an example of a 
fault tree. Probability expressions were then 
developed for each subsystem type on the basis 
of fault trees and data availabilities that 
represent the probabilities of the top-level 
events as a function of the constituent com- 
ponent failure andrepair characteristics. 

System states and their associated capabilities 
were defined in terms of the operational 
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- 
ISS 

1 
- 

2 

3 

4 

5 

6 

7 - 

Table 1 Heber Plant Independent Subsystems (ISSs) 

Subsys tem 

Brine/Hydrocarbon Heat 
Exchanger 

Turbine/Generator 

Hydrocarbon Condensers/ 
Accumulators 

Hydrocarbon Circulation Pump 

Cooling Tower Fan Modules 

Cooling Water Circulation Pumps 

Brine Reinjection Booster Pumps 

TTST - - - - - - - 1 

Description 

Two trains with four stages per train 

One turbine and one generator 

Three sets of two condensers per accumulator and 
one set of one condenser and one accumulator 

Six pumps normally operating 

Seven fan modules normally operating 

Two pumps normally operating, with one spare 

Two pumps normally operating 

r=-- - - - - - - - - 1 

--- 

Figure 1 Heber Binary Plant Schematic 
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Fan Motor Module 
Fails 

Fan Blade Fan Motor Fan Housing 
Fails Fails Fails 

shaft 
Fails 

Figure 2 Example of Fault Tree 

conditions of the seven identified ISSs. 
Twenty-five system states and their associated 
capabilities were defined, with the assistance 
of the Ben Holt Company (Ref. 2 ) .  These 
states and their capabilities (expressed as a 
percentage of maximum capacity) are shown in 
Table 2. The numbers in parentheses represent 
the quantity of component sets in each subsys- 
tem. The entries in the table represent the 
number of failed items for each subsystem that 
were used to define a given state (e.g., in 
State 1, no failures are permitted in any ISS 
except for ISS6, which has a standby spare and 
hence can have either zero or one failure but 
not two). 

The individual subsystem expressions are then 
used in conjunction with the state definitions 
to define probability expressions that repre- 
sent the likelihood of knoving from each 
defined state to each other possible state, or 
remaining in the same state in a given short 
interval of time, AT. This resulted in a 25- 
by-25 matrix of expressions, called the tran- 
sition matrix, and used in the assessment 
model that will be described in the following 
section. 

A component failure and repair data base was 
then developed. 
organizations which provided information for 

Table 3 summarizes those 

Table 2 Heber System-State Def in i t ions  

s t a t e  

- 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
a 9  
20 
21  
22 
23 
24 
25 - 

- 
tssz 
(1)  
- 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

<2 
1 
0 
0 
0 
0 
0 - 

Per-ntage 
2f Maximum 
Capacity 

100 
86 
83 
75 
72 
67 
58 
50 
50 
50 
50 
50 
43 
33 
29 
25 
17 
15 
0 
0 
0 
0 
0 
0 
0 

the study. A number of problems were encoun- 
tered in developing this data base. First, 
there were virtually no data available on like 
components that could be used. There was a 
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Table 3 Surmnary of Data Sources 

Petro-Chemical 
Industry 

Chevron 
Sun Oil 
Velsicol 
Great Lakes 
Chemical 

Heavy Equipment 
Industry 

Elliott 
Magna Power 

Power Industry Architect Engineer 
Industry EPRI I 

NERC 
EEI 
CP&L 
PEPCO 
AP&L 

Ben Holt 
Fluor 

limited quantity of data on similar equipments 
(e.g., for different sizes of equipment or 
equipment operating in different environments) 
that could be extrapolated to the Heber design. 
The data that were available or could be esti- 
mated by knowledgeable sources were at a high 
level of indenture in the fault trees rather 
than at the lower component levels. Many of 
the sources contacted either did not collect 
this type of information or, in cases where 
they did, would not release it for proprietary 
reasons. As a result, the data base consisted 
of extrapolations of available hard data com- 
bined with estimates by consensus from the 
knowledgeable personnel in the organizations 
contacted. 

A program designed for interactive time-share 
computer application was developed to deter- 
mine the reliability and availability assess- 
ments and to perform sensitivity analyses. 
Baseline reliability and availability assess- 
ments were made by using the acquired data 
base, and component rankings were developed 
following sensitivity analyses. Finally, com- 
ponents with potential reliability growth were 
identified; a time-phased scenario of the 
growth Was hypothesized; and the model was re- 
exercised for the improved components to pro- 
duce an estimate of the potential availability 
growth with time, 

Assessment Model Description 
like other advanced power-qeneration plants, 
is a reasonably complex system capable of 
operating over a number .of states, ranging 
from full capacity to no capacity. 
quately represent these conditions in assess- 
ing plant reliability and availability, a 
systems-effectiveness approach was employed. 
As noted earlier, this approach was initially 
developed and applied to a gasification 
combined-cycle plant. This assessment method- 
ology is described in detail in References 3 
and 4. The following definitions were 

The Heber plant, 

To ade- 

toi 
5A 

f 

employed in the assessment of the Heber plant 
by using this methodology: 

Reliability Measure. The time for the 
plant to reach an a priori defined 
level of effectiveness in the absence 
of corrective maintenance, given that 
the plant was initially in a completely 
"up" condition. (For this analysis a 
50 percent level of effectiveness was 
used.) 
of the inherent reliability of the 
plant design. 

Availability Measure. The steady-state 
effectiveness value when corrective 
maintenance is included. 

This time represents a measure 

Effectiveness. The weighted contribu- 
tion of each possible system state to 
the plant's output capacity. 
be expressed as an absolute (e.g., 
megawatts) or as a percentage of maxi- 
mum capacity, and it represents an 
averaging over the possible system 
states or expected value for the plant. 
Further, since the likelihood of being 
in each particular state will vary with 
time, effectiveness will be a time- 
dependent quantity that will approach 
zero if repair is not permitted, and it 
will approach a finite steady-state 
value when repair is permitted. 

It can 

The effectiveness function is determined by a 
Markov analysis and is defined for the inter- 
val (t, t + At) by the following matrix 
products : 

E(t, t + At) = A(t)T(t, t + At)C 
where the matrices are defined as follows: 

A(t) is a row matrix, called the avail- 
ability matrix, whose elements Ai(t) 
are the probabilities that the system 

I 

is in each of its possible states at 
time t, 
states, then 

If there are Ns possible 

Ns 

Ai(t) = 1 , 
ill 

for all values of t. Initiallv. i.e., - .  
at t = 0, A(0) = (180; ... 0) indicating ' 

that the'system is in an "all up" con- 
ditioni with zero probability of being 
in a state of degraded capability. 

T(t, t + At) is a square matrix (Ns X 

Ns) , called the transition matrix8 
whose elements (Tij) are the probabil- 

! ities of the system*s,transitioning 
from state i to state j during the 
interval (t, t + At). These probabil- 
ities are defined by the constituent 
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subsystem reliability and maintain- 
ability probability expressions and 
the state definitions. The time 
interval, At, is made sufficiently 
small so that the probability of mul- 
tiple events occurring during the 
interval is negligibly small. Fur- 
ther, when corrective maintenance is 
not permitted (i.e., for the reliabil- 
ity assessment), all elements of the 
transition matrix containing repair 
events are set to zero. 

C is a column matrix having NS ele- 
ments, called the capability matrix. 
Each element (Ci) represents the ca- 
pacity of the plant when it is in 
state i. For the Heber analyses, the 
capacity of each state was expressed 
as a percentage of the maximum 
capacity. 

Analysis Results As noted earlier, the data 
estimates obtained were only at a high level 
of indenture (i.e., subsystem or major com- 
ponent) rather than at the level of the fault 
tree. Table 4 summarizes the baseline data 
for.the components and subsystems. The esti- 
mated mean times between failures and mean 
times to restore are shown for the level of 
indenture at which the data were obtained. 
For those cases in which these data were at a 
major component level, the corresponding sub- 
system values were also determined and 
presented. 

- 
ISS 

- 
1 

2 

3 

4 

5 

6 

7 

- 

Table 4 Heber Data Sumnary 

subsystem 01 

ComPponent 

Brine/Hydrocarbon 
Heat Exchangers 

Turbine/Generator 

Turbine 
Generator 

Hydrccarbon 
Condensers/ 
AcLccumulators 

Condenser 
Accurrmlator 

Hydrocarbon 
Circulation 
pumps 

pump 
mtor 

Cooling Tower 
Pan Modules 

Pan 
mtor 

Circulating 
Water pumps 

p=P 
mtor 

Brine Reinjection 
Booster pumps 

Components 

mBF 
(Hours) 

25,820 
46.445 

43,560 
158,400 

7,920 
39,300 

15,840 
12,575 

1,265,398 
253,080 

- 
WTPR 

(HOUrS)  - 

370 
193 

366 
168 

168 
168 

1,512 
72 

100 
48 

- 

subsystem 

Baseline evaluations of the Heber reliability 
and availability were obtained by using the 
data in Table 4 and by exercising the assess- 
ment model. The resultant curves of effective- 
ness versus time for the two assessments are 
shown in Figure 3. It can be seen that the 
time for the plant to decrease from 100 per- 
cent to 50 percent expected capacity in the 
absence of corrective maintenance was 37.5 
days. Comparable values obtained from assess- 
ments of GCC and CFP designs were about 9 days 
and 8 days, respectively. Similarly, the 
availability assessment can be seen to approach 
a steady-state value of about 81 percent. The 
corresponding GCC and CFP availability measure 
values were 79 percent and 82 percent, 
respectively. 

Table 5 presents the steady-state availabili- 
ties for each of the defined system states. 
The table shows that the most likely state is 
the "all up" state (State l), with an avail- 
ability of 34.2 percent. Further, it can be 
seen that the probability of at least 75 per- 
cent capacity is 0.71 and that the probability 
of a full outage is approximately 0.02. Fi- 
nally, it was determined from the results of 
the baseline assessment that the probability of 
100 percent capacity for five days was 0.885 
and the probability of at least 75 percent ca- 
pacity for sixty days was 0.725. 

Sensitivity analyses were performed to deter- 
mine the effect that changes in the baseline 
data would have on the resultant steady-state 
effectiveness value. Component rankings were 
developed in accordance.with the following 
criteria: 

Power Lost -- the increase in steady- 
state effectiveness when a component 
is made perfect. 

Availability -- the change in steady- 
state effectiveness per change in com- 
ponent availability. 

Failure Rate -- the change in steady- 
state effectiveness per change in com- 
ponent failure rate. 

Mean Time to Restore -- the change in 
steady-state effectiveness per change 
in component mean time to restore. 

The expressions used to determine the ranking 
scores are presented in the Appendix of this 
paper. The resultant rankings are shown in 
Table 6. The table indicates that the heat 
exchanger represents the most sensitive com- 
ponent, whereas the circulating water pump 
and motor have a comparatively negligible 
impact . 
Reliability Growth As a part of the baseline 
data-collection effort, potential areas of 
reliability improvement were investigated, 
and, where possible, source estimates of 
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Figure 3 Assessment Results of Heber Baseline Reliability and Availability 

expected growth were questioned. 
presents a summary of the identified potential 
improvements, their estimated timing relative 
to the initial plant operation date, and their 
estimates of improved MTBFs. 
these improvements wasevaluated by using the 
assessment model; this impact is illustrated 
in Figure 4. It can be seen that implementa- 
tion of the identified improvements, coupled 
with reliability growth estimates by the 
sources, would increase the steady-state 

Table 7 

The impact of 

b, 

effectiveness by about nine percent over a ten- 
year period. In addition, further growth could 
be achieved by introducing bypass capabilities 
in the heat exchanger and the condenser/ 
accumulator subsystems. This, for example, 
would permit operation of the plant in addi- 
tional higher-capacity states when a failure 
occurs in a heat exchanger rather than losing 
the entire subsystem and dropping to 50 percent 
capacity. 
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Table 5 Summary of Steady- 
State Availabilities 

Power Lost 

State 

Component 
Availability 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 - 

Rank 

1 ’ 

3 
7 

4 

9 

2 

6 

12 

11 

8 

5 

10 

Percentage 
of 

Capacity 

Score 

76.7 

81.7 
80.9 

48.4 

47.6 

69.7 

64.1 

1.0 

1.0 

64.5 

51.8 

51.5 

100 
86 
83 
75 
72 
67 
58 
50 
50 
50 
50 
50 
43 
33 
29 
25 
17 
15 
0 
0 
0 
0 
0 
0 
0 

Percentage 
of 

Availability 

34.2 
23.7 
8.6 
4.5 
8.7 
0.6 
1.4 
14.4 
0.1 
CO.1 
<0.1 
1.0 
0.2 
<0.1 
CO.1 
<o. 1 
co.1 
<o. 1 
0.6 
1.8 

<o. 1 
<o. 1 
<o. 1 
<0.1 
<O.l 

Conclusions and Recommendations Evaluation of 
the Heber design, using the baseline data, 
produced reliability and availability estimates 
that were equal to or better than previously 
evaluafed GCC and CFP designs. The heat 
exchanger has the greatest impact on the 
steady-state availability. An additional nine 
percent growth in steady-state availability 
could be realized through a combination of 
expected component reliability growth and the 
improvements resulting from the implementation 
of several design changes. 

The assessment model can and should be used to 
update the assessments as the Heber design 
evolves and also to evaluate candidate design 
alternatives as they are proposed. The state- 
capacity definitions used were based on lin- 
earity assumptions within the plant. 
balance analyses should be conducted to obtain 
more accurate state capacity values, and the 
assessments and component rankings should be 
updated as necessary. The failure and repair 
data base should be expanded to lower levels 
of indenture, and the assessments and rankings 
should be updated accordingly. 
ably necessitate performing detailed component 
failure modes and effects analyses, since the 
data-collection effort indicated that the data 
were not available at these levels. Finally, 

Heat- 

This will prob- 

Component 

Hydrocarbon/Brine 
Heat Exchanger 

Turbine 
Generator 

Hydrocarbon Circulating 
-P 

Hydrocarbon Circulating 
Motor 

Cooling Tower ’Fan 

Cooling Tower Motor 

Circulating Water Pump 

Circulating Water Motor 

Brine Reinjection 
Booster Pump 

Hydrocarbon Condenser 

Hydrocarbon Accumulator 

Table 6 Heber Component Rankings 

Ranking by Criterion 

Score 

5.92 

1.16 
0.34 

0.97 

0.20 

5.86 

0.36 

0 

0 

0.31 

0.39 

0.05 - 

- 
Rank 

3 
- 

1 
2 

9 

10 

4 

6 

12 

11 

5 

7 

8 - 

Component 
Failure Rate 

Score 

10,948 

29,381 
15,485 

7,797 

7,929 

87,824 

4,563 

100 

48 

3,066 

18,645 

8,633 

- 
Rank 

5 
- 

2 
4 

8 

7 

1 

9 

11 

12 

10 

3 

6 - 

Component 
Mean Time 
to Restore 

Score 

0.03291 

0.00308 
0.00173 

0.00586 

0.00120 

0.00367 

0 -00504 

0 

0 

0.00645 

0.00117 

0.00032 

- 
Rank 

1 

6 
7 

3 

8 

5 

4 

12 

11 

2 

9 

10 
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Table 7 Potential Reliability Improvement Candidates 

I I I I I 1 I 1 d 

Component 

Hydrocarbon/Brine 
Heat Exchanger 

Hydrocarbon 
Condensers/ 
Accumulators 

Hydrocarbon Circula- 
tion Pumps 

Cooling Tower Fans 

Circulating Water 
Pump Motors 

Brine Reinjection 
Booster Pumps 

100 

95 

90 

85 

80 

. 

ISS 
Baseline 
MTBF 
(Hours) 

1,980 

19,147 

6,592 

7,011 

210,900 

9,900 

Estimated 
Improved 
MTBF 
(Hours ) 

7,920 

34,165 

11,290 

14,020 

361,545 

19,800 

Improvement 

Change tubing materials 
to titanium 

Change tubing materials 
to a copper-based alloy 

Change to oil mist 
system 

Change fan blading 
materials 

Manufacturer's estimated 
reliability growth 

Manufacturer's estimated 
reliability growth 

Assumed Timing 

5th year of operation 

5th to 7th year 

3rd to 7th year 

3rd to 7th year 

5th to 10th year 

3rd to 7th year 

I I I I I I I I 

Figure 4 The Effects of Reliability Growth on Steady-State 
Effectiveness for Heber 

S A ' -  39 



consideration should be given to applying this 
analysis methodology to other geothermal plant 
designs and to establishing an overall geo- 
thermal component failure and repair data base 
that can support these efforts. 

Appendix: Component-Ranking Expressions The 
following presents the mathematical formula- 
tions employed in obtaining the scores for the 
four component-ranking criteria used in the 
analysis. 

(ESS) - Ess Power Lost = Lim 
A. .+ 1 

1 3  

6ESS &Ess SAi Availability = - = - - 
&Ai &Ai &Aij 

&Ess &Ess &Ai &Ai 
Failure Rate = - = - - - &Ai &Ai &Aij 6xij 

ij 
=- 6ESS Ai Aij 'c &Ai 

Mean Time to . 6Ess &Ai 6Aij 
6Ai 6Aij &Tij 

- - - -  Restore 

=-  6ESS A. Aij xij &Ai 1 

where 

- -  6Ess - the change in the steady-state 
effectiveness resulting from a 
change in the ith subsystem 
availability (Ai) obtained from 
the sensitivity exercises of the 
model 

Aij = the jth component in the ith sub- 

system availability = ' 
xij = the jth component in the ith sub- 

'c = the jth component in the i* sub- 

xijrij + 1 

system failure rate 

system mean time to restore iJ 

References 

1. B. Holt, E. L. Ghormley, Preliminary 
Design Manual for a Geothermal Demnstra- 
tion Plant at Heber, California, Electric 
Power Research Institute, ER-670, February 
1978. 

2. B. Holt, letter to J. White, ARINC Research 
Corporation, March 18, 1981. 

3. J. Blair, M. Neely, J. Witt, Development of 
a Reliability Prediction Methodology for a 
Gasification Combined-Cycle Power Plant, 
Electric Power Research Institute, AP-1643, 
November 1980. 

4. M. Neely, A Guide for the Assessment of the 
Avai labi 1 it y of Gasi f i ca tion Combined- 
Cycle Power Plants," Electric Power 
Research Institute (report to be 
published). 

SA - 40 



w FIELD TESTS OF THE BIPBASE GEOTHERMAL ROTARY-SEPARATOR TURBINE 

Lance Hays and Donald J. Cerini 
Biphase Energy Systems 

2800 Airport Avenue 
Santa Monica, CA 90405 

ABSTRACT 

An experimental Biphase Rotary-Separator Tur- 
bine (RST) was designed fo r  moderate wellhead br ine 
conditions. 
mounted in a trailer together with i ts  controls 
and instrumentation, and tes ted under laboratory 
and f i e ld  conditions. Electric-parer production, 
clean-steam production, and br ine repressurization 
for  inject ion were measured a t  three different  
locations with various br ine temperatures and 
compositions. The measured parer output at design 
conditions was equivalent t o  the  production of 
25 percent more e l ec t r i c i ty  per uni t  of br ine than 
would be produced by an optimized single-stage 
f lash  power system operation at the same resource 
conditions. A ful l -s ize  nozzle test r i g  w a s  a lso 
field-tested t o  evaluate the cri t ical  performance 
parameter of nozzle efficiency operating on w e l l -  
head, high-salinity flows. 
f ied  the method of resource evaluation. 

of resource temperatures leads t o  a 54-inch w e l l -  
head-size RST su i tab le  fo r  use on a var ie ty of 
geothermal resources o r  on a resource tha t  changes 
with time 

INTRODUCTION 

The 30-inch RST was  fabricated, 

Nozzle tests simpli- 

Significant f l ex ib i l i t y  i n  handling the range 

The rotary-separator turbine (ET) is a geo- 
thermal pbwer-conversion system that  extracts work 
from the thermal energy of geothermalbrine. The 
system is capable of receiving two-phase flow dir-  
ec t ly  from a geothermalwell, separating the 
l iquid and vapor phases a f t e r  expanding them to- 
gether i n  a nozzle, and supplying three forms of 
output energy: (1) e lec t r i c i ty  produced by a 
l iquid turbinelgenerator driven by the  accelera- 
ted l iquid,  (2) steam a t  pressure capable of pro+'  
ducing e l ec t r i c i ty  i f  expanded fur ther  i n  a steam 
turbinelgeneratot , and (3) l iquid (brine) at  pres- 
sure  su i tab le  fo r  re inject ion back in to  the  geo- 
thermal reservoir. The RST increases the  efficien- 
cy of p m r  generation from a geothermal resource 
by extracting power from the  
ted t o  the l iquid 

The Electric Power Research Ins t i tu te  (EPR 
awarded Biphase Energy Systans a contract t o  apply 
the Biphase RST concept t o  geothermal-power sys- 
tems. The EPRI/Biphase project includes evaluation W and development of the geothermal application 
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through turbine design, fabrication, and f i e ld  
testing. This paper describes the tes t ing of the 
30-inch experimental uni t ,  compares the RST system 
t o  single-stage d i rec t  f lash based on performance 
measured in the tests, and discusses f ie ld- tes t  
simplification using a test r i g  for  a full-size 
nozzle. 

FIELD-TEST PROGRAM 

The experimental RST was fabricated, mounted 
i n  a trailer together w l t h  i ts  controls and in- 
strumentation, and tested under laboratory ana 
f i e ld  conditions. 
t o r i l y  m e t ;  these included: 

T e s t  objectives were satisfac- 

1. Demonstrate mechanical turbine output 
parer, clean steam separation and de- 
l ivery,  and delivery of pressurized 
return brine. 

2. Demonstrate equipment r e l i ab i l i t y  i n  
the f i e ld  operating environment. 

3. Quantify performance trends; provide 
r e l i ab le  design mathematical model; 
demonstrate vide f l ex ib i l i t y  i n  f lu id  
conditions. 

Compare Biphase vellhead system per- 
formance with alternate approaches 
t o  geothermal power. 

RST, Figure 1, has three rotat ing ele- 
the primary separator, the  U-tube l iquid 
and the liquid-transfer rotor.  Geotherm- 

al brine enters the  system through nozzles, and 
clean steam and repressurized brine leave the  sys- 
t e m ;  the br ine exits via a stationary afffuser.  
A complete wellhead system would include an RST 
and a steam turbine, with the  RST producing steam 
of the  qual i ty  required by the steam turbine. The 
shaf t  power produced by the l iquid U-tube turbine 
i n  the RST is the  margin of performance superiori- 
t y  over a single-stage flash-steam sy 
only a steam turbine. 

4. 

n i tda l  test .operation of the  RST took place 
at the  Biphase laboratories. 
ted and developed separately, 
er was .transported t o  Ust Mesa, California fo r  
a t h ree reek  period of operation. 

Components were tes- 
Then the  test trail- 

The trailer was 

- 1  



LPUID 
TRANSFER 

/ PRIMARY SEPARATOR 

BRINE OUTPUT 

ROTOR 

STATIONARY 
TURBINE 

STEAM OVTWT 

Figure 1. Rotary-separator turbine. 

returned to  the laboratory fo r  performance tune-up 
involving the rotary-separator windage, then sent 
t o  Raft Rlver, Idaho, f o r  tests, and f ina l ly  t o  
Roosevelt Hot Sprlngs, U t a h .  

Design conditions for  the prototype w e r e  'se- 
lected as shown in Table 1. 
of 80 psia'and temperatures of 312'F are generally 
compatible with resource damhole pressures of 
150 psia and temperatures of 350°F. 
and experiment haveled t o  the  expectation of satis- 
factory performance over a wide range of inlet con- 
di t ion;  the three f l e ld  test sites supplied br ine 
temperatures ranging rrom 265OF at  Raft Kiver t o  
3520F at Roosevelt Bot Springs. 
ated near design conditions a t  Roosevelt and at  
East Mesa, and w i t h  a vide Yariety o f  off-design 
conditions indicated i n  Table  1. In addition t o  
temperature variations,  the  three f i e ld  sites 
supplied brine of various composition of dissolved 
sol ids  and gases. 

RST inlet pressures 

Analysis 

The RST w a s  oper- 

I Item 

Fluid I n l e t  Temperature. 

Nozzle l n l e t  Pressure 

Exhaust Pressure (psia) 

Total Flowrate (lblsec) 

Nozzle I n l e t  Steam 

(OF) 

(psis) 

Quality 

(W 
Steam Output Quality 

B r i n  Output Pressure 
(psis) 

Hours Operation 

Rsign 
Point 

312 

80 

14.7 

4.7 

0.05 

27.7 

56 

- 

Laboratory 

23-80 

14.1 

0.9990- 
0.9995 

114 

ast Mesa 

285-329 

35-141 

14.7 

1.6-9.3 

0-0.05 

1.5-29.6 

0.9996 

28-105 

112 - 

a f t  River 

265-279 

62-112 

3.8 h 7.3 

1.9-5.6 

0 

9.0-9.3 

0.98-0.99 

31-52 

30 

wsevel t 

203-352 

27-04 

13.1 

0.5-4.1 

0.05- 

1.2-28 

0.985- 

0.10 

0.999 

16.72 

60 

Table 1. Design and range of operating conditions. 

FIELD OPERATIONS 

Prototype test operations at East Mesa ut i -  
l i zed  Well No. 6-2. Early d i f f icu l ty  with carbo- 
nate-scale formation in the  RST nozzles vas cured 
by addition of 2 t o  IO-ppm quant i t ies  of an organic 
phosphate. The tLt prowam was completed with 110 
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fur ther  scale problems on any of the  test equip- 
ment. 
zles,  U-tube l iquid turbine and diffuser,  and re- 
duced performance of the rotary separator due t o  
high windage. High windage was  traced t o  l iquid 
droplets in the housing. When the equipment w a s  
returned t o  the Biphase laboratory, the nozzles, 
U-tube turbine, and separator geometry were tuned- 
up t o  eliminate the s t ray  liquid. Windage was 
reduced by a factor  of four. For the remainder of 
the program the component par ts  were unchanged, 
and performed as described by the mathematical 
model. 

Results showed good performance of the  noz- 

Ld 

Tests a t  the DOE Geothermal Test Fac i l i ty  at 
Raft River, Idaho, were made with brine conditions 
s ignif icant ly  below design. 
placed the test trailer approximately one m i l e  from 
the wellhead. Wellhead brine temperature of 285'F 
decreased t o  2 5 5 9  at  the trailer input, a temper- 
a ture  too low fo r  meaningful tests. 
was  then mwed t o  the wellhead where tests were 
conducted. 
a steam condenser t o  reduce back pressure t o  about 
one-half atmosphere. B r i n e  enthalpy extraction 
under these conditions was more than doubled. In  
these subatmospheric tests the RST produced about 
80 percent of the  power tha t  a single-stage steam 
turbine would have produced from the same brine 
flow. This means tha t  an RST uni t  could be used 
without a steam turbine and s t i l l  get most of the 
power tha t  a direct-flash system could get  from a 
low temperature hydrothermal resource. 

The RST test trailer was  mwed d i rec t ly  from 
Raft River t o  Roosevelt Hot Springs, Utah. Brine 
conditions were in the range of RST design, so 
component performance was  measured in the design 
ranges. Power output was  measured a t  the design 
value of 20 kWe. , 

An ini t ia l  hook-up 

The trailer 

A series of tests w a s  made employing 

RESULTS 

Significant resu l t s  of the f i e l d  tests in- 
cluded demonstration of hardware durabi l i ty  with 
various brine compounds, demonstration of signi- 
f ican t  f l ex ib i l i t y  i n  handling off-design condi- 
t ions,  and correspondence of test t o  a performance 
model. The model is now used with confidence fo r  
scale-up and optimization. Other resu l t s  include 
measurement of power output, steam quality,  diffu- 
ser performance, and resource-uti l ization advantage. 

Power Output of the RST, measured under a var ie ty  
of inlet pressures and inlet-steam qual i t ies ,  is 
presented in Figure 2, with experimental points 
related t o  performance-model predictions. Design- 
point machbe efficiency of 36 percent was  mea- 
sured at Roosevelt Rot Springs. 

Steam Quality is  important t o  a wellhead system 
where the  steam from the  RST is delivered t o  a 
steam turbine. Output steam qual i ty  was measured 
with a thro t t l ing  calorimeter and a l so  by a chlo- 
r ide  analysis. The two methods agreed within ope 
percent. The steam separation mechanism depends 
upon high rotor  speed, so that the  brine and 
ateam are separated in a high-gravity f ie ld .  A t  
design rotor  speeds, steam qual i ty  of 0.9996 was 
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Figure 2. Measured output power as a function of 
inlet steam qual i ty  and nozzle inlet 
pressure. 

measured. 
ments a t  off-design conditions, and includes some 
measurements below 0.99 with rotor  speeds w e l l  be- 
low design. 

Figure 3 i l l u s t r a t e s  quali ty measure- 

go 0 0  0 0 

O0 
0 0  

a 0.99 
I 

i! $ 1  0 
ROTARY SEPARATOR SPEED 

~ t APPROXIMATESDESIGN 

ROTARY SEPARATOR SPEED 
WELL BELOW DESIGN 

0 
0 0 

0 EASTMESA 
A RAFT RIVER 
0 ROOSEVELT 

0.98 
240 260 280 300 320 340 360 380 

RESOURCE TEMPERATURE, F 

adjusting brine-delivery pressure as needed fo r  
reinjection. Brine repressurization is accom- 
plished by retaining a portion of the  l iquid kine- 
t i c  energy on the  t ransfer  rotor,  and then convert- 
lng t h i s  kinet ic  energy t o  pressure in a stationa- 
ry  diffuser.  The energy par t i t ion  is accomplished 
by adjustment of the  turbine-to-separator speed 
ra t io ;  as shown in Figure 4, pressures equal t o  o r  
exceeding brine-entry pressures are obtained by 
operating the l iquid t u h i n e  in the  range 0.54 t o  
0.6 of separator speed. 

Resource Uti l izat ion Advantage has been calculated 
using experimentally RST performance and inlet/ 
out le t  conditions , together with calculated steam 
turbine, condenser, and accessory power conditions. 

AREA RATIO 5: l  
EFFICIENCY - 0.85 
DESIGN PRESSURE - 56 PSlA 

0.2 1 1 1 1 1 1 1 1 1 1 1  

TURBINE TO SEPARATOR SPEED RATIO 
0.50 0.52 0.54 0.56 0.58 0.60 

Figure 4. Experimental ver i f icat ion of stationary 
liquid-diffuser performance 

The RST/steam-turbine power output is compared by 
the u t i l i za t ion  r a t i o  t o  an optimized slngle- 
stage f lash  system. The ra t io ,  determined by the 
RST performance model sham i n  Figure 5 ,  was  con- 
firmed by the experimental data. 

I 1 . 8  
Q-5 
t * k I  CONDENSER szz 1.6 - TEMP. 126F PERFORMANCE MODEL 

K u39 1.2 - 
I I I I 

250 300 350 400 450 5 
RESOURCE (WELLHEAD) TEMPERATURE, F 

Figure 5. Comparison of experimental determi- 
nation wlth theory, resource u t i l i -  
zation advantage f o r  Biphase single- 
stage RST/steam-turbine system t o  

ized single-stage f lash  system. 

NOZZLE-CALIBRATION TESTS 

The s ingle  most critical component-perfonnance 
efficiency is that of the nozzle. 
the decline in power-output r a t i o  (RST system cm- 
pared t o  single-stage f lash  system) at lower tem- 
perature s h o h  in Figure 5 is due primarily t o  the 
lower nozzle eff ic iencies  at  the lower tempera- 
tures. To verify nozzle-efficiency predictions, 
a calibration-test  r i g  was  assembled fo r  f i e ld  
tes t ing of nozzles that would be full-size fo r  a 
wellhead unit .  
operated at  a Union O i l  wellhead i n  the Salton 
Sea geothermal area. The test was  designed t o  
confirm predictions by the RST calculation model 
and t o  obtain off-design performance data. 

For instance, 

This calibration-test  r i g  was 

The 
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resu l t s  of the  nozzle f i e ld  tests are shown in 
Figure 6. 

VELOCITY PREDICTIONS 
FROM NOZZLE-DESIGN PROGRAM 

,x  = STEAM QUALITY AT NOZZLE INLET 

900 - 
800 - 
700 - 
600- 

500 - 
400- 

W 
BACKPRESSURE = 75 PSlA = .10 

= .05 

- .01 

180 200 250 300 350 400 

P2 (PSIA) MIXER - INLET PRESSURE 

Figure 6. Experimental nozzle exit velocity. 

The test noezle was  full-sized re la t ive  t o  a 
wellhead RST. Nozzle velocity is determined from 
force measurements, and these data may be compared 
t o  theoret ical  resu l t s  obtained from the  mathema- 
t ical  model, Figure 6. The close agreement be- 
tween observed and predicted performance a t  near- 
design conditions is very encouraging, because the 
four-nozzle design of the  RST w i l l  make most concei- 
vable operating conditions achievable using one o r  
more nozzles flowing at or  near design conditions. 
Figure 7 i l l u s t r a t e s  the nozzle rig.  

Figure 7. Nozzle test rig.  

Field tests accomplished i n  the test trailer, 
Figure 8, and the nozzle test r i g  demonstrated 
consistency with system-performance predictions. 
Biphase Energy Systems and EPRI have accordingly 
continued i n  the design, production, and test of 
a production-type 54-inch wellhead-size Rotary 
Separator Turbine. 

Figure 8. Geothermal test trailer. 
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UPSTREAM REBOILING FOR NONCONDENSABLE GAS REMOVAL 

CONTRACT NO. RP1197-2 
u 

Glenn Coury and Robert A. Babione 
Coury and Associates, Inc .  

7625 West F i f t h  Ave. 
Lakewood, Colorado 80226, 303-232-3823 

I. Pro jec t  Object ives and Results The objec- 
t i v e  o f  t h i s  p r o j e c t  was t o  evaluate a heat ex- 
changer process f o r  removal o f  H2S and other 
noncondensable gases f r a n  geothermal steam. 
The process was conceived by Coury and Assoc- 
ia tes ,  Inc. and has been developed and tes ted  
by both Coury and EPRI through t h i s  p r o j e c t  and 
through o ther  e f f o r t s  by Coury. The heat ex- 
changer process i s  shown schematical ly i n  Fig- 
u re  1. Both t h e  she l l s ide  and tubeside o f  t he  
heat exchanger a r e  a t  saturated condi t ions,  w i t h  
the  tubeside a t  a pressure and temperature 
s l i g h t l y  lower than the  she l l s ide .  Th is  tem- 
pera ture  d i f f e rence  causes heat t r a n s f e r  t o  oc- 
cu r  so t h a t  saturated steam condenses i n  t h e  
she1 l s i d e  and saturated condensate evaporates 
i n  t h e  tubeside. The incoming geothermal steam, 
d i r e c t l y  from a w e l l  i n  the  case o f  a vapor- 
dominated resource o r  from a vapor - l iqu id  sep- 
a ra to r  a t  hydrothermal loca t ions ,  i s  almost 
completely condensed. The r e s u l t i n g  condensate 
w i l l  d i sso l ve  some gases, bu t  about 98 percent 
o f  t he  t o t a l  noncondensable gases i n  the  steam 
w i l l  remain i n  the  vent  gas stream. Over a typ- 
i c a l  range o f  geothermal steam compositions and 
process operat ing condi t ions,  90 t o  99 percent 
o f  t h e  H2S w i l l  remain i n  t h e  vent stream. The 
she l l s ide  condensate i s  t rans fe r red  t o  t h e  tube- 
s ide  and i s  reevaporated as i t  c i r c u l a t e s  
through the  tubes. The t o t a l  r e s u l t i n g  tube- 
s ide  vapor leaves the  heat exchanger as c lean 
steam. 

I n  a d d i t i o n  t o  achieving over'90 percent removal 
' o f  H2S and o ther  noncondensable gases t h i s  proc- 

ess can operate a t  wellhead pressures and tem- 
perature and does n o t  requ i re  any chemical addi- 
t i v e s  t o  t h e  main steam, thus making i t  s u i t -  
ab le  fo r  operat ion upstream o f  a geothermal 
power p l a n t  tu rb ine .  Upstream removal o f  H2S 
and o ther  noncondensable gases has several ad- 
vantages over processes which remove H2S down- 
stream of the  turbine. These include: (1) the 
steam w i t h i n  the  tu rb ine  i s  c leaner and less  
cor ros ive  which shpuld r e s u l t  i n  increased t u r -  
b ine  r e l i a b i l i t y ;  (2) H2S cannot g e t  i n t o  the  
tu rb ine  condensate where i t  cou ld  requ i re  d i f -  
f i c u l t  l i q u i d  phase treatment t o  meet p l a n t  H2S 
emissions requirements; ( 3 )  t h e  removal o f  non- 
condensables ahead o f  t he  tu rb ine  reduces the  
steam requirements f o r  t he  steam j e t  a i r  e jec- 
t o r s  which con t ro l  t he  vacuum i n  the  main con- 
denser; (4) steam can be vented through the  
upstream u n i t ,  as a s tack ing  operat ion when the  &.i power p l a n t  i s  n o t  operating, thus avoiding the  

necessi ty t o  c lose  down we l l s  dur ing  such per- 
iods; and (5) t he  removal o f  gases from the  
condenser increases the  power product ion i n  the  
turbine. 

The p r o j e c t  work included the t e s t i n g  o f  a 
small-scale, 150- f t2  heat exchanger, s i m i l a r  
t o  t h a t  shown i n  F igure  1. These tes ts  were 
conducted w i t h  t h e  cooperation o f  P a c i f i c  Gas 
and E l e c t r i c  Company a t  U n i t  7 o f  The Geysers 
Power Plant, a d r y  steam geothermal resource 
no r th  o f  San Francisco, Ca l i f o rn ia .  The objec- 
t i v e s  of t h e  t e s t  program were to :  (1) demon- 
s t r a t e  the  c a p a b i l i t y  o f  t he  process t o  remove 
a t  l e a s t  90 percent o f  t h e  H2S present i n  t h e  
incoming geothermal we l l  steam; and (2) demon- 
s t r a t e  the  heat t rans fe r  performance o f  the  
f a l l i n g - f i l m  v e r t i c a l  tube evaporator i n  a geo- 
thermal environment. 

The t e s t  u n i t  accumulated approximately 1000 
hours o f  operat ing t ime w i t h  the  fo l l ow ing  re -  
su l t s :  

a The measured H2S removal ra tes  were consis- 
t e n t l y  b e t t e r  than 90 percent, w i t h  an aver- 
age removal r a t e  o f  94 percent. 

o A t  l e a s t  98 percent removal o f  the  t o t a l  non- 
condensable gases was ind ica ted  dur ing  the 
tes ts .  

Measured heat t r a n s f e r  ra tes  were h igh  
enough t o  i n d i c a t e  acceptable economics fo r  
app l i ca t i on  o f  the  process on a commercial 
scale. The average measured heat t r a n s f e r  
c o e f f i c i e n t  was 576 Btu/(h.ft2."F) w i t h  in-  
d i ca t i ons  t h a t  a l ?  measured values were Con- 

e 

emonstrated very simple and 
r a t i n g  charac ter4s t ics  dur ing  

both steady s t a t e  and t rans ien t  condi t ions.  

The p r o j e c t  work a l so  included s tud ies  f o r  eval- 
ua t i ng  the  cos t  and performance o f  var ious  con- 
f i g u r a t i o n s  and app l i ca t i ons  o f  t he  heat ex- 
changer process. 
show the  fo l low ing :  

o A l t e r n a t i v e  heat exchanger designs may i m -  
prove heat t r a n s f e r  performance and reduce 
c a p i t a l  costs. 

Q The c m e r c i a l - s c a l e  app l i ca t i on  of t h i s  

The r e s u l t s  o f  these studies 
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process would contr ibute about 4.4 m i l l s /  
kWh t o  the  e l e c t r i c a l  busbar cost  o f  a typ- 
i c a l  55-MGI geothermal power plant.  

The e f fec ts  o f  the steam pressure drop 
across the heat exchanger and steam consump- 
t i o n  i n  the vent stream may be more than 
compensated f o r  by benef ic ia l  e f fec ts  on the 
t o t a l  power p lan t  system performance and on 
t o t a l  net  e l e c t r i c  power production. 

a 

The f i n a l  repo r t  f o r  the project ,  Reference 1, 
presents a comprehensive discussion o f  the 
p ro jec t  work and resul ts .  I n  addi t ion t o  the 
f i e l d  t e s t  and studies mentioned above, the 
f i n a l  repo r t  includes a complete prel iminary 
design o f  a larger  scale demonstration plant.  

11. &S Removal 

A. Predicted Removal Rates The removal of 
gases from geothermal steam i s  determined by 
how much o f  each gas dissolves i n  the l i q u i d  
phase as the entering steam condenses. The 
amount o f  gas absorbed a t  equi l ibr ium i s  con- 
t r o l l e d  by three factors:  (1) the p a r t i a l  pres- 
sure o f  the gas i n  the vapor phase; (2) the mass 
r a t i o  o f  vapor t o  l i q u i d  i n  contact w i t h  each 
other; and (3) the pH o f  the l i q u i d  solut ion.  
The p a r t i a l  pressure o f . t he  gas depends on the 
amount o f  the gas present and the t o t a l  pressure 
o f  the system. The mass r a t i o  o f  vapor t o  
l i q u i d  depends on the amount t h a t  i s  condensed; 
t h i s  r a t i o  i s  a funct ion o f  the vent rate,  be- 
cause more steam i s  condensed as less steam i s  
vented. The pH o f  the l i q u i d  so lut ion depends 
on the d issoc iat ion o f  the gases a f t e r  they 
dissolve i n t o  the l i q u i d  phase. The amount of 
d issoc iat ion i s  determined by the appropriate 
equi l ibr ium constants, which are a funct ion of 
temperature, and by the  concentration o f  the 
various gases i n  the steam. Thus, the major 
var iables t h a t  a f f e c t  gas removal are tempera- 
ture, pressure, gas cmposi t ion,  and the per- 
cent o f  i n l e t  steam vented. 

I f  equi l ibr ium i s  not achieved i n  the process, 
then removal i s  a lso dependent on the k i n e t i c  
ra tes a t  which the various mass t ransfer  steps 
occur. The question o f  equil ibrium, or  k inet -  
ics ,  has been evaluated resu l t i ng  i n  the con- 
c lus ion t h a t  the actual  e f f e c t  o f  k ine t i cs  w i l l  
be i n s i g n i f i c a n t  w i th  respect t o  the performance 
o f  the heat exchanger., This i s  discussed i n  
more d e t a i l  i n  the f i n a l  repo r t  f o r  t h i s  
p ro jec t  (Reference 1). 

A mathematical model was developed by Coury t o  
p red ic t  the removal o f  H2S and other gases from 
geothermal steam using the heat exchanger 
process. 
calculat ions using t h i s  model ind icat ing bet ter  
than 90 percent removal o f  H2S f o r  the wide 
ranges i n  H2S, C02, and NH3 concentrations t h a t  
are expected t o  include most geothermal steams. 
Figure 2 represents a 98-percent condensing 
r a t e  (2 percent vent ra te )  and Figure 3 shows 

Figures 2 and 3 show the resu l t s  of 

a 90vpercent condensing r a t e  (10 percent vent 
rate).  
C02 covered i n  these f igures range from 100 t o  
1000 ppm f o r  H2S and 3000 t o  8000 ppm f o r  CO2. 
The i n l e t  NH3 concentration ranges from zero 
t o  100 percent o f  the i n l e t  H2S concentrations. 
The pH values shown i n  the f igures i s  dependent 
on the r e l a t i v e  concentrations o f  the ac id  
gases H2S and C02 and the basic gas "3. As 
expected, the calculated H2S removal increased 
w i th  decreasing NH3 concentrations, increasing 
COz concentrations, and increasing vent rate.  
For conditions t yp i ca l  a t  The Geysers, as shown 
i n  Table 1, the model predicted bet ter  than 95 
percent H2S removal. 

c The i n l e t  concentrations o f  H2S and 

B. Test Uni t  Results Figures 4 and 5 
show p lo ts  o f  H2S removal versus vent r a t e  and 
AT as measured w i th  the t e s t  u n i t  a t  The 
Geysers. 
percent t o  87.3 percent ( the one point  lower 
than 90 percent), w i t h  an average o f  94.0 
percent and a standard dev iat ion o f  2.1 per- 
cent. A1 though no conclusive co r re la t i on  i s  
shown between the H2S removal r a t e  and AT (no 
d i r e c t  co r re la t i on  4s expected based on theory), 
these f igures do i nd i ca te  t h a t  the H2S removal 
r a t e  i s  dependent on the vent rate,  increasing 
as the vent r a t e  i s  increased, as predicted 
by theory. As seen i n  Figure 4, however, the 
l i n e a r  curve f i t  o f  the data gives values 
s l i g h t l y  less than theoret ica l  values based on 
average conditions a t  The Geysers, w i th  t h i s  
d i f ference i n  percent removal values ranging 
from about 1 a t  a vent r a t e  o f  1 percent t o  
about 3 a t  a vent r a t e  o f  10 percent. 

Most o f  the data represented i n  Figures 4 and 
5 are from baseline tests  w i th  vent ra tes be- 
tween 2 percent and 8 percent o f  the i n l e t  
steam f low r a t e  and AT'S across the heat ex- 
changer o f  between 5OF and 9'F. 
baseline tests  the i n l e t  steam composition 
was not modified and was s im i la r  t o  t h a t  shown 
i n  Table 1. A few o f  the data points i n  Fig- 
ures 4 and 5 represent special t es ts  such as 
high vent r a t e  tests  and gas i n j e c t i o n  tests.  
As expected, the high vent r a t e  tests  t y p i c a l l y  
showed high leve ls  o f  H2S removal. T9ble 2 
shows the r e s u l t s  o f  deta i led analyses o f  H2S 
and other noncondensable gases i n  the various 
f low streams f o r  f ou r  gas i n j e c t i o n  t e s t  cases 
during which the  i n l e t  steam composition was 
modified by i n j e c t i n g  H2S and "3. and one 
baseline t e s t  case during t h i s  same general 
time period. 
i n  Table 2, the measured H2S removal ra tes are 
compared w i th  the predicted removal ra tes for  
the measured i n l e t  H2S and "3, and COz con- 
centrat ions and the measured vent ra tes f o r  
each case. The measured percent H2S removal 
values ranged from 2 t o  5 less than the pre- 
d ic ted percent removal values, as the r a t i o  o f  

The measurements ranged from 98.1 

During the 

With each of the f i v e  cases 
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W 
NH3 t o  H2S concentration i n  the i n l e t  steam 
ranged from 0.2 t o  2.0. 

As can be seen from Table 2, the predicted re- 
moval r a t e  f o r  H2S remained f a i r l y  constant 
during the i n j e c t i o n  tests,  ranging f r a n  95 per- 
cent t o  38 percent, even though the  NH3 t o  H2S 
r a t i o  increased. This i s  because the absolute 
amount o f  H2S decreased as t h i s  r a t i o  increased, 
and the two e f fec ts  almost balanced each other. 
The measured H2S removal ra tes a lso remained 
essen t ia l l y  constant as would be expected, rang- 
i ng  from 92 percent t o  95 percent. Although 
these values are a l l  somewhat lower than the 
predicted values, they are s t i l l  w i t h i n  the 
l i m i t s  o f  the probable e r ro r  band based on the 
accuracy o f  the ana ly t i ca l  methods. The pre- 
d i c t i v e  model thus appears t o  be adequate, a l -  
though the number o f  t es ts  were l imi ted.  
Most importantly, these tests  demonstrated the 
h igh c a p a b i l i t y  f o r  H2S removal over a wide 
range o f  steam composition. 

An e r ro r  analysis o f  the H2S removal data i n d i -  
cates t h a t  the expected var ia t ions i n  measured 
values o f  percent H2S removal range f r a n  0.5 t o  
2 due t o  normal f l uc tua t i ons  o f  H2S and NH3 
concentrations a t  The Geysers, and from 1 t o  4 
due t o  normal er rors  i n  the chemistry analyses. 
I n  accordance w i t h  these ranges o f  probable 
errors, e r ro r  bands o f  *1 and *4 are indicated 
i n  Figure 4. As can be seen, most o f  the data 
po ints  and t h e  predicted values are ins ide the 
h4 band. 

Table 3 shows the predicted var ia t ions i n  H2S 
removal ra tes due t o  var ia t ions i n  separate 
parameters including vent rate,  i n l e t  H2S con- 
centrations, and i n l e t  NH3 expected dur ing the 
f i e l d  t e s t  a t  The Geysers. Table 3 a lso  shows 
the calculated e f f e c t  on H2S removal r a t e  
measurements due t o  estimated errors  i n  the 
chemistry analysis techniques used during The 
Geysers tests.  

111. Heat Transfer Performance 

A. Predicted Performance Capital  cos t  
o f  the heat exchanger can be re la ted  almost . 
completely t o  i t s  s i ze  as defined b i t s  surface 
area. The required surface area (A! i s  d i r e c t l y  
proport ional  t o  the heat load (Q), and inversely 
proport ional  t o  the heat t ransfer  c o e f f i c i e n t  
(U) and the temperature d r i v i n g  force (AT), as ' 

expressed below: 

For a given appl icat ion,  Q i s  essen t ia l l y  f i x e d  
by the amount o f  steam required t o  supply the 
turb ine and AT i s  f i x e d  by considering the 
allbwable drop i n  steam pressure and temperature 
upstream o f  t he  turbine. The U value, however, 
i s  dependent on heat exchanger s i ze  and design. 

Lj 

The heat exchanger t e s t  u n i t  a t  The Geysers and 
heat exchangers usedjn the cost models f o r  the 
comnercial scale cost  estimates, presented i n  
the fo l l ow in  section, are v e r t i c a l  tube evap- I 

orators (VTEQ as shown i n  Figure 1 w i t h  smooth 
tubes, A l ternat ive heat exchanger designs w i t h  
predicted improved heat t ransfer  performance 
have been reviewed. These a l te rna t i ve  designs 
are the V I E  w i th  doubly f l u t e d  tubes and the 
hor izontal  tube evaporator (HTE) w i th  smooth 
tubes. Representative U values for' these three 
design options have been estimated f o r  t h i s  
appl icat ion by extrapolat ing data obtained i n  
other applications, using a consistent theoret- 
i c a l  approach, so t h a t  these U values can be 
used t o  compare heat t ransfer  performance o f  
these three options. 

Doubly f lu ted tubes were developed by the de- 
sa l i na t i on  indust ry  t o  increase the heat trans- 
f e r  coe f f i c i en ts  over the smooth-tubes VTE 
uni t .  The tubes are fabr icated w i t h  r idges both 
on the ins ide and outside tube surfaces. A 
number o f  d i f f e r e n t  conf igurat ions are used, and 
a t yp i ca l  design i s  shown i n  Figure 6. 

The major advantages o f  the doubly f l u t e d  tubes 
are t h a t  the condensing heat t ransfer  coef f i -  
c i e n t i s  g rea t l y  improved. This i s  due t o  sur- 
face tension e f fec ts  t h a t  cause most o f  the 
condensate t o  f low through the channels, leaving 
the r i dge  area w i th  a very t h i n  condensate 
layer t h a t  has a very low resistance t o  heat 
t ransfer.  

I n  the HTE spray-f i lm uni t ,  the geothermal steam 
i s  introduced on the tubeside and condensate on 
the shellside. The condensate would be sprayed 
over the outside o f  the tubes, and the steam 
would condense w i t h i n  the tubes and f l ow  out of 
the ends. Figure 7 shows an HTE conf igurat ion 
f o r  the heat exchanger process. 

The major advantage o f  the HTE i s  t h a t  the heat 
t ransfer  c o e f f i c i e n t  i s  s i g n i f i c a n t l y  improved 
over a smooth tube VTE design even whi le  using 
smooth tubes i n  the hor izontal  un i t .  The 
primary gain i s  due t o  the improved condensing- 
s ide coef f ic ient ,  because o f  a reduced overa l l  
f i l m  thickness. 

Table 4 shows the comparative estimated U 
values and surface area requirements f o r  
commercial appl icat ions o f  the three heat ex- 
changer options discussed above. The t e s t  u n i t  
a t  The Geysers and the heat exchangers used i n  
the commercial scale cos t  models discussed 
the  fo l lowing sect ion were VTE uni ts ,  w i th  
smooth tubes. The estimated U value f o r  t 
design o t i o n  shown i n  Table 4 i s s 7 4 0  6tu/ 

o f  600 Btu/(hsoF-f t2)  was used i n  the commercial 
scale cap i ta l  cos t  ca lcu lat ions discussed I n  the 
fo l lowing section. 

I n  Table 4 the canparison o f  data between VTE 
u n i t s  with smooth tubes and those w i th  f l u t e d  

. 

~ 

(hd°F.ft g ), whi le  a conservative lower U value 1 
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tubes indicates t h a t  there i s  very l i t t l e  d i f -  
ference i n  performance w i t h i n  the l eve l  o f  
accuracy o f  t h i s  estimate. The ant ic ipated im-  
provement i n  the overa l l  U value for  f l u t e d  
tubes was minimized by the  high thermal conduc- 
t i v i t y  o f  304 SS which resul ted i n  l a rge  tube 
wal l  resistances f o r  the f l u t e d  tube. The same 
conclusions apply t o  t i  tanium--another accept- 
able tube mater ia l  f o r  t h i s  appl icat ion--  since 
i t s  conduct iv i ty  i s  about the same as t h a t  o f  
304 SS. The HTE smooth tube design appears t o  
be s i g n i f i c a n t l y  d i f f e r e n t  i n  heat t ransfer  per- 
formance when compared t o  VTE uni ts.  The re-  
quired heat t ransfer  area f o r  an HTE u n i t  i s  
about two-thirds o f  t ha t  f o r  the v e r t i c a l  tube 
exchangers . 
The economic comparison depends on the u n i t  cost  
per surface area o f  the three design options. 
With the understanding t h a t  the u n i t  cost  o f  
f l u t e d  tubes w i l l  be somewhat higher than smooth 
tubes, i t  becomes obvious t h a t  the cap i ta l  cost  
o f  the VTE w i th  f l u t e d  tubes w i l l  probably not 
be lower than t h a t  o f  the VTE wi th  smooth tubes. 
On the other hand, a s i g n i f i c a n t  cap i ta l  cos t  
savings i s  possible w i t h  the HTE because o f  the 
much less surface area required. 

B. Test Un i t  Results The measured U 
values are shown p lo t ted  w i th  respect t o  vent 
r a t e  and AT i n  Figure 8. These values ranged 
from 333 t o  788 Btu/(h.ft2-OF) w i th  an average 
of 576 and a standard deviat ion o f  85. As can 
be seen i n  Figure 8, corre la t ions between the 
measured U values and the vent r a t e  and AT can 
no t  be obviously shown f ran  the f i e l d  data. 
I n t u i t i v e l y ,  the U value would be expected t o  
increase as e i the r  the vent r a t e  o r  AT was i n -  
creased due t o  a decrease i n  the noncondensable 
blanketing effect, e i t h e r  by purging the shel l -  
side o f  the heat exchanger o r  by increasing the 
turbulence on the shel ls ide because o f  the 
higher f low rates associated w i th  the higher AT. 

Throughout the t e s t  program the measured U values 
were consistent ly lower than predicted values. 
I n  an attempt t o  explain these lower values, 
the t e s t  u n i t  heat exchanger was chemically 
cleaned t o  determine i f  f i l m  o r  scale formation 
on the heat t ransfer  surfaces was causing the 
lower measured U values. No conclusive d i f f e r -  
ence could be seen a f t e r  cleaning, thus implying 
t h a t  scal ing was not  a s i g n i f i c a n t  problem. 

I t i s  believed t h a t  a s i g n i f i c a n t  f ac to r  lead- 
ing t o  the low measured U values was t h a t  the 
blanketing e f f e c t  o f  noncondensable gases was 
r e l a t i v e l y  high because o f  the small s ize o f  the 
t e s t  un i t ;  t h i s  w i l l  have a r e l a t i v e l y  much 
smaller inf luence on large uni ts.  However, the 
larger  p a r t  o f  the discrepancy between measured 
and expected U values was due t o  leaks o f  con- 
densate from the top o f  the tubesheet, through 
the tubesheet seal area, i n t o  the evaporator 
sump. These leaks were discovered towards the 
end o f  the t e s t  program,and were due t o  an i n -  
adequate seal design t h a t  has been 

corrected. Such leaks do not a f f e c t  the per- 
formance of the u n i t  i n  any way, but r e s u l t  i n  
low measured values f o r  U since t h i s  value i s  
calculated on the basis o f  the amount o f  conden- 
sate t ransferred external ly  from shel ls ide t o  
tubeside. As the pressure d i f ference from the 
shel ls ide t o  the tubeside o f  the heat exchanger 
increased, as was the case during the t e s t  runs 
a t  h igh AT values, the leakage r a t e  also i n -  
creased, thus resu l t i ng  i n  even lower measured 
U values. I n  r e a l i t y ,  based on theory and on 
the r e s u l t s  o f  most o f  the tests, i t  i s  be- 
l ieved t h a t  the actual  U value was q u i t e  con- 
s tan t  over the range o f  t e s t  conditions. 

I V .  Cost and Performance Estimates f o r  C m e r -  
c ia1  Scale Uni ts 

A. Cost Estimates Figure 9 i s  an example 
o f  a commercial scale H2S abatement system t h a t  
would be appropriate a t  both a dry  steam re-  
source such as The Geysers and a l i q u i d  domin- 
ated resource where l i q u i d  i s  f lashed t o  pro- 
duce steam. 
heat exchanger process f o r  removing H2S and 
other noncondensables and a S t re t fo rd  p l a n t  f o r  
disposal o f  the removed H2S. Geothermal steam 
enters the f i rs t -s tage heat exchanger u n i t  and 
i s  separated i n t o  clean steam and a small vent 
gas stream. The clean steam i s  sent t o  the 
turb ine and the vent gas goes t o  the second 
stage. Blowdown from and makeup t o  the f i r s t -  
stage sump are contro l led t o  l i m i t  the buildup 
o f  various chemical species i n  the tubeside 
condensate. 

I n  a manner s im i la r  t o  t h a t  o f  the f i r s t  stage, 
the stream enter ing the second stage i s  a l so  
separated i n t o  clean steam and a vent stream. 
Clean steam from the second stage i s  used t o  
supply the a f te r - tu rb ine  condenser vacuum sys- 
tem and the S t re t fo rd  process. Vent gas from 
the second-stage heat exchanger goes t o  the 
vent condenser. The second-stage sump a lso 
has provisions f o r  blowdown and makeup. 

The vent condenser cools the second-stage vent 
gas down t o  temperatures required f o r  discharge 
t o  a S t re t fo rd  un i t ,  normally around 120°F. 
The condensate formed i n  the  condenser i s  i n -  
jected i n t o  disposal wel ls  or  discarded by some 
other means. 

Table 5 presents a cost  summary f o r  a comnercial 
scale system as shown i n  Figure 9, sized f o r  a 
t yp i ca l  55-MW geothermal power p lan t  u n i t .  The 
costs shown are based on 1979 do l l a rs  and the 
design bases f o r  these costs are shown i n  Table 
6. Table 7 summarizes the major equipment 
items included. 

The c a p i t a l  cost  f o r  the heat exchanger process 
system i s  estimated a t  $5.6 m i l l i o n .  Based on 
vendor quotes, a 2.5-ton-per-day S t re t fo rd  u n i t  
cost  i s  $2.6 mi l l i on ,  g i v ing  a t o t a l  abatement 
system cost o f  $8.2 m i l l i o n .  

This system consists o f  a two-stage 

Total  d i r e c t  
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annual operating costs were $425,000 or  1.0 
b, mill/kWh. With annualized cap i ta l  charges o f  

18.5 percent, the t o t a l  operating and cap i ta l  
costs are $1,945,000 o r  4.4 mills/kWh. 

The commercial cos t  estimates presented above 
are based on a S t re t fo rd  u n i t  being used f o r  u l -  
t imate disposal o f  the removed H2S. Under 
proper geologic conditions, however, one a l t e r -  
nat ive t o  t h i s  approach i s  t o  r e i n j e c t  the high 
pressure H2S-rich vent gas i n t o  an out ly ing 
geologic formation which has l i t t l e  or  no i n t e r -  
ac t i on  w i th  the producing f i e l d .  I f  t h i s  were 
done, the substant ia l  c a p i t a l  and operating 
costs associated w i th  the S t re t fo rd  u n i t  could 
be avoided. 

B. Power Production Performance Ef fects  
The heat exchanger process could r e s u l t  i n  a 
s l i g h t  loss i n  power production because o f  the 
vented steam and the lower pressure o f  the 
steam which goes t o  the turbine. However, since 
the process removes a l l  o f  the noncondensable 
gases ahead o f  the turbine, the demands o f  the 
steam j e t  a i r  e jector  system are reduced and 
enough clean steam can be obtained from the 
second-stage heat exchanger t o  d r i v e  the e ject -  
ors. The po ten t i a l  power which can be produced 
per u n i t  o f  wellhead steam must take a l l  o f  
these factors  i n t o  account. 

The amount and condi t ion o f  the steam going t o  
the turbine per mass u n i t  o f  steam del ivered t o  
the heat exchanger process depend on the vent 
r a t e  and AT o f  the f i r s t - s tage  exchanger. As 
the vent r a t e  increases, the amount o f  steam 
avai lab le t o  the turb ine decreases. As the AT 
increases, the temperature and pressure o f  the 
clean steam decreases so t h a t  less power can 
be derived per u n i t  o f  steam. Calculations of 
theoret ica l  power were done f o r  various AT’S 
and vent rates. The r e s u l t s  are presented i n  
Figure 10 which shows the r e l a t i v e  power pro- 
duced by the steam from the heat exchanger 
process versus using 35OOF saturated wellhead 
steam d i rec t l y .  The f i g u r e  i s  based on t yp i ca l  
Geysers r a t i o s  o f  95 percent o f  thp wellhead 
steam going t o  the turb ine and 5 percent going 
t o  the ejectors f o r  the case without the heat 
exchanger process. I f  e jec to r  requirements 
are d i f f e ren t ,  then a d i f f e r e n t  se t  o f  curves 
would apply. Calculations show t h a t  2 percent 
going t o  the e jectors  may be s u f f i c i e n t  a t  The 
Geysers w i t h  the heat exchanger process upstream 
o f  the turbine. When the upstream pressure 
losses are considered, such as those caused by 
turb ipe t h r o t t l e  valves, the reduct ion i n  
power output due t o  the heat exchanger process 

which depends on the steam composition and H2S 
removal requirements, has a l a rge  e f fec t  on the 
r e l a t i v e  power production. To summarize, the 
e f f e c t  o f  the heat exchanger process on power 
production depends on the combined r e s u l t s  of 
the design fac to rs  discussed above which w i l l  b, vary w i th  each speci f ic  appl icat ion.  I n  cer- 
t a i n  s i t ua t i ons  the addi t ion o f  the heat ex- 

. may be reduced. The se lect ion o f  the vent rate,  

changer process could r e s u l t  i n  no net  power 
loss a t  a l l  and, i n  some special cases (low 
AT‘S and low vent rates),  a net power increase 
might be conceivable, 

Varying the AT a f fec ts  both the heat t ransfer  
area and power production. 
ing AT increases the heat exchanger area re-  
quired but a lso increases power production. 
As a resul t ,  AT must be optimized by balancing 
cap i ta l  cost  against power production. Figure 
11 shows the e f f e c t  o f  changing AT on cap i ta l  
costs f o r  a 55-MW system. The base case used 
i n  Figure 11 i s  the c m e r c i a l  scale cost  
estimate previously discussed. 
law dependence based on surface area i s  adopted 
based on normal process industry scale-up 
cost  estimating techniques. 

Changes i n  the heat t ransfer  c o e f f i c i e n t  a lso 
a f f e c t  the heat t ransfer  area. D i f f e r e n t  
designs such as f l u t e d  tubes or  a hor izontal  
tube spray f i l m  exchanger, as discussed ea r l i e r ,  
could provide higher heat t ransfer  coef f ic ients .  
The cost estimate developed was based on a 600 
Btu/(h.ft2s0F). 
va t i ve  estimate based on p i l o t  p lan t  data. 
Problems w i t h  leakage i n  the p i l o t  p l a n t  ex- 
changer l i k e l y  have caused calculated values 
o f  the heat t ransfer  c o e f f i c i e n t  t o  be low. 
For t h i s  reason, Figure 11 includes cap i ta l  cost  
comparisons f o r  design heat t ransfer  values of 
both 600 and 1000 Btu/(h.ft2soF). Knowing the 
cost o f  power, load factor ,  equipment design 
l i f e ,  and i n t e r e s t  rate,  the heat exchanger 
could be designed t o  run  a t  whatever AT gives 
the lowest combination o f  cap i ta l  and operating 
costs. 

For example, reduc- 

A 0.6 power 

This i s  considered a conser- 
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Basis: $5.6 million for 55-MW heat e changer process with 
AT = 1 O 0 F ,  U = 600 Btu/(h.ft$-"F), H2S = 220 ppm. 

Capital costs vary with 0.6 power of required 
heat transfer area 

Stretford plant cost constant a t  $2.6 million. 
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OC 

Figure 11.  
Temperature Difference (AT) and Heat Transfer Coefficient (U) in First-Stage 
Heat Exchanger 

Conparison of Heat Exchanger Process Capital Costs as a Function of 
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TABLE 1 

STEAM COMPOSITIONS AT THE GEYSERS GEOTHERMAL FIELD 

Average 
Concentration Range 

Component ( ppm) 0 
3000 300 - 6000 
220 70 - 570 
100 10 - 330* 
200 
50 
50 

co2 
H2S 
“3 
CH4 
H2 
N2 
B 2 

Tota l  3640 

TEST DATE 

INLET H2S (PPM) 

INLET NH3 (PPM) 

INLET C02 (PPM) 

INLET RATIO OF NH3:HzS 

CLEAN STEAM H2S (PPM) 

CLEAN STEAM NH3 (PPM) 

% VENT J 

*Total concentration o f  NH3 ranges from about 50% 
t o  about 100% of the H2S concentration f o r  a par- 
t i c u l a r  s e t  o f  conditions. 

TABLE 2 

H S REMOVAL VS. INLET H2S AND NH, CONCENTRATIONS -2 .a 

1/18/80 

722* 

171 

4,410 

0.. 24 

55 

173 

5 

1 /22/80 

801 * 
173 

4,040 

0.22 

46 

115 

6 

1 /23/80 

31 7 

632* 

3,093 

1.99 

23 

254 

5 

AT (OF) 11 10 1 1  

H2S REMOVAL ( X )  92 94 93 

PREDICTED H2S REMOVAL (%) 97 98 95 

NH3 REMOVAL (%) 0 34 60 
I 

1 /24/80 

380* 

228* 

4,022 

0..60 

19 

155 

6 

9 

95 

32 

97 

1/25/80 

31 0 

120 

3,991 

0.39 

18 

89 

5 

10 

94 

26 

97 

* CONCENTRATIONS INCREASED ARTIFICIALLY BY GAS INJECTION 

kd 
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TABLE 3 

COMPARISON OF EFFECTS ON MEASURED H2S REMOVAL VALUES 

Process Parameter Predicted Var ia t ion 
Process Parameter Range o r  o f  Measured H2S 
o r  Analysis E r ro r  E r ro r  Assumptions Removal Val ues Ref e re nce 

Vent r a t e  2-10% of i n l e t  Q 23 t o  4% Figures 2 
f low rate and 3 

I n l e t  H2S concen- 150-350 ppm Q t0.5 t o  1% Figures 2 
t r a t i  on and 3 

I n l e t  NH, concen- 50-1002 o f  i n l e t  Q k1 t o  2% Figures 2 
t r a t i o n  H,S concentration and 3 

* 
Q k 1  t o  4% Chemistry analysis * 

e r r o r  

* The chemistry analysis er rors  are assumed t o  be i 5 2  f o r  the i n l e t  steam 
H S concentrations and f5 ppm for the c lean steam H2S concentrations. 
T i i s  i s  based on c m u n i c a t i o n s  w i t h  PG&E personnel who are f a m i l i a r  
w i th  these techniques and a lso on the standard dev iat ion o f  the measured 
concentrations. A deta i led discussion i s  presented i n  Reference 1. 

TABLE 4 

COMPARISON OF PREDICTED HEAT EXCHANGER HEAT TRANSFER PERFORMANCE 

Overall Heat Total  Heat 
Transfer Coefficient-U Surface Area-A 

- Unit  Tubes Btu/ ( h - f t 2 - O F )  F t 2  

VTE Smooth 740 120,000 

VTE Fluted 780 110,000 

HTE Smooth 1100 80,000 

1. Tubes - 304 sta in less s tee l  - 2 in .  OD x 0.049 in .  wal l  thickness 

2. AT = 10°F 

3. Q* = 871 x l o 6  Btu/h 

*Based i n  f low requirements o f  1.1 x l o 6  l b / h  o f  35Q°F saturated steam 
f o r  a t yp i ca l  55-MW geothermal power p l a n t  un i t .  
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TABLE 5 

H2S ABATEMENT SYSTEM COST SUMMARY I N  1979 DOLLARS 

I 

Capital Investment: 

Heat exchangers 
Pumps 
Piping,  valves,  controls ,  i n su la t ion  

Major equipment cos t  
Construction (3 20% of major equipment cos t  

Subtotal 
Engineering and fees @ 20% 
Total cap i t a l  c o s t  -- heat  exchanger process 
Stretford u n i t  
Total cap i t a l  c o s t  H2S abatement system 

Annual Cost of Investment: 

Annual Opera ti ng Costs : 

Power @ 4.5&/kWh 
Operating and maintenance (hea t  exchanger process) 
Operating and maintenance (S t re t ford  uni t )  

Operating cos t s  (mills/kWh) 
Total annual cap i t a l  and operat ing cos ts  
Total annual cap i t a l  and operat ing cos ts  

Total 

(mi 11 s/ kWh) 

5B - 19 

$2,900 ,,OO 
100 , 000 
900,000 

3,900,000 
780,000 

$4,680,000 
940,000 

5,620,000 
2,600,000 

$8,220,000 

$1,520,000 

$ 53,000 
112,000 
260,000 

$ 425,000 

$1,945,000 
1.0 

4.4 



TABLE 6 

BASES FOR H2S ABATEMENT COST SUMF.1ARY 

Generating Capacity Basis -- 55 MW 

Supply Steam t o  F i r s t  Stage H.X. - 1.1 x l o6  lb/h,  35OoF saturated, 

Overa l l  H2S Removal -- 95 percent 

On-l ine Time -- 8000 hours per  year 

Process H.X. Design -- VTE smooth tube 

Process H.X. Ma te r ia l s  o f  Construct ion -- 304 S / S  

220. ppm H2S ' 

First-Stage H.X. U Value -- 600 Btu / (h - f t2soF)  

F i rs t -S tage H.X. Condensing Rate -- 95 percent 

Second-Stage H.X. Condensing Rate -- 50 percent 

Vent Gas Condenser Temperature -- 12OoF 

S t r e t f o r d  Unit Product ion -- 2.5 tons o f  s u l f u r  per day 

Annualized Cap i ta l  Costs -- 18.5 percent o f  t o t a l  p l a n t  c o s t  

H2S Removal Process O&M Costs -- 2 percent o f  removal p l a n t  cos t  

H2S Disposal Process O&M Costs -- 10 percent of disposal  p l a n t  cos t  

TABLE 7 

REMOVAL PROCESS PLANT MAJOR EQUIPMENT LIST 

First-Stage Heat Exchangers -- 3 33 percent u n i t s  

Second-Stage Heat Exchanger -.-. 1 100 percent u n i t  

Vent Gas Condenser -7 1 100 percent u n i t  

F i rs t -S tage C i r c u l a t i o n  Pumps -- 4 33 percent u n i t s  

Second-Stage C i r c u l a t i o n  Pumps -- 2 100 percent u n i t s  
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Introduction. Geothermal steam at The Geysers 
contains non-condensable and particulate 
materials which can be costly to deal with. 
There are direct effects such as deposition of 
borates inside steam turbines and the equip- 
ment or chemicals needed for H2S removal. 
There are also indirect costs such as that for 
replacement power when units require mainten- 
ance, or the derating of units when side 
effects of some mitigation measure interfere 
with plant design. PGandE is studying the 
Coury Process in the course of a continuing 
search for cheaper and more flexible ways of 
dealing with these problems. 

The preceding paper in this ionference is an 
account of laboratory-scale work done on the 
process. Proposed as the next development step 
is a 42,000 lblhr pilot plant at The Geysers. 

Status. Conceptual design of the pilot plant 
was done last year by Coury and Associates. 
PGandE and C M  expect soon to begin detailed 
design of the pilot plant, with costs to be 
shared by EPRI and PGandE. The procurement and 
construction schedule have not yet been estab- 
lished. 

Importance. The Coury approach is attractive 
because it would have minimum impact on the 
power plant proper and should have low operat- 
ing costs. The equipment is not highly inte- 
grated with the power plant. It could be 
retrofitted to existing units without the long 
outages that go with surface condensers. It 
has potential for reliable, simple and non- 
interfering operation. Questions requiring 
evaluation are the size of capital costs, the 
loss in thermodynamic availability of the 
energy processed, and the fact that H2S is 
only diverted, not converted; an additional 
sulfur recovery or disposal step is required. 

Objectives. The pilot-scale study will have as 
its objectives: 
-to determine overall heat transfer 
coefficients and removal efficiencies 
under various operating conditions, 

sizing the heat exchangers for a full- 
scale application, 

-to accumulate data necessary for 

PILOT PLANT FOR NONCONDENSABLE GAS REMOVAL 
BY UPSTREAM REBOILING 

RP1197-4 
(Proposed) 

Richard E. Price 
Pacific Gas and Electric Company 

San Francisco, CA 94106, (415) 781-4211 

-to develop information necessary to 

-to evaluate equipment servicability 

-to determine the behavior of the 

predict capital and operating costs, 

for unattended operation, 

system during upsets and transients. 

Conceptual Design. The conceptual design and 
test program are based on siting at Unit 13. 
The low levels of non-condensable gases at 
Unit 13, coupled with the inclusion of a chem- 
ical injection system will make possible test- 
ing over a broad range of gas concentrations. 
Furthermore, if most of the gas reaching the 
condenserlreboiler is injected gas, fluctua- 
tions in steam-field gas concentrations will 
be attenuated, and the sampling and analysis 
problems will be eased. 

In order to utilize the steam fed to it, the 
pilot plant is sized to supply the unit’s main 
condenser gas ejectors. Provision is made to 
supply the gas ejectors with untreated steam 
when the pilot plant is unavailable 

A second stage condenser/reboiler is included 
in the pilot plant to simulate the control 
situation of the full-scale design. The pur- 
pose of a second stage in a commercial-scale 
plant is to recover steam (representing water 
and energy) which would otherwise be lost in 
the vent-gas stream from the first stage. 

TEST PROGRAM. The objective is to make heat 
and mass balances on the vent gas cooler, the 
two condenserlreboilers, and the overall 
system. Flow rates and concentrations of H2S, 
C02, and NH3 will be required on nine streams. 

Steam flow rate, reboiler recirculation rate, 
and rate of vent gas withdrawal will be treat- 
ed as independent variables. 

Present plans call for manual sampling and 
chemistry, sending liquid-phase ammonium 
analyses to an off-site laboratory and doing 
other analyses in the field. 

The accompanying figure indicates the major 
systems of the pilot plant. 
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RADIAL INFLOW TURBINE UPDATE 

Robin Dakin 

Rotoflow Corporation 
2235 Carmelina Avenue 

Los Angeles, CA 90064 (213) 477-3083 

This study was started in association with 
EPRI back in 1977, initially to create radial 
inflow turbine designs based on experience 
and applicable to a broad range of hot water 
geothermal brines. 
boil a hydrocarbon mixture of isobutane and 
isopentane; the gas is then expanded through 
the turbines. 

The brine heat is used to 

capacity of the radial turbine, only a single 
radial stage is needed. The next question to 
be asked is what happens in the machine with 
varying discharge pressure. 

1. The energy drop changes. 

2, -The volume changes. 

Having a very broad application, the original 
concept had two back-to-back turbines and a 
single wheel turbine. This permitted a very 
wide range of operation and could be simpli- 
fied to suit a particular application. 

What I am about to give you is an update on 
the progress in the radial inflow turbine 

' field. The Heber application has varied in 
concept, but the latest has been to make use 
of the varying condensation temperature pos-' 
sible with varying dewpoint temperature. As 
Thom Page of San Diego Gas and Electric 
pointed out, this saves 16% on brine usage and 
some capital saving. 

This philosophy has changed the design.point 
appreciably so we are able to look at a very 
simple construction, aligning very well with 
machinery already manufactured and tested, 

Figure 1 shows the layout of such a turbine. 
The gas, entering via the connection at the 
top into an annulus, 
through variable nozzles which generate .an 
angular swirl and thence enters the turbine 
where the angular swirl is removed and some 
further expansion takes place. With varying 
condensing temperature, an ability is re- 
quired to operate with varying back pressure 
and with Varying energy drop across the 
machine. 

A multi-stage machine soon gets badly mis- 
matched between inlet and discharge stages. 
Working with fixed speed and variable speed 
gas turbines €or many years has given the 
author understanding in this area. This is 
why we see multiple spool gas turbines in 
existence today with each spool notating at 
its own speed, A multi-stage turbine Would 
work quite well over a large enthalpy range; 
that is energy drop across the machine if it 
had variable nozzles far each stage. 
and do adapt this solution at Rotoflow. 
this case, because of the large enthalpy 

travels or passes 

We have 
In 

5B 

How does the radial.inflow turbine operate 
under these conditions? 

First, let's look at flow. All Rotoflow 
turbines are equipped with variable inlet 
nozzles which completely removes tlhe neces- 
sity for an upstream throttling valva; no 
energy is wasted as it would with an upstream 
throttling valve, and in order to maintain 
control, there is no necessity for any,pres- 
sure drop across any upstream throttling 
valve. The variable inlet nozzles do all 
the controlling,and all the kinetic energy 
goes into power conversion. 

To illustrate this, Figure 2 shows how a 
radial inflow turbine handles flow versus 
what occurs with an axial multi-stage unit 
with upstream throttling. 

The latter data is taken from the EPRI re- 
port, ER 513. The dotted line shows the 
excellent efficiency/flow characteristic 
obtained from data recently received from 
N.A.S.A. on one of our 26-inch turbines. 
This is probably the most complete set of 
data run on one of these machines. 

The reason for this excellent flow/efficiency 
characteristic gf the radial turbine is 
shown in Figure 3. Put very simply, at 
partial flow conditions, the radial inflow 
turbine develops a dead zone towards the 
center with the gas being concentrated to 
the outside and develops-close to its correct 
discharge conditions. The N.A.S.A. data 
confirms this well. 

The next question is whathappens with the 
varying energy arop associated with varying 
condensation temperature. 

For the Heber application, we are using a 
mixture of isobutane and isopentane as the 
Rankine cycle gas. 
is 56 Ibs. per square inch absolute, and at 

The design back pressure 

- 23 



this condition the gas frcin the nozzle has a 
velocity of 965 ft/sec, and the tip speed of 
the turbine is 896 ft/sec. 

The relative velocity between the gas and the 
turbine wheel tip is small, permitting radlal 
entry at low velocity which is partly the 
reason why it can handle condensing streams 
and commonly does (0-52% liquid at the dis- 

__ charge). 

When the back pressure reduces, the pressure 
falls and volume increases. This results in 
some increase in pressure drop across the 
wheel, but let us ignore this compensating 
factor for a minute and consider what happens 
with all the changes in energy taking place 
across the nozzles. 

In the Heber application, 10% change in over- 
all enthalpy is equivalent to a change in-wet 
bulb from 80°F to 55OF and a change in back 
pressure ratio from 7.6 to 10.6 to 1. 

With the radial inflow turbine, these chqnges 
are equivalent to a velocity change across 
the nozzles of approximately 90 ft/sec rela- 
tive to the turbine and corresponding to less 
than 1/2% loss. This loss would be far larger 
in an axial turbine, a maximum of 5%, due to 
the higher relative velocity between gas and 
blading. 

These theoretical studies have recently been 
confirmed in the very extensive work on the 
26-inch Rotoflow turbine carried out at the 
National Aeronautics and Space Administration 
facility at the Lewis Laboratories. This 
turbine demonstrated 07% efficiency at 11,100 
HP and a pressure ratio of 6:l. 

In a 56-inch turbine, this is equivalent to 
56,000 HP in blade loading, and it demon- 
strated the very flat flow efficiency curve 
shown in Figure 2. We believe the only 
turbine capable of fully utilizing the var' 
iable back pressure concept to be the radial 
inflow turbine. 

We have been questioned on our choice of 
materials, but this is certainly flexible. 
The significant advantage of radial inflpw 
turbines is the very large temperature drop 
across the nozzles, Mop, which means average 
turbine temperatures of 175OF. 
enough for us to use already proven materials 
in the size range for ? 90,000 HP machine. 

This is cool 

Figure 4 shows a machine built for the Air 
Force test facility at Tullahoma, Tennessee; 
it contains a 53-inch wheel using A355 alloy 
and has been tested to 5,000 rpm. 
ison, the Heber unit will run at 3,600 rpm. 

In compar- 

This is not just one unit. Figure 5 shows an 
early picture of 5 machines on slte. This is 
part of a huge facility for testing gas 
turbines and we expect considerable feedback 
from'these machines such as we have obtained 
from N.A.S.A. 

In terms of power loading, we have 12 turbines 
operating in Algeria with an inlet eressure 
of about 1400 psi and a power density per 
unit blade area equivalent to 100,000 HP in 
a 53-inch machine. 

Sealing systems have been demonstrated. 
Figure 6 shows the turbine used in a closed 
loop system which demonstrates self-sustained 
ocean thermal energy conversion, a world's 
first 1 

All these machines and a thousand others like 
them operating in every major country in the 
'world are built on similar principles utili- 
zfng the many patents originated by Dr. Swear- 
ingen. 
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All these machines utilize a system in which 
the shaft, bearings, wheels, and seals are 
assembled in one unit that can be rapidly 
changed as a cartridge unit. A 10,000 HP 
machine'loses $300,00O/day in lost'product 
for every day it is shut down. So, we do 
understand the need for minimum down time and 
much attention has been given to this. Our 
average in unscheduled down time is one day 
in 5 years. 

Figure 7 shows such a cartridge unit. It has 
a 53-inch wheel, high speed electro-hydraulic 
nozzle controls, which will handle load re- 
jection with ease. The alternative to vari- 
able inlet nozzles is a very large inlet 
valve closing in a small fraction of a second. 
This type of valve is unproven at this time 
and may require considerable development for 
repeated operation. 

For a geothermal application, we have con- 
sidered thrust balance, turbine stresses and 
low cycle fatigue. The bearings will take 
40,000 lbs. of thrust load, which is excellent 
for two reasons. First, the axial load that 
occurs with an earthquake having one-half the 
force of gravity in the axial direction is 
20,000 lbs. which is equal to one-half the 
weight of the generator rotor and turbine (the 
generator having no thrust bearings). Second, 
pressure variations have been calculated to 
produce 5,000 lbs. of axial thrust with a 
sinqle turbine and balanced in a back-to-back 
configuration. 

Copies of a final reEort containing more de- 
tailed information have been made available 
by EPRI to interested parties. 
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GEOTHERMAL STEAM SEPARATOR EVALUATION 

RP 1672-1 

Leon Awerbuch, Sherman May, and Randall Soo-Hoo 
Bechtel Group, Inc. 

San Francisco, Ca. 94119, (415) 768-1482 

In t roduct ion The current technology f o r  han- 
d l i n g  geothermal f l u i d s  has been developed t o  
meet the  spec i f i c  needs o f  operating geothermal 
i n s t a l l a t i o n s  a t  locat ions such as Lardarello, 
I t a l y ;  t he  Geysers, Cal i forn ia ;  Wairakei , New 
Zealand; Cerro Pr ieto,  Mexico; and various loca- 
t i o n s  i n  Iceland and Japan. The geothermal 
f l u i d s  a t  each location--vapor or l i q u i d  domi- 
nated--present unique problems i n  terms o f  min- 
e ra l  content, moisture content, operating tem- 
perature and pressure, and other properties. 

These f l u i d s  contain many types o f  dissolved 
minerals i n  a wide range o f  concentrations. 
There i s  a need t o  develop c r i t e r i a  f o r  t h e  
optimum select ion ,of steam separation equipment 
t h a t  w i l l  meet the  requirements imposed by the  
f l u i d  character is t ics  i n  these f i e lds .  

The carryover o f  b r i ne  droplets  w i th  separated 
steam can hinder system performance and increase 
cap i ta l  and maintenance costs. 

Bechtel undertook a study o f  geothermal f l u i d  
process technology t o  help establ ish c r i t e r i a  
f o r  t he  se lect ion and/or design o f  steam sep- 
arators. 
i s  t o  establ ish t h e  performance requirements 
f o r  steam separators i n  a geothermal environ- 
ment and analyze the a p p l i c a b i l i t y  o f  current 
technology f o r  separator apparatus. 
o f  t h i s  analysis i s  used t o  select  four candi- 
date separators, three o f  which w i l l  be the  sub- 
j e c t  o f  a deta i led analysis and f i e l d  t e s t i n g  
dur ing the  project. 

The s p e c i f i c  ob ject ive o f  t h i s  study 

fhe r e s u l t  

Geothermal Steam Contamination Problems The 
pro ject  deals w i th  geothermal steam extracted 
from hydrothermal resources. Hydrothermal 
resources can be subdivided i n t o  e i t h e r  l i q u i  
or vapor dominated resources depending upon the  
amount o f  steam present. I n  e i t h e r  case, t h e  
steam i s  used t o  generate e l e c t r i c a l  power 
e i t h e r  d i r e c t l y  i n  a steam 
i n  a binary process. 

This steam can be contmina 
i n g  sources: 

i n e  or i n d i r e c t l y  

rom the  fol low- 

.- ~ 

e Moisture carryover 
0 Carryover o f  dissolved so l i ds  from t h e  

l i q u i d  phase (steam pur i t y )  W 

e Vaporization o f  p a r t i a l l y  v o l a t i l e  s o l i d  

e Entrainment o f  suspended sol ids,  such as 
materi a1 s 

sand and mud 

This study considers the f i r s t  three contamin- 
ants. The removal o f  suspended so l ids i s  solved 
by other equipment than t h a t  used f o r  moisture 
and phase separation. 
densible gases such as carbon dioxide and hydro- 
gen s u l f i d e  were not included w i t h i n  the  scope 
o f  t h i s  project .  

I n  a t y p i c a l  geothermal power production f a c i l -  
i ty, f l u i d  from a geothermal wel l  enters a steam 
separator. This i s  the primary separator whose 
funct ion i s  t o  separate steam from a steam-water 
mixture, lhe b r ine  then enters a flasher. l h i s  
i s  a secondary steam generator which creates a 
two phase mixture from the  b r ine  and separates 
out the steam. 

I n  both cases, t h e  steam generated contains the  
contaminants o f  interest-moi sture, d i  ssolved 
solids, and v o l a t i l e  solids. 
acter ized by i t s  q u a l i t y  and pur i ty .  

Q u a l i t y  i s  defined as t h e - f r a c t i o n  by mass of 
vapor i n  a mixture o f  l i q u i d  and vapor. It i s  
expressed as a percentage so t h a t  100% q u a l i t y  
i s  a saturated vapor (0% moisture) and 0% i s  a 
saturated l i q u i d  (100% moisture) A saturated 
vapor is also known as d ry  steam. 

P u r i t y  i s  t he  inso lub le matter (residue) found 
upon evaporation o f  a sample o f  t he  condensed 
steam. It i s  expressed as par ts  per m i l l i on ,  
ppm, by weight, 

Excessive moisture and dissolved ions can lead 
t o  problems w i th  mechanical components (part icu- 
l a r l y  the steam turb ine but also downstream com- 
ponents such as the condenser) and a f f e c t  t h e  
p lant  performance. These problems ar ise from 
the fo l lowing ef fects :  

The problems o f  non-con- 

This steam i s  chap 

1) Corrosion r e s u l t s  from chemicals ca r r i ed  over 
w i th  t h e  steam. 

2) Erosion o f  ' turbine surfaces r e s u l t s  from 
w d t e r r o p  1 e t  s . 

3) Depositon can cause e i t h e r  turb ine problems 
by deposits o f  so l i ds  which reduce the pas- 

5B - 31 



sage area w i t h  r e s u l t a n t  l o s s  i n  e f f i c i q n c y  
and capacity. It can a lso  lead t o  problems 
w i t h  other equipment. 
can be a s i g n i f i c a n t  l oss  i n  t h e  heat t rans-  
f e r  r a t e  i n  t h e  condenser. 

4. Moisture i n  t h e  steam leads t o  a l oss  o f  t u r -  
b i n e i c i e n c y .  
about a three-quarter percent l oss  i n  t u r b i n e  
e f f i c i e n c y  f o r  every percent moisture i n  t h e  
steam t o  t h e  turbine. 

For example, t he re  

It i s  est imated the re  i s  

One o f  t h e  most troublesome chemical elements 
f o r  a steam t u r b i n e  i s  s i l i c a .  This can be 
c a r r i e d  over e i t h e r  as a d isso lved s o l i d  o r  i n  
a v o l a t i l e  form. Conventional steam tu rb ines  
set l i m i t s  o f  s i l i c a  i n  t h e  steam o f  0.01 t o  
0.02 ppm and a t  t h i s  leve l ,  no s i l i c a  deposi- 
t i o n  occurs. Thus, many years o f  opera t ion  can 
be expected w i thout  t u r b i n e  maintenance. Two 
years o r  l ess  appears t o  be common as an opera- 
t i o n a l  t i m e  f o r  a geothermal steam tu rb ine .  
However, a case i s  repor ted  f o r  which t h e  geo- 
thermal steam t u r b i n e  has operated over 15 
years wi thout s i l i c a  depositon. I n  add i t i on  
t o  maintainance problems, the re  can be a l oss  
o f  t u r b i n e  output which can represent a very 
s i g n i f i c a n t  cost. For an assumed case, based 
upon Cerro P r i e t o  experience, t h e  cost i s  i n  
excess o f  $2 m i l l i o n  per year per 37.5 MW power 
p l  ant. 

PRESSURE APPLICATION DROP 

B.O.C. PP HIGH 

WIRE MESH MR LOW 
IMPINGEMENT MR LOW 
CENTRIFUGAL/ MR MED 
IMPINGEMENT 
SCRUBBERS MR, PI MED 

Steam Separators A review was made o f  t h e  
types o f  steam separators most commonly used o r  

, 

under considerat ion f o r  geothermal power plants.  
This was accompl i shed by a 1 i t e r a t u r e  review 
and t h e  submit ta l  o f  a quest ionnaire t o  users, 
designers, and developers. The most commonly 
used separators are t h e  bottom o u t l e t  cyclone 
(also known as BOC o r  Webre type), t h e  impinge- 
ment type, w i re  mesh, centrifugallimpingement, 
and scrubbers. Moisture and s a l i n i t y  removal 
e f f i c i e n c i e s  o f  99.95 percent are repor ted  f o r  
t h e  BOC type. A summary o f  t h e i r  performance 
i s  shown i n  Table 1. O f  t h e  separators l i s t e d ,  
t h e  highest removal e f f i c i e n c i e s  are f o r  t h e  
w i  r e  mesh , i mpi ngement , and c e n t r i f u g a l  /i mpi nge- 
ment types. 

Test Program As p a r t  o f  t h i s  project ,  a f i e l d  
t e s t  u n i t  i s  being b u i l t  t o  determine t h e  per- 
formance and e f f i c i e n c y  o f  t h e  selected separa- 
t o r  types under geothermal operat ing condit ions. 
The design cond i t ions  f o r  a 50MW geothermal 
power p lan t  have been used t o  es tab l i sh  t h e  
desired opera t ing  condi t ions.  
ed t o  begin near t h e  end o f  1981. 

Two 50 MW p l a n t  design cases were examined t o  
es tab l i sh  design cond i t ions  under which steam 
separators must work. The f i r s t  case i s  repre- 
senta t ive  o f  a h igh  s a l i n i t y ,  h igh  temperature 
b r i n e  as found near the  N i land area o f  South- 
e rn  Ca l i f o rn ia .  The second case i s  representa- 
t i  ve o f  moderat e temperature, 1 ow-to-i ntermedi- 
a te  s a l i n i t y  geothermal f l u i d s ,  as found i n  
t h e  areas near Heber and Ease Mesa i n  Southern 
Ca l i fo rn ia .  

The t e s t  u n i t  w i l l  be able t o  t e s t  f o r  these 
br ines  t h e  f o l l o w i n g  devices: 

Testing i s  expect- 

0 Bottom o u t l e t  cvclone 
0 Impingement type separator ( i n  con junc t ion  

0 Mesh t y  e separator ( i n  con junc t ion  with 
w i t h  t h e  BOC) 

t h e  BOCP 

The BOC produces an adequate steam p u r i t y  by 
i t s e l f  f o r  many locat ions.  
bined w i t h  e i t h e r  t h e  impingement o r  t h e  mesh 
type separator, improved p u r i t y  can be expected. 

Conclusions The f o l l o w i n g  conclusions are made: 

1) Moisture and s a l i n i t y  i n  t h e  steam can cause 
s i g n i f i c a n t  problems, espec ia l l y  f o r  t h e  tur-  
bine. This r e s u l t s  i n  a subs tan t ia l  increase 
i n  cos t  due t o  downtime and reduced p lan t  
output. 

2)  One o f  t h e  most trouble3ome chemical elements 
i s  s i l i c a  as i t  causes deposi t ions on t h e  t u r -  
b ine  blades. Other elements a f f e c t  t u r b i n e  
mater ia l  se lec t i on  due t o  t h e i r  cor ros ive  
propert ies.  

3)  Adequate steam p u r i f i c a t i o n  can decrease t h e  

However, when com- 

Li 
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s i l i c a  l e v e l  t o  t h e  t u r b i n e  so t h a t  no depos- 
i t s  w i l l  occur. S i l i c a  l e v e l s  o f  0.02 ppm 
i n  t h e  steam are required. Steam p u r i f i c a -  
t i o n  methods by o ther  than mechanical means 
may be requ i red  t o  reach t h i s  leve l .  

4)  The amount of steam p u r i f i c a t i o n  requ i red  
depends upon t h e  p lan t  opera t ing  cond i t ions  
(pressure and pH) and s a l i n i t y  content o f  
t h e  geothermal brine. 

5)  Although t h e  bottom out1 e t  cyclone separator 
appears t o  do an adequate j o b  of moisture 
removal and p u r i t y  improvement, f u r t h e r  
improvements i n  performance can be obtained 
by t h e  use o f  o ther  moisture removal devices. 
This may s i g n i f i c a n t l y  increase t h e  p lan t  
e f f i c i e n c y  and performance, and decrease the  
cost o f  operation. 
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Introduction The deposition of scale in a geo- 
thermal power plant is considered a major risk. 
Unless scaling can be reduced to an acceptable 
level by an on-line treatment technique, the 
geothermal plant must be designed with redun- 
dant trains to permit the shutdown and off-line 
cleaning of a portion of the plant while the 
balance of the plant continues to operate. 
approach not only increases capital investment 
but involves a substantial expenditure for the 
chemicals and labor required for descaling. 
This paper reports the development of a crys- 
tallization technique to minimize scale forma- 
tion in a geothermal power plant without the 
use of acid or scale inhibitors. 

Problems Resulting from Scales The seriousness 
of scale deposition has been amply demonstrated 
in plants which manufacture industrial chemicals 
as well as in geothermal plants. The continued 
deposition of scale leads to obstruction of 
process equipment, the blockage of pipe lines, 
and the "freezing" of valves and pump shafts. 
A layer of scale on metal surfaces occludes 
stagnant pockets of liquid, causing locallized 
pitting attack. Several examples are cited 
here. 

Bechtel was directly involved in tests on a 
large flashed-steam geothermal pilot plant 
fed with very saline geothermal brine in the 
Salton Sea area of Southern California. A thin 
layer' of silica/sulfide scale caused serious 
pitting corrosion in the carbon steel feed line 
to the plant. silica scale, which had deposit- 
ed in some process vessels to a depth of al- 
most two feet, required hand cleaning and hy- 
droblasting for its removal. Scale deposited 
so rapidly on themwells and pressure gauge 
taps as to make the readings meaningless. 
Valves- froze. Pump shafts required replacement 
every two months. Initially, an injection well 
was clogged by scale. 

This 

As a second example, at a 3-plant geothermal 
desalination installation at East Mesa, cal- 
cium carbonate scale reduced the flow passage 
in a 10-inch pipe to an opening four inches in 
diameter after only four months' operation. A 
barium sulfate deposit reduced the heat trans- 
fer of tubing to only a fraction of its initial 
value. 

Techniques of Scale Control 
of failures enumerated above appears to be dis-  

Although the list 

couraging, there =methods for dealing with 
at least some of the problems. In this section 
are discussed Bechtel experiences and the ex- 
perience of others in scale control: 

0 Redundancy, while not a scale control 
technique, provides the plant designer 
with one alternative in dealing with 
this problem. As an example, the plant 
can be designed with three trains, each 
of 50% of the total plant capacity. 
The rated output is delivered by two 
of the trains while the third is shut: 
down for cleaning. Redundancy involves 
a substantial increase in plant invest- 
ment. In addition, there is the added 
cost for the labor and materials re- 
quired for descalfng. The three-train 
concept contains the tacit assumption 
that the cleaning of one train can be 
accwrplished before a second train must 
be shut down. 
not valid, it may be necessary to pro- 
vide four or more trains. 

e The operation of several geothermal 
pilot plants presented the opportunity 
to test another alternative scale con- 
trol technique. At the East Mesa Test 
Site of the U.S. Department of the In- 
terior, several additives were tested 
in three geothennal desalination plants. 

If this assumption is 

i 
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The most successful was a compound 
marketed under the name of Dearborn 
#8010, which was effect ive i n  con- 
t ro l l ing  scaling by calcium carbonate, 
calcium sulfate ,  barium sulfate ,  
and strontium sulfate.  

In the Niland area of the Imperial 
Valley of Southern California, on the 
other hand, the brine chemistry i s  en- 
t i r e l y  different.  
control additives tested there,  only 
one showed any promise against s i l i c a  
and heavy metal sulfides,  the princi- 
pal  offenders, and tha t  inhibitor de- 
teriorated rapidly a t  the elevated 
brine temperatures. 

Of a l l  the  scale 

e An interesting al ternat ive was devel- 
oped for  the control of s i l i c a  scaling. 
It was discovered t h a t  when the brine 
became supersaturated in  s i l i c a  as  a 
resu l t  of a drop i n  temperature, the 
Si0 formed submicroscopic micelles. 
These micelles could be prevented from 
agglomerating for  long periods of time 
by maintaining the brine a t  a low pH. 
For example, a pH value of 3.0 t o  3.5 
retarded scaling for  periods as  long 
as  two hours, a suff ic ient  length of 
time t o  permit reinjection and migra- 
t ion of the brine into the subterra- 
nean formation. To avoid excessive 
corrosion a t  such low pH values, how- 
ever, it would have been necessary t o  
construct, o r  a t  l eas t  t o  l i ne  the 
plant and re jec t  brine l ines  with the 
more costly corrosion-resistant alloys. 
Consequently, i n  sp i te  of the promising 
laboratory resul ts ,  brine acidification 
was not considered for  the 10 We geo- 
thermal p o w e r  plant operated by the 
San Diego & Gas Electric Co., where the 
Niland brine's scaling tendencies se- 
verely hampered the functioning of the 
plant. 

2 

In tha t  plant,  the re jec t  brine was 
stabil ized by contact with a s lurry of 
suspended scale i n  a reactorrclar i f fer  
which followed the flash chambers, thus 
protecting the injection w e l l  and the 
surrounding geologic formation. In addi- 
t ion,  t e s t s  w e r e  begun on slurry seeding 
for  scale control upstream i n  the geo- 
thermal flashed steam plant so as t o  
protect the plant equipment and l ines  
from scale. 

Of a l l  the a l ternat ives  for  controlling the 
scaling of high s i l i c a  brines, slurry seeding 
appears t o  have the best potential. The use 
of s lurry seeding is  an old, established proc- 
ess. It has been applied fo r  many years t o  
t o  the crystal l izat ion of s a l t ,  f e r t i l i ze r s ,  
and industr ia l  chemicals. In these processes, 
while concentrating an aqueous solution of the 
desired materials, undesirable impurities ( for  
example, calcium sulfate)  precipi ta te  from the 
liquor. The precipitated scale par t ic les  cir- 
culate with the liquor. As additional scale is 
formed, it deposits on the suspended par t ic les  
i n  preference t o  the walls of the vessels and 
piping. A s  a resu l t ,  the equipment remains 
clean and free from scale deposits. Improved 
scale control i s  achieved by augmenting the 
self-generated scale par t ic les  by addition e i -  
ther  of synthetic "seeds" o r  by a slurry of 
scale removed from a preceding batch of brine. 

This procedure was extended in  the early 60's 
t o  the desalination of sea water i n  p i lo t  plant 
tests a t  the Office of Saline Water Test S i t e  
a t  Wrightsville Beach, N.C. These tests were 
directed toward the prevention of calcium car- 
bonate scaling i n  a ver t ica l  tube evaporator 
without dosing the sea water with acid o r  a 
threshold inhibi tor ,  In acid dosed plants i n  
general use a t  t ha t  time, acid accelerated the  
corrosion of vessels,  l ines ,  and heat exchange 
surfaces. The inhibi tors  which were then avail- 
able were ineffective under the conditions pre- 
vail ing i n  the evaporator. 
s lurry seeding would successfully replace these 
older methods of scale control. The equipment 
was charged with a quantity of "Snow White'Fil- 
t e r" ,  a commercial grade of calcium su l fa te  an- 
hydride. After several hundred hours of opera- 
t ion,  the plant was opened and found t o  be vir-  
tual ly  scale f ree .  

Basis of Crystall izer Process In  the process 
described here, a seed s lurry i s  maintained i n  
suspension i n  each of the  two stages,  which 
deliver flashed steam t o  the high-pressure and 
intermediate pressure ports,  respectively, of 
the steam turbine. The turbine, i n  turn,  drives 
a generator. Each stage i n  the flowsheet of 
Figure 1 consis ts  of a flasher-crystall izer- 
separator (FCS). The following steps occur i n  
the FCS: 

It was hoped tha t  

e A s  the brine enters each vessel, a 
fraction of its water content i s  
flashed in to  steam, which is delivered 
t o  the power plant turbine. 
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e The evolution of steam fron the brine 
increases the concentration of a l l  dis- 
solved species i n  the residual liquor, 
including the scale formers. 

Gases such as carbon dioxide, ammonia, 
and hydrogen sulf ide are  released, caus- 
ing 

A drop i n  temperature accompanies the 
flashing process, result ing i n  the su- 
persaturation of some of the dissolved 
species which have a posit ive tempera- 
ture  coefficient of solubi l i ty .  

changes i n  pH and brine chemistry. 

In an attempt t o  relieve supersaturation, nu- 
merous crystal  nuclei are  rapidly formed un- 
less the flashing zone already contains an ade- 
quate population of nuclei. 
case, the pre-existing nuclei grow t o  a s ize  
favorable t o  the subsequent sedimentation and 
f i l t r a t i o n  steps. Absence of such nuclei, on 
the other hand, leads t o  the formation of many 
new crystals.  
t a t ing  species among t h i s  large population re- 
s u l t s  i n  very s m a l l  crystals ,  which are d i f f i -  
cult t o  remove by se t t l i ng  o r  f i l t r a t ion .  

In the  l a t t e r  

The dis t r ibut ion of the precipi- 

Flasher-Crystallizer-separator (FCS) Design 

In the design developed under t h i s  study, the 
spontaneous formation of many small nuclei is  
prevented by contacting the flashing brine 
promptly with seed crystals  of scale which had 
been generated previously. In the conceptual 
design shown i n  Figure 2, geothermal brine is 
introduced in to  the bottom of the FCS. The 
j e t  of brine entering the throat of the venturi 
entrains a s lurry of previously formed scale. 
The pressure drop i n  the throat flashes a por- 
t ion of the hot f lu id  in to  steam. The high 
vapor-to-liquid r a t i o  i n  the ascending three- 
phase f lu id  resu l t s  i n  a very low f lu id  den- 
s i ty .  

When the ascending f lu id  s t r i k e s  the  baff le  
plate ,  steam separates while the remaining 
s lurry i s  deflected downward around the out- 
s ide of the venturi. The descending s lurry i s  
drawn in to  the bottom of the venturi t o  repeat 
its c i rcu i t .  The self-induced agitation re- 
places the mechanical turbine-blade stirrers 
commonly ins ta l led  i n  crystal l izers ,  elimina- 
t ing  the attendant equipment cost ,  power con- 
sumption, maintenance problems, and a t t r i t i o n  
of the crystals  (Ref. 1). 

Those crystals  which have grown t o  max imum 
s ize  settle t o  the bottom of the FCS and are 
drawn off through the sludge discharge l ine ,  
A small stream of brine ascends the sludge 

pipe so as to  e lu t r ia te  the f ine  par t ic les  and 
recycle them t o  the recirculating sludge clr- 
cu i t  for  further crystal  growth. 

After flashing, the brine rises through the 
sludge blanket i n  an annular separator region 
surrounding the central  s lurry recycle zone. 
The added contact with crystals  of the sludge 
blanket helps t o  s tab i l ize  the brine against 
post-precipitation. 
the separator zone is  calculated t o  achieve the 
required c la r i ty .  

The brine rise ra te  i n  

The brine, once i ts  supersaturation is relieved, 
can mve through the remainder of the plant 
and the injection system without danger of harm- 
fu l  scale deposition. A f ract ion of the s lurry 
i s  recycled externally back t o  each flasher- 
crystal l izer .  
suff ic ient ly  large t o  permit ready separation 
are removed and e i ther  discarded t o  waste o r  
delivered t o  a mineral recovery sub-system. 
The "seeds" i n  the s lurry may be e i ther  self-  
generated o r  may be added t o  the brine from an 
external source. 

Design Guidelines As a pract ical  a l ternat ive 
t o  p i lo t  plant data,  which are  not available 
a t  present, the designer can rely on scaling 
experience in  geothermal operation supplemen- 
ted by analogous industr ia l  crystal l izat ion 
experience. For the growth of seed crystals ,  
it had been observed that the growth ra te  of 
scale on the l ines  bringing Magmamax #1 brine 
from the wellhead t o  the San Diego Gas & Elec -  
t r ic Co.'s geothermal p i l o t  plant  was 0.1 mils 
per hour or  0.0000423 m. per minute (Ref. 2). 
I f  w e  assume a l l  s lurry seeds t o  be of 10 mic- 
ron diameter, for  example, T a b l e  1 shows tha t  
precipitation a t  0.1 mils per hour would re- 
quire a retention t i m e  of only 6.6 seconds i n  
the s lurry recycle zone of the f i r s t  crystal-  
l i z e r  t o  relieve supersaturation. Even very 
large seeds of 300 microns diameter, such a s  
48 mesh sand, require only about 3 minutes t o  
re l ieve supersaturation i n  Stage 1. 

Those crystals  which have grown 

a scaling ra te  of roughly 1 
m i l  per hour fo r  the conditions anticipated 
i n  the second crys ta l l izer  i n  the present re- 
port. This calculates t o  a required retention 
time of less than one minute i n  the s lurry re- 
cycle zone of the second crys ta l l izer  even fo r  

large sand nuclei. 

Weres (Ref. 3) reports t e s t s  on the growth of 
micelles of amorphous s i l i c a  i n  which the 
growth rate is more than an order of magnitude 
slower than the growth of scale observed on the 
p i lo t  plant walls and piping. Extensive re- 
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search on crystal growth, however, has demon- 
strateda very slow or even zero growth rate on 
extremely small nuclei. 

Another source of uncertainly stems from the 
fact that the seed crystals will not all be of 
the same diameter but, instead, will represent 
a wide (possibly Gaussian) size distribution. 
R. Bennett provided details concerning indus- 
trial experience involving the growth rate of 
crystals under a variety of conditions (Wf. 
4). The crystallizer concept was tested by 
Imperial Magma on geothermal brines in the 
Salton Sea area, demonstrating that a flash- 
crystallizer which circulates a 1% crystal 
slurry is capable of preventing scale deposi- 
tion on the plant equipment by brine supersat- 
urated with silica (Reference 5). The results 
of field and laboratory tests were correlated 
by Dr. A. Randolph and a correlation of crys- 
tal growth rates developed to serve as a basis 
for the design of the FCS (Ref. 6). 

In order to attain a reasonably close approach 
to equilibrium, the operating conditions shown 
in Table 2 apply a generous factor of safety 
to the plant scaling rates of Reference 2. 
The guidelines of Table 2 form the basis for 
the material balance in the flowsheet of Fi- 
gure 1 and the dimensions of the second stage 
FCS in Figure 2. 

The brine effluent from the second stage FCS 
passes through a dual media gravity filter 
prior to reinjection. 
the second stage effluent was selected to mini- 
mize the frequency of backwashing of the grav- 
ity filter. 

In contrast to stage #2, the effluent from 
stage #l is permitted to contain a much great- 
er load of suspended solids, which will merely 
combine with the stage #2 slurry crystals in 
the crystal-growth zone. Consequently, the 
bririe rise rate in the outer annulus may be 
much greater. This permits the designer to 
provide a vessel of smaller diameter for stage 
#1, as shown in Figure 3. Since stage #1 must 
withstand a working pressure of 1,006 kPa, a 
decrease in vessel diameter represents a sub- 
stantial cost reduction. 

The target purity of 

dancy. A further reduction in plant investment 
stems from the elimination of the three 55-foot 
diameter reactor clarifiers required to protect 
the injection pump and well of a 50 M e  geother- 
mal power plant, an investment of roughly 
$2,300,000. From the standpoint of operating 
costs, the cleaning of a redundant train re- 
quires the full-time service of a cleaning crew 
tRroughout the year. 
nated by the FCS design. 
tionation of low-temperature from high-tempera- 
t w e  scale by the dual FCS design may segregate 
the mineral content of the brilre, converting at 
least a portion of the sludge from a costly 
disposal problem to a salable material. 

i 

This cost will be elimi- 
Finally, the frac- 

1. 

2. 

3. 

4. 

5. 

6. 
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Conclusion On the basis of the study reported 
here, a significant reduction in the cost of 
generating power from a hydrothermal resource 
may be anticipated. 
from the elimination of the redundant train(s) 
required to permit off-line cleaoing of one or 
more trains, together with the additional piping, 
valves, and instruments associated with redun- 

The cost reduction results 
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Table 1 

RESIDENCE OF CRYSTALS REQUIRED 
TO RELIEVE SUPERSATURATION 

I n i t i a l  D iameter  
o f  seed p a r t i c l e  

(microns)  

10 

20 

50 

75  

300 

Residence Time r 

S tage  1 

0.11 

0.21 

0.53 

0 . 7 9  

3.17 

5C - 8 

pui r e d  (minutes)  

Stage 2 

0.02 

0.03  

0.09 

0.13 

0.53 



Table 2 

GUIDELINES FOR CRYSTALLIZER DESIGN 

I Flasher43 ta l  1 I t e m  

ffmber o f  trains 

Mean seed crystal slze (mfcrons) 

Brine feed to  vessel (kg/hr) 

Brine leaving vessel (kg/hr) 

tb5 I n  leaving brine (ppm) 

Internal recycle slurry camentratiun (ut. X )  

Brine resldence time (minutes) 

Slurry crystal residenco tinre (ninutes) 

Brine r ise  rate I n  the separating zone 
(gpm/sq. ft.) ........... 
(cm/sec.) ........... 

,” 

Flashed steam 
pressure (kPa) 

Temperature (3) 
Velocity during droplet disengaging (cm/sec.) 

257 .OOO 

---om 

3.0 

45 

48 
3.3 

1.006 

191.1 

58 

Stage 2 .---- 
----- 

2.02 x lo6 

1.82 x lo6 

286,000 

-..I- 

21 .o 

27 

5.8 

0.4 

I45 

119.4 

244 
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FIEID To m L  w m  
FORBINARYCYCLEP(IWERmANp 

-1525-1 

m. E. Blockley 
Sierra Pacific P a e r  Q. 

P.O. Box 10100 
Reno, Nv. 89520 
(702) 789-4867 

The cbjective of this project is to evaluate 
alternative mthods of controlling scale 
that can form on the brine side of heat ex- 
changers used i n  a binary pcmr systems. 

On June 9, 1981 we carpleted a 3O-day scal- 
ing test on a w e l l .  A t  present, 
we are correlating data fran this test in 
order to determine exactly what was occur- 
ring during the test. 

In order to evaluate scale control nethods a 
test unit catprised of two parallel sets of 
steam separators and heat exchangers was con- 
structed. 
duplicates the flaw path of the exchangers 
which are being designed for a proposed 10 
bN binary pmer plant. Each set of exchang- 
ers has 36' long passes. Ihe f i r s t  four 
passes are sized to txxdmse vapor ccming 
from the top of the steam separator and the 
las t  six passes are sized to oool the con- 
densed vapor and brine as rejected to the 
separator. Heat fmn the codem& vapor 
and brine is rejected to the atrrpspaLere 
through a circulating o i l  system and an a i r  
oooled heat exdmyer. The two parallel sets 
of exchangers can be operated individually 
50 that -ative testing can be carried 
out, thus saving valuable tinre and allowing 
us to directly &serve amparati= results of 
different scale inhibiting treatnwts. 

The design of these exchangers 

Ihe test plan envisioned that we would be able 
to &tor heat transfer rates and fluid flaw 

of the tube bundles we wouldbe able to make 
a visual assesstlent of scaling conditions a t  
the ends of the t&es and in  the passages be- 
tween the bundles. Temperature, pressure, 
and flaw measurements were recorded hourly 
for all the ins-* mmted on the unit. 
seve.nb2en t€mprature m u r i n g  points were 
also recorded by a s t r ip  dmrt recorder. 
Differential pressures were m u r e d  and re- 
corded on +ip charts for the flow masur- 
ing devices. 

Tkst experience indicates that a n m h r  of 
minor impravFsnents should be made to the test 
unit  prior to proceedm * g w i t h  further field 
testing. The changes envisioned would re 
duce the mpmer required for running the 

through--. Byapeningthe- 

W 

test, provide mre accurate masuremnts and 
p d d e  additional sanple points. 

Ihe design of the heads needs to be 
rrpdified in order to provide easy access to 
the tube ends and p&de better placamnt of 
gas vents, sanpling points, c~oss-over pips ,  
thenmeters, thexxmqles, etc. This w i l l  
greatly reduce the time required for inspee 
tion, cleaning and turn  around of the unit 
when it is being seMced. 'Iple readings we 
observed on scm themxouples and -- 
terslead us to believe that they were not 
indicating the true m a t u r e  of the stream 
they were supposed to be masuring. 
ful repositioning of the tenperature masur- 
ing points w i l l  no doubt imprmre the accuT 
acy of our heat transfer masuremnts. 

Accurate fluid flaw masuremnts in  the o i l  
circulating loops are difficult to cbain 
when s-le orifice plates are used as the 
measuring elenwt due to the viscosity 
changes whi& occur as the o i l  tgnperatures 
change. we expect that with inpmvf2d in- 
strutentation, accurate fluid flaw measure 
mts w i l l  not be a problem. 

Fluid flaw neaswxmnts on the brine side of 
the exdmqer were made using a head tank 
ahead of an orifice. We were  able to cali- 
brate these orifices during operation and 
we feel that are relatively accurate. 

we plan to cxmnect tgnperature, flaw, and 
pressure sensing elenwts to a data logger in 
order t o  recon3 mst of the test data auto- 
matically. lRis w i l l  reduce our mnning 
requiremnb on fiture tests to aminhum and 
prwide data in a convenient form. During 
the f i r s t  test we ran heat balances a t  the 
site using a printing calculator. 

Presently, we are correlating data gathered 
during the test and awaiting results of lab- 
oratory analysis so we can arrive a t  s- 
conclusions about the scale formations 
which occurred. 

In brief, we did etq?erience saw scaling 
during the 3O-day test run when we ran un- 
treated -1 fluid through one set of 
heat exchangers. Ihe seamd set of heat 

care 
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aperating w i t h  N a l a  7274 (neutra- 
lizer/Rydrazinc) in the steam condensing sec 
tim and Nalm 780 (sulfite) plus Nalm 7317 
(scale inhibitor) in the liquid section of the 
heat achnger did not scale up as rapidly. 
We were able to clean the exchangers, us- 
a caustic solution + a 10% acid wash fol- 
luved by a 1% caustic wash to neutralize 
theacidwithintheexbqers. M t o a  
nmber of facbrs we wem not able to follm 
through m our test w i t h  - * & e r n -  
i d  treatmat axnxths due to the tirne 
lag between OUT &ltZlinhg scale sanples and 
getting laboratmy reports bad so as to take 
effective axrect~ ‘TR action. 
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RESEARCH PROJECT NO. RP1197-3 

Francis C. Brawn 
EIC Laboratories , Inc . 

55 Chapel Street 
Newton, Massachusetts 02158 

(617) 965-2710 

I Background. EIC Laboratories' CUPROSUL Process, oxidized quantitatively, using either can- 
I which uses an acidic solution of copper sulfate 

buffered with ammonium sulfate to remove hydro- 
gen sulfide, mania, and other contaminants 
from geothermal s t e a m ,  has been under develop- 
ment for  six years. W i t h  support from W E  and 
PG&E, a large body of data for steam near The 
Geysers average canposition and condition has 
been obtained in tests ranging from laboratory 
scale, i n  which about 100 pounds per hour of 
steam were treated, t o  prepilot scale f ie ld  
testing of 1000 pounds per hour, through the 
operation of an integrated pi lot  plant which 
treated 100,000 pounds per hour. 
results of these tes ts ,  PG&E is proceeding with 
the design and construction of a canmercial 
scale system a t  No. 7 Unit, The Geysers Power 
Plant, and EIC is currently completing the 
process design and specification package for  a 
cosnnerchl scale system for the DWR Bottle Rock 
Project . 
The process consists of four key steps: 

- Scrubbing, in  which the steam is desulfu- 

presssed air  or vaporized oxygen, a t  a very 
rapid rate. 

- Purge s t r e a m  treatment, in which q e  excess 
soluble copper i n  the purged scrub solution 
is removed and recycled to the process, the 
decopperized stream is neutralized, and the 
effluent treated for  by-product recovery or 
disposed of as  appropriate. 

Design cr i ter ia  for the f i r s t  three of these 
steps are very sensitive t o  the nature of the 
solids formed in the scrubbing step. W e  had 
found that the properties of solids produced 
in the laboratory under The Geysers average 
conditions - typically saturated steam w i t h  a 
pressure of about 9 bar, an H2S content of 
100-300 ppn, and an NH3/HzS ra t io  of a t  least  
one mole per mole - w e r e  essentially identical 
t o  those produced in f i e ld  tests on "real" 
geothermal steam a t  a one thousandfold higher 
rate. Thus, the design cr i ter ia  for  the com- 
mercial plants are reasonably close to those 
originally proposed based on laboratory test- 
ing . 

Based on the 

rized by contact with the copper sulfate 
solution upstream of the turbine. 
compositions and contact times are controlled 
t o  obtain the required degree of abatement 
within l imits of the alluwable pressure drop, 
and the steam is then subjected t o  a series 
of disentraining/washing steps to remove 
residual entrainment t o  very low levels. The 
hydrogen sulfide is converted t o  solid copper 
sulfide precipitates, ammonia is removed as 
ammonium sulfate, and other contaminants are 
removed by dissolution in the scrub solutions. 

Solution 
However, it is well known that the compsition 
and condition of geothermal steams vary widely 
from resource to re sq rce  and may w e l l  be sig- 
nificantly different from The Geysexs average. 
EPRI has provided support, through th i s  study, 
to  conduct a preliminary evaluation of the 
technical and economic viability of the CUPROSUL 
process aver a range of geothermal steam con- 
ditions. 

Results of This Study. 
was evolved to obtain the information necessary 
t o  carry out these technical and economic eval- 
uations. 
hensive l i terature search t o  define the 
extremes of conditions likely t o  be encountered 
h upstream scrubbing. By conditions, we mean 
both the chemical composition and the pressure 
and temperature or moisture content of the 
steam. W e  find l i t t l e  indication that resources 
or  situations w i l l  exist  which w i l l  result  i n  
turbine inlet pressures autside of the 6-11bar 
range. This range is CLictated by the econosnCc 
balance between resource properties, f luid 
transportation costs, and equiptent costs. 

A three-phase program - Liquid-solid separation, in which the sulfide 
precipitates are concentrated prior t o  regen- 
eration and a clear liquid fraction is pro- 
duced for further treatment. Sulfides fonned 
in the scrubbing reaction a t  The Geysers 
average conditions se t t l e  rapidly by simple 
decantation and produce overflows of excel- 
lent clarity. 

, The f i r s t  phase involved a cmpre- 

- Regeneration, in which the sulfide solids are 
converted t o  soluble capper sulfate for  re- 
cycle >to the scrubber by hydrothermal axida- 
tion. 
demonstrated that the solids cmld be 

Pilot  plant tests a t  the 5 MW scale 

k.l 
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Very l i t t l e  reliable data have been published 
on the extent of superheat or  moisture t o  be 
expected or the rate of a t  which steam canposi- 
tions or conditions may change. The l i terature 
review did demonstrate, a s  shown in Figure 1, 
that steam composition is  highly variable from 
resource t o  resource and within a given field.  
However, it appears that  useful extrapolations 
can be made to somewhat higher and lower H2S 
contents i f  a few points in  the mid range are 
well defined a t  a given location. 
t o  make such estimates is c r i t i c a l  for  situa- 
tions i n  which the abatement system must be 
designed w e l l  before the steam field is devel- 
oped. The compositions shown in  Figure 1 also 
imply that very high abatement efficiencies, 
exceeding 99.5%, w i l l  be required t o  meet 
emission limitations which have been proposed 

The abi l i ty  

a t  100 g/Mwh or  less. 
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Figure 1. Steam NH3/H2S ra t io  as  a function 
of HqS content. 

The second phase of the program consisted of 
a laboratory scale experimental investigation 
of the effects of process conditions on the 
chemistry and rate processes in  the key steps. 
A series of six scrubbing and liquid/solid 
separation and five regeneration runs were 
carried out. Scrubber operating pressure 
ranged from 4.2 to 11 bar and scrub solution 
pHs were varied between 0.8 and 2.2, corre- 
sponding t o  a range of acidities which could 
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occur in an integrated process which differed 
by a factor of 25. The scrub solution copper 
contents were varied between 0.6 and 4.3 g/t 
and the vapor-liquid contact times, which were 
controlled by balancing steam and recirculating 
scrub solution flow rates, were varied from 
0.1 t o  1.7 sec. Equipment limitations pre- 
vented the attainment of longer contact times 
which were run in pi lot  tests a t  The Geysers. 
Evaluation of the scrubbing efficiency data, 
summarized in Table 1, required that the 
influence of contact time, solution ccmposition, 
and scrubber operating temperature be ration- 
alized. It was known, from t e s t s  a t  The Geysers 
conditions, that high p H s  and copper contents 
promote good H2S removal but that  they cannot 
be increased w i t h o u t  l i m i t :  a t  high pHs, NH3 
removal efficiency decreases and purge treat- 
ment costs increase directly w i t h  copper con- 
tent. It was also known that the number of 
contact stages was approximately a factor of 
the square root of contact t i m e  a s  shown in 
Figure 2. 
exceeding 2 sec are required t o  obtain very 
high abatement efficiencies and that the 
results of laboratory and pi€ot scale t e s t s  
are consistent when normalized on this basis. 
The data also show that, a t  comparable solu- 
tion compositions and contact times, scrubbing 
efficiency increases w i t h  increasing steam 
temperature. 

A l l  the solids produced in  these t e s t s  showed 
comparable sett l ing behavior, having short 
compression times and excellent overflow 
clarity. In general, solids produced from 
treating steam a t  lower pressures tended t o  
set t le  a t  slightly lower rates and t o  lower 
pulp densities than those produced a t  higher 
pressure and temperatures. A l l  the solids 
produced proved t o  be amenable t o  quantitative 
regeneration by pressure oxidation a t  rela- 
tively mild process conditions. However, in 
contrast t o  the sett l ing behavior observed, 
solids produced a t  lower pressures could be 
regenerated more easily than those produced a t  
high pressure. 
can be explained by the kinetics of the scrub- 
bing reactions: solids precipitation and 
growth are more rapid a t  higher temperatures 
and the larger sized sulfide solids se t t l e  
more rapidly but require a longer time t o  
dissolve. 

Li 

These data show that contact times 

We believe that t h i s  behavior 

The third phase of the project consisted of a 
process evaluation and economic analysis t o  
determine possible process configurations and 
costs a t  the extreme conditions. For purposes 
of t h i s  evaluation a l l  components of the process 
were classified as  having key design cr i ter ia ,  
and therefore cost, primarily dependent on 
either steam flow rate  or on the to t a l  amount 
of H2S removed. Comple te  material and energy 
balances were then executed for  a l l  cases 
evaluated, preliminary design cr i ter ia  applied 
t o  a l l  major equipment items, and physical 



TABLE 1. S-Y OE' RESULTS, SCRUBBING TESTS 

W 

a Run No. 
Pressure, Bar 
Steam Flow, kg/hra 
Inlet  H2S Content, ppm 

Inlet  NH3 Content, ppm 
Scrub Solution: 
91 cu 
PH b Contact Time, sec 

Percent H2S Removal 
Percent So Formation 
solids Composition , (nl 
Outlet NH3 Content, p p  

314 3 28 
11.3 6 .8 

64 53 
2 4 9  22ga 

0 0 

1.9-3 1.8-3.1 
0.9-1.4 0.9-1.3 
0.5-1.2 0.25-0.9 

92.3-97.5 84-94.6 
1.6-3.9 1.2-2.6 

1.21-1.71 1.87-1.96 
8-149 1.5-13 

404 411 416 
4.2 8.6 8.6 
49 75 64 

206a 375,100, 59,370, 

0 0,45 71,O 
4 5e 540e 

3.0-4.0 1.8-4.3 2.3-3.5 
0.8-1.3 0.8-1.2 1.8-2.2 
0.1-0.7 0.1-0.4 0.15-0.7 
46-90 66-87 89-93.5 

3.1-8.1 5.1-19 4.6-18 
1.42-1.56 1.87-1.94 1.74-1.87 

1.2-14 2.0-33 21-88 

524 
9.0 

55 
634a 

0 

0.6-3.7 
1.0-1.2 
0.5-1.7 
25-98.1 
0.1-1.1 

1.70-1 -80 
3.8-14 

The' Geysers 
9.2 

230 

170 

2.0 
1.2 . 
1.8 
99 
10 

1.9 
17 

45,500 

a 

bFroth height, or four times tray DP, divided by steam velocity. 
'In solids of composition mns. 
%or 5 MW demonstration plant. 
%aried throughout the run. 

A t  average conditions. 

0.. 

0.. 

PERCENT iL$ REIWAL 

Figure 2. 
efficiency . Effect of contact time on removal 

W 

plant costs e s t h t e d  by a factoring technique. 
Process configurations were found t o  be simi- 
lar for a l l  cases evaluated, except that 
regeneration by oxidation using compressed air  
was found t o  be of preferred option for steams 
containing laver H2S concentrations. 

The capital costs of the scrubber and its aux- 
i l i a r i e s  increase as steam pressure decreases 
because larger mass and volumetric flows of 
steam must be treated t o  obtain the s a m e  55 MW 
of power. The capital costs of other plant 
sections increase a s  the amount of H2S removed 
increases, and are somewfiat sensitive t o  
scrubbing pressure since scrub solution com- 
positions and flow rates must be adjusted t o  
maintain optimum abatement efficiency. Direct 
operating costs also increase as the amount of 
H2S removed increases and as  steam pressure 
decreases because of the larger flows of scrub 
solutions i n  circulation through the process. 
A s  shown i n  Table 2, operating costs are also 
sensitive to the amount of "3 present in the 
steam, particularly where the H2S content 
exceeds about 500 ppm, since the cost of addi- 
tional neutralizing agent required exceeds 50% 
of the total  direct  costs. For steam of The 
Geysers average composition, direct operating 
costs are appraxhately 1.4 m i l l s h w h r  f o r  a 
system capable of reducing emissions t o  a level 
of SO g/MWh, corresponding t o  97% H2S abate- 
ment. 
ing costs to 4.4 m i l l s h h r ,  and are the 
largest component of total costs for  a l l  cases 
evaluated. 

Conclusions. While the chemistry of the scrub- 
bing and regeneration steps in the CUPROSUL 
process is complex, laboratory t e s t s  have shown 

Capital charges increase total  operat- 
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TABLE 2. CAPITAL AND OPERATING COST ESTIMATE SUMMARY 

steam Condition capital Cost, $ 1 O 6 / h r  Total Op erating Cost, $ 1 O 6 / h r  Total 
Pressure H2S Plant Capital Total Capital D i r e c t  Fixed Total Operating 

Bar p~ Investment Charges capital Cost Charges $/kw Operating mil ls /khr  

11 2500 9.2 1.5 10.7 195 2.0 1.9 3.9 10.9 
11 230 4.6 0.6 5.2 95 0.5 0.9 1.4 3.9 
11 10 3.0 0.4 3.4 61 0.3 0.6 0.9 2.5 

9 2500 10.8 1.7 12.5 227 2.2 2.3 4.5 12.4 

9 10 3.4 0.4 3 .8 69 0.3 0.7 1 .o 2.8 

4 2500 15.8 2.5 18.3 333 2.7 3.3 6.0 16.7 
4 230 7.6 1.0 8.6 157 0.6 1.6 2.2 6.1 
4 10 4.0 0.5 4.5 a i  0.4 0.8 1.2 3.3 

9 230 5.4 0.7 6.1 111 0.5 1.1 1.6 4.4 

that high abatement efficiencies, rapid liquid 
solid separation, and rapid, quantitative 
regeneration of sulfide solids can be obtained 
a t  the extremes of process conditions likely t o  
be encountered in  upstream scrubbing. 
laboratory data are consistent w i t h  results 
obtained from the operation of a 5 MW scale 
p i lo t  plant a t  The Geysers, and were used to 
establish material and energy balances and 
preliminary design cr i ter ia  for  the operation 
of a system treating steam a t  higher and laver 
pressures, H2S and NH3 contents. These were 
used as the bases for  developing factored 
capital and operating cost estimates to eval- 
uate the viability of the process a t  the 
extremes of conditions evaluated. 

The 

capital costs were found to  increase w i t h  
decreasing steam pressure and increasing H2S 
content. 
creasing H2S content and are dominated by 
capital charges. 
laver than the costs of peroxide required fo r  
supplemental condensate abatement of steams 
with high H2S contents, and could be halved 
by modifying the process configuration to 
recover NH3 for reuse. 

operating costs increase w i t h  in- 

Direct operating costs are 
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MOBILE LABORATORY: RESULTS FROM THE FIRST YEAR 

W Contract KO. RP 741-1 

Mary E. Jamin, Ph.D. and Carson L. Nealy, Ph.D. 
Rockwell International - Energy Systems Group 
Environmental Monitoring and Services Center 

Newbury Park, CA 91320 805/498-6771 

The EPRI Mobile Geothermal Laboratory, 
designed and operated by the Energy 
Systems Group of Rockwell International, 
works toward three major project objec- 
tives; these are the generation of reli- 
able analytical data for inclusion in 
the EPRI brine data base, the support 
with physical and chemical information 
of EPRI projects and utility field tests, 
and the establishment of standard pro- 
cedures for physical and chemical meas- 
urements on geothermal systems. To 
meet these objectives, the laboratory 
was designed to have extensive capabil- 
ity for the analysis of geothermal brine, 
steam condensate, and non-condensible 
gases. A portable sampling unit, the 
fluid sampling system, is operated in 
conjunction with the mobile laboratory, 
and adds the capability to collect geo- 
thermal samples on site at an established 
geothermal facility or,a test site. The 
laboratory, with the fluid sampling sys- 
tem, travels to the geothermal site and 
conducts sampling and analysis on site; 
this procedure gives maximum assurance 
of sample integrity and maximum flexibil- 
ity in response to unusual occurrences 
in the field. 

The laboratory has the capability to 
measure a large quantity of physical 
properties and chemical constituents of 
the geothermal fluid. Table 1 lists the 
important analytical d support equip- 
ment in the laborato and Table 2 lists 
the chemical species d physical prop- 
erties which ,may 
laboratory. ‘ 

e measured in the 

Because one of the objectives of the 
mobile geothermal laboratory is to gen- 
erate a standard collection of physical 
and chemical data to characterize geo- 
thermal wells, a broad, inclusive char- 
acterization, called a signature test, 
has been designed. This test includes 
measurement on geothermal fluid of all 
of the properties and species measured 
by the laboratory; the results of a 
signature test become part of the EPRI 
data base package for that well and are 
readily compared to similar data for 
other geothermal wells .” 

Figure 1 is a diagram of the signature 
test and shows the methods of sample 
collection and analysis used. The fluid 
sampling system is capable of collecting 
samples in two ways; the temperature may 
be dropped and then the pressure (AT 
mode), or the pressure may be dropped 
and then the temperature (AP mode). For 
the collection of liquid samples for 
chemical analysis, the AT mode is used, 
and for the collection of gas samples 
and the evaluation of physical proper- 
ties, the AP mode is used. 

Any combination of measurements may be 
made in the laboratory in response to 
the requirements of a particular proj- 
ect. A tracking test comprises repet- 
itive sampling and analysis at specified 
times of particular properties and spe- 
cies and is designed for a particular 
project and purpose. A special test is 
generally performed once and may measure 
any combination of properties and species 

TABLE 2 

CHEMICAL SPECIES AND PHYS1CA.L PROPERTIES MEASURED 

s 
A. Cations: Ag,, Al, As, B, Ba, Ca, C O ~  Cr, Cu, Fe, Hg, K, Li, Mg, Mn, Mo, Na, Ni, 

Pb, Si, Sn, Ti, V, Zn, NH4 

B. Anions: Br, C1, HC03, C03, F, I, S, SO4 

C. Gases: C02, 02, H2, H2S, N2, hydrocarbons 

D. Properties: TDS, conductivity, pH, EH, turbidity, enthalpy, gas: brine ratio, 
steam fraction 

W 
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TABLE 1 
MAJOR ANALYTICAL EQUIPMENT FOR CHEMICAL ANALYSIS 

AND PHYSICAL PROPERTY MEASUREMENT 

Equipment 

Atomic Absorption Spectrophotometer 

UV- V i  s i  bl e Spectrophotometer 

Coulometric Chloride Meter 

Automatic T i t r a t i n g  System 

Gas Chromatographic System 

pH, Speci f ic  Ion Meter 

F1 u i  d Sampl i ng Sys tem 

Balances 

Analyt ical  - 200 g f 0.2 mg 

Top Loading Electronic - 
3000 g f 0.1 g 

Turbidimeter 

Conductivity Meter 

Drying Oven 

Stereomicroscope 

Test Capabi l i ty  

Analysis o f  Metals 

Color imetr ic Analysis 

Chloride Ion Measurement 

Analysis o f  Total  A1 ka l  i n i  ty, Carbonate- 
Bicarbonate 

Analysis o f  Noncondensible Gases 

Measurement o f  pH and Redox Potent ia ls,  
Speci f ic  Ion Concentrations 

Sampling Noncondensible Gases, Steam and 
Geothermal Br ine 

Weighing samples requ i r i ng  accurate 
r e s u l t s  on small samples 

Weighing o f  large samples and quick 
rough weighings 

Determination o f  t u r b i d i t y  

Measurements o f  conduct iv i ty  samples 

Determination o f  moisture content, t 
dissolved so l i ds  

Microscopic examination o f  samples 

5 C  - 18 
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LIQUID AND BAS PHASE ANALYSIS 
SAMPLE PROPERTY OR SPECIES 
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PROCEDURES LIST 

CHEMLAB 
ANALYSIS LOGIC 

RESOURCE 
SIGNATURE TEST 

FIGURE 1 

SOLID PHASE ANALYSIS 



TABLE 3 
ANALYTES CHOSEN FOR ANALYTICAL REPRODUC I B I L ITY TEST I NG 

Analytes Expected To Be Stable 

Analyte Method 
- 

TDS Gravimetry 
c1- 
C02 (dissolved) pH t i t r a t i o n  
K, Na, L i ,  Ca, S i ,  Mn 
B 
HCO; pH t i t r a t i o n  
Gases Gas chromatography 

Coul ome tri c ti t r a  t i on 

Atomic absorption 
Col or i me t ry  

Analytes Suspected To Be Unstable 

Analyte Method - 
S- Colorimetry 

EH 
PH 

Redox electrode 
Glass electrode 

O2 (dissolved) Membrane electrode 
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TABLE 4 
RESULTS OF ANALYSIS REPRODUCIBILITY STUDY: STABLE GEOTHERMAL SAMPLES 

Anal  yte Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Ave U* a x t  I 

TDS (mg/kg) 4120 4110 4160 4200 4110 4110 4110 - 4131 '35.3 0.8% 

CT- (mg/kg) 1980 1980 1980 1960 1980 1980 1980 - 1977 7.56 -0.4% 

C02 (mg/kg) 693 487' 716 663 600 659 717 - 648 81.6 12% 

106 2.9 2.3% K (mg/kg) 110 101 105 104 107 103 108 107 

Na (mg/kg) 1430 1490 1390 1410 1360 1490 1450 1440 1432 45.6 2.7% 

v1 0 3.91 4.13 4.15 4.12 4.16 4.18' 4.19 4.22 4.13 0.096 1.9% 

Ca (mg/kg) 23.6 24.0 23.8 24.6 25.1 23.8 23.7 24.4 24.1 0.53 1.8% 

S i  [mg/kg) 109 104 103 105 103 106 105 104 105 1.96 1.6% 

Mn tmg/kg) 0.010 0.0085 0.0225 0.0215 0.012 0.011 0.011 0.0225 0.015 0.0061 34% 

I 

N 
P 

B ( W k g )  4.53 4.55 4.85 4.62 4.65 4.75 4.51 - 4.64 0.12 2.5% 

HCO; (mg/kg) 429 429 427 427 431 433 431 - 430 2.2 0.5% 

* Standard d e v i a t i o n .  

t x j ;  E - - t u / d i i  x 100, where t = Student t factor 
X 



TABLE 5 
RESULTS OF ANALYSIS REPRODUCIBILITY STUDY: UNSTABLE GEOTHERMAL SAMPLES 

Day 1 

Analyte (1) (2) (3) (4) (5) (6) (7) (8) Mean u* A, t 

S3, mg/kg 0.186 0.164 0.135 0.160 0.119 0.176 0.141 0.163 0.156 0.022 11% 

E,,, mV -10 -125 -12 -115 -105 6 -100 -5.0 -64 54 69% 

PH 5.87 5.86 5.87 5.87 5.87 5.95 5.88 5.88 5.88 0.029 0.4% 

0 (dissolved), 5.8 2.8 1.6 2.4 2.7 3.4 2.3 2.5 2.9 1.3 34% m t  kg 

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Mean q* A - t  
X 

Analyte 
~~ - - 

S-, mg/kg 0.186 0.151 0.176 0.176 0.183 0.199 0.147 0.112 0.163 0,029 16% 

EH, mV -10 40 93 92 152 130 180 205 127 57 40% 

PH 5.87 5.95 6.03 6.01 5.95 6.03 6.00 6.01 6.00 0.034 0.5% 

0 
(Gissolved), 5.8 3.1 4.0 3.7 3.7 3.6 5.2 4.4 4.0 0.68 15% 
mg/kg 

* Standard deviation 

t A z  = - x 100,  where t = Student t factor 
X .  

c 



TABLE 6 
RESULTS OF ANALYSIS REPRODUCIBILITY STUDY: GAS SAMPLES 

Day (1) 
Analyte (1) (2) (3) (4) (51 (6) Mean a* Ayt 

H2S mole % 78.5 79.7 79.8 79.2 79.1 78.6 79.2 0.54 0.7% 

I 

h) 

W 

2% CH4 mole % 11.9 12.3 12.2 12.4 12.4 12.4 12.3 0.2 

C$6 mole % 0.139 0.142 0.142 0.144 0.144 0.144 0.142 0.002 2% 

c3H8 mg/kg 236 230 259 256 200 195 229 
N2 mole % 7.66 7.86 7.84 8.03 8.05 8.06 7.92 0.16 2% 

H20 mole % 3.77** 1.46 1.47 1.77 1.68 1.47 1.57 0.15 12% 
H2 mole % 0.212** 0.160 - 0.155 0.160 - 0.158 0.003 5% 

27 12% 

* Standard deviat ion 

t x ; ;  =- x 100,  where t = Student t factor - 
X 

** Not included i n  mean 



within the capability of the laboratory. 
Auxiliary analytical capability available 
at Rockwell International laboratories 
may be used in support of special tests; 
x-ray diffraction of solid scale samples 
is the most frequent example. 

To ensure the reliability of all data 
generated on the mobile geothermal 
laboratory, a series of quality control 
procedures has been developed. These 
include collection of multiple samples 
or measurement during sampling of unsta- 
ble species and performance of multiple 
analyses for most chemical species. 
Chemical measurements are made against , 
commercially prepared analytical stand- 
ards  and instrument calibration is 
routinely checked during analytical ac- 
tivities. Control solutions are meas- 
ured along with standard and sample 
solutions; these controls are the same 
solutions at each field site and so 
provide a valid measure of the repro- 
ducibility of the analytical measure- 
ments at different sites. Before a con- 
trol solution is completely used, anoth- 
er is prepared and the solutions are 
cross-checked, assuring continuity of 
measurement as the laboratory moves from 
one site to another. All sampling and 
analytical procedures conform to the 
standard quality control and quality 
assurance procedures used in the Rock- 
well International Environmental Moni- 
toring and Services Center laboratories. 

East Mesa, CA Site Visit, August - 
September 1980 In August 1980, the 
mobile laboratory t r a v e l e d  to the East 
Mesa, CA geothermal site to conduct 
reproducibility tests on the sampling 
and analytical procedures and to conduct 
a signature test on East Mesa Well 8-1. 
The results of the reproducibility tests 
were used to modify the quality control 
procedures, the sampling procedures, and 
the analytical procedures used on the 
mobile laboratory. 

Analysis reproducibility tests were 
designed to demonstrate the reliability 
of analytical measurements made in the 
laboratory; a collection of species, 
representative of the types of species 
measured and analytical methods used, 
was chosen for the analysis reproduci- 
bility tests. These species are listed 
in Table 3, in two groups, those ex- 
pected to be stable and those suspected 
to be unstable. Each chemical species 
measured as a liquid sample was measured 
once a day for eight days, and in addi- 
tion those species suspected to be un- 
stable were measured eight times the 
first day. Gas samples were measured 
six times the same day. Repetitive 
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measurements were made on aliquots of 
the same solution. Statistical analyses 
were conducted on all repetitive mea- 
surements. The results for the stable 
species are presented in Table 4, those 
for the unstable species in Table 5, and 
those for the gases in Table 6. 

From Table 4, it is clear that most of 
the samples are stable over an eight- 
day period for the analysis of those 
species listed, and that the analyses 
are reproducible. 
gave a 95% confidence interval larger 
than 10%: total C02 and Mn. Sam- 
ples for total C02 should be con- 
sidered potentially unstable; proce- 
dures have been modified to specify 
analysis as soon as possible after the 
sampling. 
0.015 mg/kg was very close to the 
detection limit of 0.01 mg/kg and so 
the high confidence interval is not 
unexpected. Analysis of the results 
for those species suspected to be un- 
stable indicate that precautions should 
be taken during theee measurements; 
sulfide, EH and dissolved oxygen have 
unacceptable reproducibility. As a 
result of these studies, a flow-through 
sampling probe has been fabricated and 
EH, pH, and dissolved oxygen are meas- 
ured- while sampling. The measurement 
of S- is performed as soon after sam- 
pling as possible. The analyses for 
gases gave satisfactory results; twelve 
percent reproducibility was achieved 
for the propane fraction, which was 
very near the detection limit of 200 
mg/kg, and for the gaseous water frac- 
tion. 

Experiments were conducted to examine 
the reproducibility of results on 
samples collected in the AP and AT 
modes. Again a small subset of the 
signature test analytes was chosen for 
the test; these are listed in Table 7. 
Samples for each measurement were col- 
lected in the AP mode and in the AT 
mode, and then analyzed for the chosen 
species. The results of these analyses 
are presented in Table 8. 

Differences brought about by the two 
different sampling modes were insignif- 
icant for the analyses of TDS, CI-, si, 
and enthalpy. In the other cases, the 
samples reflect the effect of the 
different sampling modes on the chemi- 
cal equilibria involving C02 and H2S 
dissolution in the liquid samples and 
the COS and S=/H2S equilibria in solu- 
tion. 
H2S remain in solution upon sampling, 
while in the AP mode, they may flash 
from the solution under the reduced 

L’ 

Two of the analyses 

The measured value for Mn, 

In the AT sampling mode, C02 and 

(& 
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TABLE 7 

ANALYTES CHOSEN FOR SAMPLING 
REPRODUCIBILITY TESTING 

Analyte Method 
TDS Gravimetry 
c1- Coulometric titration 
Cu, Mn, Si Atomic absorption 
CO;, HCOJ pH titration 
S= Colorimetry 
Enthalpy APIAT steam tables 

TABLE 8 

RESULTS OF SAMPLING 
REPRODUCIBILITY STUDY 

4 Analyte Sampling Mode 
AP AT 

TDS (mg/kg) 4150 4200 
C1- (mg/kg 1 2055 2030 
Ca (mg/kg) 11.3 25.1 
Mn (mg/kg) (0.004)* 0.03 
Si (mg/kg) 98 95 
CO; (mg/kg) 28.5 0 
HCoJ (mg/kg) 332 437 - 
S- (mg/kg) 0.24 0.45 
Enthalpy 287 280 

( BTU / lb) 

Well 8-1 has significant ionic content,- 
with the major components being calci- 
um, potassium, sodium, silicon, chlo- 
ride, bicarbonate, and sulfate. Minor 
components include boron, lithium, 
ammonium, strontium, and fluoride, and 
trace components include arsenic, bar- 
ium, iron, magnesium, manganese, sul- 
fide, and zinc. The most abundant 
gaseous component is carbon dioxide, 
while nitrogen and methane are also 
present in significant quantities, and 
hydrogen, water, ethane, and propane 
are present in small quantities. 

Brazoria County, TX Site Visit, October 
1980 In October 1980, the mobile 
laboratory travelled to the DOE geo- 
pressure facility in Brazoria County, 
TX to conduct signature tests on Pleas- 
ant Bayou well number 2. Because the 
brine pressures at the wellhead (3600 
psig) exceeded the capacity of the 
fluid sampling system (1000 psig), 
samples were collected downstream of 
the separqtor (800 psig) from both the 
gas stream and the liquid stream. 
Figure 2 is a simplified diagram of 
the system. The sample values were 
then normalized to the original well- 
stream using flow values obtained from 
site personnel. 

*Estimate, value was below detection 
limit of 0.01. 

pressure, giving less representative 
samples. As a result of these experi- 
ments, procedures were modified to 
specify collec$ion of samples to be 
analyzed for total C02, total H2S/SP, 
metals, and anions in the AT mode. Non- 
condensible gas samples are collected 
in the AP mode. - - Tor the signature-test on Pleasant 

Following the reproducibility tests at 
East Mesa, a signature test was per- 
formed to charactekize the geothermal separator) values. 
fluid from well 8-1. The results of 
the signature test are presented in 
Table 9. 

Bayou well number 2 are presented in 
Table 11; all values are normalized to 
represent the wellstream (before the 

Two signature tests were performed on 
Pleasant Bayou well number-2; for the 
first, samples were collected from the 
separator gas outlet (A, Figure 2) and 
from a sample cock downstream of the 
separator dump valve (C, Figure 2) and 
for the second, both gas and liquid 
sampIes were collected from a sample 
cock upstream of the separator dump 
valve (B, Figure 2). The results of 
the analysis of gases collected at the. 
gas outlet and upstream of the dump 
valve were very different. 
sults are presented in Table 10.  
differences in gas concentrations at 
the two sampling sites reflect the dif- 
ferences in water solubility among the 
gases. Carbon dioxide is very soluble 
in.water and so is found in a large 
concentration in the liquid stream. 
The hydrocarbons, in contrast, dissolve 
very little in water and so are found 
Primarily in the gas stream. The data 

These re- 
The 

The geothermal fluid from East Mesa 
hd 
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TABLE 9 
SIGNATURE TEST RESULTS SUMMARY, EAST MESA WELL 8-1 

VI 
n 

I 

N 
m 

Analyte Result 

TDS, mg/kg 

Conductivity, umho/cm 

PH 

E", mV 

Dissolved 02, mg/ kg 

Turbid i ty  , NTU 

Enthalpy, BTU/lb 

Gas/brine r a t i o ,  l / k g  

Steam fract ion,  % 

Ag, mg/kg 

A1 mg/kg 

As, q / k g  

B, mg/kg 

Ba, mg/kg 

4 100 

7290 

5.55 

-213 

0.15 

0.18 

280 

15 

8.95 

NO? (0.01) 

ND (0.1) 

0.3 

4.7 

0.60 

Analyte Result 

ND (8) 

245 (0.01 

1980 

ND (0.05) 

ND (30) 

* 

ND (0.05) 

ND (0.02) 

3.7 

0.98 

426 

ND (0.2) 

ND (0.05) 

109 

(continued) 

c c 



TABLE 9 (con ' t )  
SIGNATURE TEST RESULTS SUMMARY, EAST MESA WELL 8-1 

ND (0.8) 

119 

I' Not detected (detection l i m i t ) .  

* Traps saturated. 

Anal y t e  Result 

2.97 

ND (0.4) 

ND (0.2) 

0.008 

22083 

0.20 

180 

ND (5) 

1400 

1250 

30.3 

5.6 

ND (5) 
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TABLE 10 

NON-CONDENSIBLE GASES MEASURED 

AT PLEASANT BAYOU WELL NUMBER 2 

Location 

Gas Outlet (A) ** 
267630* 
31 

NDt 
ND 

8350 
666400 
25980 
25880 
4794 

Upstream o f  Dump Valve (B)** 
763000 
81 

10600 
ND 

2380 
212700 
6560 
2880 
531 

* Values are mg/kg of gas at the site of collection. 
t Not detected 
**See Figure 2 
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TABLE 11 
SIGNATURE TEST RESULTS SUMMARY, PLEASANT BAYOU WELL NUMBER 2 

Analyte Result 

TDS, mg/kg 

Conductivity, vmho/cm 

PH 

EH 
Dissolved 02, mg/kg 

Turbid i ty ,  NTU 

Enthalpy, BTU/lb. 

Gas/brine r a t i o ,  l / k g  

Steam fract ion,  % 

Ag, mg/kg 

A I ,  mg/kg 

As, mg/kg 

B ,  mdkg 

Ba, mg/kg 

124500 

1.4 lo5 

5.18 

-37 

ND (0.05) 

4.2 

224 

4.30 

3.4 

ND (0.01) 

ND (0.1) 

ND (0.2) 

26 

817 

Analyte Result 

52 

7231 

72100 

ND (0.05) 

ND (30) 

12600 

0.07 

0.03 

2.0 

80.7 

19 1 

ND (0.2) 

8 

504 

(con ti nued ) 



TABLE 11 (con't) 
SIGNATURE TEST RESULTS SUMMARY, PLEASANT BAYOU WELL NUMBER 2 



The geothermal fluid for Pleasant Bayou 
Well number 2 has a very high ionic con- 
tent, of which the major components are 
barium, calcium, potassium, magnesium, 
strontium, and chloride. Minor compo- 
nents are boron, iron, lithium, manga- 
nese, ammonium, silicon, bromide, fluo- 
ride, bicarbonate, and iodide, and trace 
components are chromium, copper, nickel, 
lead, zinc, and sulfide. The most abun- 
dant gases are carbon dioxide and meth- 
ane, while ethane, propane, butane, 
hydrogen, water and nitrogen are present 
in measurable quantities. Sodium hy- 
droxide traps were saturated during the 
collection of samples for the measure- 
ment of total C 0 2 ,  indicating very 
large concentrations. Techniques for 
the collection of total carbon dioxide 
need additional improvement. 

Recent Activity, 1981 The mobile 
laboratory travelled to a demonstration 
geothermai power plant at Brawley, CA 
to conduct signature tests of the geo- 

thermal fluid, tracking tests of 
important chemical components at six 
sites around the system, and a special 
test on a scale sample. 

The laboratory then travelled to a well 
site at Dixie Valley, NV in support of 
the test of a heat exchanger; a sig- 
nature test on the brine entering the 
heat exchanger was performed along with 
tracking tests on the fluid at four 
ports within the heat exchanger and 
special tests of solid scale samples 
taken from within the heat exchanger. 

Planned Activity, 1981 The mobile 
laboratory will travel in the future to 
conduct signature tests at hydrothermal 
and geopressure facilities, to collect 
data for the EPRI brine data base. In 
addition, it will lend support to EPRI 
field tests including tests of a rotary 
separator turbine, an upstream hydrogen 
sulfide removal process, and a steam 
separator. 

Li 
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BRAWLEY 10 MWe GEOTHERMAL POWER PLANT 

Raymond Cedillo 
Southern California Edison Company 

P.O. Box 800 
Rosemead; CA 91770 (213) 572-1505 

Roger N. Yamasaki 
WESTEC Services, Inc. 
3211 Fifth Avenue 
San Diego, CA 92103 

Southern California Edison Company's Brawley 
Geothermal Electric Project is the first flash- 
steam project in the United States to success- 
fully demonstrate the feasibility of utilizing 
steam from highly saline geothermal fluids for 
electric power generation. 

The Brawley Unit 1 power plant is an experimen- 
tal effort by Southern California Edison and 
its preceding companies which have long been 
interested in developing geothermal electric 
generating plants. In 1973, Edison began look- 
ing strongly in the California Imperial Valley 
area for geothermal energy development. 
Brawley, wells drilled there were found to be 
capable of producing geothermal fluid for poten- 
tial commercial electric power. 

On July 14, 1978, Edison and Union Oil Company 
of California signed a contract which provided 
for the construction of the first geothermal 
flash-steam electric generating plant in the 
Imperial Valley. 
was commissioned on July 21, 1980, with comer- 
cia1 operating beginning on July 29, 1980. The 
plant, after 8 months of operation, has demon- 
strated an average operating availability factor 
of 79 percent with an average capacity factor 
of 51 percent. 

The objective of the Brawley 10 MW Unit 1 pro- 
gram is to assess the technical and economic 
feasibility of generating electricity from steam 
produced from highly saline geothermal fluids. 
The Edison plant is designed specifically for 

At 

The Brawley 10 MWe power plant 

utilization of geothermal steam, and it employs 
design principles found in conventional fossil- 
fueled, electric generating plants. 

The geothermal energy production system operated 
by Union Oil at Brawley utilizes a flashed steam 
system. Geothermal hot brine fluids are brought 
to the surface under pressure and moved through 
a succession of vessels where the pressure is 
reduced, allowing a portion of the fluid at 
each vessel to separate into steam. This steam 
is delivered to Edison at a design rate of 
94,800 kg/hr (209,000 lbs/hr) at a single pres- 
sure of 115 psia and saturation temperature of 
17OOC (3400F) * 

The Brawley plant is designed to produce 10,000 
kilowatts of gross electric power. The load to 
run the plant itself is just under 800 kw. The 
remaining 9200 kw of plant output power is sold 
to the Imperial Irrigation District, the local 
utility, for consumption in the Imperial Valley. 
The amount of power generated by this plant is 
sufficient to meet the needs of approximately 
9200 residential consumers, and can save approxi- 
mately 100,000 barrels of oil per year. 

The Brawley 10 MW power plant is a model of a 
full-scale commercial plant, using systems and 
components which liliely will be utilized in 
large-scale follow-on units. Evaluation of this 
plant will help determine the future use of 
geothermal energy as a viable replacement for 
fossil fuels in an effort to balance the use of 
all energy sources for electric power generation 
and consumption. 
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'ERATING DATA ASSESSMENT PROGRAM- 
BRAWLEY GEOTHERMAL I 

CAP 
FAC 

% 

27 

- 
e_ 

MONTH 
- 
acm 

OUTA 
RATl - 

% 

33.3 

- 

4 

- 

2.4 

GROSS 
ENERATH 

KWh 
- 
2,020.00( 

QENERATIOI 

KWh 

1.851.580 

AUG 3,O 34,020 3,430,001 382,600 1 3,520 I 9,860 46 

3,830,OO SEPT 3,421,460 392,000 1,920 14.620 53 

42 

58 

OCT 3,120,00( 2,819,690 16.4 286,200 960 13,150 

NOV 4,190,000 3,880,100 26.4 

- 
2.5 

- 
34.7 

304600 960 8,340 

338.200 960 7,870 

261,000 2.560 6,960 

351,000 960 10,680 

DEC 3,340,OOi 2,992,970 45 

39 

1981 

JAN 2,870,000 2,599,480 

FEE 4,087,360 15.2 66 

58 MAR 1,330,000 4,044,080 14.4 

- 

- 

273,000 1,280 11,640 

i 
APR 

MAY 

JUNE 
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MAGMA'S 11 .2  MWe BINARY PLANT 

T. Hinrichs 
Magma Power Company 

P.O. Box 2082 
Escondido, CA 92025 (714) 743-7008 

The East Mesa presentation this year 
was an update of the 1980 report. 
Readers are referred to EPRI TC-80-907, 

December 1980, Proceedings of the Fourth 
Annual Geothermal Conference and Work- 
shop, pp. 5-1 to 5-14. 

\ 

6 - 3  



RAFT RIVER GEOTHERMAL FACILITY 

DOE-Idaho Operations Contract No. DE-AC07-76ID01570 

J. F. Whitbeck 
EG&G Idaho, Inc. 

P. 0. Box 1625 
Idaho Fal ls,  I D  83415 (208) 526-1879 

Introduct ion The Raft  River Geothermal Fac i l -  
i t y  i s  Qperated by EG&G Idaho, Inc., f o r  the 
Department o f  Energy. 
t h i s  f a c i l i t y  i s  a binary p i l o  l a n t  w i th  a 

p l i e d  by a geothermal resource o f  143°C (290OF) 
o r  greater. Isobutane i s  used as the working 
f l u i d  i n  a two stage b o i l i n g  cycle which pro- 
vides high and low temperature streams t o  a 
double impel ler  rad ia l  i n f l ow  turbine. The 
turbine-generator, heat exchangers and f e 

operation, thereby enabling the p lan t  t o  
produce s i g n i f i c a n t l y  more power i n  the winter 
months than a t  the summer design condition. 
Geothermal water i s  being used f o r  heat re jec-  
t ion.  

Geothermal f l u i d  i s  supplied by three produc- 
t i o n  wel ls.  There are two i n j e c t i o n  wells. 
Cement-asbestos pipe i s  used t o  t ransmit  the 
geothermal f l u i d .  

I n  addi t ion t o  the 5MW(e) p i l o t  plant, a 
60kW(e) binary system and a water treatment 
laboratory i s  located a t  the Raft  River Fac i l -  
i t y  which i s  used f o r  conversion system re- 
search. 

This paper w i l l  provide an update on the power 
conversion a c t i v i t i e s  a t  the Raft  River Fac i l -  
i ty .  

5MW(e) P i l o t  Plant Status The power plant,  
shown i n  Figures 1 and 2, i s  essen t ia l l y  com- 
plete.  Plant s tar tup has been delayed approx- 
imately one year (from October, 1980) due t o  
delays i n  completing construction, modifica- 
t ions and uncertain funding f o r  FY-82. Recent 
developments ind icate some funding w i l l  be 
avai lable i n  FY-82 t o  permit t es t i ng  and opera- 
t i o n  t o  proceed on a l i m i t e d  basis. A new 
star tup schedule i s  being prepared and means o f  
operating w i th  a reduced crew i s  being i nves t i -  
gated. 

Geothermal Supply Pumps The downhole pump 
experience a t  Raft  River has been very poor. 
Or ig inal  plans were t o  use submersible pumps; 
however, a l l  t h a t  e been i n s t a l l e d  and 

large horsepower submersible pump was i n -  
s t a l l e d  and tested, and even though i t  was 

The major feature o f  

nominal gross r a t i n g  o f  5MW(e) t1 P , when sup- 

pumps were designed f o r  " f l o a t i n g  power" 7 7  

problems and has required special treatment f38  . I t s  use has caused scal ing and corro i n 

tested have f a i l e d  R!i . During the past year a 

s p e c i f i c a l l y  designed f o r  geothermal applica- 
t ions,  i t  f a i l e d  i n  about four  hours. Smaller 
conventional submersible pumps were operated 
longer but eventual ly f a i l ed .  

Current plans are t o  i n s t a l l  new l i n e  sha f t  
pumps (Peerless) i n  wel ls  RRGE-1 and RRGE-2. 
These pumps w i l l  have lead bronze bearings 
lubr icated by water i n  which a soluble o i l  has 
been added. Del ivery o f  these u n i t s  w i l l  be 
completed by mid-July. A l i n e  sha f t  pump 
(Peerless) w i th  Teflon bearings and no l u b r i -  
cat ing f l u i d  i s  cu r ren t l y  i n s t a l l e d  i n  wel l  
RRGE-3. 
and horsepower o f  these pumps i s  given i n  
Table 1. 

The i n s t a l l e d  depths, rated conditions 

TABLE 1 GEOTHERMAL SUPPLY P W P  RATINGS - SHAFT DRIVEN 

Yell No. Set Depth, m (ft) Flw mlr (gm) TOH. m (ft) Motor h e  

URGE-1 305 (1000) .071 (1120) 408 (1340) 500 
RRGE-2 305 (1OOO) .043 ( 680) 408 (1340) 350 

RRGE-3 304 ( 998) -024 ( 375) 434 (1425) 250 

cool ing water treatment t e s t  programs(4.5) t o  
establ ish the best treatments f o r  removal o f  
s i l i c a  and hardness from the makeup water, 
corrosion protect ion f o r  the carbon steel  
condenser tubes, and scale contro l  have been 
concluded. Although a chromate based t r e a t -  
ment provided the best corrosion protection, a 
phosphate based i n h i b i t o r  treatment has been 
adapted t o  el iminate potent ia l  environmental 
concerns. The condenser tubes were cleaned 
and passivated. 
consist  o f  a combination o f  polyphosphate, 
orthophosphate, z inc and a copper i n h i b i t o r .  
The cool ing tower w i l l  be operated a t  approxi- 
mately e igh t  cycles o f  concentration. 

Testing has shown t h a t  scale formation cannot 
be contro l led i f  s i l i c a  l eve l s  greater than 
approximately 25-30 ppm are permitted i n  the 
cool ing system. This low l i m i t  i s  due t o  the 
presence o f  dissolved i r o n  i n  the cool ing 
water. 
system a t  e igh t  cycles o f  concentration, the 
s i l i c a  i n  the makeup water must be reduced t o  
ahout 3 ppm. Reduction o f  s i l i c a  t o  such low 
leve ls  i s  very cost ly .  
The problem o f  s i l i c a  removal from makeup 
water i s  not unique t o  Raf t  River. 

The i n h i b i t o r  treatment w i l l  

Thus, when operating the cool ing water 

Ground 
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waters i n  the Basin and Range regions i n  which 
many geothermal areas are located have s i l i c a  
leve ls  up t o  approximately 60 ppm. 
s i l i c a  removal w i l l  be required t o  prevent 
p rec ip i t a t i on  when the water i s  concentrated i n  
the cool ing system. 
cost  o f  s i l i c a  removal can be achieved i f  
cool ing systems are designed t o  el iminate ions 
causing s i l i c a  p r e c i p i t a t i o n  from enter ing the 
system. Concentrations approaching approxi- 
mately 120 ppm should be achievable without the 
use o f  dispersants and perhaps double t h a t  
leve l  w i l l  be possible w i th  dispersants. The 
water treatment tes t i ng  program i n  progress a t  
Raft  River w i l l  es tab l ish the actual l i m i t s .  

During the past year Permutit Company conducted 
tests  on s i l i c a  removal using reverse o mosis 
and rus t i ng  i r o n  i n  a sidestream systemt6). 
The rus t i ng  i r o n  shows s i g n i f i c a n t  promise as 
an inexpensive means f o r  removing s i l i c a .  

L) Thus, 

Large reductions i n  the 

Condenser Tube Mater ia ls  Corrosion tes t i ng  t o  
determine a preferred tube mater ia l  f o r  the 
5MW plant  condenser i s  i n  progress. Two types 
o f  t es ts  are being performed: spinner tes ts  
which are used t o  screen mater ia ls and p i l o t  
cool ing tower t e s t s  which expose actual tubing 
t o  conditions more representat ive o f  an actual 
system. Figure 3 shows the spinner apparatus 
i n  which small coupons are moved through the 
aerated brine. 
cool ing tower set  up. To date approximately 
35 mater ia ls have been tested i n  the spinner 
apparatus and four  mater ia ls are present ly 
being tested i n  the p i l o t  towers. Preliminary 
resu l t s  based upon weight loss and inspect ion 
f o r  p i t t i n g  i nd i ca te  t h a t  the be t te r  mater ia ls 
are: 
70/30 Copper/Nickel (B-359-Blll ) and AL 29-4-C 

These mater ia ls cost  about 2 t o  3.5 times as 
.much as carbon s tee l  but  are much less expen- 
s ive than Inconel, Hastel loy and other very 
corrosion res i s tan t  mater ia ls.  

A1 though these tes ts  are being performed t o  
establ ish an a l te rna t i ve  mater ia l  f o r  the 5Mw 
plant  condenser, the resul ts ,  we believe, have 
a great generic value and should bene f i t  any- 
one select ing mater ia ls f o r  a binary system 
condenser when r e l a t i v e l y  poor q u a l i t y  cool ing 
water i s  avai lable.  

Performance Predict ions The geothermal f l u i d  
temperature a t  the p i l o t  p lan t  i s  expected t o  
be about 138OC (208°F) ra the r  than the 1 3°C 

have been conducted t o  invest igate the e f f e c t  
on performance o f  a lower geothermal f l u i d  
temperature and t o  establ ish equipment opera- 
t i n g  1 i m i t s  encountered when changing 
geothermal f low t o  compensate f o r  the lower 
temperature. 
may be summarized as fo l lows: 

Figure 4 shows the p i l o t  

Sea Cure (A-268-79A). AL 6X (A-268), 

(A-268). 

(29OOF) design value. Parameter studies 4 7 )  

The resu l t s  o f  t h i s  invest igat ion 

bd 
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1. A decrease o f  5.5OC (10OF) i n  the 
geothermal f l u i d  temperature w i l l  
r e s u l t  i n  a reduction i n  power out- 
put  o f  about 8%. 

Power l o s t  by reduced geothermal 
f l u i d  temperature can be p a r t i a l l y  
madew by increasing the geothermal 
flow. 

The feed pump (head) appears t o  be 
the most r e s t r i c t i v e  component t o  
achieve maximum possible performance 
f o r  the large var ia t ions encountered 
w i th  f l o a t i n g  power and heat ex- 
changer foul ing.  The performance 
study suggests t h a t  a var iable speed, 
o r  a two speed pump might be 
valuable and permit increased per- 
formance (several percent gain). 

2. 

3.  

4. The dual b o i l i n g  system appears t o  
be se l f  compensating w i th  respect t o  
the f low s p l i t  as resource tempera- 
tu re  decreases. No changes i n  
turb ine nozzle areas appear t o  be 
required. 

5. Power output was estimated t o  be 33% 
greater i n  the winter than i n  the 
summer. 

60kW Prototype Power Plant The Prototype 
Power Plant [PPP) i s  a small 60kW binarv Dlant 
(Figure 5) which- is  p a r t  o f  the DOE Co&ekion 
Technology Program. The system conf igurat ion 
i s  modif ied as required t o  conduct t e s t  pro- 
grams. The fir$t par t  o f  the program was t o  
conduct a ser ies o f  performance tests,  t o  gain 
operation experience and t o  operate the p lan t  
i n  an automatic mode. A deta i led repor t  o f  
the experience w i th  t h i s  p lant  dur ing t h i s  
phase i s  given i n  Reference 8. Operational 
problems encountered were : 

1. Isobutane contamination w i th  
ni t rogen which d r a s t i c a l l y  reduced 
condenser performance. 

2. Considerable leakage o f  isobutane 
eyen though retorquing o f  flanges, 
t ightening o f  packing, etc., was 
conducted on a regular basis. 

3. Winter operation caused several 
problems : power outages occurred 
frequently causing p lant  shutdown 
which leads t o  a potentl'al vacuum 
hazard, d i f f i c u l t i e s  were encoun- 
tered w i th  p lan t  fill and dra in  back 
t o  storage, and the usual problems 
of tower i c i n g  and freezing of water 
and instrument l i n e s  exlsted. 

The p lant  was operated about 87% of the time 
t h a t  geothermal water was available. Var iat ion 



i n  power due t o  var ia t ions i n  ambient condi- 
t ions were determined. 
were found t o  be 25-30% dur ing the summer and 
10-15% dur ing the winter. Often when consider- 
ing power var iat ion,  only the f i r s t  order 
change between sumner and winter i s  considered. 
These data show t h a t  very substant ia l  var ia-  
t ions i n  the d a i l y  power output must be consid- 
ered as wel l  ( i n  the cooler climates). 

Conclusion The foregoing discussions show 
tha t  much i s  being learned about the use o f  
geothermal power systems.' Plants such as those 
a t  Raft  River and elsewhere demand t h a t  ac t i v -  
i t i e s  focus on the rea l  problems and t h e i r  
solution. This experience can be gained i n  no 
other way. The Raft  River f a c i l i t i e s  have 
features t h a t  are being appl ied f o r  the f i r s t  
time, some are developmental, others w i l l  y i e l d  
new experiences t o  be added t o  the data base, 
and a l l  w i l l  u l t ima te l y  be factored i n t o  the 
design o f  comnercial plants. The fo l lowing 
s u i a r i t e s  areas i n  which the 5MW(e) Raft  River 
F a c i l i t y  i s  unique o r  w i l l  add s i g n i f i c a n t l y  t o  
our understanding o f  geothermal power 
production : 

Dai ly  power var ia t ions 

Staged (dual ) boi  1 i ng cycle per- 
formance 

System designed f o r  f l o a t i n g  power 

Radial i n f l ow  turbine performance 

Geothermal water used f o r  heat 
re jec t i on  

Faul t  cont ro l led hydrothermal system 
behavior 

Submersible geothermal supply pumps 

Stimulated we1 1s 

Environmental baseline 
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FIGURE 1 AERIAL VIEW 5MW PILOT PLANT FACILITY 
Right - Control, Office and Lab Building, Maintenance Building 

Center - Cooling Tower and Adjoining Water Treatment Building 
Left - Process Area, Flare Pit, Holding Ponds 
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FIGURE 3 WATER CHEMISTRY LABORATORY 
Spinner Apparatus used for Screening Corrosion Tests 

FIGURE 4 WATER CHEMISTRY LABORATORY 
Pilot Cooling Towers used for Establishing Water Treatment 
and Corrosion Tests (tubes in heat exchangers on the wall) 
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FIGURE 5 60kW(e) PROTOTYPE POWER PLANT FACILITY 
R ight  - ( w i t h i n  s c a f f o l d )  Sieve Tray Preheater,  B o i l e r  Column 

Center - Structure  ( r i g h t  s ide )  She l l  and Tube Preheater B o i l e r  
( l e f t  s ide )  V e r t i c a l  F lu ted  Tube Condenser (by ORNL) 

Background - Water Treatment F a c i l i t y  

c e 



THE FINANCIAL COMMUNITY'S PERSPECTIVE ON THE ROLE OF 

DEMONSTRATION PROJECTS IN THE DEVELOPMENT OF GEOTHERMAL ENERGY 

JEFFERY B. WEINRESS 
BANK OF AMERICA 

555 SOUTH FLOWER STREET 
LOS ANGELES, CALIFORNIA 

90071 

For a new technology to achieve significant 
use in the electric power industry, it is 
generally thought that the technology must 
pass through three stages: scientific feasibi- 
lity, demonstration and commercialization. At 
present, geothermal energy is passing through 
its demonstration stage and appears poised to 
enter the takeoff phase of full scale commer- 
cialization. Should the geothermal industry 
make this transition over the next few years, 
it is expected to make a noticeable contribu- 
tion to U.S. energy needs during the late 
eighties and nineties, particularly in the 
western United States. My talk will focus on 
the perceptions of the financial community on 
the progress which geothermal energy is making 
in its demonstration stage. 

Like the utility industry, financial institu- 
tions have not wanted to finance geothermal 
technology until it has been successfully dem- 
onstrated as both feasible and economic. This 
lack of cpnfidence is reflected in the limited 
participation of the financial community in 
geothermal energy development. For example, 
there are now only two commercial banks active- 
ly financing geothermal projects and, for the 
most part, their financings have been done 
under the DOE'S Geothermal Loan Guaranty Pro- 
gram. 

Commercial banks, however, are ready to assist 
creditworthy parties in financing the develop- 
ment of geothermal projects without a DOE 
guaranty, assuming they have a full corporate 
guaranty for the life of the project. 
this may be the only financing option avail- 
able, since the Reagan administration has 
recommended to Congress that the Geothermal 
Loan Guaranty Program be eliminated along with 
most other research and development activities 
in geothermal energy. The impact of these 
actions will not be favorable on the industry 
and it may change the course of geothermal 
development. For example, it may lead to more 
"demonstration plants" being built before 
larger scale plants are constructed, a trend 
being reinforced by other technical, regula- 
tory and economic considerations. 

Indeed, 

This is not to say that the outlook for geo- 
thermal development is poor. The outlook at 
The Geysers, for example, is very good and is 
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illustrative of what will happen during com- 
mercialization. 
is accelerating. 
pants is increasing. 
Magma Power Company's quarter-interest in The 
Geysers for $400 million indicates the value 
of such holdings. 
prepared to provide production payment loans 
on developed portions of this resource and 
traditional "project financings" €or develop- 
ment programs are now being discussed where 
guarantees will run only through completion 
(completion being defined as several months of 
continuous operation at a predetermined 
percent of capacity). Major prerequisites for 
obtaining such financings are the ability to 
provide a satisfactory completion guaranty, 
the drilling of several successful exploratory 
wells (confirming the presence of a steam 
resource in commercial quantities), and a 
steam sales contract from an established 
utility. All this has come about because of 
the demonstrated reliability of this field 
for power generation purposes as well as the 
improving economics of geothermal development 
brought on by rising energy prices. Techni- 
ques to abate hydrogen sulfide have reduced 
lenders' environmental concerns and the regu- 
latory environment also appears increasingly 
favorable. 

Yet it is well recognized that The Geysers is 
a resource of exceptional quality. 
use of geothermal energy to become widespread, 
it must become equally feasible and nearly as 
economic to exploit hot water resources, 
particularly in the Imperial Valley. 
area is now the focus of development activi- 
ties for several reasons: its tremendous po- 
tential (some 3,000-7,000 MJ) and high tem- 
peratures as well as its proximity to the 
major, expanding markets of southern Califor- 
nia which are largely dependent on oil, not 
coal or nuclear energy, for electrical gener- 
ation. Finally, to the extent that the tech- 
nical problems caused by the hypersaline and 
corrosive brines in the Imperial Valley can 
be solved, it portends well for the use of 
any geothermal resource in the western 
United States. 

There are now two demonstration plants in the 
Imperial Valley. 

Here the pace of development 
The diversity of partici- 

Natomas' buyout of 

Commercial banks are now 

For the 

This 

As we have heard, these have 
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been a mixed success, due to a variety of 
technical problems. The financial community 
has been following these developments closely 
to learn as much as possible about the "state 
of the art". 
drilling and production posing little diffi- 
culty, though directional drilling in highly 
fractured zones is a challenging exercise and 
concern remains about the reliability of 
downhole pumps. Fluid handling remains a key 
problem. Corrosion, precipitation and scaling 
are major problems and the more difficult 
fluids found in the Salton Sea area have yet 
to be taken on. The expected efficiency and 
performance of various conversion systems 
(binary, single/double flash as well as direct 
contact) have not been rigorously demonstrated 
by these two plants and still need confirma- 
tion. Finally, injection must be more suc- 
cessfully accomplished. Maximizing field 
performance, disposing of spent fluids and 
preventing potential subsidence all depend 
upon reinjection. 

This brings me to the other half of the geo- 
thermal equation: the resource. On the one 
hand, we have much more infoktion about 
geothermal resources than power plants due to 
the 200 or so wells which have been drilled 
outside The Geysers since 1975. 
given us a much better idea of where these 
resources are and what their potential is. 
Nevertheless, such information does little to 
ease a lender's concern about either potential 
production problems like those encountered on 
the Baca project or the risk of premature 
reservoir depletion. Similarly, we feel the 
production data from the Brawley and East Mesa 
fields does not have a direct bearing on how 
other geothermal systems will behave, even in 
the Imperial Valley. 

Indeed, long-term production data from these 
operations will only have an indirect benefit 
on the overall development of geothermal 
energy. 
our confidence in techniques to predict reser- 
voir performance. However, until our confi- 
dence in such techniques is increased drama- 
tically, only multi-year production data will 
induce a lender to assume reservoir risk. In 
the meantime, we continue to view each project 
as somewhat of a "demonstration project". 

Fortunately, there may be a least one poten- 
tial short-term solution to this specific 
problem: reservoir insurance. Insurance com- 
panies are financial institutions who are in 
the business of taking on risks like these. 
They can provide insurance both against losses 
arising out of project termination due to re- 
sources inadequacy, as well as losses result- 
ing from premature reservoir depletion. 
cost of such insurance is not exceptionally 
high, but neitheris the comfort provided by 
present policies. Nevertheless, I expect 

On the technical side, we see 

This has 

This will come about by increasing 

The 
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such insurance will become a more important 
part of geothermal financing, especially given 
today's high rates of inflation and interest 
which make the potential benefits from expedit- 
ing geothermal development worth the cost of 
the insurance. 

There are two other aspects of geothermal de- 
velopment going through a phase analogous to 
demonstration. These are the tax treatment for 
geothermal development and the PURPA regula- 
tions. Over the last few years, Congress has 
enacted these incentives for geothermal devel- 
opment, but implementation is another matter. 
For example, the IRS is using its own defini- 
tion on the activitieslassets eligible for 
the Alternative Energy Tax Credit and PURPA 
is being challenged in the courts. Hence, 
the uncertainity created by these matters 
impairs the ability of the industry to raise 
the necessary capital to finance geothermal 
development, 

In closing, I would like to indicate that I 
see limited validity to the life cycle concept 
for geothermal energy. My concern does not 
arise due to questions about the hardware and 
systems for exploitation of geothermal re- 
sources. Here the technology can be shown to 
be feasible, demonstrated, and if practical, 
commercialized. My problems with this con- 
cept is on the resource side of the equation. 
With the substantial differences from reser- 
voir to reservoir, each new resource will have 
to demonstrate its adequacy over an extended 
period of time before it can be considered 
to be fully commercial like The Geysers. This 
is not to say that the subsequent power plants 
on the same resource will each need to be 
viewed as a new project, but that the perform- 
ance of one field will tell us little about 
how we can expect another field to perform. 
Gradually this concern will be reduced as we 
become more confident in reservoir prediction 
techniques, but in the meantime each geothermal 
project and its technologylresource matrix must 
be individual4y evaluated. 

L, 
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EXPLORATION, THE ECONOMIC STRATEGIES 

B. Greider 
Geothermal Resources International, Inc. 

Menlo Park, California 

Abstract Exploration for a geo 
voir is capital-intensive, and requires plan- 
ning and significant capital. The objectives 
of exploration are to locate, analyze, and 
acquire the areas that can produce economic 
and useful quantities of geothermal energy. 
Evaluation of the risks of finding adequate 
producible and useable energy with the availa- 
ble techniques and funds provides the founda- 
tion for the exploration plans. 
wells now cost about $200 per foot drilled. 
Development of a 50MW field and plant requires 
more than 76 million dollars. A direct use 
development requires a minimum of $1,000,000 
if it involves a new industrial installation. 
A development must provide more than 25% rate 
of return of return on the investment to com- 
pete with low risk investments. 

I. Introduction Exploration for the location 
of a geothermal reservoir is capital-intensive, 
requires expert planning, and long times from 
initial expenditure until positive income is 
achieved. 
field to the point of utilization of the geo- 
thermal reserve requires extensive engineer- 
ing, agproximately two years in negotiation 
and planning with the energy user and govern- 
mental agencies. Capital amounts of 30 to 50 
million dollars per 50MW plant will be needed. 
Direct use projects may require five to ten 
percent of this amount. 

The objectives of the exploration process are 
to locate, analyze, acquire the rights to 
develop and evaluate areas that can produce 
economic and useful quantities of geothermal 
energy. 

The most important factor in converting a re- 
source into a reserve is how the individuals 
that are actively dedicated to exploration for 
discovery and development attack the proble 
The key to successful reserve finding and 
deveJopment is the quality of the people as- 
signed to the task. 
variety of experience and techniques to 
their exploration progr 

The exploration process 
currently to achieve these objectives. Work 
necessary to make this possible utilizes the 
following activities (Table I). 

Geology and Geophysics provide the base for 
defining broad areas of concentration and site 

Exploration 

The development of a geothermal 

These people have a large 

nents blend con- 

specific selection of drilling locations. 
m e a  analysis of natural resource exploration 
activity includes identification of lands for 
acquisition of development rights (or joint 
ventures). Understanding the political phil- 
osophy of governmental entities controlling 
resource development is essential for effect- 
ive exploration. 

Evaluation of the risks of finding accumula- 
tions of adequate size of producible and use- 
able energy with the available techniques and 
funds of money allows the explorationist to 
make a realistic formulation of the explora- 
tion plans. 
formation evaluation establish the parameters 
used in a practical evaluation. 

Financing establishes the framework of an ex- 
ploration program. This framework is a budget 
when forecast expenditures are related to the 
time of expected work increments versus the 
availability of funds and manpower at given 
units of time. 

Combining work program budgets with forecast 
revenue timing allows the preparation of an 
initial cash flow analysis to measure the eco- 
nomic attractiveness of the exploration pro- 
gram. This analysis provides a strong input 
into the decision to continue with the explor- 
ation program until it results in a develop- 
ment program. 

Table 11 illustrates exploration techniques 
and associated costs. The overall amount of 
money (per successful prospect) required is 3 
million to 6.6 million dollars. 
for limited failure and followup costs, but 
does not include other exploration prospect 
failures and their land costs. Low and moder- 
ate temperature systems may require similar 
evaluation programs as the high temperature 
systems suitable for electricity generation 
and industrial processing. 

Financial analyses are made before the initia- 
tion of an exploration program and before and 
after drilling the initial successful well. 
Confirmation and development plans are site 
specific. So are economic analysis. The ex- 
ploration phase should meld into the develop- 
ment phase so the knowledge necessary for 
efficient development is transferred to the 
development operation. 
is derived for both operations. 

I 

Geology, geophysics, drilling and 

This provides 

A "cross feed" benefit 
The explora- 
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TABLE 1 

Jo8S RELATED TO EXPLORATION PROGRAH 

LAND - 
Acqulsl t ion, explor a t ion 
and productlon rlghts 

Regulations permits 
Public hear lngs 
Titles C obligations 
Joint ventures 

GEOU)(;Y C GEOPHXSIC8 
Ha tng 
@zonal geol y 
Prospect defl~tlon 
Tea . hole program 
welP site selectton 
Bottoa hole locatlon 
Coordinate access route 
Foraatlon evaluation 
Development progcaa 
Envlroruental reports 

DRILLING C PRODUCTION 
Access and site construction 
Drill program deslgn 
Contractor selectlon 
Drllllng supervision 
Testlng- erformance design 
sur face Pnst a1 la tions 
Pleld & reservoir management 
Uesecve reports 

FINANCE 
Data processing 
Account lng 
Expenditures forecast 
Actual expendl4ures 
Banklng 
Tax assessments 
Tax report8 

TABLE I1 

EXPLORATION TECHNIQUES AND APPROXIMATE COSTS 

Objective Technique Approximate Cost ( $ 1  

Heat Source h Plumbing Geology 

Temper at u re Reg ime Gravity 
Microseismicity 

Resist iv it y 
Tellurics and magnetotellurics 
Magnetics 
Geochemistry (hydrology) 
Land analysis and permitting 
Temperature gradient - 20 holes 
Stratigraphic holes - 4 
Reservoir testing 

(500' or less) 

Reservoir Character- Exploratory and confirmation 
istics tests - 3 - 

tion group will develop a realistic target and 
can evaluate the effectiveness and sequence of 
tools used to find that particular target. 
The necessary amount of money can be calcula- 
ted and dedicated to the search for similar 
accumulation. Economic analysis requires an 
actual development plan be formulated. 

New contracts for sale of the energy are rec- 
ognizing the risks and investments of the user 
and producer of the energy. Most importantly 
they recognize that a commodity is being sold 
or purchased. 
the available types of fossil energy. 
values can be equated by recognition of the 
work to produce the same product. This simple 
conceptual change allows the user to design 
more efficient machinery and reduce his energy 
needs. 
(producer) to develop the most efficient 
productive method for his energy accumulation. 

The revenue plan must address: 
be sold by the BTU, by pounds of fluid produced, 
or by the product manufactured with the energy? 

There are relative values among 
These 

This same impetus is given the seller 

will energy 
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$ 20,000 
15,000 
20,000 
25,000 
50,000 
15,000 
12,000 
45,000 

280,000 
160,000- 800,000 

2,800,000-5,000,000 
250,000 

To establish the price for the delivered 
energy requires expert market analysis, expert 
analysis of the user's manufacturing process, 
and expert analysis of how the reservoir will 
perform for 25 or 30 years. The understanding 
of the economic benefits derived from produc- 
ing the energy will produce the most realistic 
budget to carry out the total exploration plan 

To construct a cash flow analysis the variable 
factors affecting the rate of return must be 
identified. The average cost to find a geo- 
thermal anomaly is an important factor in the 
analysis made to determine if an organization 
should explore. After the discovery has been 
indicated exploration costs are "sunk" costs 
and are not of prime importance in the decision 
of whether to develop the discovered heat 
concentration. 
the important considerations in deciding 
whether to proceed with the development of 
this discovery and/or whether to continue 
looking for another one. 

Future costs and returns are 
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The objective of the exploration program is 
reached when the decision is made to begin 
field development. 
geothermal reserve is an economic one made 
after careful consideration of the costs re- 
qu ired to : 

The decision to develop a 

1. Confirm the amount of producible 
and useful energy in the postulated 
accumulation 
Develop and operate the energy pro- 
duction system 
Build the energy utilization equip- 
ment or plant 
Operate the utilization systems and 
market the product 

Basic site specific constraints are involved 
in determining these costs. 
energy and the form of its carrier limit the 
type of energy production system that would 
be useful and available for reliable operation. 
Fields producing hot water that flashes in 
the plant have different development costs 
than those producing dry steam. 

A summary of estimated development costs 
after exploration expenses for the field . 
supply, power plant, and ancillary equipment 
for a 50-megawatt hot water flash unit for a 
reservoir temperature above 40pF is as 
follows : 

2. 

3. 

4. 

The produced 

TABLE I11 

50MW HOT WATER FLASH 

Production Wells - 12 $ 19,800,000 
Injection Wellg - 6 9,900,000 
Pipe 1 ines 2,800,000 
Miscellaneous field expense 

(includes interest and 
workina capital) 9,000,000 

Power P G t  35,OOO;OOO 
500.00p 

With a schedule of field and plant development 
the revenue schedules can be forecast. The 
cost of competitive fuels available in indus- 
trial plants in the area served by the geother- 
mal development will e6tablish the maxhum 
unit revenue that can be used in the revenue 
schedule. With these factors determined a 
cash flow analysis can be developed. By 
changing the 
and minimum expected values the economic 
sensitivity to certain variables can be deter- 
mined. 
affect camaerciality are identified and strat- 
egies can be developed to insure the project's 
completion. 

Analysis of the profitability of a proposed 
development requires a price for the energy 
be forecast. 

above factors to their maximum 

In this manner factors most likely to 

The basic structure of price 

must provide an attractive rate of return to 
the prospector. The prospector's risk capital 
investment and time at risk before income must 
be minimized. The revenue should reflect the 
actual value of the energy sold. 
can be estimated by relating the price of oil 
or coal to an expected price for geothermal 
energy. 

The 1981 price for steam at the Geysers at 
27.6 mils per kilowatt hour of electricity 
generated is well below the price of oil or 
coal fuels available to a west coast genera- 
ting plant. 
about 590 kilowatt hours per $36.00 barrel of 
fuel oil. This is a fuel cost of 61 mils per 
kwh. Another way to express this is that the 
fuel costs $6.43 per million Btu used. Six 
years hence, with 12% inflation, the 61 mil 
price for oil fuel will have increased to 
more than 120 mils per kwh generated. 

A base case for the analysis uses conditions 
similar to those existing at the time of 
initial cash flow analysis. Therefore, 27.6 
mils for sales price from producer to utility 
is a reasonable beginning. 
wells estimated to be needed to produce the 
energy and to inject condensed fluids should 
be determined using the heat rate of the 
newest plants using the energy. The original 
electricity generating plants at the Geysers 
needed 20 pounds of steam per hour to prodbe 
a kilowatt hour of electricity. Table IV 
shows the more recent plants' characteristic 
requirements to enable a developer to esti- 
mate the number of development wells needed. 
A similar estimate should be prepared for non- 
electric uses. 

This value 

An oil fired plant generates 

The number of 

Plant costs for the electricity producer are 
accelerating similar to Nelson's Price Index 
For Construction Projects published. in the 
O i l  and Gas Journal. PG&E1s plant 115, put 
into operation in 1979, cost approximately 
$320 per kilowatt including the H2S removal. 
Plants designed today for construction three 
years from now will probably cost $600 per 
kilowatt. Ecolaire Condenser, Inc. has de- 
signed a portable well head heat exchanger 
plant with an output of 2.6 megawatts. 
estimated this will cost about $600 per KW 
for temperatures above 400°. 
require a well field capability of 740,000 
lbs. of geothermal fluid per hour at 410°F. 
It would be possible to obtain early income 
using this system while studying the charac- 
teristics of the producing reservoir, to 
determine its optimum usefulness. 

A summary of factors to use in the economic 
analysis of a steam field exploration target 
would include the following for 110 MJ devel- 
opment: 

16 9,000' producing wells at $1,650,000 * 

It is 

This would 
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TABLE IV 

$26,400,00 
2 injector wells 

Megawatts Gross 

Megawatts Net 

Turbine Throttle Flow 
(lbs/hr) 

PGbE 
Unit 15 

60.00 

57.27 

1.074M 

18.75 Net Turbine Steam Rate 
(lbs/KWH) 

Condenser-Pressure in HGA 4.0 

at $1,650,000 = $3,300,000 
2 Dry holes forecast at $1,635,000 each 
Operating costs at 12% of gross revenue 
Ad valorum tax 6% of net revenue 
Federal & state income tax 50% (includes depre- 
ciation and depletion considered directly) 

Depletion 15% of net revenue 
Depreciation schedule - 15 year straightline 
Investment tax credit 20% in year of investment 
Makeup wells - one every two years after the 
9th year 

The plant should be a llOMW that would start 
up in the middle of the fourth year of the 
project. The plant would be base loaded and 
run with an operating factor of 90% generating 
7884 hours per year. The capacity factor of 
95% would result in 104.5 KWh being generated 
when the field and plant were operating at 
forecast rates. 

Royalties are complex and related to the prod- 
uct sold at the wellhead. A royalty of 15% 
was used (in the following example) to be 
paid to the owner or agency responsible for 
the resource. Full production would be 
achieved by the fifth year. 
sold will be the price for the energy for the 
life of the project in the base case. 
are not escalated. 

27.6 mils per KWh 

Costs 

In the first year one producing well will be 
drilled and tested, four wells in the second 
and third year, five wells in the fourth and 
two wells in the fifth year. An injection 
well will be drilled in the second year and 
one in the third year. 
in the fourth year and another in the fifth 
year. 

A dry hole is drilled 

The base case assumes the steam gathering 
system is built by the power plant operator. 

The annual gross revenue will be calculated 
(plant output x 24 x 365) x (operating factor 
x capacity factor) x price. The net revenue 
will be the gross revenue x (1-royalty). The 
taxable income equals the net revenue minus 
intangible investment minus operating costs 
minus ad valorum tax minus depreciation minus 
depletion calculation. The net cash flow 

PGkE SMUD 
SMUDGE0 I1 Unit 16 

120.00 72.25 

113.43 67.02 

1.906M 950.00M 

16.80 14.17 

3.0 1.5 

will be the net revenue minus tangible invest- 
ment minus intangible investment minus opera- 
ting cost minus ad valorum tax minus federal 
income tax. m e  rate of return is equal to 
the discount rate that would reduce the pres- 
ent value profit to zero. 
as the reciprocal of the year's required to 
pay out the investment. 

If an interest rate of .08 is assumed for the 
negative cash balance years and -04 for posi- 
tive years there is a $110,852,000 contribu- 
tion to the project. The rate of return in 
this.base case is 34%. 

It can be estimated 

Adjusting the base case factors and re-calcu- 
lating the cash flow will identify those 
portions of the project that can seriously 
affect its economic viability. Identification 
of these factors will provide the basis for 
deciding if the risk o f  development is worth 
the investment. 

The cash flow analysis (Table V) is an example 
of how this analytical approach can be used 
to check an exploration project that has 
developed to the stage where the next invest- 
ment increment is one involving millions of 
dollars. The assumptions used for the base 
case produced a 34% rate of return which 
should be acceptable if other nearby develop- 
ments are supplying operating plants. Feder- 
ally insured deposits (in amounts above 
$100,000) in national banks are receiving 
18%-22% interest with minimum risk. 

The margin between the risk investment com- 
pared to the liquidity of an interest bearing 
bank deposit is a strong factor in deciding 
if new developments can be expected to receive 
60 to 70 mils per KWh generated. 
this with the 120 mils fuel oil will probably- 
cost the electricity generating utility and 
direct heat user in 1986. The growing mil 
difference in the price for geothermal energy 
and fossil energy will overcome transportation 
costs from remote areas to the center of use. 
Various prices for the geothermal energy can 
be substituted to change the base case to 
determine the minimum acceptable to achieve 
the needed R.O.R. 
staffs should understand the $51,120,000 

Compare 

Planning and regulatory 
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investment the field developer must make for 
an 110 MW supply system will earn more than 
$1,821,600,000 before tax in just 20 years at 
today's certificate of deposit rate of inter- 
est with no payroll or operating problems. 
Such safe well paying investments will not 
produce a supply of energy for the area's pop- 
ulation either. 

TABLE V 

SWMARY OF ANNUAL CASH FLOW 

110 MV. STEAM PRICE 27.76 MILS/K" 

o 
YEAR 1 

NET REVENUE 0 

TANQIBLE INVESTMEWT 330 

INTANGIBLE INVESTHENT 1320 

OPERATING COSTS 0 

ADVALORW TAX 0 

FEDERAL INCOME TAX -726 

NET CASH FLOW -924 

C U M  CASH FLOW -924 

HEM0 -- 
BEFORE FEDERAL TAX 
CASH FLOW 

YEAR 2 YEAR 3 - -  
0 0 

1650 1650 

6600 6600 ' 

0 0 

0 0 

-3630 -3630 

-4620 -4620 

-5544 -10164 

YEAR 4 YEAR 5 - -  
0 9720 

1650 660 

8235 4275 

0 1372 

0 583 

-4448 708 

-5438 2122 

-15602 -13480 
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WORKSHOP REPORT 

NEED FOR DEMONSTRATION OF SPECIFIC TECHNOLOGIES 

J. Lynn Rasband 
Utah Power & Light Company 

P.O. Box 899 
Salt Lake City, UT 84110 

At Workshop Session 7A the need for various 
demonstration projects was discussed. Con- 
ference attendees raised issues that they 
felt were preventing organizations from pro- 
ceeding with geothermal development. Then, 
demonstration projects which would provide 
solutions to problems posed were listed. As 
a final action, attendees were asked to vote 
for the demonstration project which they felt 
had highest priority for solving problems that 
limit geothermal development. Each attendee 
was given three votes and was allowed to vote 
either singly for three separate projects or 
vote all or any combination of votes for a 
single project or a combination of several 
projects . 
The list of demonstration projects and associ- 
ated prioritization by voting follows: 

No. of 
Votes Demonstration Project 

16 Downhole Pumps-Performance, Reliability 

15+ Wellhead Conversion Devices-Second 

14 Crystallization and Brine Handling 

14 Cooling Water-Availability, Chemistry 

11 Continue Demo Support 

Generation 

4 Heat Exchange-Performance, NCG Remove 

4 Hybrid Units-Study Economics 

1 Instrumentation, Data Acquisition, 

k Two-Phase Flow Prediction 

Authorization 
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WORKSHOP REPORT 

ROLE OF DEMONSTRATIONS I N  RESERVOIR ASSESSMENT U 

i 

AND EVALUATING DIFFERENT RESOURCE TYPES 

Dd C. liarban* 
Phi l l ips  Geothermal Company 

P. 0. Box 239 
Sa l t  Lake City, UT 84110 

Evan E. Hughes* 
Electric Power Research Ins t i tu te  

P. 0. Box 10412 
Palo Alto, CA 94303 

Paul Kruger* 

Stanford University 
, Stanford, CA 94305 

~_ 

Department of Civil Engineering 

A t  Workshop Session 7B, the  participants dis- 
cussed the  definit ion of demonstration as it 
af fec ts  resource developers: 
obtain any benefit  from a demonstration o r  
should a demonstration plant  j u s t  be considered 
U n i t 1  of the regular f i e l d  developnent? A 
contrast  was drawn between a p i l o t  plant,  whose 
data is open only t o  the  canpany sponsoring the 
plant,  and a demonstration project,  whose data 
is open t o  the  public at  large. 
makers who matter t o  the  resource developer are  
those who can pay fo r  the plant  o r  plants that 
produce revenue fo r  the  f i e ld  developer. lb 
the  developer, the most crucial  parameter i s  
the  time interval  A t  between the time when the 
developer is sa t i s f ied  the resource can be 
sold and the time when the developer is receiv- 
ing a return on the investment. 

A number of points of view were expressed by 
participants i n  the workshop discussion. 
Nearly a l l  addressed the  problem of decreasine 
the time interval  between investment and reve- 
nue. 

Does a developer 
. 

The decision 

V i e w s  expressed included the following: 

Information versus Testing Time A 
smaller s ize  plant,  operated a t  an ea r l i e r  
time, w i l l  enable the  resource developer 
t o  have more information to use i n  se l l ing  
the resource than would be obtained from 
short  intermittent tests over the longer .  
period it would have taken t o  build an 
i n i t i a l  full-size plant. 

Decision Makine When do we know enough 
about t he  reservoir? An ear ly  decision 
can be made regarding the  capabili ty 
of the  reservoir to support the f i r s t  
uni t ,  somewhere i n  the 10 to 50 We 

s ize  range. Prolonged data gathering 
won't add much for  the f i r s t  uni t  
decision. Experience i n  connection with 
operation of the f i r s t  uni t ,  be it "pi lot  
plant" o r  "demonstration" o r  whatever, 
can be valuable for  estimating ultimate 
reservoir capacity and for making deci- 
sions on additional units. Thus, a 
demonstration plant  should be viewed 
primarily a s  a way t o  obtain power pro- 
duction ear ly  and to provide data for  
decisions on f i e ld  capacity and sub- 
sequent units. 

Time Lapse before Return on Investment 
The value of a demonstration t o  a 
resource developer is measured by the 
extent t o  which it reduces the t i m e  
between investment i n  f i e ld  development 
and revenue from sales  of e lec t r ic i ty .  

a Size of I n i t i a l  Plant About 10 MW 
is required for  a useful demonstration: 
3 o r  4 MW per w e l l  fo r  hope of economic 
Buccess and 3 wells t o  properly t e s t  
the reservoir. 
sooner from a demonstration o r  p i l o t  
plant than t o  go on tes t ing  wells 
indefinitely while trying t o  sell a 
50  MW project.  

It i s  better to get  t h i s  

Verification of Predictive Simulators 
For reservoir analysis, a demonstration 
has value t o  the extent that it provides 
a way t o  test  and improve simulation 
models t ha t  must perform the task of 

reservoir from tests tha t  l a s t  only a 
week o r  a month o r  so. 

predicting long term behavior of the I 

i 
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Supply Guarantee versus Rill Disclosure 
A f u l l  disclosure of  reservoir data, such 
as would result from a "demonstration" 
rather  than a "pi lot  plant," is needed i f  
the  reservoir r i sk  is t o  be shared by the 
u t i l i t y  and its regulatory agencies. 
the  developer i s  willing t o  provide a 
contractural, f inancial  guarantee of 
f lu id  supply and replacement e lec t r ic i ty ,  
then 6nly the  developer needs the informa- 
t ion t o  make the  go-ahead decision and 
the supply guarantee can s u k t i t u t e  for  
f u l l  disclosure. However, i f  the r i s k  i s  
to  be shared by the  u t i l i t y ,  then the 
reservoir information must be acceptable 
t o  the  u t i l i t y  and i ts  financing and 
regulatory authorit ies.  In t h i s  l a t t e r  
s i tuat ion,  the u t i l i t y  must assess secu- 
r i t y  (i.e., r e l i ab i l i t y  of supply) and 
cost .  
t o  be decided by a public u t i l i t i e s  
commission. Information from a demon- 
s t ra t ion  must match the needs of the 
decision maker. 
cess must be open enough fo r  the demon- 
s t ra t ion t o  be planned properly, so it 
m e e t s  the  needs of the decision makers. 

Pragmatic Size Development The realities 
of the need t o  produce some revenue, com- 
bined with the need t o  gain information 
and operating experience sooner rather 
than l a t e r ,  lead t o  a pragmatic s ize  of 
plant that  may be smaller than the 
economic size.  

I f  

Acceptable cost  is also an issue 

The decision making pro- 

Steam versus Electr ic i ty  
take the in i t i a t ive  i n  decreasing the 
time between investment and revenue by 
investing more and building the power 
plant  himself and sel l ing e l ec t r i c i ty  
ra ther  than steam. 
a tough decision for a developer t o  make. 

A developer can 

This appeared t o  be 

Demonstrations versus P i lo t  Plants As 
mentioned above, a p i lo t  plant,  with in- 
formation held proprietary t o  the  owner(s), 
is an al ternat ive t o  a demonstration i f  
the decision maker for  the subsequent 
power generating uni ts  i s  simply the 
owner of the p i l o t  plant.  

Professionalism "Gut feeling" o r  pro- 
fessional judq-ment is still l ike ly  to 
determine the estimates put forth by 
different  reservoir engineers. The 
Wairakei f i e l d  i n  New Zealand has been 
analyzed by a t  l ea s t  three different  
groups of reservoir engineers with three 
different  predictions ar is ing from the 
same data. After 30 years, there are 
st i l l  surprises emerging from the 
experience a t  Wairakei. 

To summarize, the question of how demonstra- 
t ions re la te  t o  the resource developer side 
of the industry hinged around the goal of 
shortening the time between investment and 
revenue (i .e'. , the t i m e  between developer com- 
mitment and power plant  production). Shorten- 
ing t h i s  time w i l l  require the following 
measures , i f  the "demonstration" rather  than 
the "pi lot  plant" approach i s  taken: 

open access t o  data and analysis for  
checking and cross checking by other 
participants:  u t i l i t i e s ,  insurance 
companies, banks, etc. 

Enough open access t o  the decision making 
process (through a combination of f i e l d  
developer and u t i l i t y )  considered a s  a 
process for making a prudent business 
decision. 

Sufficient v i s i b i l i t y  t o  the public 
(i.e., PUC's and other regulatory bodies) 
regarding how decisions were made. 

A c lear  basis for  expansion t o  the next 
steps of developing and u t i l i z ing  the 
f ie ld .  

0 

The conclusion appeared t o  be tha t  there i s  a 
key role  for  "demonstration" plants to  play i n  
the  developement of geothermal f ie lds .  

Lj 

*Don Harban of Phi l l ips  Geothermal Oompany was Chairman of the workshop session. Paul Kruger of 
Evan Hughes of EPFU Stanford University presented the workshop results t o  the plenary session. 

prepared t h i s  written summary using notes by Paul Kruger. 
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WORKSHOP REPORT 

POTENTIAL FOR RESOLVING ENVIRONMENTAL 

AND REGULATORY ISSUES THROUGH DEMONSTRATIONS 

Joseph F. Dietz 
San Diego Gas Electric 

P.O. Box 1831 
San Diego, CA 92112 

The 15 participants at the workshop in- 
cluded representation from countries 
other than the United States allowing 
an interchange on an international bas- 
is. The absence of regulatory agencies 
precluded the benefit of their perspec- 
tives. For balance the environmental 
issues do need review from the perspec- 
tives of the: 

- producer, 
- operator, 
- regulator. 

In general the panel concurred in the 
value of demonstrations to provide full 
scale experience necessary to "resolve. 
preliminary environmental concerns or 
identify issues needing further resolu- 
tion. There was some differences in 
opinion as to the size needed for a dem- 
onstration. A basic guideline was 
suggested which recommended the size 
reflect full-scale operation of the 
components being tested. 

Transferability of the experiences be- 
tween regions (counties, states, coun- 
tries)-for application was recognized 
as desirable but questioned as to its 
ability to satisfy the regulators. TNis 
pointed out that site-specific needs 
cannot be ignored or under-estimated. 
Examples were given of differences in 
attitudes between counties and states. 

The representative from Japan indicated 
the need for large demonstrations to 
properly evaluate the economics and 
true effects of geothermal development 
on the environment. While esthetics 
have received less notice in these ear- 
ly stages of development, Japan is fa- 
cing the need to ut9lize geothermal 
resources in National Parks, where 
esthetics will be a prime issue. 

In recognition of the esthetic issue 
consideration is being given to semi- 

underground designs, equipment height 
reductions, landscaping and smaller 
plant areas. (5-7 hectares). 

There was universal agreement that reg- 
ulatory agencies should recognize that 
resolution of environmental concerns 
will be an ongoing process of the oper- 
ating unit and make allowances to per- 
mit development to proceed with subse- 
quent resolution of the problem. 

Mexico's experience supports the bene- 
fits to be gained by the balanced de- 
cisions of the regulators to allow dem- 
onstrations to focus on problem areas 
for subsequent resolution. 

Concern was expressed about the appar- 
ent overemphasis on seismic design re- 
quirements particularly the repetition 
in application after application. In 
view of the potential risk to the public 
it was felt the seismic requirements 
are excessive. 

Finally, demonstrations provide inval- 
uable assistance to KGRA development 
from the environmental perspe"ctive, pro- 
vided the demonstration has a sound 
pre-operational environmental data 
baseline and a post-operational mdni- 
toring program to validate preliminary 
environmental hypotheses. 

REGULATION SUMMARY 

There is a general consensus that the 
Regulatory Agencies and their regula- 
tions have a significant influence in 
the selection of geothermal demonstra- 
tion plant size and location. Also 
this influence has generally had a 
more negative connotation, although 
there are specific instances where this 
is not the case. 

It is a matter of record that some 
authorities have encouraged stricter 
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limitation 'after applied technologies 
have made significant reductions in 
H2S emissions. On the other hand the 
Imperial County example of informed 
and intelligent preparation for the 
development of a new resource, indi- 
catesthat development can proceed with- 
out excessive delay and at the same 
time protect valid socioeconomic and 
environmental concerns of the community. 

Willingness of the regulatory body to 
recognize the need for balance between 
conflicting desires is also apparent 
in Mexico's example at Cerro Prieto 
and the growth of that country's geo- 
thermal power sources. 

It is also recognized that demonstra- 
tion plants do provide Regulators the 
feedback of concrete field experience 
to permit them to fine-tune their reg- 
ulati,ons so they can be both protective 
and productive. It remains to be seen 
if the Agencies will wisely use the ex- 
periences for full community welfare. 

Geothermal development continues to 
face unknown regulation exposures. In- 

terested parties will'need to follow 
regulatory development in these areas: 

Underground injection (pres- 
ently on a two-year deferr- 
ment) 
Waste disposal: Federal Re- 
source Conservation and Re- 
covery Act (RCRA) regulations 
and for states like California 
with more restrictive in-lieu 
programs. 
Water discharges: constantly 
increasing number of chemical 
and water quality limitations. 
Toxic Substances Control Act 
Comprehensive Environmental Re- 
sponse, compensation and Lia- 
bility Act of 1980 (Superfund) 
Air Quality regulations 
Noise 

It is vital that demonstration or other 
field experiences receive dissemination 

and consideration by the Regulatory 
bodies if the ensuring regulations are 
to be useful and beneficial. 



GEOTHERMAL POWER DEVELOPMENT IN THE PHILIPPINES 

Jose U. Jovellanos, Arturo P. Alcaraz & Rogelio Datuin 
National Power Corporation 

P.O.  Box 2123 
Manila, Philippines 

Large scale geotherrral energy for electric 
m r  generation was put into operation with the 
inauguration of two 55-Ew geothermal generating 
units a t  Tiwi, Albay in  Southern Luzon in 1979. 
Another two 55-W7 units were added to the Luzm 
Grid i n  the sane year from Makiling-Banahaw field 
about 70 kilcareters south of Manila. 
year alone, therefore, 220-Ew of generating 
capacity was added to the p e r  supply condng 
from geo thed  energy. Last year a total of 
220-Ew pawer was added from the sarre mas.  
This brought to 446-Ew of installed generating 
capacity from g e o t h e d  energy with 3-Ew contri- 
buted by the 'lbngonan Geothenml pilot plant i n  
Tbngonan, Le*, Central Philippines and another 

Negros in operation since 1977 and 1980, 
respectively. 

utilization of indigenous g 2 o t h d  zesources 
and i n  the l i g h t  of the COMtry's ever increasing 
electric pmer demand and in the absence of large 
comercial oi l  d i s m r y  i n  the Philippines, 
geothed energy resource developiment has been 
accelerated anew. 'Ihe program includes develop- 
mt of six fields by 1985 by adding Mito and 
Daklan fields to the currently developed and 

For that 

3-Ew f m  Palinpinon-cauin field in Southem 

To realize the benefits that stem fmm the 

pducing geoth-1 areas. 

m m c N  

In the decade that was the seventies, perhaps 
no single event of international eo3I1oIcdc Wrt 
could ampanz with the energy crisis of 1973. It 
affect& develoljea and developing anmtries alike 
and clearly showed the fallacy of owdependence 

prortnilgation of necessary rnzasures and their 
rapid inplemntation w i t h  an unwavering decisiw- 
ness, the country has weathered the energy Crisis. 

The strategy taken was sinple and direct. 
President Ferdinand E. Marcos enunciated a gmer 
development program aimed a t  attaining self- 
reliance through availrnent of indigenaus energy 
resources. 
alternative sources of energy, the acceleration 
of oi l  and mal-exploration work and a dedicated 
effort to conserve energy. 
has mrked can not be denied. 

~e called for an intensive search for 

'Ihat this strategy 

HIsmKtcAL m m  
Geothennal studies in the Philippines were 

initiated in 1962 by the camrission on Volcano- 
logy, a march  agency of the Philippine (3mx-n- 
mt. w i t h  research funds made available by the 
National science Developent Board, the agency 
mderbok geoscientific investigations of the 
Tiwi, Albay -mal area. In house expedse, 
w i t h  occasional advice frcm visiting foreign 
scientists and with the Bureau of Mines helping 
out in the drilling of thew gradient holes was 
larg2ly relied on to carry out the research 
project. 

Five years later, on April 12, 1967, for 
the f i r s t  time in the country, an electric bulb 
was lighted by geotkrmal energy a t  &le, a 
mmte sleepy barrio in the rmnicipali ty of Tiwi, 
Albay Province. Ihe g € ? o t h d  steam CdTle from 
a 400-foot cne and half inch drillhole and it 
turned a twh-g?nerator borrckJed from the 
Pkdmnical Departmnt of the Mapua Institute of 
Ted-lnOlOgy. 

on foreign-sources of energy.- For the Philippines, Later, with additional research funds, a 
it pravided one of the mre severe tests i n  recent 641-foot w e l l  w i t h  a f m i n c h  pmduction liner 
t i m s  of the nation's ewncgnic and political was  bred in 1968 and it produced steam. 
resilience. enabled the setting up of .a 2.5 KW ncm-cadasing 

geatherrnal pilot plant for dennnstration purposes 
a? what geothermal energy is a l l  about. The well 
after twelve years is still discharging steam 
which is also nuv being used to evaporate sea 
water i n  connection with a pilot salt-making 
plant. 

This 

'BE crisis of 1973 poised great difficulties 
to the Philippine e- and w i t h  further in- 
creases in the price of inported o i l  coq?led with 
mcertainties in the prospeds of futuze supply, 
the nation was indeed f a d  in the ensuing years 
with spectre of ecomnic strangulation. 
Thanks, bwever, to wise planning backed by 

W 
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By 1970, the Philippine &mr.nm?nt, recog- 
nizing the benefits that can be obtained fnm 
geothermdl energy and realizing that the explo- 
ration work a t  Tiwi had reached the stage for 
ccnrnercial developmt, gave the National Fewer 
Qrporation the task to develop and exploit the 
field. A service contract was entered into in 
1971 by the Qrporation with mion O i l  of 
California through its subsidiary the Philippine 
Geothermdl, Inc. for the latter to develop the 
steam field while NPC put up the necessary 
generating plant. 
Volcanology was instructed by the eke cut^ -ve 
Office to transfer its geothermal studies to 
plnqects in Ieyte and i n  the Wling-Banahaw 
area of Luzm. 
ration and drilling activities have been in f u l l  
swing in these an2aS. 

%us, it may be said that the support given 
to a research agency by the gmer.nm?nt and its 
early -tion of the potential of geothermal 

xesouxce paid off haridsm~ly when the energy 
crisis cane. 

wanwhile, the ocrrmission m 

S i n e  then, g e o t h e d  -1- 

energy as an alteInatile indigenous energy 

With the flipaner in the econmics of 
petrolembased electrical p e r  in 1973, a 
drastic change in the m t r y ' s  p e r  develcp- 
mt was inperative. Where before, planning was 
centered m oil-fired tbelmal plants prwidmg 
base load requiremnts, especially in the 
provincidl service areas, a shift was mule so 
that the main thrust be- the availrrent of 
hydro, axl and resouroes. Since 
assessrent of the Philippines' geothermal p e r  
potential is of swh magnitude that it can be 

of-oil equivalent which a t  o i l  price levels of 
$32 per barrel crude muld man a dollar saving 
of $176 million for 1980. id  

MXE geothermdl generating units are abuild- 
ing or planned i n  the next five years. 
canstnction is the f i r s t  large p r  plant of 
three 37.5 tW uni t s  to tap the Byte geothermdl 
resource. m s  plant is targeted to be camnis- 
sioned in the last quarter of 1982. A similar 
3 x 37.5 MV p e r  plant w i l l  soon begin ams- 
tnlCtion i n  Palirpinm, southern Negms. m s  
plant planned to be ccerpleted in 1983 w i l l  supply 
p e r  to the Negros Island grid and w i l l  be 
further beefed up by a like 112.5 MV geothermal 
plant in 1985. pdditional uni t s  a m  also expeck& 
from Tcngmzan, T i w i  and Mak-Ban, while two new 
geothermdl areas under current eqlorat im,  
Elanit0 i n  Ausay and Daklan i n  Benguet, are expect- 
ed to cccltribute 165 W. 

lhlder 

By 1985, therefore, the 5-year catpressed 
energy program envisions a wb.mirg 1,718.5 M 
contribution fnm geothermdl eil&rcjy. 
is to can2 from only s i x  geothermdL fields. 
there are other geothermal prospects that are 
already under initial exploratory studies like 
Biliran, Anahilwan, Bur-, Nabntman, Uda- 
pawan, mntelago, Mabini,  mmt Pinatubo and 
Buguias. 

?his amnmt 
Y e t  

I f  the Philippines has been able to achieve 
this pknomnal gruvth in the utilization of her 
geotheml resources it was perhaps l q l y  due 
to the Unorthodox and bold approach taken i n  its 
development. The govemnmt opted to take an 
aumssivestand and put in a little mre risk 

relied mre and mre to-met a significant portion capital to the underking than what a -I- 
of the oountry's energy requirerrent, geothermal vative orthodox approach muld have called for. 
energy be- a major amponent of the energy 
program and so the gowrnmnt gave the signal Exploration wells were drilled to be pro- 
"full steam" for its develapment. 

utilization of geo&& energy in July 1977 with wells wre drilled and pertinent data on steam 
cperatiapl of a 3-MV C J = O & = ~  pilot m r  plant 
in  Tbngonan, kyte. 
part of the p v e r  needs of (Xmx C i t y .  
it was really only in 1979 that saw the a s s i n g  units. 

duction wells so that i f  successful the tinr? to 
bring the field into the exploitation stage would 
be shortened. As soon as t m  or three proauCing 

characteristics obtained, National Paer Qrpora- 
tion on advice of the field developer then proceed- 
ed t o  design, bid out, and order the generating 

As naach as possible, f f m - c c m s ~ g  

Ihe phili~ines entered into comercial 

'Ibis mr plant supplies 
Hmver, 

of lampscale geothermal energy frpm T i w i  i n  
Albay and Wl ing-hahaw (Mak-Ban) i n  Laguna. 
Tbm 55-n~gawatt plants were amnissioned in each 
of these areas, adding 220 of generating 
capacity to the Luzon grid and displacing 2.73 
million barrels of o i l  equivalent for 1979. 

year (1980) by an additional two 55-mgawatt 
plants ea& i n  'Mwi and Mak-Ban and tm 1.5 MV 
pilot  plants i n  Palinpinan area of Southern 
Ne- thus bringing the total geothermal p e r  
generatim of the country to an amazing 446 MV 
by the last quark-  of 1980. This mans a dis- 
placemat of slightly aver 5.5 million barrels- 

These were foll& dlrrost imretliately last 

7 

administrative procedures were streamlined and 
e m  short-circuited i n  the interest of rapid 
developmnt. 

to conplment th is  bold approach. 
wel l  is drilled and it is a steam producer, then 
subsequ3nt wells were drilled as a cluster around 
it rather than give priority to delineation wells. 
This way the decision to put up a p e r  plant 
c m  sooner, though, of course, the potential of 
the field was still just better than a ~ s s .  It 
was a garble, but perhaps the end justified the 

The drilling p r o g r m  was also planned as 
After a deep 

mans. 
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In cffder to maximize the benefits fromthe 
utilization of indigenous geothermal Tesounx!S, 
the gwvenmxt's five year program for gather 
ml exploration and Ckvelqmnt ains a t  1718.5 IW 
of generating capability by the year 1985 (Table 
No. 1). The program includes the developrrent of 
six fields to the curmntly develcped and pmdu- 
cing fields a t  Tiwi, Wling-Banahav and 
lhcpnan Valley. 

1984 1985 

110 220 

110 ll0 

ll0 

55 

112.5 

220 607.5 

1111 1718.5 

U 

mAL 

445.5 

550 

330 

110 

55 

228 

1718.5 

TABIE: 1 

p"EINs!mn.EDAM)pLA"ED 
Q " G  CAPACITIFS, (1977-81) 

1982 

75 

110 

185 

631 

- 
1979 - 

ll0 

110 

220 

223 - 

1983 

37.5 

110 

112.5 

260 

891 

- 
1980 - 
110 

110 

3 

223 

446 

The ~ccur ren~e of n m  hotsprings 
w g h o u t  the Philippines indicates that the 
axntq is w e l l  endckJed with geothermdl resources 
and suggests that a l l  possible nethods of util i-  
zation of th is  energy be investigated. scat- 

thermal spats that could have geathermdl S i N f i -  

Rsearch should be directed to accurate 

the archiplago azx! a n-r of 

cance. 

evaluation of other potential geothermal areas 
by wrr€?latim with IMgrra generation, st2nxwral 
setting of geothermdl fields and association of 
rock type and mineral alterations. This s w  
should lead to a grs&henral m i r  rrodlels. 

to utilize low heat sdxur fae  w a t e r s  should be 
pursued rigorously. If pmven eammical 

tappins low-tenperatme hotsprings in OUT mall 
island ccmmities. 

lpre use of binaxy systemin -ation 

Viable, this nethod could find applicabi I? ity in 

1981 

Ihe utilization of geothermal energy in any 
fom is not w i t h o u t  its sham of pnblems. smre 
of these are envimnrental prablens d c h  should 
be defined andevalua&d in order to insure an 
envilxmIl3ltally Cmpatible develCpEnt of geother 
rml resouroes. Basically, the possible inpact on 
the enVircmnmt due to geothermal Utilization are, 
gxwnd subsidence because of extraction of fluid 
fran the sdxurfae, and chemical-thenral pollu- 
tion because of disposal and discharge of efflmt. 
aze probm of scaling, Ilpst often by CarbOMtes 
or silica, high-acidity of geothenral fluids and 
the attendant corrasion can be minimized by 
proper Ix?search and aeVelopn2nt pLt3grm mse 
pmblems are, hmever, not inberent to all 
therrndl fields, but are Specific only in aertain 
areas in sccR3 cases specific a l l y  to SaM? steam 
wells of a particular area. 

Hardwares used in g e o t h e d  exploration and 
&vel-t are carry overs froan the ail industry. 
scnrre are therefoIx? fomd to be insufficient to 
cop with head pressure and ChenrLcal axlditftms 
peculiar to operations. 
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ceothermal energy is relatively a newcamr i n  the 
energy field though earth-heat can be said as old 
as the earth. Its state of the art has not 
reached the sqhistication of o i l  and gas 
tecfinologies. 

W i t h  further increases i n  o i l  and gas 
p r i e s  a h s t  a certainty as the ikpletion 
points of their known resems are approadled, 
the position of geothermdl energy ccrrpared t o  
fossil fuels inprmRs because it is a renewable 
form of energy. In  the cuning decades mre and 
m32e of the geothenral resources of the w r l d  
w i l l  be &veloped and exploited, not cmly for 
mr generation, but for direct applicatim 
of tbe energy as wel l .  

Philippines has -aged within so short a tim 
to be amng the fo-t users of this indige- 
nous energy resource. 

It is indeed a &orting t h o a t  that the 

Alcaraz, Arturo. Geothermal Exploration and 
Developnmt in the Philippines. Paper 
read before the CirmwPacific Energy 
and Mineral €&sources Cmference, 
Hawaii, 26-30 August1974. 

Datuin, Eaogelio. 1977 m e r m a l  F&sources of 
the Philippines, Status of Geothenml 
Projects Developnmt, and the c;laotherrral 
Power Developmnt Program. Ihe National 
Security €&view, Vbl. IV, Sepbrber 1977, 
pp. 3-16. 

Datuin, m l i o  and Fernando L. Uy. In  press. 
Quaternary Volcanism and Volcanic Fkxks 
of the Philippines, JourndL of the 
Ckoqraphical society of the Philippines. 
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FIG-1 PHILIPPINE GEOTHERMAL AREAS UNDER 
EXPLORATION AND DEVELOPMENT 
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Aerial V i e w  of W-Ban Geathenral Power Plant #1 
(units 1 E 2 )  
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Tiwi GeothermdL PakFer Plant x2 (Ulits 3 6 l+) showing cooling 
Tawer and Tt-Fmsmission Tawer 
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Sanple of S t d t e r  Separators used in Tiwi Geothermal 
f ie ld  
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STATUS OF GEOTHERMAZ, ELECTRIC POWER DEVELOPMENT I N  MEXICO 

Alfred0 Mafibn M. 
Comisibn Federal de Electricidad 

Coordinadora Ejecutiva de Cerro P r i e t o  
Apartado Postal 3-636 

Mexicali, B.C., Mgxico (706) 562-9913 

Status of Power Plants On-Line In the State  
of Baja California, i n  the Mexicali Valley, 
the Comisibn Federal de Electricidad has i n  
operation a 150000 kW Geothermal Power System, 
named Cerro Prieto I, tha t  includes a l iquid 
dominated reservoir, production w e l l s ,  pipe- 
l i ne  gathering system, a power plant  and an 
evaporation pond for  brine disposal purposes. 
The power plant  has four 37500 kW units i n  
operation. 
operation i n  April 1973, followed by a second 
uni t  i n  September 1973. Two additional units 
w e r e  placed i n  operation l a t e r  i n  1979, in- 
creasing the plant  capacity from 75000 t o  
150000 kW. From April 1973 to April 1981, 
these four uni ts  have generated 5191 million 
kwh . 

The f i r s t  un i t  began commercial 

Status of Power Plants Planned and Under Con- 
struction In addition to the four Cerro Prieto. 
I 'operating uni ts ,  a f i f t h  30000 kW unit  is un- 
der construction, and it w i l l  begin t o  operate 
i n  July 1981, increasing the to t a l  capacity t o  
180000 kW. 

This year w i l l  a lso begin the construction of 
two geothermal paver plants w i t h  a generating 
capacity of 220000 kW ea&. 
plants,  Cerro P r i e t o  11 and Cerro Prieto 111, 
are scheduled to i n i t i a t e  commercial operation 
i n  1983 and 1984 respectively. W i t h  such 
plants operating on l ine ,  the to t a l  Cerro 
Prieto's generation capacity w i l l  reach 620000 
kW by 1984. 

These new two 

?is par t  of the exploration programs for  this 
year, two deep w e l l s  w i l l  be d r i l l ed  7 kms., 
north-east from the Cerro Prieto I Power Plant, 
i n  order to define the reservoir boundary i n  
this direction. I f  the resul ts  are successful, 
the proven capacity of the Cerro P r i e t o  Geo- 
thermal Reservoir w i l l  be increased to a min- 
imum of 1000 MW. 

In the central  part of Mkico, i n  Los Azufres 
Geothermal Field, CFE is planning to i n s t a l l  
f ive  portable non-condensing turbine generators 
5000 kW each, scheduled to begin commercial 
operation i n  the f i r s t  quarter of 1982. Pre- 
liminary engineering fo r  the construction of a 
55000 kW power plant  i n  t h i s  f i e ld  has begun. 
The to t a l  reservoir capacity has been estima- 
ted between 300000 and 600000 kW. 

Porecaat of Geothermal Generating Capacity for  
the Year 2000 Important e f for t s  during the 
l a s t  6 years have been made by Ccnnisi6n 
Federal de Electricidad towards the diversi- 
f icat ion of i ts  energy sources for  paver gener- 
ation. 
from which 17800 GWH w e r e  produced by hydro- 
e l ec t r i c  plants,  39200 GWH by fos s i l  fuel  
plants and 1000 GWH by geothermal power plants. 
The l a t t e r  figure represented 1.78% of the 
to t a l  e lec t r ica l  energy generation for  1979. 
To support Mgxico's National Industrial  JkWl- 
opment Plan, where a yearly increase of 
14.2% i n  power supply is expected, CFE is plan- 
ning the construction of power plants whose 
power output should be 550000 GWH per year 
by the end of the century. From such power 
generation, 80000 GWH w i l l  be produced by hy- 
droelectric plants,  270000 by fos s i l  fuel  
plants,  140000 by nuclear plants,  40000 by 
coal paver plants and 20000 by geothermal 
power plants. This l a t t e r  f igure w i l l  repre- 
sent 3.6% of the to t a l  power generation. 
This f ac t  implies the need to i n s t a l l  geother- 
m a l  power plants a t  a r a t e  of 200 MW per year 
and consequently, the d r i l l i ng  of nearly 40 
production geothermal wells per year once the 
reconnaissance, prefeasibi l i ty  and feas ib i l i ty  
stages of each project have been accomplished. 

In  1979 58000 GWH w e r e  generated, 

Technical Features of the Plants and Resources 
The 150000 kW Cerro Prieto I Geothermal Power 
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Plant is operated w i t h  the separated steam 
produced by 30 w e l l s .  The plant  requires a 
t o t a l  amount of 1580 m e t r i c  tonfir of steam 
assuming a plant  factor  of 100%. I n  order to 
produce th i s  amount of steam, the t o t a l  steam 
and water mixture production should be 5000 
metric ton/hr. Turbines of Units 1, 2, 3 and 
4 of 37.5 WW capacity each, a re  single cylin- 
der, double flow, impulse and condensing type. 
The i n l e t  pressure is 6.3 kg/cm2 abs, and the 
exhaust pressure is  0.108 kg/cm2 abs. 

In  the actual exploited area, the average res- 
ervoir temperature is 29OoC, the brine's  dis- 
solved sol ids  before flashing are  15000 mg/kg. 
The gas content i n  the separated steam is 1.7%. 

Unit No. 5 w i l l  be driven by l o w  pressure 
steam obtained from two additional flashed 
stages of the brine, t ha t  a t  the present is 
discharged to the evaporation pond. The 



turbine is single-cylinder, double-flow, mixed 
pressure and condensing type. 
required to operate th i s  turbine w i l l  be 143 
metric ton/hr a t  4.3 kg/cm2 abs and 136.4 
m e t r i c  ton/hr a t  2.1 kg/cm2 abs. 
this amount of steam 3200 metric ton/hr of 
brine are required. 

The steam 

To obtain 

The Cerro Prieto I1 and Cerro P r i e t o  I11 Power 
Plants under construction w i l l  be supplied 
w i t h  the steam produced by 50 w e l l s .  Each 
plant  w i l l  consist of two IIOOOO 
Each generator w i l l  be operated by two 55000 
lcW tandem compound turbines , double-flow, 
mixed pressure, condensing type. 

KW U n i t s .  

The turbines of the f ive portable uni ts  t ha t  
w i l l  be instal led i n  Los Azufres Geothermal 
Field are single-cylinder, non-condensing 
type; the i n l e t  pressure w i l l  be 10.2 kg/an2. 
Each plant  w i l l  be operated w i t h  approximately 
70 metric ton/hr of steam. 

In Los Azufres Geothermal Field, steam and 
water mixture is produced i n  some w e l l s ,  and 
i n  others only dry steam is produced. The 
average reservoir temperature is 3OOOC and the 
to t a l  dissolved solids are 6400 mg/kg a t  
atmospheric pressure. 

Constraints on Development A t  present the 
main technical obstacle for  the geothermal 
energy development i n  Mexico i s  the d i f f icu l ty  
t o  evaluate the to t a l  potential  of geothermal 
reservoirs, tha t  leads t o  the adoption of 
conservative evaluation methods i n  the 
selection of power plant sizes. 

Some other problems t h a t  require additional 
research are those regarding well completion 
i n  high temperature reservoirs , associated to 
cement degradation and casing corrosion 
problems. 

Another potential  constraint for  Mexico's 
geothermal development could be the environ- 
mental impact caused by geothermal f luids  i n  
l iquid dominated reservoirs. The general 
recommended solution i n  these cases seems t o  
be brine reinjection. Regarding the environ- 
mental impact originated by hydrogen sulphide 
discharge to the atmosphere, though problems 
have .not ye t  been presenfed tha t  could stop 
the geothermal development, some studies and 
surveys are conducted i n  Cerro Prieto,  using 
dispersion models and d i rec t  measurements of 
€I$, to estimate the level of th is  gas a t  the 
atmosphere when new geothermal plants begin 
to operate. The possible process tha t  could 
be used t o  reduce H2S discharge is also 
studied. 

Another problem tha t  must he studied and solved 
t o  f a c i l i t a t e  Mexico's geothermal development, 
is  tha t  related t o  the land extension required 
for  w e l l  d r i l l ing ,  above a l l ,  when these w e l l s  
are located i n  agr icul tural  zones. A potential  
solution to this problem i s  t o  improve the 
directional d r i l l i ng  technology for  geothermal 
wells. 

Finally, it i s  necessary t o  t r a in  the human 
resources tha t  w i l l  be capable to cover the 
different  stages of exploration, evaluation, 
project  engineering, construction and 
operation of geothermal power systems t h a t  
w i l l  allow t o  reach the goal of 4 million lcw 
and so generate 20 thousand million ICWH 
annually towards the end of the century. 

Lj 

7 - 10 



W 
I 

ELECTRICAL GENERATION FORECAST 

BY TYPE OF SOURCE IN MEXICO 

I 

I 

I U C L E A R  

COAL 

6 EOTHERYAL 

OIL AND CAS 

HYDROELECTUIC 

5 '  1 s  1995 

YEAR 

7 - 11 



GEOTHERMAL RESOURCE AREAS 

SALrnl SEA / 

HEBER 

7 - 12 



c 
STATUS OF GEOTHERMAL POWER PLANTS IN MEXICO 

N A M E  DAPE OF INOTIAL CAQACIP Y 
OPERATION MW 

STAT U S ( 16- J ld N E- 8 I 1 

PATWE, Hgo. 

U1 CERRO PRIETO I 
U2 CERRO PRIETO I 
U3 CERRO PRIETO f 
U4 CERRO PRIETO X 
U5 CEWRO PRlEfO I 

U 1  CERRO PRIETO 31: 
U 2  CERRO PRlETO P: 

Ul C f R R O  PRIETO Zt 
U 2  CERRO PR 

5 FORTABLE UNITS 
LQS AZUFRES 

Nov. 1959 

Oc?. 1973 
May. 1973 
Jan. 1979 
Mar. 1979 
Jul. 1981 

May. 1983 
Sep. 1983 

Jon. 1984 
Moy. 1984 

Jul. 1982 

3.5 OUT OF LINE 

37.5 ON LINE 
37.5 OW LINE 
37.5 OM LINE 
37.5 ON LINE 
3 0.0 UNDER TEST TO BEGIN OPERATION 

110.0 QND E R CO NST R U C T I 0 N 
110.0 UNDER CONSTRUCTION 

llO.0 UNDER CONSTRUCTION 
110.0 UNDER CONSTRUCTION 

25.0 UNDER CONSTRUCTION 

U1 LO3 AZUFWES Apt. I984 55.0 UNDER PROJECT 
U 2  LOS AZUFRES Fob. 1987 55.0 UNDER PROJECT 
US LOS AZUFRES Dec. 1988 55.0 UNDER PROJECT 

tZOTE., THt3 PROOWAM DOE9 NOT INCLUDE ALL THE GEOTHERMAL PROJECTS 
CVT ONLY THOSE APPROVED BY C.F.E. TO DATE. 



CERRO PRIETO GEOTHERMAL DEVELOPMENT AREAS 
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ELECTRICAC GENERATION IN THE CERRO PRIETO GEOTHERMAL PLANT 

. 
YEAR 

1973 

.I  

1974 

1975 

. 1976 

1977 

1978 

1979 

1980 

6WH 

193 

463 

518 

579 

592 

598 

1018 

915 

TOTAL . 4876 

CAPACITY 

75 YW 

? S  MW 

75 YW 

75 MW 

75 MW 

75 lylw 

150 UW 

150 HW 

PLANT FACTOR 

0.6 3 

0.70 

0.7 9 

0.88 

0.90 

0.9 1 

0.82 

a t 2  
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ELECTRICAL GENERATION I N  THE CERRO PEUETO I GEOTHERMAL PLANT 

I I I I I I I 1 
I 1974 1915 1976 1977 1978 m 1980 

Y E A R  

7 - 16 





Ld 

TECHNICAL DATA OF M S  AZUFRES GEOTHERMAL FIELD (Sept. 1981) 

DRILLED WELLS I7 

PRODUCTIVE WELLS 12 

INJECTION WELLS 

PRODUCTION DEPTH RANGE 

4 

600-15001~~ 

AVERAGE STEAM PRODUCTION PER WELL 64.5 METRIC TONS./Hr. 

RESERVOIR TEMPERATURE 250-300 *C 

7 - 18 



W 
DEVELOPMENT OF GEOTHERMAL ENERGY FOR ELECTRICITY GENERATION IN ITALY 

R. Di Falco 
Ente Nazionale per 1'Energiaglettrica 

Unita Nazionale Geotermica 
Pisa, Italy 

1. Background 

The exploitation of geothermal energy to gener- 
ate electricity can be said to have begun in 
Italy in 1904 when about 15kW were generated 
to illuminate the plants producing boric acid 
at Larderello. However, the first geothermo- 
electric power station began operating in 1913, 
with a capacity of 250 kW. From that moment 
on continuous research, drillings, new plants, 
and improved technology have, despite the halt 
enforced by the war years, led to the present 
installed capacity of 439,600 MW in the Lar- 
derello, Travale, and Mt. Amiata areas. These 
are,in fact, the only vapour-dominated geo- 
thermal fields that have been discovered so far 
,in Italy. 

2. Geothermal Fluid 

The power stations operating nowadays are fed 
by about 200 wells spread over an immense area 
within the Larderello, Travale, and Mt. Amiata 
regions. 

Each of these wells produces a fluid comprising 
for the most part steam and other constituents, 
the most predominant of which is C02 (see Fig.1). 

These constituents often have a major influence 
on the choice of utilization plant; the content 
of uncondensable gases affects the choice of 
materials used and the decision to expand at 
less than atmospheric pressure or not. 

Usually no serious corrosion problems arise 
when natural steam is superheated where there 
is no condensate phaser so that a carbon steel 
can be used satisfactorily. However, the fluid 
in some of the wells at Larderello contains 
rather abundant traces of the chlorine ion. 

The chlorine content is generally below 10 ppm; 
in some wells it exceeds 50-100 ppm and may 
also vary suddenly with time. 

The chlorine content has been shown to be par- 
ticularly high in some of the more recently 
drilled deep wells that produce a high tempera- 
ture fluid (s 250OC). This creates grave prob- 
lems in transport and in the turbine whenever 
there is condensate present (insulation fail- 
ures, on the contact points between pipelines 
and supportsr etc.) . 
The corrosive properties of the endogenous 
fliids sometimes take their toll of even the w 
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best steels: corrosion has indeed been noted 
to develop even faster in some inox steels, 
appearing I in the form of pitting. 

The most effective means of fighting the chlor- 
ine ion would so far seem to be that of "clean- 
ing" the steam with an alkaline solution (NaOH 
at 1.5%); a slightly higher dose of this solu- 
tion than is really necessary for complete 
saturation is added to the steam; the fluid 
then passes through the separators to elimi- 
nate the liquid phase containing the chlorides. 
This treatment takes place before the steam 
enters the turbine so that there is obviously 
some'loss in capacity. However, adequate com- 
pensation is made for this in the rediktion in 
corrosion phenomena in the machinery. 

Endogenous fluid temperature ranges between 
a minimum of 120-130°C and a maximum of about 
25OoC. 

Fluid pressure on entering the power plants 
ranges from 2 to 11 ata. 
varies from a few tons per hour to about one 
hundred. The relationship between flow rate 
and production pressure is expressed by char- 
acteristic curves whose trends are shown in 
Figures 2 and 3. The characteristic curve is 
not constant with time, as flow rate and pres- 
sure both tend to decrease as production pro- 
ceeds. 
in the network thus change with time. 

Each Characteristic curve obviously has a point 
at which the theoretical extractable capacity 
is maximum, all other conditions being equal. 
It would clearly be more economic to operate at 
t h i s  pointi but, in practical terms, the oper- 
ational flow rate and pressure-are chosen on 
the basis of other factors, such as the existing 
network of steam pipilines, available machinery 
and also results of reservoir engineering studies. 

3. Fluid Transport 

The wells feeding the power plants are spread 
over a surface area of several square kklometrea. 
They are connected to the utilization plants by 
a network of steam pipelines totalling about 
120 km. The pipes, in welded steel, vary in 
diameter from 150 to 800 lllpl and are covered 
externally by a layer-of insulating material 
(asbestos or rock wool) of about 80 m thick- 
ness. A sheet of polyethyline is placed over 
the insulating material and the lot covered by 
thin (0.8-1 nun) sheets of aluminum as a final 
protection. 

Well flow rate usually 

The pressure and flow rate of each well 
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A double series of safety devices are fitted on 
the steam pipelines to avoid an excess buildup 
of pressures within the pipes should there be 
breakdowns in the utilization plants or erron- 
eous handling of the valves. Automatic pres- 
sure control valves are fitted in the power 
plants and safety diaphragms all along the 
pipes, calibrated to the nominal pressure of 
the latter. 

The pipes, which were at one time laid with 
bellows, now follow a zigzag route, so that the 
variation in length caused by thermal expansion 
is kept within the elastic deformation limits 
of the system and passed on to the cambers of 
each arch of pipeline. The increase in the 
length of the pipelines is thus negligible. 
The diameters are chosen so as to strike a 
happy medium between reduction in load loss and 
costs. Provision must also be made for the de- 
cline in produced,fluid with time and an even- 
tual insertion of new wells into the network. 
The steam velocity in the pipelines at Larder- 
ello ranges from 25 to 40 m/s. The average 
heat dispersion was calculated at 100 kcal/m2h; 
the overall transmission coefficient ranges 
between 0.1 and 1 kcal/m2h OC. 

4. Utilization Plants 

The choice of plant for generating electricity 
depends on the chemiophysical characteristics 
of the fluid and on the set of objectives. 

At the moment the endogenous fluid is carried 
directly into the turbines as the indirect 
cycle plants have by now been completely aban- 
doned. 
systems (Fig. 4), the fluid entering the turbine 
was a much cleaner steam than the endogenous 
fluid. 
are so far advanced as to permit the use of 
direct cycles. 

In these more complicated and expensive 

Nowadays the materials and technologies 

The cycles used now to generate electricity 
from endogenous fluids are summarized in Fig. 5. 
Installed capacity in each unit ranges from 
about 900 kW to 26,000 kW (Fig. 6). The utili- 
zation coefficient of the plants, by which we 
mean the ratio of operational hours to the total 
number of hours in a year, is 96.43%. The ratio 
of energy produced to theoretical attainable 
energy with the present installed capacity is, 
on the other hand, much lower, as some units 
in the Larderello zone are not operating at 
full load. 

In the simplest cycle the steam enters directly 
into the turbine and discharge is into the 
atmosphere. 

The plant adopting this cycle has a specific 
consumption of 15-20 kg of endogenous fluid for 
each kWh. 
Running and lnaintenance costs are relatively 
small. 

It is very cheap and easy to install. 

These plants are installed wherever the con- 
densing plants are not economically feasible, 
i.e. , where the fluid has a high content of un- 
uncondensable gases. 
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Plants of this type (1000 and 3500 kW) have 
also been installed in order to carry out long- 
term production tests for studying the char- 
acteristics of one or a group of wells. The 
15,000 kW back-pressure unit operating in the 
Piancastagnaio plant at Mr. Amiata uses the 
above-described cycle: it has an impulse and 
reaction type turbine that permits shuttering 
of the inlet valves and can operate with a 
high efficiency at pressures between 5 and 11 
ata with up to 20% gas percentage, by means of 
special bladed rings that can be inserted or 
removed depending on the fluid conditions of 
the moment. 

The unit can adapt to varying inlet pressures 
and can, where necessary, be coupled to a 
second low-pressure unlt and to the gas ex- 
tractor-compressor; the plant can thus be con- 
verted to a condensing cycle. 

The latter is, in fact, the most comnon cycle 
in the geothermoelectric power plants. 

All the plants using this cycle (Fig. 7) are 
fitted with direct contact barometric type 
condensers and multi-stage gas compressors- 
extractors with intermediate coolers. The 
water is carried to the condenser by the dif- 
ference in pressure while being pumped from 
the hot tank to the cooling towers. 
are usually of the vertical axis type with a 
submersed helical centrifugal rotor with blades 
that can vary in tilt to adjust the flow rate 
when a change of water level is desired. 

The pumps 

Tn the Fadicondolo 2 (Travale) and S. Martino 
power plants the pumps are the vertical axis 
type with submersed centrifugal rotor and con- 
trol valve on the delivery slde. 

The circulation water is usually cooled in re- 
inforced cement cooling towers of natural 
draught, with a At between 10 and 14OC, as 
there is not enough cold water available. 

In the Radicondoli 2 (Travale) poweraplant, 
which has an installed capacity of 30 m a n d  
began service In 1980, the circulation water 
is cooled in much smaller induced draught 
towers. 

New criteria have recently been adopted in the 
design of new power plants, as part of a pro- 
gram for amplifying and developing geothermal 
activity. 
and constructed with the followfng set objec- 
tives: 
economy in running and sfze, great flexibility 
and reliability, simplicity. 

The new plants w2ll thus be deslgned 

speed and economy in construction, 



Work has already begun on three new 8 MW power 
plants with a direct admission condensing cycle 
that were based on some of the above, unconven- 
tional criteria. 
extracted from the condenser by way of a baro- 
metric pipe, as in other power plants, but 
using extraction pumps. Thus less civil engi- 
neering work will be required and the plant 
will be simpler. 

In the future the power plants will be con- 
structed very soon after the geothermal fluid 
is discovered, as highly flexible machinery and 
equipment (capable of operating in relatively 
wide ranges of flow rate and pressure) will 
enable the plants to be ordered before the 
fluid is even discovered. If kept in store 
they can be available at very short notice. 

The turbine, alternator, condenser and main 
pump will be installed on the same level, thus 
eliminating a great deal of civil works; the 
power plants will be remote-controlled and able 
to start and stop automatically. 

5. Resource Prospects for Electricity 

The water will no longer be 

Generation 

Estimates of the geothermal potential are based 
on conventional evaluation methodologies that 
begin by evaluating the total heat stored in 
the underground to a certain depth and end with 
an estimate of the conomically extractable 
quantities, i.e., the so-called "reserves". 
Estimates made in Italy refer to a depth of 
3000 m and are based on methodologies elabo- 
rated jointly by ENEL and the DOE (USA). 

Note, however, that these reserves are distrib- 
uted all over the country in a non-uniform 
fashion; they are concentrated mainly within 
the pre-Apennine belt of Tuscany, Latium, and 
Campania, which can be said to contain more 
than 90% of Italy's entire geothermal re- 
sources. Within this belt the most favoured 
area as far as geothermal energy is concerned 
are: Larderello, Radicondolo-Travale, and Mt. 
Amiata in Tuscany; The Volsini and Sabatini 
Mounts and the Albani Hills in Latium and the 
Phlegraean and Ischian along with the Vesuvian 
areas in Campania. The main activity should 
therefore be concentrated in these areas 
(Fig. 9.). 

where the Larderello field is concerned, rank- 
ing foremost of all the others for the excel- 
lent characteristics of its fluids, production 
is expected to increase with drilling of new 
wells in the marginal areas and with the re- 
injection of part of the condensate from the 
power plants. 

Current experiments and studies would appear 
to confirm that the waters reinjected into the 
field represent at least a partial recharge to 
the reservoir. 

With regard to the other known, but water- 
dominated, fields, research and experiments 
are now being carried out to investigate all 
possible alternatives for generating electric- 
ity. Attempts are also being made to solve 
the many problems caused by the dissolved 
salts, such as incrustation, corrosion, de- 
positing, waste disposal, etc. 

The thermal energy in the underground down to 
this depth, throughout Italian territory, is shortly In the Cesano ffeld, whose fluid con- 
of the order of 2250 x lo9 TEP; the extractable 
energy is, however, merely a very small per- content. 
centage of this figure. 

Operation of this plant will hopefully provide 
The "reserves" in this country are estimated useful endicationo for utfl2z.zfng t h i s  type of 
indeed at around 10 thousand million TEP. Much resource. The Helfcal Screw Expander, a total 
of this energy,.however, cannot be extracted at 
temperatures above 13OoC and, where electricity 
generation is concerned, would require a tech- 
nology that has still to be tried and tested. 

where electricity generation is concerned, 
fluids corresponding to a geothermoelectric 
potential of about 100 m a e  are estimated to be 
extractable from Italian territory, i.e., about 
900 thousand million kwh. 
"reserves" were to be exhausted in a 50-year 
period, then theoretically 2000 MWe could be 
installed. 

When setting industrial objectives one must 
bear in mind factors such as the type of fluids, 
as this can create problems when utilizing the 
reserves; the mwimum capacity attainable in 
Italy from the reserves should thus, in prac- 
tical terms, be estimated at about one thousand 
MWe for 50 years (Fig. 8 ) .  

A demonstration plant will begfn operatfng 

sists of water with an extremely high salt 

flow machine, wlll Be tested in thfs plant. 

Experimental flash steam and binary cycle 
plants are also planned,-to test the technical 
and economh feasibil2ty of generathg eleci 

from mid- and low-enthalpy fluids. 

Assuming that these 

b) 
7 - 21 



f 1 

10. 

'1 i 

7 - 2 2  



\ 

I 

A / 
'-4:. 

O/ 
/ o  

W 
i 

I \ \  
\ \  

*STEAM ?W-RATE 
0 TEMPERATURE 
0 WATER FLOW-RATE 
A OAS/STEAM RATIO 

8 
- / a  

I 

5 10 15 20 25 0 

PRESSURE at. 
F i g .  3 - Back-pressure curves of a geothermal well 

Lg. 4 - Rue condensation stam puer (Cycle 2) 

7 - 23 



Power plant Cycle M e r  Capacity (kw) 

Larderello 2 3 4 14,500 58 ,000 

of units per unit Total 

Larderello 3 

S. Martino 
Gabbro 
Castelnuovo V.C. 

serrazzano 

Monterotondo M.m 

3 3 26,000 
3 1 24 ,000 111,000 
3 1 

3 1 
3 1 
3 2 
3 1 
3 1 
3 2 
3 2 
3 1 
3 1 
3 1 
3 1 

9 ,000 9 ,000 

15 ,000 15,000 

26,000 
11,000 
2 ,000 50,000 

3,500 47 ,000 

12,500 
6,500 33,500 
12,500 12,500 

15,000 
12., 500 

14,500 

3 1 12,500 
1 3,200 15,700 

Sass0 Pisano 2 

Condensing plants in the bo raciferous region 3 27 - 381,700 

3 
Radicandoli 2 3 2 15,000 30,000 

18,000 
Travale-Radicondoli 1 1 3 ,000 

Sasso Pisano 1 1 2 3,500 3,500 
Mlinetto 1 1 3,500 3,500 
Lagmi Rossi 1 1 1 3,500 3,500 
Lagqni Rossi 2 1 1 3,000 3.000 
Vallonsordo 1 1 900 900 

1 8 - 35,900 

1 1 3500 3,500 
1 3:500 3,500 

15 ,Ooo 
1 
1 3 - 22,000 
1 

4 3 9 . m  

1 1 15,000 

Back-pressure plants in the boracifemus region 
T O W  plants W the bszac ifetaus region 3s 41?,600 

1 15,000 

38 
Back-pressure plants (M. Amiata) - - 

Fig. 6 - Installed capacity of italian geothelmoelectric power plants 
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94 m l k  

Fig. 8 - Predictions for the availability of g e  
thhmal resources for electricity gene- 
ration. 
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JAPAN'S C;EOTHERM?U POWER DEVELOPMENT 

Total 

(*I  Chuji Araki Takuji Fujikawa 
Land Turbine Designing Section 

Mitsubishi Heavy Industries, Ltd. 
Nagasaki Shipyard L Engine Works 

1-1 Akunoura-machi 

General Manager, Dept. of Technology 

Kyodo Bldq. 2-55, Kabuto-cho. Nihonbashi, Chuo-ku 
Geothermal Energy Research and Development Co., Ltd. I 

168,000 

Nagasaki, 850-91, Japan, 0958-61-2111 
Tokyo, 103, Japan, 03-666-5822 

-1 Japan is  the only one country which 
has operated geothermal plants of the dry 
steam, single flash,  double flash and binary 
type - 
me to t a l  geothermai e l ec t r i c  generating capac- 
i t y  is 168 MW as of June, 1981. However more 
than 10,000 MW is  aimed t o  be put on l i ne  by 
the year 2000. 

Japan has more than 200 geothermal areas in- 
cluding 65 volcanoes which' promise abundant gee  
thermal energy potential ,  

However, exploitation of geothermal energy for  
e l ec t r i c  power has been slow in  Japan because 
almost a l l  of the outstanding geothermal pros- 
pects are located i n  national parks, which 
are protected for  their natural  beauty. 

'Ihe construction and operation of geothermal 
power plants are subject to s t r i c t  controls. 

The f u l l  range of geothermal ac t iv i t ies  i n  
Japan i s  directed by the government's Ministry 
of International Trade and Industry (MITI) 
through the Sunshine Project. 

"Development of geothermal energy ut i l izat ion" 
s tar ted i n  1974 by Sunshine Project. This is  
divided in to  @ Exploitation Technology, @ 
Extracting Tkchnology, @ Material Develop- 
ment, @ Hot DW ROCICS Power Generation, @ 
Environment Protection Si Multi-Purpose U t i l i -  
zation and @ Hot Water Power Generation, and 
these are expected t o  be completed by the year 
2000. 

(1) Status of Power Plants on Line 

N a m e  of Plant output 

Japan Metals and 
Chemicals Co. 20,000 

Matsukawa 

Kyushu E l e c t r i c  Power 
10,000 

Otake 

Mitsubishi Metal Co. 

(*) Speaker 

I n i t i a l  

O c t . ,  1966 

AUg., 1967 

Electr ic  Power 
Development Co. 

Kyushu Electr ic  Power 
Co. 

Onikobe 

Hatchobaru 

Japan Metals and 
Chemicals Co. 
Tohoku Electr ic  Power 
co. 

Kakkonda 

25,000 

50,000 

50,000 

I 3,000 Hotel Suginoi 
Suginoi 

May, 1975 

Jun., 1977 

May, 1978 

M a r . ,  1981 

- 
(2 )  Status of Power Plants Planned or 

under Construction 

Name of Plant 
Rated Date of 

I n i t i a l  
Operation 

mnan Geothermal 
Energy Co. 
Hokkaido Electr ic  
Power Co. 

Mori 

Total I 50,000 I - 

(3) Forecast of Geothermal Electr ic  Generat- 
ing Capacity t o  the Year 2000 

0 .A 
c, 
0 
0) 
4 A  
W c ,  

b4 g 10,000 

1980 1985 1990 1995 2000 
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(4) Technical Features of t h e  Plants  

Plant  

Type 

Turbine 

Type 

No. of Stages 

Rated Output 

Capabili ty 

Speed 

Main Steam 

Pressure 

Temperature 

Gas Content 
( w t )  

Exhaust Press. 

Main Steam 
Flow 

Last Stage 
Blade Height 

Condenser 

Type (a) 
Pressure 

Cooling Water 
Temp. 

Hot Water Temp. 

Cooling Water 
Flow 

Gas Extractor 

Type (b) 

No. of Stages 

Suction Press. 

Capacity 

Steam Consumptioi 

Power Consumptioi 

Cooling Tower 

Type (c) 

No. of Cells 

Design W e t  Bulb 
Temp. 

Fan Motor P o w e r  

Matsukawa 

Dry 
Steam 

SCSF 

4 

20,000 

22,000 

3,000 

3.5 

14 7 

0.2W -6 

0.138 

193 

5 84 
(23) 

DCB 

0.13 

25 

47 .O 

4,320 

S J E  

2 

0.129 

18,000 

- 

ND 

1 

17 

- 

Otake 

Single 
Flash 

SCSF 

4 

10,000 

13,000 

3,600 

1.5 

12 7 

0.8 

0.11 

113 

420 
(16.5 

DCB 

0.10 

26 

41.4 

3,900 

MDRW 

1 

0.092 

L,62Ox; 

- 
53 x 2 

CXMD 

3 

17 

66 

Onuma 

Single 
Flash 

SCSF 

4 

10,000 

12,500 

3,000 

1.5 

127 

0.1 

0.11 

10 7 

500 
(19.7 

DCB 

0.10 

23 

43.4 

2,850 

MDWP 

1 

0.092 

1,050 

- 
30 

CXMD 

3 

14 

86 

_____ 

Onikobi 

Single 
Flash 

SCSF 

5 

25,000 

25,000 

3,000 

3.5 

147 

0.5 

0.116 

220 

6 30 
(24.8: 

DCB 

0.102 

26 

41.8 

7,062 

S J E  

2 

0.095 

6,750 

15 
- 

CTMD 

5 

17 

Hatchobari 

Double 
Flash 

SCDF 

5 x 2  

50,000 

55,000 

3,600 

5.5/0.43 

161/109 

0.45 

0.10 

312/107 

6 35 
(25) 

DCL 

0.10 

26 

43.5 

12,300 

MDRB 

4 

0.095 

20 , 600 
- 
315 

CTMD 

4 

17 

213 

Kakkonda 

Single 
Flash 

SCDF 

4 x 2  

50,000 

50,000 

3,000 

4.5 

14 7 

0.62 

0.138 

478 

5 84 
(23) 

DCL 

0.138 

25 

48.8 

10,218 

S J E  

2 

0.138 

3,840 
kg/H 

14.23 

- 

CXMD 

8 

17 

110 

~~ 

Suginoi 

Single 
Flash 

SCSF 

1 

3,000 

3,000 

3,600 

3 .O 

143 

0.5 

0.30 

40 

75 
(2.95) 

DCB 

0.30 

32 

66.7 

600 

MDW 

1 

0.29 

600 

- 
22 

Pond 

- 
- 
- 
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(a) DCB = direct  contact barometric type 
DCL = di rec t  contact low level  type 

(b) SJE = steam j e t  e jector  
U 

MDRVP= motor driven reciprocating vacuum 
Pump 

MDRB = motor driven rad ia l  blower 
MDVP = motor driven rotary vacuum pump 

(c) ND = natural  d raf t  
CXMD = cross flow mechanical draf t  
Cl'MD = counterflow mechanical draf t  

(5) Constraints on Development 

1. Geothermal Energy ExploitationTechnology 

@ Investigation and verification of geo- 
thermal energy exploitation technology 

@ Investigation on exploitation technology 
of deep geothermal resources 

@ Investigation on making national geo- 
thermal resources map 

2. Geothermal Energy Extracting Technology 

0 Development of mud water usable under 
geothermal environment 

@ Development of cement usable under geo- 
thermal environment 

3 

@ Development of d r i l l i ng  technology for  
high temperature stratum 

@ Development of measuring technology i n  
geothermal well 

@ Investigation of hot water reinjection 
mechanism 

. Development of Materials for  Geothermal 
Energy Util ization 

@ Investigation on development of materi- 
a l s  for  geothermal energy u t i l i za t ion  

6. Hot Water Power Generation System 

@ Development of two phase t o t a l  flow 
rotat ing expander 

@ Development of hot water power genera- 
t ion plant 

7. Development of hot water supply system from 
deep stratum 

References 
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4. Hot Dry Mcks Power Generating System 

@ Investigation on d r i l l i ng  and crushing 
of hot dry rocks 

@ Feasibi l i ty  study on hot dry rock power 
generation system 

5. Environment Protection Technology 
I Multi-Purpose Util ization Technology 

@ Development of geofluid treatment 

O Hydrogen sulf ide scrubbing technology 
O Scale deposition prevention technology 

~ 7 - 29 



I 

4 

ENWGY I N  JAPAN 

Thermal Paver Division 
Agency of N a t u r a l  Resources and Energy 

Ministry of International Trade and Industry 
1-3-1 Kasmigaseki Chiyoda-ku Tokyo Japan 100 

Tel. 3-501-1511 

Japan's Energy Situation Japan is short of 
almst every important mineral resource and is 
entirely or  almst entirely dependent an 
imports. Worst of all, it is ahnst canpletely 
lacking i n  petrolem, a key energy resource, 
and this energy source currently accounts for 
rovghly three quarters of total Japanese energy 
consumption. 

Japan's energy mnsmption is second i n  the 
free m r l d  folluwing the United States. 
However, per capita energy consumption is about 
one-third that of the United States or Canada. 

Alternative Euergy Developnent and Targets for  
Geothermal Developnt MITI, Ministry of 
International Trade and Industry, studied both 
the fundamental problem and issues regarding 
the dab l i shmen t  of targets for the supply of 
alternative energy in confomity with the "Law 
Concerning the pmolotion of Developnt and 
Introduction of Alternative Energy Sources." 

As the long-term danestic and international 
energy situation is difficult  t o  predict, it is 
necessary for Japan t o  pmnptly enhance the 
developllent and introduction of alternative 
energy sources in order t o  secure a snooth 
supply of energy. 
endeavor t o  satisfy at least 5C% of her energy 
d m d s  by means of alternative energy sources 
in  f iscal  year 1990. 

With the above figure serving as a major goal, 
alternative sour- of energy and their  

studied. Due consideration was given to each 
energy source's past performance and supply, as 
well,- the effects of various past and future 
policy measures, before arriving at the fol- 
lowing conclusions. Full cooperation is 
expected fran both the goverment and private 
sector i n  order t o  f u l f i l l  these targets. 

'Jbough the e n h a n m n t  and deve lopn t  of 
thermal resources, an annual supply target of 

Consequently, Japan should 

indiddual supply targets i n  Fy 1990 were 

7.3 million kl, the equivalent of 3503 W of 
faci l i ty  capacity, has been set for  geothexmal 
energy. (Table 1)  

According t o  the Provisional long-term Euergy 
Supply and Demand Outlook, published by the 
Energy Advisory Carmittee of MITI i n  1979, 
targets for the developnent geothermal energy 
are 1ooOMW i n  1985, 35ooMW i n  1990 and 7000 
MW i n  1995. (Fig. 5) It m y  be necessary to 
adjust these figures over time and there is 
currently no geothermal target for  the year 
2ooo. 

Problenrs The generation capacity of geothermal 
power plants i n  Japan has grown t o  162 MW since 
the inauguration of the f i r s t  industrial power 
station i n  Matsukawa i n  1966. (Fig. 1, Table 2) 
'Ituo new plants are under construction, and 
d i n e d  they w i l l  have a capacity of 53 MW by 
1982. (Fig. 2) In mre than twenty geothennal 
f i e lds , , t e s t  wel ls  w i l l  be drilled t h i s  year. 
(Fig. 3) 

Judging fran this data, it w i l l  not be easy t o  
attain developnent targets outlined above. 

The g o v e m n t ,  meanwhile, has established 
separate policy measures for  each of the 
different types of problenrs which grew out of 
efforts t o  develop such an energy source. 
Areas in  which the goverrnrent has policy 
measures strategies include regulatory, 
technological, financial and environmntal 
problems. 

Regulatory Environment and Policy Measures 
Civil Codes and the Hot SDrine: Law both affect 
geothemal developnent. 'In &tion, the 
developmt of f ie lds  i n  natural parks is 
restricted by the N a t u r a l  parks Law. 

Several procedures related t o  the d e v e l o p n t  
of a geotherrnal f ie ld  are given below. After 
a cunprehensive land survey, the developnent 
canpany drills a test w e l l  with dr i l l ing 
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permission fran a local g o v e m n t ,  in 
accordance with the H o t  Spring Law. The mer- w ~ ship of the geothermal resoupce belongs to the 
landowner according to  C i v i l  Codes, and as a re- 
s u l t  thedevelopnent ccmpany mt buy the land. 

Although it is preferable for  the canpany to 
acquire the land ownership for a pmnisingvast 
f i e l d ,  t h i s  is  often not realistic because of 
the expense involved. 

In addition, i f  canpany B hears about the fac t  
that canpany A has found a superior geothermal 
f ie ld ,  these are currently no regulations 
which would restrict canpany B fran dr i l l ing  
test w e l l s  near the f ie ld .  
there are no legal measures for  protection of 
discoveries and no geothernral exploration 
r ights ,  such as those resembling mining rights. 

In  other words, 

The e s t ab l i shen t  of tvgeothermal exploration 
rights" and a revision of Civi l  Codes and the 
Hot Spring Law has been suggested. However, 
it w i l l  take more than ten years to  revise 
these laws because thousands of people who make 
a living withhot springs, w i l l  surely oppose 
such legal revisions. Many Japanese enjoy 
taking a hot spring bath and hot spring 
resorts have been popular destinations for  
t ravelers  for  hundred of years. 

Another regulatory factor  is the Natural parks 
Law. More than half of the potential geo- 
thermal f i e lds  are i n  natural parks areas 
including national parks and local Parks. 
Before d r i l l i ng  a test well i n  a natural park, 
a geothemal developnent canpany must have 
d r i l l i ng  permission according to the Natural 
h k s  Law. Sane people are very reluctant to  
have geothermal power plants i n  a natural park 
because of t he i r  "poor looks, d i r ty  hydrogen 
sulfide(H@) and polluted hot water." 

In response to th i s ,  one proposal is to enact 
a geothermal pranotion law, which wauld make 
it unnecessary to receive d r i l l i ng  permission 
under the  Hot Spring lslw and Natural Parks Law. 
This m y  prove to be not feasible. 

Technological Problens and Policy Measures 
Fbllawinn the oil crisis in 1974, the 
fSukhin~ Project ,'k.iming at re&arch and 
developnent of new technology for solar, 
themal ,  coal and hydrogen energies, was 
started. Areas of technological developrent 
addressed in the  Sunshine Project for  Oeo- 
t h e m  Energy are outlined as follows: 

(A) Technology for exploration and extraction 
of geothemal energy (xlrrent exploring tech- 
niques largely depend upon those used for 

petroleum resource exploration, both i n  method 
and equipnent. However, i n  order t o  a t ta in  
adequate precision i n  the future, new explor- 
ing techniques suited to geothernral prospect- 
ing are necessary and wi l l  be developed. 
With regard to geothermal w e l l  d r i l l ing  tech- 
niques, progress is being &e i n  applying 
the air d r i l l i ng  method fts w e l l  as the  con- 
ventional m d  d r i l l i ng  method. 
dr i l l ing  w i l l  be made into rocks with even 
higher tanperatures(300 - 400 '0 ); therefore, 
the developnent of high tanperature and corro- 
sion resis tant  materials is canpulsory. 
Together with a d r i l l i ng  machine, much mre 
severe conditions w i l l  be imposed on the w e l l  
logging instruments, with respect to the i r  
heat resistance, pressure resistance and cor- 
rosion resistance; consequently, efforts must 
be made to  improve the i r  performdnce capa- 
bil i t ies.  In the  in te res t s  of preventing 
env i romnta l  disruption and reducing heat 
loss, incline dr i l l ing  m y  also be widely 
adopted. 
Consequently, the object of studies is to 
establish methods fo r  confirming the amoulTt of 
geothermal deposits and to develop technology 
for  exploring and assessing g e o t h e m l  re- 
sources as w e l l  as technology for  excavating 
high-temperature rock i n  order to reduce the 
risks involved i n  developnent. 

In the future, 

(B) Technology for  p e r  generation u t i l i z ing  
hot water The pmer generation system today 
is limited to the use of natural steam, but 
the effective use of hot water associated with 
natural steam must be developed. 
purpose, the developnent of binary cycle power 
generating system using l ow enthalpy f lu ids  
such as Freon or Isdxltane as the  carrier of 
heat energy, a curbined cycle system d i n i n g  
the former with the natural steam system and 
the total f law generation system are expected. 

The object of studies i s  to develop the  tech- 
nology for corrosion-resistive materials, 
technology for  high-ef f iciency heat exchange, 
etc., and to  develop a high-efficiency binary- 
cycle power generating system by late 1980's. 
Test runs were undertaken on a 2-system(l lldw 
hot water type, curbination hot water and 
steam type). A 0.3 MW system has been 
developed i n  order to develop the high-effi- 
ciency *phase flaw rotary expander. 

For t h i s  

(C) Technology for  a hot dry rock power 
nerating system 'Ihe developnent of hot dry 

prock fracturing techniques and a r t i f i c i a l  hot 
water and ste& evolvi& system for extract- 
ing t h e m 1  energy possessed by hot dry rock 
is very important and a challenging theme. 
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There is a high potential for  the d e v e l o p n t  
of these power generation systers, ut i l iz ing  
the aforementioned techniques of forming arti- 
f i c i a l  hot water and steam systems. 

Therefore, studies are being carried out to  
develop technology for  fracturing hot dry rock, 
technology for forming mamade hot water and 
steam system, etc., and to  develop high- 
efficiency and large-capacity hot dry rock 
mer generating system by the  middle of 
1990's. 

(D) Technology for multi-purpose u t i l i za t ion  
of geothermal energy and environmental pre- 
servation Effective use of hot water asso- 
ciated with geothermal power generation is im- 
portant i n  view of reducing power generating 
costs by allocation and the contribution to 
regional d e v e l o p n t .  The power generating 
plant for mlti-purpose use of geothermal 
energy may be called a local welfare type 
plant. The mlti-pwpme use of geothermal 
energy will.also be high1 effect ive kn pre- 
Venting envmmmental pollution caused by the 
discharge of hot waste water. 

Environmental e f fec ts  brought on by geothennal 
f lu ids  must be fu l ly  controlled. 
corrosive gases and chemical canponents dis- 
charged f ran geothermal f luids ,  as well as hot 
water and solids, adversely affecting humins 
and the ecological system. 
that ccmprehensive techniques for  environmntal 
protection should be established. 

Therefore, studies are being carried out to 
develop technology for transporting geothermal 
f luids ,  and to develop geothermal energy u t i l i -  
zation systems for  regional heating, agri- 
culture and other purposes. 

Fur themre ,  studies aimed at developing tech- 
nology for  environmental preservation in order 
to prevent adverse e f fec ts  on the natural 
environment and ecosystem fran the extraction 
and u t i l i za t ion  of geothermal f lu ids  are being 
carried out. 

These include 

It is imperative 

Financial Problem and Policy Measures Among 
nuclear, geothermal, coal, gas, oil and hydro- 
electric energy, geckhermdl-is-not the cheapest 
(nuclear), nor is it the most expensive(hydr0- 
electric). 

A geothermal d e v e l o p n t  requires a large 
amxlllt of investment and assumes large risks 
i n  the exploration of a pmnising f ie ld .  
Therefore, it is important to reduce these 
financial burdens by giving financial incen- 
t ives  including subsidies, low interest  loans 

and preferential tax treatment. The govern- 
ment i t s e l f  may also support various surveys 
direct ly  . 
The f i r s t  of these government supported surveys 
is the nationwide geothermal resources survey 
which has been undertaken by the newly es- 
tablished New Energy Developnent Organization 
(NIXO). 
by the government. 
potential areas w i l l  be re-evaluated by 
Landsat data, gravity data, Qurie-point 
analysis data, and synthetic aperture radar 
data. The survey has jus t  begun to collect 
radar data and the results of this survey w i l l  
be available after 
cunpleted . 
As a second type of survey, local rough 
surveys have been carried out by rgim with 
government funds i n  several areas. Under this 
survey, i n  each selected area, f ive  geothermal 
survey wells(1ooO m depth) and two wells (1500 
m depth) w i l l  be dr i l led  for two years. A t  
the  same time, air and water pollutants, as 
well as hot springs have also been 
investigated. 

Thirdly, the government encourages private 
cunpanies through a test-well d r i l l i ng  sub- 
sidy. A cunpany can receive one-half of the 
expenditures for  test-wells f ran the  govern- 
ment and it must repay the government i f  the 
canpany successfully buildrand operatesa plant. 

Fourth, the Japan Lkve lopn t  Bank and 
Hokkaido-Tohoku Lkvelopnent Bank have played 
an important role i n  p m t i n g  geothermal# 
developnent by providing low interest  loans. 
The fac t  that  these banks give a loan to  a 
cunpany serves as a signal to the "city banks" 
that the cunpany is w r t h y  of carmercial 
credit. 

The NIXO is almost fu l ly  supported 
In t h i s  three-year project, 

the  data has been 

Finally, special accelerated depreciation 
rules  and tax  credits are applied to  canpanies 
tha t  have invested i n  geothermal plantsor 
geothermal green houses. 

W i n e d ,  these f ive  measures reduce business 
risks and have accelerated d e v e l o p n t s  i n  the  
private sector. 

Environmental Problems and Policy Measures 
The impact of the establi-nt of geothermal 
power plants on the environment m y  be divided 
into three areas; bad appearance, d i r ty  hy- 
gen sulf ide and arsenic hot water. 

There are some people who, i n  order to pre- 
serve the scenic beauty of natural areas, are 
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opposed to geothermal plarits because of the 
appearance of mechanical f ac i l i t i e s ;  pipelines, 
transmission and cooling towers. Recently 
electric canpanies have been attempting t o  cover 
the f a c i l i t i e s  w i t h '  natural plants and trees, 
o r  lower building heights. 

Secondly, geothermal plants discharge hydrogen 
sulf ide (H2S) in to  the  atmosphere. Under the 
provisions of the Offensive odor Control Law 
(not the Air pollution Control Law), the  dis- 
charge of hydrogen sulfide(H2S) is regulated, 
except hot spring areas. Hot  springs natural- 
l y  discharge qui te  a l o t  ofH2S and t h i s  is 
m x t  often above the emission standard. A l l  
the  g e o t h e m l  plants  i n  hot spring areas have 
large cooling towers and discharge H S  together 
with large amounts of fresh air and steam 
through these. In addition to  these e f for t s ,  
the  Envi romnt  Agency plans to  implement H S  
regulations similar to  those of Northern Sonana 
County, California and as a result, H# emis- 
sion control technology has been developed by 
the Agency of Industrial Science and Technology, 
MITI. 

Finally, geothermal water usually contains ar- 
senic at levels  above the  environmental quality 
standard; 0.05 ppn. Therefore, al l  the hot ' 

water u t i l i zed  i n  a plant is r e i n j e c t e d  in to  
the ear th  i n  order to prevent water pollution. 
In addition to  this measure, the  Kyushu 
Electr ic  Power Co. has developed arsenic con- 
trol technology with a g o v e m n t  subsidy. 
Unfortunately this control technology cannot m, 
of yet ,  be utilized. Although many people near 
a geothermal plant hope to have "hot spring 
water" by means of this new arsenic control 
device, sane people are very reluctant to agree 
to use t h i s  device even though qui te  a nund3er 
of Japanese drink a cup of arsenic spring water 
for  medical treatment. 

New technologies and new layout techniques make 
geothenral plants  wch mre appealing to people. 

Strategies for Consensus wlilding People who 
are used to  enjoying hot springs w ~ r r y  about 
hot springs drying oyt because geothermal 
plants use mch  more geothermal energy than hot 
springs. 
opposed to  surveys. 
largescale hot water u t i l i za t ion ,  several 
national projects were begun i n  1980 with the 
financial support of bfITI. h n g  these, the  
largest project attapts to  produce up to  800 
t / h  of 115"cwater f ran r iver  water through a 
heat exchange process u t i l i z ing  loo0 t /h ,  150'0 
used, geothermal water. ?his 115 'C water is 
then transported to  twelve villages. 

Sane people are therefore even 
In order to demonstrate 

This is, 

in  direct  u t i l i za t ion  of geothermal resources 
i n  Japan, the f i r s t  project to supply water 
at over 1oO'C . It w i l l  take four years to 
construct and w i l l  require $20 million. 

Conclusions By the  end of this year, I expect 
t o  see very significant achievements realized 
as a resul t ,of  our e f for t s .  These include the 
canpletion of the nation wide air-borne 
survey. the canpiling of over 20 sets of log- 
ging data fran f ive  local surveys, and I ex- 
pect more than f i f t y  test wells to be can- 
pleted i n  twenty different areas. 

Fran a technical and social stand-point, t h i s  
year w i l l  be c r i t i ca l ly  important. 
sincere hope that our cunbined e f fo r t s  w i l l  
prove t o  be Japan's f i r s t  giant s tep  toward 
the implementation of geothermal energy 
systenr;:. 

I t  is my 
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Table 1. Alternative Ehergy Supply Targets FY 1993 
approved by the Cabinet on November 28, 1980 

Types of Alternative Ihergy Sources to Be Developed and Introduced and Their Supply Targets 

supply 
taxget * 
(Unit : 
l0,oOO kl) 

(Reference) 
FY 1977 
(Unit : 
10,ooo kl) 

!rypes of 
alternative 
energy 

Coal The supply of coal is 163.50million tons. 5,681 50.9% 35.4% 

21.8% 
- 

20.4% 

1,542 13.s Nuclear 
energy 

The supply capacity of nuclear energy is reflected in 
the electricity generated at nuclear pwer plants. 
The output of nuclear plant facilities is between 
51.00 and 53.00millioa kilo watts and the annual 
amxlnt of electricity generated is 292.0 billion 
kilo watt hours. 

The supply of natural gas is the sum of the 
quantity of imported natural gas (45.00 million 
tons) and danestic natural gas (7.60 million tons). 

7,593 

7,110 

! 

Natural gas 17.4% 

HY- 
electric 
energy 

3,190 9.2% The supply of hydroelectric energy is equivalent to 
the electricity generated at hydroelectric pwer 
plants. The output of hydroelectric power plants 
is 53.00 million kilo watts. Within this total, 
26.00 million kilo watts cune fran general hydro- 
electric paver plants (including all types of 
hydroelectric plants except pwqJed-storage power 
plants) and 27.00 million kilo watts cane fran 
pmped-storage hydroelectric power plants. 
The annual amount of electricity generaged is 
123.0 billion kilo watt hours. 

1,941 17.4$ 

Geothexmal 
energy 

730 2.1% Geotheml energy includes electricity generated 
by thexmal pwer plants utilizing geothexmal 
energy. The output of these facilities is 3.50 
million kilo watts and the annual amount of 
electricity generated is 24.5 billion kilo watt 
hours. 

16 0.Z 

Other 
alternative 
energy 
GoupceS 

3,850 11.1% Other alternative energy sources include solar 
energy, coal liquefaction fuel, etc. 

0.3 38 

112 
mil- 
lion 
Icl 

350 
mil- 
lion 
k l  

00.0% t00.Ul 

(Note)* 'Ihe supply target of alternative energy sources represents figures 
which have been converted into equivalent crude oil quantities. 
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Table 2. G e o t h e d  Power Plants (inclusive of those under construction, as of April 1981) 

Name Of Fmer 
Station 

matsukawa 

Otake 

&ri 

Name of Canpany 

Japan Metals 
andQemicals 
Co., Ltd. 

K y u s h u  E.P.Cb. 

Mitsubishi 
Metalm. * 

E.P.D. 00. 

Kyushu E.P.Co. 

lbhoku E.P.m. 
Japan Metals 
and olemicals 
m., Ltd. 

Suginoi Hotel 

b a t i o n  

hate Pref. 

Xta b f .  

&ita Pref. 

Hiyagi Pref. 

Xta Pref. 

Iwate Pref. 

-do Pref. 

Oita Pref. 

Capacity 
(m 

22 

12.5 

10 

12.5 

55 

50 

50 

3 

Y e a r  of 
camrission 

1966 

1967 

1974 

1975 

1977 

1978 

1982 

1982 

E l e c t r i c  
Production 
FI 1979 
(M) 

176 

64 

62 

59 

376 

364 

- 

- 

Conversion 
Cycle 

- 

Flash 

Flash 

Flash 
Dcuble 
Flash 
Flash 

Double 
Flssh 

Flash 

Inlet Temp. 
0 

190 

127 

114 

134 

164 

140 

.I64 

140 

:nlet 
'ressllre 

ata 

3.5 

2.5 

1.8 

1.7 

7.0 

3.5 

7.0 

4.0 



# U -  

P U 

Figure 2: Power Plants Under Construction 

7 - 36 

On-Line 



0 

Figure 4: Hot Water Utilization 
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Figure 5: Geothermal Energy Target 
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Annex 
cj 

Geothermal Projects Planned for  Fiscal 1981 

U n i t :  million yen 
(million $)$l*lO 

Project Name 

Nationwide geothelmal resources survey 

b c a l  rough surveys 

E n v i m m n t a l  assessment of large scale 
pmer generation using deep geothermal 
reservoir (Hohi) 

Field survey to test geothermal 
resource exploration technology 
(Sengan, Kurikana) 

Hot water u t i l i za t ion  projects 

Hot water supply fmn deep geothermal 
reservoir 

U.S.-Japan jo in t  research on pcwer 
generation on bot dry rock. etc. 

Others 

T o t a l  

widget for 
' FY 1981 

14,923 
' ( 71) 
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THE GENERATION OF ELECTRICITY FROM GEOTHERMAL RESOURCES IA ENGLAND 

i 
! 

~y A. A. L. m i t e *  

Electric Power Research I n s t i t u t e  

3412 Hillview Avenue 

Palo Alto, California 94303 

Introduction: Two types of geothermal reser- 
voirs e x i s t  i n  the United Kingdom, permeable 
formations i n  sedimentary basins, t he  l a rges t  
being perhaps 4km deep, and hot dry rocks. 
Temperatures exceeding 2OO0C a r e  unlikely t o  
be found within 7lan of the surface i n  the dry 
reservoirs  and the maximum temperature expect- 
ed at the bottom of the sedimentary basins is 
125OC. (Burley 1980) 

Both resources a re  of r a the r  low qual i ty ,  i n  
t h a t  both have about normal temperature 
gradients,  one is rather  cool and the other 
depends on unproven technology. However, the 
p r i c e  of f u e l  i n  the UK is  so high that both 
merit investigation a t  l e a s t ,  as sources of 
electric power. 

Hot Dry Rocks: The techniques required t o  
render dry rock permeable have been the sub- 
ject of an experiment a t  the Camborne School 
of Mines and financed by the  UK Department of 
Energy and the European Commission. The 
o r ig ina l  concept of a hot dry rock reservoir  
a s  proposed by the IDS Alamos National Iab 
(f ig .  1) (Smith 1975) has been discarded a s  it 
is now real ized t h a t  t he  natural  f a u l t  system 
within the rock determines the growth of t h e  
f r ac tu re  system. A t  Ios Alamos the  aim of 
producing one f r ac tu re  of su f f i c i en t  area t o  
be able t o  provide hot water over the 20 
year 's  l i fe  of the power s t a t ion  has been 
replaced (f ig .  2) by a number of smaller 
f ractures  i n  p a r a l l e l  (IDS A l a m o s  S c i e n t i f i c  
Laboratory 1980). 

Figure 1: Original Hot Dry Rock concept. 

The Camborne approach questions whether the 
j o i n t  s t ruc tu re  would permit the fabricat ion 
of such a system and suggests a d i f f e r e n t  
geometry. It is  believed t h a t  t he  reservoir  
is highly fractured and an ideal ized plan view 
is shown i n  f igure 3. Hydrofracturing j u s t  
serves t o  open some of t he  natural  flow 

*A. A. L.h%ite is a Harkness Fellow and is on leave from hbrchwood Engineering 
Laboratories of t he  Central E lec t r i c i ty  Genekating Board of t h e  United 
Kingdom. 
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paths. Batchelor (1980) believes t h a t  the b/ connection from the borehole t o  the j o i n t  
system o f f e r s  the g rea t e s t  impedance t o  w a t e r  
flow and has demonstrated t h a t  the use of 
explosive charges may substant ia l ly  increase 
the number of connections. 

Figure 2: Reservoir planned fo r  Fenton K i l l  
Phase I1 System. 

Figure 3: Ideal ized plan view of natural  
j o i n t s  i n  granite.  

G r e a t  care  must be taken when using explosives 
to  f r ac tu re  rock s ince i f  t he  explosion is 
incorrect ly  designed, p l a s t i c  deformation w i l l  
occur i n  the  rock around the w e l l  bore making 
it impermeable ( f ig .  4). Batchelor's unfo- 
cused charges serve t o  produce a highly 
fractured zone around the  w e l l  bore ( f ig .  5 )  
and the  fractures w e r e  subsequently grown by 
hydrofracturing. This explosive pretreatment 
reduced the  impedance subs t an t i a l ly  but needs 
t o  be confirmed on a commercial scale. The 
boreholes a t  Camborne were j u s t  4Om d i s t a n t  

and a t  a depth of j u s t  300111. A new reservoir  
is now being constructed a t  200Om where the  
ea r th ' s  stresses w i l l  be more representative 
of those a t  "commercial depths" of 5km. 

The impedance of t he  looy a t  Camborne had an 
impedance of 0.7 GPas/m when flowing < 

.01/m3/s with negligible water loss and tfie 
production borehole being held a t  atmospheric 
pressure. 

Figure 4: Result of explosive treatment of 
borehole with too high a charge. Note imper- 
meable zone caused by p l a s t i c  deformation. 

Figure 5 :  Satisfactory explosive treatment of 
borehole. 

It is possible t o  reduce t h i s  hpedance by 
applying a back pressure t o  the  production 
borehole thus pressurizing the  reservoir  and 
i n f l a t i n g  the fractures .  However t h i s  a l s o  
reduces the  t o t a l  pressure drop across the  
reservoir  and does not always result i n  an 
increased flow rate .  For reservoirs  operating 
a t  zero back pressures it is possible  t o  
develop a simple economic model t o  calculate  
generating costs.  lhe r e s u l t s  of such an 
analysis  y i e lds  the curves shown in f igure 
6. %e 1980 generating costs i n  the  UK w e r e  
Z.Zp/kWhe so an impedance of 0.1/GPas/m3 

w i l l  be required f o r  economic operation (White 
1981) 
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Figure 6: Optimum generating cos t s  (1980 
H o t  Dry Rocks. CEGB s e l l i n g  price 
2.2p/kWe fo r  same period. 

Sedimentary Basins 

f o r  
was 

Feeedwater Heating: The extract ion of heat 
from moderate temperature permeable strata i n  
sedimentary basins is a proven technology with 
the  French pioneering the use of production 
r e in j ec t ion  doublets. With a maximum tempera- 
ture of just lZO0C, t he  l o w  conversion e f f i -  
ciency of the Rankine cycle would, a t  first 
sight, preclude the direct generation of elec- 
t r i c i t y  from these sources. However it is 
possible t o  generate greater  quan t i t i e s  of 
e l e c t r i c i t y  from a given low temperature 
source by incorporating the geothermal f l u i d  
i n t o  a conventional steam power cycle (Kestin 
e t  al. 1978). A l l  t he  steam-driven power 
s t a t ions  i n  t h e  CEGB, and most other  
u t i l i t i e s ,  have feedwater heaters  which use 
steam bled from t h e  turbines t o  preheat the 
bo i l e r  feed water ( f ig .  7 ) .  lhese are 
employed since it is a consequence of t he  
second l a w  of thermodynamics t h a t  the heat of 
combustion of the f u e l  w i l l  be converted i n t o  
work with a greater  conversion efficiency, t h e  
higher t he  bo i l e r  i n l e t  temperature. The 
geothermal heat may be supplied t o  the steam 
cycle by replacing some of the feedwater 
heaters and allowing the bled steam to remain 
i n  t h e  turbine,  thus generating more 
e l e c t r i c i t y  ( f ig .  8 ) .  

Figure 7: Conventional bo i l e r  cycle. 

Figure 8: Boiler cycle modified t o  accept 
geothermal heat. 

A n  analysis  of the thermodynamics of such a 
hybrid plant  indicates  t h a t  t he  eff ic iency 
with which the  heat  contained i n  t h i s  steam is 
converted i n t o  work is determined by its 
enthalpy a t  t he  bleed point  and a t  t he  con- 
denser. Varying the geothermal temperature TG 
j u s t  a l t e r s  the quant i ty  of steam so saved and 
not t he  conversion eff ic iency (White 1980). 
Conversion e f f i c i enc ie s  of a s  high a s  11% f o r  
geothermal w e l l  head temperatures of 100°C may 
be expected whils t  the eff ic iency of a Rankine 
turbine generating from the same source w i l l  
probably be less than 6.5% (Milora & Tester 
1976) 

Marchwood Experiment: The UK Department of 
Energy required a site t o  d r i l l  an exploratory 
geothermal w e l l  t o  help assess the geothermal 
po ten t i a l  of the Hampshire Basin. Ihe CEGB 
offered the  f r e e  use of a si te adjacent t o  an 
old 8 x 60 MWe o i l  f i r e d  power s t a t i o n  which 
could later be provided with feedwater heating 
should the borehole encounter a s u i t a b l e  
reservoir.  

The ex t r a  steam flow thorough the last s tages  
of a turbine provided with feedwater heating 
could cause reduction i n  a s tage e f f i c i enc ie s  
and so a simulation experiment waq,performed 
using two turbines.  

A crossl ink was made between two adjacent sets 
which allowed the  interchange of the  i n l e t s  t o  
t h e  t h i r d  feedwater heaters. The turbines  
were run f o r  a period of one hour with t h e  
bleeds t o  feedwater heaters  1 and 2 of set A 
closed ( f i 9  9).  In t h i s  way, set A experi- 
enced external  feedwater heating and t h e  f u e l  
eff ic iency 5 ,  o r  heat  rate, of t he  set was 
hetermined. The crossover was then removed, 
and the sets were run i n  the normal condition 
(f ig .  10). The change i n  f u e l  eff ic iency of 
set  A between the two runs enabled a calcula- 
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Figure 9: Crosslink experiment f o r  simulated 
geothermal feedwater heating. 

Figure 10: Normal operation. 

t i o n  t o  be made of t h e  extra output caused by 
using geothermal heat ing t o  keep t h e  i n l e t  
temperature of t he  t h i r d  feedwater heater  a t  
9OOC. Zhe r e s u l t  of t h e  test w a s  an increase 
i n  f u e l  eff ic iency of 2.8 f 0.2 % equivalent 
t o  a conversion eff ic iency of 11%. 

Further calculat ions showed t h a t  t h e  last 
stages of the turbine suffered a decrease i n  
eff ic iency of 0.5 f 0.5%. 

lhe 2.8% increase i n  output w a s  accompanied by 
a 16% increase i n  pressure drop from bleed 
point  1 t o  t he  condenser and a 6% increase 
from bleed po in t  2 which could severely a f f e c t  
t he  blades' l i v e s  i f  t he  turbine were run f o r  
some time i n  t h i s  off  design mode. Ideal ly  a 
new power s t a t ion ,  b u i l t  over a s u i t a b l e  
geothermal resource, would have feedwater 
heating included i n  t h e  design s tages  with t h e  
turbines '  f i n a l  s t ages  being su i t ab ly  
increased i n  s ize .  

Unfortunately, t he  Department of Energy w e l l  
encountered water a t  a shallower depth than 
expected, t h e  w a t e r  temperature being j u s t  
7 0 T ,  not t h e  predicted 9OOC. No decision has 
been made by t he  department i f  and how t o  use 
the  w e l l .  Paper s tudies ,  however have shown 
t h a t  aquifer  3km deep a t  lOOoC hzvin2 a t rans-  
missivi ty  of about 3.5 x IO- m /s could 
produce e l e c t r i c i t y  competitively with f o s s i l  
f u e l ,  i f  used i n  a hybrid s t a t i o n  
(White 1979).  
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SOME POSSIBLE RESTRAINTS ON GEOTHERMAL 

DEVELOPMENT I N  NEW ZEALAND 

Ian  G. Donaldson 
Department of Petroleum Engineering 

Stanford University, Stanford, CA 94305 

Introduction Using the Wairakei f i e ld  as a 
model, Donaldson E Grant (1978) recently sug- 
gested tha t  i f  a l l  the major New Zealand geo- 
thermal f i e lds ,  except Whakarewarewa, were 
exploited f o r  e l ec t r i c  paver production, we 
might ant ic ipate  a t o t a l  generating capacity 
of as much as 2500 MWe. Their field-by-field 
breakdown is given i n  Table  1. While about 
half of t h i s  t o t a l  is speculative, t he i r  f ig-  
ures are  a l so  conservative. Being based on 
the Wairakei system, the power s ta t ion  gener- 
ating capacit ies are  controlled by the accept- 
able pressure drawdown i n  the reservoirs,  
rather than any l ifetime factor.  Thus, the 
power generation capabili ty of these f ie lds  
may continue through several  plant  amortiza- 
t ion periods. Both Thain (1980) and Donaldson 
and Grant (1981) consider t ha t  Wairakei could 
continue t o  produce power a t  near the present 
r a t e  fo r  a very long time. Alternatively, the 
successful maintenance of pressure i n  the  re- 
servoir,  as, f o r  example, by reinjection, 
could a l l m  a shorter term, higher generating 
capacity. 

Field Proven Inferred Speculative 

Wairakei 150 
Tauhara 100 80 
Broadlands 120 30 
Kawerau 100 30 

Waiotapu-Reporoa 
Orakeikorako 
Rotokau a 

Tikitere-Taheke 
Waimangu 
Te Kopia 
Mokai 
Atiamuri 

Tokaanu-Waihi 
Ketetahi 

150 100 
50 50 
50 100 

75 75 
50 100 
20 20 

170 
30 

100 
25 

Ngawha 200 500 

Totals 470 625 1380 

Table  1: Estimated potent ia l  power s ta t ion  out- 
put (We) f o r  New Zealand geothermal f ie lds  i f  
these were exploited i n  the  same manner as 
Wairakei is currently (from Donaldson & Grant, 
1978) 

Not only do w e  appear t o  have th i s  generating 
capacity available, we a l so  have prwen, oper- 
ating systems i n  Wairakei and Kawerau. As 
Thain (1980) has pointed out, power fran the 
Wairakei power s ta t ion  f i r s t  flawed in to  the 
New Zealand national e l ec t t i c i ty  gr id  on No- 
vember, 15, 1958 and the f u l l  coupling of the 
system w a s  completed i n  October, 1964. Since 
tha t  time t h i s  plant has had one of the best  
records f o r  r e l i ab i l i t y  of any power s ta t ion  
in  New Zealand. The annual s ta t ion  load fac- 
t o r  has consistently been between 85% and 90% 
and the ava i lab i l i ty  factor  in  excess of 85% 
for  most of the past  decade. Thain (1980) 
a l so  indicates tha t  the plant has not been ex- 
pensive t o  operate, the operating costs being 
sane 16.5% less than the average costs of the 
hydroelectric plants i n  the North Island (on 
a per un i t  generated basis) .  

Fig. 1: New Zealand Geothermal Fields 
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A t  Kawerau, a f i e ld  tha t  has been exploited 
c m e r c i a l l y  since the early/inid-l960's, the 
cutput is st i l l  being expanded. Since 1978, 
three new w e l l s  have been dr i l led  and another 
deepened. W i t h  the connection in to  the system 
of the very large producer Wl, the steam 
supply t o  the Tasman Pulp & Paper Canpany m i l l  
has been increased fran 120 tonnefir t o  200 
tonnefir (Denton, 1980). Denton (1980) anti-  
cipates a further increase t o  270 tonnefir 
i n  the very near future. 

In the l igh t  of t h i s  considerable power gener- 
ation potential  and the success of our current 
plants, why has our progress i n  development 
of our resaurces been so slaw? I should l ike  
to  look here a t  what I think may be sane of 
the backgrcund reasons. 
in to  two categories: those related direct ly  
t o  the exploitation process, and those, asso- 
ciated with other aspects of energy develop- 
ment i n  New Zealand or  with environmental con- 
cerns, t ha t  may have had a less  d i rec t  influ- 
ence. 

I w i l l  separate these 

Current Status of New Zealand Geothermal Pro-. 
j ec t s  Before I discuss the problems of geo- -~ 
thermal developnent i n  New Zealand, l e t  me 
f i r s t  indicate the present s ta tus  of our pro- 
gram. I w i l l  not touch on Wairakei as  Thain 
(1980) discussed this f i e ld  in  some de ta i l  i n  
h i s  presentation l a s t  year. 

Broadlands, due t o  its imminent exploitation 
for  power production, is currently the s i t e  
of the majority of the f i e l d  testing. Over 
the past  two t o  three years the number of in- 
vestigation/production wells has been in- 
creased t o  37. The l a t e s t  of these, BR37, 
was dr i l led  outside the hot primary f i e l d  
area, the aim being t o  find permeability fo r  
reinjection external t o  the main reservoir. 
No good permeability horizens were, hwever, 
found i n  th i s  140Om hole. The bottan hole 
temperature was close t o  200 C. 0 

Most of the other tests carried out recently 
in  t h i s  f i e l d  have been detailed by Denton 
(1980). He indicates t ha t  reinjection t e s t s  
have now been carried cut i n  four wells (BR7, 
BR34, BR28, and BR13) w i t h  varying degrees 
of success. In the long term t e s t  using BR7 
which began i n  April, 1976, 665 tonne of 
separated geothermal water had*been injected 
t o  March 1980 without apparent adverse effects  

Grant, 1979). This well is of mod- 
zz?&eability and accepted 21.5 tonne/hr 
a t  180'C and WHP 10.1 bg, 27 tonne/hr a t  
14OoC and 7.4 bg, and 27.6 tonnefir a t  112'C 
and 3.3 bg. 

Fig. 2: Injection Tests 
A t  Broadlands, New Zealand 

5 I n  the test using BR34, 3 . 6 ~ 1 0  tonne of 
separated water were injected a t  temperatures 
between 80'C and 95'C w e r  a t o t a l  period of 
1960 hours. This well i n i t i a l l y  accepted the 
water a t  up t o  200 tonne/hr but i t s  capacity 
t o  accept t h i s  water decreased t o  about one 
third during the t e s t .  S i l i ca  deposition 
took place in  the transmission pipeline, i n  
the injection w e l l ,  and i n  the formation away 
fran the well (Denton, 1980). 

Late l a s t  year, 1980, the remaining two t e s t s  
were s t i l l  in  progress. Temperature/pressure 
fluctuations and mechanical problems were de- 
laying the test using BR28. During oDeration 
a flow of 160 tonnefir a t  150'C and 3.1 bg 
WHP w a s  achieved. The fourth test was only 
ju s t  underway. 

Other t e s t s  being carried out a t  Broadlands 
and discussed by Denton (1980) include a study 
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of s i l i c a  deposition and an attempt t o  stimu- 
l a t e  w e l l  BR14 by use of injection/discharge 
cycling. 
sulted i n  s ignif icant  imprwements i n  output 
of wells B a 3  and BR23 (Bhley 6 Grant, 1979). 
It appears t ha t  i n  the formations around BR14 
existing fractures i n  the rock open during the 
injection cycle when the pressure is  high 
enough but close again when the pressure 
drops. 
flaws and propant injection are proposed (Den- 
ton , 1980) . 
Current plans' are  for  the f i r s t  50 MW uh i t  a t  
Broadlands (Ohaki Pawer Station) t o  be cnmnis- 
sioned in  October, 1986; the second, one year 
la ter .  
ing the extra draw-off, a further 50 MW unit  
w i l l  be added at  a l a t e r  date. 

A t  Ngawha, on the North Auckland peninsula, 
Wells have now been drilled. The f i r s t  s ix  
three of these (NG2, NG5, and NG7) encountered 
l i t t l e  permeability and may have suffered from 
mud damage. The remaining three w e l l s  (NG3, 
NG4 , and NG9) are a l l  good producers , NG4 and 
NG9 having multiple feeds. 
zonal flaw i n  NG9 and ye t  ge t  the benefit  of 
both feeds, an internal  pipe has been lowered 
down fran the  surface and sealed t o  the casing 
between the two feed zones. The dauble can- 
pletion is apparently successful. 
nal  pipe expanded some 3 m on warm-up. 

U 
This technique had previously re- 

Further tests with higher injection 

Should the  f i e l d  be capable of support- 

To stop the  inter-  

The inter-  

Electr ic i ty  supply and Demand i n  N e w  Zealand 
Currently sane 6% of New Zealand's e lec t r ica l  
energy is produced fran its geothermal re- 
sources; 
canes, o r  is planned t o  cane, fran natural  
gas. 
ted l ifetime, a t  an estimated 35 years its 
decline should have no ef fec t  on the short  
tenn figures quoted here. 
gy a l so  suggests t ha t  other offshore o i l  and 
gas f ie lds  a re  l ikely.  

A t  these current levels New Zealand s t i l l  has 
plenty of untapped energy reserves. 
already indicated a geothermal e lec t r ica l  en- 
ergy potential  of fran 10 t o  25 times tha t  
currently generated; f o r  our water-power w e  
have a factor  of abazt 3; and we have barely 
touched our coal. The reserves of the l a t t e r  
are conservatively estimated a t  sanewhat i n  
excess of 3 b i l l ion  tmnes.  

Eurmoney, i n  a recent survey on New Zealand 
(September, 19801, t i t l e d  its energy chapter 
"A Thousand Years of Energy Reserves." 
sub t i t l e  read "New Zealand is an energy plan- 

- ner 's  dream: it has more coal and hydro- 
e l ec t r i c  potent ia l  than it needs fo r  a cen- 
tury or more. I talsopossessestheMaui fi&Xd, 

85% canes fran hydro-pawer, and 8% 

Although t h i s  l a t t e r  supply has a l i m i -  

New Zealand geolo- 

I have 

The 

the fourteenth largest  gas f i e l d  in  the world." 

Currently, i n  a dry year, New Zealand can pro- 
duce sane 25,000 GWh of e lec t r ic i ty .  The de- 
mand is about 22,000 GWh. Thus, even under 
these worst conditions, there is a significant 
surplus. With the planned e lec t r ica l  develop- 
ment, by 1985, the generating capacity w i l l  be 
about 32-33,000 Gwh (dry year). 

Electricity Awailable 
for Industrial Use 

1084116 

Fig. 3: New Zealand e lec t r ica l  energy supply 
and demand for  the next 15 years 

(plot does not include planned industr ia l  
expansion of 6,500 GWh p.a. by the l a t e  
1980's) 

Obviously, there must be plans t o  u t i l i z e  th i s  
surplus energy. New Zealand is, in  f ac t ,  jus t  
now entering in to  a period of energy-intensive 
industr ia l  developnent. I list sane of the 
scheduled projects (by category) and the i r  es- 
timated annual energy requirements i n  Table 11. 
These projects are v i r tua l ly  a l l  scheduled fo r  
canpletion by the mid-to-late 1980's. 
by the end of t h i s  decade the t o t a l  paver re- 
.quirement o€ 6500 GWh fo r  these projects w i l l  
be part  of our electric load. 
no dry year surplus .at that  time. 

Thus, 

There w i l l  be 

Table  I1 

Plant Power Construction 
Required Period 
GWh/yr 

1981-83 
Synthetic Gasoline 700 1983-86 

anol 300 1982-84 
1980-81 300 
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Table I1 cont. 

Plant Power Construction 
Required Period 
GWh/yr 

Aluminum 

Canaleo Expansion 400 1980-83 
New Plant 1250 1981-88 

Steel  

NZ Steel  1000 ,1981-85 
Ferro-silicon 200 1981-83 

- 

Cement 

Whangerei 
Oamaru 

150 1980-82 
250 1981-83 

Pulp & Paper 

Fletcher/Carter or  
NZ Forest Products 450 1982-85 

Northern Pulp 210 
CSR Baigents 300 1982-84 

Total 6500 (1980-88) 

Possible Reasons fo r  Slow Development of our 
Geothermal Resaurces - (1) Directly Related 
t o  Exploitation Although the Wairakei reser- 
vo i r  was exploited on a try-and-see basks and 
we have made a few mistakes, i t s  development 
as an energy resource has been a successful 
exercise. 
rying it out. Several effects  t ha t  have shown 
up are, however, of sane concern and these, 
together with changing public a t t i tudes and 
increasing technical regulation, must play a 
ro le  i n  our decision making concerning future  
developent . 

We have a l so  learned a l o t  by car- 

a. Pressure Drawdown As Thain (1980) pointed 
out one of our main concerns with regard t o  
the Wairakei reservoir is  the pressure draw- 
down tha t  has occurred due t o  the exploita- 
t ion.  Not only does t h i s  drawdm place a 
res t ra in t  on the amount of energy tha t  we can 
extract  fran t h i s  reservoir,  it has a l so  a l -  
tered sane of the character is t ics  of the f ie ld .  
It extends not only throughout the Wairakei 
reservoir,  but a lso,  although t o  a lessening 
degree as we ge t  fur ther  away, r igh t  through 
the adjacent, connected, Tauhara reservoir. 
It is  a l so  believed t o  be having s ide effects  
on ac t iv i ty  as f a r  away as the Taupo lakeshore 
( 5  t o  6 m i l e s ) .  

This drawdown is by no means unique t o  Waira- 
kei. The Ohaki section of the Bioadlands 
reservoir w a s  showing sane ef fec t  i n  the l a t e  
1960's, tawards the end of sane s ignif icant  
test  discharge. There are a l so  indications 
that there has been sane drawdown in the 
Rotorua area due to the exploitation there 
(Donaldson, 1980). 

While the l imitation on the r a t e  of withdrawal 
of energy may have engineering and econanic 
consequences, the t o t a l  amount of energy tha t  
may be extracted fran the f i e l d  may not be 
greatly altered.  
model, it is  only the  time-scale tha t  is 
changed. The potent ia l  s ide effects  may be 
more important. Let us, therefore, look brief-  
ly  a t  some of the effects  of this drawdown. 

Using the current model of Wairakei, a hot core 
of f lu id ,  surrounded by, and i n  reasonable 
hydrologic contact with, cold w a t e r ,  the draw-  
down implies the development of a pressure gra- 
dient from outside t o  within the reservoir. 
This induces the inflow of the cold water. 
This inflow w i l l  (a) tend t o  s t ab i l i ze  the 
drawdown once a new m a s s  balance is achieved, 
a s i tuat ion we may be approaching today; and 
(b) extract  heat from outer edges of the reser- 
voir  and sweep it i n  towards the production 
wells (Donaldson & Grant, 1981). 

The above are  both posit ive effects .  The draw- 
dawn w i l l ,  however, a l so  be di f fe ren t ia l  i n  the 
ve r t i ca l  and hence we w i l l  induce changes i n  
the pressure prof i le  and flow i n  any shallow 
two-phase zone. Grant & Horne (1980) show 
the change i n  pressure prof i le  f o r  Wairakei 
fran approximately hydrostatic t o  approximate- 
ly vapostatic i n  one zone due t o  the exploita- 
tion. The consequential e f fec t  of t h i s  is 
the commencement of flow dawn of cooler water. 
Thain (1980) remarked on th i s .  Downward inter-  
zonal flows, of 15OoC water, occurred i n  some 
production w e l l s  when they were temporarily 
shut in. They are probably occurring, unde- 
tected,  i n  cracks and fractures  i n  the forma- 
tions. 
zone is naw taken in to  account i n  sane models 
of Wairakei (Fradkin e t  al, 1981). 

.This change i n  near surface flow due t o  the 
drawdown has two effects .  F i r s t ,  cool water 
sinks t o  the liquid-water/steam-water inter-  
face i n  the system. I f  t h i s  were a general 
percolation this w a t e r  would pick up heat on 
the way and thus sweep some of the heat f ran 
the upper layers of the reservoir.  The indi- 
cations are, however, t ha t  t h i s  flow may be 
channelled. In  tha t  event, the heat swept out 
would be limited and cooling would take place 
a t  depth. 

The second consequence of the change of flow 
is a t  the surface. AS has occurred i n  Wairakei, 
liquid-controlled surface manifestations w i l l  
cease and steam-heated ones change. A t  the  
time of development of Wairakei, environmental 
changes of t h i s  nature w e r e  accepted with rel- 
atively l i t t l e  protest .  Such is no longer the 
case today. 
fec ts ,  now showing i n  Taupo, foreseen a t  the 
time Wairakei was  developed. 

Theoretically, using an idea l  

Drainage of water i n  the two-phase 

Nor were the  extent of t he  ef-  
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V 
b. Reinjection It is  widely considered that  
reinjection of the cooled geothermal f lu id  
may be the answer t o  the pressure drawdown 
problem. W i t h  good production-injection man- 
agement it is thought t ha t  pressures may be 
maintained and the heat swept out of the rock 
more eff ic ient ly .  In New Zealand reinjection 
is  s t i l l  regarded primarily as a waste dispos- 
a l  technique, although any side effects ,  such 
as pressulre maintenance, would be very accept- 
able. The experience so f a r  w i t h  reinjection 
i n  Japan (Horne, 1981) and our own experience 
w i t h  d i rec t  in-reservoir injection a t  Broad- 
lands, suggests tha t  return periods of the 
injected f lu id  are  much less than the ideal- 
ized theory would suggest. Energy recwery 
factors with in-reservoir reinjection may thus 
be much lower than those attainable by ju s t  
allowing the cold f lu id  t o  flow i n  f r m  out- 
side the reservoir. Unfortunately, i n  the 
Broadlands area, we ..are having d i f f icu l ty  i n  
finding suff ic ient ly  good permeability outside 
the reservoir. 

There may also be other problems with reinjec- 
t ion  in  some f ie lds .  In  a recent study, Grant 
(1981) has shown tha t  reinjection of cool 
f lu id  in to  a hot two-phase zone may r e su l t  i n  
an additional drop in  pressure, ra ther  than 
a pressure recwery. The cool f lu id  must ex- 
t r a c t  heat f ran the f lu id  i n  place and thus 
condense sane of the stehm. I f  the injected 
f luid temperature i s  below sane "neutral" 
value the injected f lu id  volume w i l l  not make 
up the steam volume lost .  Heat must then cane 
fran the rock and the  temperature and pressure 
drop. In most real s i tuat ions,  the injected 
f lu id  temperature w i l l  be below the neutral  
temperature. Even with relat ively poor mixing 
of the injected f lu id ,  a proportion may, fo r  
example, mwe out along channels and hence not 
heat up i n  the two-phase zone, a pressure drop 
is likely.  

c. Environmental Constraints When Wairakei 
was developed the waste water was discharged 
in to  the Waikato River and the gas f ract ion 
vented t o  the atmosphere. It was fortunate 
tha t  the effects  of t h i s  d i rec t  disposal of 
the geothermal effluents were as  l i t t l e  as  
they have been. 

Since tha t  time the environmental regulat 
i n  New Zealand have been tightened considerab- 
l y  and t o  meet these we obviously have signi- 
f icant  additional costs.  Broadlands has been 
particularly bothersane i n  this regard due t o  
the high non-condensible gas content of the 
f lu id  discharged. 
most problematic f ract ion of t h i s  gas. 

The H2S i s  probably the 

We have already discussed the environmental 
consequences of the pressure drawdown;i.e. u 

the decay and modification of the surface ac- 
t iv i ty .  

d. Other Field Problems Exploratory/investi- 
gation w e l l s  were dr i l led  i n  sane of the other 
larger f i e lds  re la t ively early i n  our geother- 
mal program. 
rako these investigation wells w e r e  not par t i -  
cularly successful. Donaldson Ei Grant (19781, 
for  example, dawngraded the potential  of Ora- 
keikorako due t o  the poor permeability found 
in  the two wells drillrid there. Nowadays, with 
our greater experience, we might choose dif-  
ferent  dr i l l ing  s i t e s ,  d r i l l  t o  different  
depths, o r  t r y  stimulation. The low permea- 
b i l i t y  of the f i r s t  three wells a t  Ngawha did 
not deter us fran continuing investigation. 

Possible Reasons fo r  Slow Developnent of our 
Geothermal Resources - (2) External Factors 
There is no doubt tha t  New Zealand's current 
energy surplus is a good reason fo r  keeping 
the ra te  of geothermal e lec t r ica l  energy de- 
velopment down. 
ted supply by the end of t h i s  decade, cannot, 
however, be disregarded. Obviously i f  a geo- 
thermal plant is  t o  be a viable proposition i n  
the early 1990's a f i e l d  w i l l  need t o  be pro- 
ven within the next few years. Only Broad- 
lands, t o  be brought on l ine  i n  the mid-to- 
l a t e  1980's, i s  i n  tha t  s t a t e  a t  the manent. 

In both Waiotapu and Crakeiko- 

The possibi l i ty  of a res t r ic -  

Choosing the next s i t e  may not, however, be 
easy as ,  apart  f ran the d i rec t  f i e ld  develop- 
ment problems w e  have already discussed, there 
are other considerations tha t  may need t o  be 
taken in to  account. 

a. Tourism Tourism is now one of New Zealand's 
major industries.  
decade about half a million v i s i to r s  fran over- 
seas passed through our resorts.  Current fore- 
casts are  f o r  the figure t o  exceed 800,000 by 
the  l a t e  1980's. A large proportion of these 
tourists v i s i t  a t  l ea s t  some of our thermal 
areas. (Thousands) 

800 

A t  the beginning of t h i s  

>+ 

600 700 t 
Finn I 
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In the Wairakei area, the developnent of the 
geothermal f ie ld  quickly closed dawn the Gey- 
ser Valley tourist area, a water-controlled 
manifestation area adjacent t o  the Wairakei 
f ield,  and ultimately resulted i n  the shutting 
dawn of the Karapiti blowhole area. It is  t o  
be expected that surface manifestations asso- 
ciated w i t h  any other exploited f ie ld  would 
also ultimately deteriorate and die. Thus, 
t o u r i s m  and energy developnent are in conflict. 

The long term effect of this conflict is  dif- 
f icul t  t o  forecast. The major problem is that 
f ields tha t  are regarded as being the best 
tourist  areas are also top of the list for 
energy. 
extensive (and interesting) surface manif es- 
tations. 
less interest t o  the energy developers. 

A high heat flow generally means more 

Law heat flow areas are naturally of 

For developnent t o  date the conflicts have as 
yet been limited. 
we recognized the likely effects or their  ex- 
tent, and neither Brwdlands nor Kawerau were 
sensitive areas. The investigation wells in  
both Orakeikorako and Waiotapu were also 
dril led early i n  the New Zealand geothermal 
developnent period. before water and other 
legal rights were requlred. In neither Ngawha, 
where the major attraction i s  a swimming pool 
canplex, nor Mokai, an isolated area with 
l i t t l e  obvious activity, has there been prob- 
lems getting these rights. In contrast, an 
investigation well at  Wahine Springs 
(Tikitere-Taheke) has been discussed for sane 
time, but not yet scheduled, and a right was 
refused for a well sane distance fran Waiman- 
gu because there might be sane effect. There 
is also considerable concern that withdrawal 
of water (and energy) in  the Rotorua area 
for direct (non-electrical) use may be affec- 
ting features in  Whakarewarewa Thermal Reserve, 
New Zealand's premier thermal tourist  area. 

Wairakei was spawned before 

b. Non-Electrical Uses of Geothermal Energy 
For electricity production it is advantageous 
t o  have the fluid as hot as possible; for 
direct building and water heating cooler water 
w i l l  suffice. Thus, hot water i n  shalluw 
aquifers and i n  areas of lower temperature is 
being tapped forsuchnon-ele6tricaluses. This 
water' is also being used for tourism (swimming 
and spa pools) , for  agriculture and silvicul- 
ture (drying, heated beds) , and for  industry. 
Higher temperature fluid,  fran deep wells , i s  
also being used for  industry. 
the steam is used i n  the pulp and paper pro- 
cessing; a t  Broadlands, for drying lucerne; 
and a t  Rotokaua, for extracting and processing 
sulphur. 

It may be argued that such direct use of geo- 
thermal fluids is more efficient than the 

A t  Kawerau 

electricity production process and that,  where 
this heat is available, it is  bad energy poli- 
cy t o  use  electricity purely t o  produce heat. 
Non-electric uses of geothermal energy are, 
therefore, continually being sought. The l o w  
population base of the thermal area and the 
high cost of transportation of goods t o  our 
major centers do, however, work against these 
uses t o  sane extent. 

Conclusion The future of geothermal energy de- 
velopnent in  New Zealand is diff icul t  t o  fore- 
cast. New Zealand is currently i n  an energy- 
rich s ta te  as f a r  as electricity is concerned 
and it is anticipated that,  even with the com- 
missioning of several energy-intensive indus- 
t r i a l  plants, the demand w i l l  not catch up with 
the supply unt i l  the end of the present decade. 
Even then, geothermal energy w i l l  be canpeting 
with water-power as the source of supply of 
additional energy. While this  water-power po- 
tent ia l  is s t i l l  great, future development 
must take place in  more diff icul t  s i tes  and be 
increasingly subject t o  consideration of pro- 
tection of scenic areas, w i l d  river sections, 
and other public danains. 

As I have pointed out in  this  paper, geother- 
mal energy development also has its problems: 
the drawdown of the reservoir and i t s  side 
effects, the uncertainty of the benefits off 
reinjection, the necessity of cleanliness of 
the environment and the unprwen production 
potential of undeveloped fields. Thes,e are 
a l l ,  however, scientific or engineering prob- 
lems. Currently they are a challenge. U l t i -  
mately we w i l l  have the answers. The option 
between water- arld geothermal-puwer may rest  
on the cost of the solutions a t  any time rather 
than whether there is  a solution. It is my 
opinion that these problems and their  solution 
w i l l  not restrain geothermal development i n  
New Zealand i n  the long term. 

It is also my opinion that the conflict between 
tourism and energy dwelopnent for  each f ie ld  
w i l l  also be resolved. I n  sane cases there 
w i l l  be no problem, energy development w i l l  
affect very l i t t l e ,  or t o t a l  probection for 
tourism (or for the unique nature of&he area 
or something i n  it) is essential. In other 
cases a "political" choice must be made. I n  
a few cases , and I am hopeful that Rotorua may 
be in  this  category, it may be possible t o  
extract sane energy and s t i l l  protect the 
manifestations i n  the tourist  park. 

Ever since the f i r s t  moves were made t o  study 
Wairakei w i t h  the serious objective of develop- 
ment ( i n  the early 1 9 5 0 ' ~ ) ~  New Zealand has 
maintained its geothermal team of scientists 
and engineers. I am confident that  it w i l l  
continue t o  do so. I am also confident that  
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U developnent of our resources w i l l  continue, 
although I cannot guarantee tha t  they w i l l  a l l  
be used f o r  the production of e l ec t r i c  power. 
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STATUS OF GEOTHERMAL ELECTRIC POWER I N  ICELAND 1980 

INTRODUCTION 

J.S. Gudmundsson, S. Th6rhallsson & K. Ragnars 

Geothermal Division 
Orkustofnun (Energy Authority) 

Grensdsvegur 9, Reykjavik, Iceland 

The main ut i l izat ion of geothermal energy i n  
Iceland i s  for  thermal applications. There are 
many geothermal d i s t r i c t  heating systems tha t  
supply hot water t o  residential ,  commercial 
and industr ia l  buildings. Geothermal water 
and steam are a lso used i n  greenhouses and for 
processing purposes i n  industry. The genera- 
t ion of geothermal e l ec t r i c  power i n  Iceland 
i s ,  however, limited because most of the 
e l ec t r i c i ty  demand i s  m e t  with hydro-power of 
which the country i s  relat ively well endowed 
w i t h .  Until ear ly  th i s  century, the use of 
geothermal energy i n  Iceland was limited t o  
individual hot springs for bathing and washing. 
I n  1928 d r i l l i ng  for geothermal energy i n  
Iceland started.  This was i n  a low-temperature 
f ie ld  i n  Reykjavik where several shallow wells 
were dr i l led  producing i n  t o t a l  15 l/s of 90- 
1OO'C water. Two years l a t e r  i n  1930 th i s  
water was piped 2.8 k m  to  supply heating for 
about 70 homes, one school and a swimming pool. 
Since then great developments have taken place 
and now geothermal d i s t r i c t  heating plays a 
very important role i n  the economy of Iceland. 

A t  about the same time a s  geobhermal d i s t r i c t  
heating was being introduced i n  Iceland, the 
generation of e l ec t r i c  power using geothermal 
steam was already under discussion. In 1944 
the f i r s t  steam driven engine with a generator 
was instal led i n  a high-temperature geothermal 
f i e ld  i n  Iceland. 
i n  the Hengill area, where seueral shallow 
boreholes had been d r i l l ed  and were being used 
for various purposes. This f i r s t  steam 
engine-generator was only run for a short  t i m e  
and produced suff ic ient  e l ec t r i c i ty  for  j u s t  a 
few l igh t  bulbs. In 1946, a lso i n  Hveragerdi, 
the f i r s t  steam turbine system,was ins ta l led  
capable of generating 35 kW of e lec t r ic i ty .  
This demonstration unit  operated only for 
about one year un t i l  a much larger diesel  
generator was instal led.  

This was near Hveragerdi, 

In th i s  paper the development and s ta tus  of 
geothermal e lec t r ic  power i n  Iceland w i l l  be 
discus sed. Non-e lec t r ica l  applications w i l l  
only be mentioned i n  passing. 

RESOURCES 

The geothermal areas i n  Iceland have tradit ion- 
a l ly  been divided in to  low- and high-tempera- 
ture areas. The high-temperature areas are i n  
the active volcanic zone lying south-west t o  

north-east across Iceland and the low-tempera- 
ture areas on both sides of it. The two main 
low-temperature areas are i n  the south and 
west of  Iceland a t  the periphery of the active 
volcanic zone, but other such areas are widely 
distributed. I n  the low-temperature areas the 
temperature of the reservoir f lu id  i n  the 
uppermost 100 m does generally not exceed 
150'C while i n  the high-temperature areas it 
does and i s  usually 200'-35O'C. 
remembered tha t  the water produced i n  low-tem- 
perature areas i n  Iceland i s  used i n  thermal 
applications only, being the back-bone of the 
d i s t t i c t  heating industry. 

It should be 

When it comes t o  the generation of geothermal 
e l ec t r i c  power i n  Iceland, the high-tempera- 
ture areas have t o  be used. There are 19 
known high-temperature areas i n  Iceland and 9 
potential  areas. Figure 1 shows a map of 
Iceland and the location and name of these 28 
high-temperature areas, most of which are 
within the active volcanic zone. Several 
geothermal assessment studies of the high-tem- 
perature areas have been conducted. The most 
comprehensive and recent is tha t  of Pdlmason 
(1981) anC co-workers a t  Orkustofnun (Energy 
Authority). The study is  based on the same 
methodology as  used i n  the United States and 
I ta ly ,  but w i t h  several modifications to  suit 
geological conditions i n  Iceland. The t o t a l  
size of a l l  the high-temperature areas is 
about 600 km2.  
0-1 was assigned to  each of the 28 areas, the 
average value being about 0.6 for  the 600 km2. 
TO arrive a t  an estimate of the e l ec t r i c  power 
which the areas could possibly produce, it was 
assumed i n  the assessment study, t ha t  20% of 
the accessable thermal energy of rock and 
water above 130'C down to a depth of 3 km is 
recoverable. This thermal energy is then 
converted t o  e l ec t r i c i ty  with an efficiency Qf 
about 7-9% depending on a e  known or expected 
temperature of the f luids  produced. It was 
estimated that  3,500 MW-electrical could be 
produced i n  t o t a l  for a period of a t  l ea s t  50 
years. About 3,000 MW-electrical would be in  
the 19 known high-temperature areas. 

An accessabili ty factor of 

The hydro-power potent ia l  of Iceland has 
recently been up-dated by dmasson (1981) and 
oo-workers a t  Orkustofnun. The main xesult  
of t h i s  assessment is  tha t  the usable capabil- 
i t y  amunts t o  about 64 TWh/year with an 
associated ins ta l led  capacity of 7,300 MW 
hydro-power. This usable e l ec t r i c i ty  was 
divided in to  four groups tha t  range from the 
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most economical to marginal. In the decades 
t o  come the large hydro-schemes i n  the high- 
lands ( f i r s t  group) w i l l  be mos t  economic w i t h  
a generating capability of about 30 TWh/year o r  
almost 1/2 the total hydro-power potent ia l  of 
the country. The associated ins ta l led  capacity 
corresponds to about 3,400 MW-electrical. 

The t o t a l  available geothermal e l ec t r i c  power 
i n  Iceland may therefore amount t o  3,500 MW for 
50 years, while the hydro-power potential  has 
been estimated more tha t  double tha t  value or  
7,300 MW. 
i s  more renewable than geothermal energy, 
which must a lso be viewed as higher r i s k  tech- 
nology, it seems mos t  l ikely tha t  the fonner 
w i l l  continue t o  supply the bulk of the elec- 
t r i c i t y  required i n  Iceland. 

UTILIZATION 

The energy market i n  Iceland i s  i n  many respects 
unusual when compared t o  many other countries. 
The main reason for this i s  the large amount of 
geothermal water sold for  space heating pur- 
poses. In the las t  decade the percentage of 
Icelanders en joying geothermal district heating 
has increased from about 40% to  70% (Gudmunds- 
son 1976, Gudmundsson & Phlmason 1981). dnother 
feature of the market i s  tha t  for  many years 
almost half  the total energy consumption has 
been imported petroleum products, although the 
country has re la t ively great hydro-power and 
geothermal energy resource 
sparsely populated country w i t h  about 230,000 
people l iving i n  an area of 130,000 m2- M o s t  
towns and villages are located on the coast  
w i t h  about half  the population l iving i n  the 
south-west of the country i n  the Reykjavik e a .  

An overview w i l l  now be given of the e lec t r ica l  
energy industry i n  Iceland i n  1980. The total 
production of e l ec t r i c i ty  amounted to 3,243 GWh 
of which 3,053 GWh o r  97.2% was from hydro-pow- 
er s ta t ions.  Geothermal e l ec t r i c  power sta- 
tions produced 45 GWh (excluding own use) and 
oi l - f i red and diesel s ta t ions also 45 GWh. 
More tha t  half  the e l ec t r i c i ty  was used i n  
energy intensive industr ies  and the rest for  
general purposes. 
ins ta l led  generating capacity of a l l  public 
power s ta t ions was 670 MW of which 542 MW was 
hydro-power, 12 MW geothermal and 116 MW o i l -  
oi l - f i red o r  diesel. The above geothermal 
value refers  to the actual generating capacity 
but not the rated capacity a t  the end of the 
year (see l a t e r ) .  

A few words about fuels  imported to Iceland i n  
1980. The t o t a l  fuel use amounted to 542,083 
tonnes being 10.4% less than i n  1979. Of this 
43% was diesel  fuel  for  f ishing vessels mainly, 
but also for space heating, indus t r ia l  use, 
transportation and the generation of elec- 
t r i c i t y  i n  small diesel  stations.  
was 32% being used for  trawlers w i t h  large 
engines and a l so  for  industry. Gasoline for  

When considering tha t  hydro-power 

A t  the end of 1980 the 

Heavy fuel  

motor transport amounted t o  16% while je t  fuel, 
aviation gasoline and kerosene added up to 9%. 

More details w i l l  now be given about the geo- 
thermal energy market i n  Iceland i n  1980. 
Figure 2 shows the ut i l izat ion of geothermal 
energy i n  Iceland. A t  the end of 1980, 
high-temperature geothermal energy was used 
i n  four areas i n  Iceland, excluding small 
experimental units. Table 1 shows these 
high-temperature geothermal areas and the main 
detai ls .  For each area there is shown the 
number of boreholes dr i l led  and how many are  
capable of production. The thermal power is 
divided in to  ins ta l led  and used. The former 
represents the maximum thermal power which the 
production boreholes are capable of delivering 
a t  present back pressures o r  lower. This ther- 
mal power is calculated on the basis of con- 
densing a l l  the steam and cooling the t o t a l  
borehole discharge (steam and water) to 1OO'C. 
The used thermal power, on the other hand, is 
the actual thermal power consumed i n  the rele- 
vant d i rec t  application. A t  Svartsengi it i s  
the maximum thermal power consumed for  space 
heating, i n  Hengill it is the thermal power 
used for  space (10 MW) and greenhouse (15 MW) 
heating i n  Hveragerdi, while the Ndmafjall 
application is for  industr ia l  drying. The 
l a s t  column i n  Table 1 shows the rated (or 
name-plate) capacity of the 3 geothermal el+ec- 
t r i c  power s ta t ions i n  Iceland. 
s team used for  these power plants i s  included 
i n  the ins ta l led  thermal power shown i n  the 
table.  

It i s  of i n t e re s t  to estimate the thermal pow- 
e r  associated w i t h  a l l  direct applications i n  
Iceland. Gudmundsson & Pdlmason (1981) have 
reported the ut i l izat ion of low-temperatun? 
geothermal f luids  i n  Iceland and the r e s t  of 
the world. Experience i n  Iceland shows that 
low-temperature waters used for  space h e a t h g  
are  discharged a t  35-4O'C on average. Table 2 
shows the t o t a l  thermal power used i n  direct 
applications from low- and high-temperature 
geothermal areas i n  Iceland i n  1980. The 
reference temperature i s  taken as  35'cI 
amounting t o  818 MW-thermal. The steam used 
in  e l ec t r i c  power generation is not included 
i n  this tabulation. 
heating, being 85% of the total. Assuming a 
load factor of 50% the amount of thermal energy 
used i n  d i rec t  applications becomes about 
13,000 T J  o r  3,600 GWh i n  1980. 

DEVELOPMENT 

Extensive geothermal studies and d r i l l i ng  were 
carried out  in the 1950's i n  the Hengill and 
Krf suvfk high-temperature geothermal areas i n  
the south-west of Iceland. In 1950 a 
pre-feasibil i ty study had been cqrried out for  
a 30 MW geothermal e l ec t r i c  power plant  to be 
located near the town of Hveragerdi i n  the 
Hengill area. It was estimated tha t  the -0- 
thermal e l ec t r i c i ty  would cost  40-50% more t o  

The geothermal 

The main use is space 

\ 
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produce than i n  a similar sized hydro-power 
station. Subsequently it was decided to build 
a second hydro-power station i n  the river Sog 
t o  serve the electricity market of the 
south-west of Iceland, particularly Reyk javik . 
Great advancement was made i n  the exploration 
and exploitation of geothermal energy i n  1958 
when a rotary dril l ing rig, w i t h  a depth capa- 
b i l i t y  of 2000 m, was brought to Iceland. In 
the years that  followed it was e.g. used to 
d r i l l  8 boreholes 800-1200 m deep near Hvera- 
gerdi. By 1961 the project design of a 15 MW 
(net output) geothermal electric power plant 
was completed (Einarsson 1961). It was con- 
cluded that the capital cost per installed kW 
was similar to that of hydro-power stations i n  
Iceland of under 40 MW in  output. The genera- 
tion cost of electricity from both types of 
stations was considered comparable. These 
plans to build a s m a l l  geothermal power station 
were pushed aside i n  1965-1966 when it was 
decided to build a 210 MW hydro-power plant a t  
B h f e l l  i n  the river Thj6rs6. Simultaneously 
an agreement was signed w i t h  an international 
aluminium company to build a large slnelter not 
far from Reykjavik. 
gerdi project was abandoned. Additimal 
reasons for the lack of interest  i n  the Hvera- 
gerdi scheme, were problems of both geothermal 
and technical nature. 
steam-water mixture produced i n  the boreholes 
was rather low, corresponding to a reservoir 
temperature of about 215'C. W s  meant that 
a large quantity of steam and water had to  be 
produced to generate the electricity,  resul t -  
ing i n  a disposal problem. This, and expected 
calcium carbonate deposition i n  the boreholes, 
did not favour building a power plant near 
Hveragerdi. 
t r i c  power i n  Iceland was, however. aroused again 
when temperatures of 260-28O'C were encountered 
when dril l ing i n  the Nbafjal l  high-tempera- 
ture area 1965-1966. 

Further work on the Hvera- 

The enthalpy of the 

The interest  i n  geothermal elec- 

There are now 3 geothermal electric power 
plants i n  Iceland. 
Krafla i n  the north-east and a t  Svartsengi i n  
the south-west. 
tions are not far from each other, only 7-8 km. 
The Svartsengi statim is on the Reykjanes 
peninsula where there are several high-tempera- 
tun? areas. 

These are a t  Nhafjal l  and 

The N h f j a l l  and Krafla sta- 

NAMAFJAU 

The development of the Ndmafjall high-tempera- 
ture area has been described by Ragnars e t  al. 
(1970). 
N b f j a l l  area was started i n  1963 and i n  1966 
the f i r s t  production w e l l  was drilled. It 
supplied steam to  the diatomite processing and 
drying plant that  was commissioned i n  late 
1967. 
indicated, that building a 5-10 MWnon-condens- 
ing geothermal e lectr ic  power station i n  N h -  
f j a l l ,  would be an attractive way of meeting 

Drilling i n  the west section of the 

A t  that  t i m e  a pre-feasibility study 

the increased load i n  the north-east part  of 
Iceland, i n  smaller steps than would be eco- 
nomically feasible i n  hydro-power stations. 
An important consideration a t  that  t i m e  was 
also the f e l t  need of gaining experience i n  
operating a geothermal e lectr ic  power plant. 
In  1968 it was decided to  build a small atmo- 
spheric exhaust plant i n  Ndmafjall and i n  1969 
it became operational. 
had been secured for both the power plant and 
the diatomite plant and then onwards the N b -  
f j a l l  station was i n  fu l l  operation. 

The main technical specifications of the Nzma- 
f j a l l  (and Krafla and Svartsengi) geothermal 
electric power station are presented i n  
Table 3. The turbine-alternator is a British 
Thompson Houston '(BTH) industrial s e t  bui l t  i n  
1932. 
alterations were made on it i n  1968 when it 
was installed. The steam turbine i t s e l f  is of 
the simplest possible type w i t h  one C u r t i s  
wheel. I n  1971 the wheel w a s  replaced w i t h  a 
new one ao increase *the output and to change 
the material of construction to  make it more 
suitable for geothermal steam. The rated 
capacity is now 3 MW and the material used 
12-14% Cr-steel. Every year some s i l i ca  
deposits have t o  be cleaned from the i n l e t  
nozzles of the steam turbine. This has been 
caused by some carry-over of water from the 
steam-water separators. 
of operation, the condition of the steam 
turbine a t  N h f j a l l  i s  good. 
some pit t ing corrosion and erosion of the 
f i r s t  row of blades, but not serious. 

l k n  boreholes had been dril led i n  N k f j a l i  by 
the end of 1975. They ranged i n  depth from 
340 to 1800 m and were spaced a t  about 100 m 
apart. 
I n  1979-1980 two more boreholes were drilled. 
By then mst of the older boreholes had been 
destroyed due to tectonic activity. I t  appears 
that  magma from the fissure swarm extending 
from Krafla to Ndmafjall caused the increased 
surface activity. A t  the end of 1980 two new 
wells (11 and 12) produced high-pressure steam 
for the diatomite plant and the N&afjal l  
power station. Borehole 11 produced 29 kg/s 
a t  19 bar-g pressure of steam-water mixture 
with an enthalpy of 2400 kJ/kg. Borehole 12 
produced 22 kg/s a t  16 bar-g pressure of 
steam-water mixture w i t h  an enthalpy of 
2300 kJ/kg. Borehole 4 i s  the only old w e l l  
that s t i l l  produces. In total  it is capable 
of producing about 10 kg/s of steam-water a t  
enthalpy close to 1000 kJ/kg. The steam from 
this borehole is used t o  heat directly fresh 
water for d i s t r i c t  heating i n  the Reykjahlid 
village by Lake *vatn. Table 4 shows the 
estimated gas composition of the saturated 
steam produced from borehole 11 i n  N b f j a l l  
(N-11) when allowed to flash down to 180'C o r  
10 bar-g pressure. The total gas mntent is 
estimated as 0.2% by weight. 

By 1971 enough steam 

It was bought second-hand, but some 

After almost a decade 

There has been 

A t  that t i m e  wells 4-9 were productive- 
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The steam-water mixture from the boreholes i s  
piped i n  two-phase flow t o  two cyclonic separa- 
tors. These have (safety) valves tha t  are 
adjusted to open i f  the pressure increases 
above the operating pressure of 11-12 bar-g. 
In thfs way the excess steam produced i s  
vented t o  the atmsphere. The separated water 
i s  discharged to concrete si lencers and t o  a 
surface pond where it percolates i n to  the 
ground. 

6$ 

The Krafla Power Station i s  the f i r s t  major 
geothermal e l ec t r i c  power project  i n  Iceland. 
Exploration of the Krafla high-temperature 
area was in i t i a t ed  i n  1970. This work was not 
done w i t h  any specif ic  ut i l izat ion i n  mind, 
but i n  1972 a preliminary project  report was 
published by Orkustofnun on the feas ib i l i ty  
of constructing a 8 MW, 12 MW o r  16 MW geother- 
mal e l ec t r i c  power plant  i n  e i ther  Nimafjall 
or Krafla. The resu l t s  w e r e  considered 
suff ic ient ly  encouraging t o  warrant further 
study and i n  1973 a feas ib i l i ty  report was 
again published by Orkustofnun on the above 
sized statiorhs and also a 55 MW stat ion.  

By l a t e  1973 it was considered that  the elec- 
t r i c i t y  supply s i tuat ion i n  north-east Iceland 
would shortly become c r i t i c a l  because a planned 
hydro-power scheme i n  the r iver  Lax& had to be 
res t r ic ted  for  environmental reasons. The 
preliminary and tentative plans for a geother- 
m a l  e l ec t r i c  power s ta t ion i n  Ndmafjall o r  
Krafla w e r e  therefore suddenly the subject 
of great in te res t .  In  1974 the construction 
of a 55 MW power plant  to be located i n  
N h f j a l l  o r  Krafla was authorized and an 
ad-hoc committee was formed by the Minkstry 
for  Industry (and enersy), known as the Krafla 
Project Executive Committee. The committee 
was to be responsible for  the amstruction of 
the power plant ,  while the State Geothermal 
Steam Supply a t  Orkustofnun was to  develop the 
f i e ld  and produce the Steam. The State Elec- 
t r i c  Power Works were given the responsibil i ty 
of building the switchyard and the’ 132 kV 
transmission l ine to the town Akureyri. 
Formally, a l l  the organization involved 
reported to the Ministry for  Industry. The 
events t ha t  ‘5ollowed developed different ly  
thah imagined and the Krafla geothermal power 
project became one of the most controversal 
issuesin Iceland €or years. 

The fh r s t  issue that had to be resolved was t o  
decide where to build the p o w e r  plant.  The 
NAmafjall area was already well known, but no 
d r i l l i ng  had yet  been done i n  Krafla. 
State Dril l ing Contractors a t  Orkustofnun were 
contracted to drill two 1200 m deep exploration 
boreholes i n  1974 and the Geothermal DivisLon 
of Orkustofnun was engaged to carry out the 
geoscientific work. In 1975 the Geothermal 
Division reported ‘on the exploration d r i l l i ng  
and concluded tha t  the Krafla geothermal 

The 
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f i e ld  would be able to produce the required 
amount of steam for a 50-60 MW power station. 
Because the Krafla geothermal area i s  much 
larger than N h a f j a l l  area, the former was 
favoured a s  the site for  the power plant.  It 
vas a lso the view of the Environmental 
Protection Board of Iceland tha t  the Krafla 
site would be a bet ter  choice. It vas 
subsequently decided t o  build the proposed 
power s ta t ion i n  Krafla. 
d r i l l ing  history and exploration of the Krafla 
geothermal f i e l d  requires more space than i s  
available here. Stef&nsson (1981) has made 
a kepokt on the development and s ta tus  of the 
project i n  l a t e  1978. 
son (1980) have also reported on the geothermal 
f ie lds  i n  Krafla and Nimafjall. 
holes (1300-200 m deep) were dr i l led  i n  the 
summer of 1975, s i x  (1300-2200 m deep) i n  1976, 
one (2200 m deep) i n  1978 and three (2000-2100 
m deep) i n  1980. 

The power s ta t ion i n  Krafla was bu i l t  by the 
Krafla Project Executive Committee. Table 3 
shows the main technical specifications of 
the s ta t ion.  The s ta t ion was t o  have two 30 
MW turbine-generatbrs, but only one of them 
has been installed.  The s ta t ion has never 
operated on f u l l  load because suff ic ient  
high-pressure steam has not been available. 
Its maximum load was i n i t a l l y  6-8 MW but has 
now reached 11-12 MW. Eliasson e t  a l .  (19801 
have reported i n  detail about the Krafla Power 
Station. The st!ation was commissioned i n  
ear ly  1978. 

Reporting the 

Stefbsson & Benedikts- 

Three bore- 

The flow diagram for *e one 30 MW u n i t  of the 
Krafla Power Station is .  shown i n  Figure 3. 
The steam-water flow from the boreholes is 
piped i n  two-phase flrow to the separator 
building which contains a l l  high-pressure and 
low-pressure separators for  one unit .  The 
high-pressure separators operate a t  8.7 bar-a 
pressure. 
folded from the separators into a single 
pipeline which brings the steam to the power 
s ta t ion.  A second flash steam separator is 
used to boi l  off  and separate a l l  the water 
from the high-pressure separator a t  a pressure 
of 2.2 bar-a. The primary steam enters the 
turbine a t  7.2 bar-a pressure and the 
secondary steam a t  2.0 bar-a pressure between 
the second and th i rd  stages. The turbine i s  
a single-cylinder, double-flow, dual-admission 
u n i t  with 5 stages. It i s  manufactured by 
Nitsubishi Heavy Industries (MEI) i n  Japan. 
It  has an underlying d i rec t  contact j e t  
condencer operated a t  0.12 bar-a. 
high-pressure steam contains 1.5-1.7% of 
non-condensable gases at the present time. 

The high-pressure steam i s  mani- 

The 

A t  the end of lg80 eight  boreholes of the 15 
dr i l l ed  could produce steam as shown i n  Table  
1. Most of these are  located within 500 m of 
the separator s ta t ion,  spaced 100-300 m apart. 
The high- and low-pressure steam are piped to  
the power s ta t ion about 500 m from the 



separator station. The to t a l  production of 
the f ie ld  i n  l a t e  1980 was 168 kg/s of steam 
-water from 11 boreholes of which 88 kg/s came 
from the 8 tha t  were connected w i t h  pipelines. 
The 4 boreholes not producing were e i ther  
damaged o r  not completed. The enthalpy of the 
steam-water mixture discharged from the 8 
boreholes ut i l ized i s  i n  the range 1100-2900 
kJ/kg. 
kg/s of high-pressure steam (8.7 bar-a i n  
separator) of which about 1/2 comes from only 
two boreholes. Table 4 shows the estimated 
concentration of non-condensables when the 
steam-water mixture from these two boreholes 
(K-9 & K-14) is allowed to flash a t  175'C 
which corresponds roughly to the separator 
pressure of  8.7 bar-a. The gas content is 
about 1.9%, which is  an Order of magnitude 
greater than i n  N h f  j all and Svartsengi . 
In December 1975 a volcanic eruption occurred 
about 2 km away from the Krafla Power Station. 
This volcanic eruption was the beginning of a 
r i f t i n g  episode i n  the fissure swarm inter-  
secting the Krafla caldera. During the last 
5 yearsthis  volcanic ac t iv i ty  has continwd 
with 12 r i f t i ng  episodes, 6 of which have 
resulted in  volcanic eruptions. The magmatic 
ac t iv i ty  has influenced the production char- 
ac te r i s t ics  of the Krafla geothermal f i e ld  
and given qise t o  several d i f f icu l t ies  experi- 
enced i n  i t s  ut i l izat ion.  Volcanic ac t iv i ty  
iS  s t i l l  going on i n  the Krafla area affecting 
the boreholes and reservoir properties i n  both 
the Krafla and Ndmafjall geothermal fields.  

These boreholes produce i n  to t a l  53 

SVARTSENGI 

The exploration of the Svartsengi high-temp- 
erature geothermal area s ta r ted  more than 10 
years agc. The f i r s t  two boreholes were 
dr i l led  i n  1971-1972 and it was discovered tha t  
the hot water produced was saline w i t h  a 
concentration about 2/3 of seawater. 
reason for exploration work i n  the Svartsengi 
area was the possibi l i ty  of building a heating 
s y s t e m  for the nearby town of Grindadk. 

The 

The exploration and ear ly  d r i l l i ng  i n  Svarts- 
engi w e r e  successful, but  the problem was tha t  
the high-temperature brine 'could not be used 
direct ly  for district heating purposes. It 
w a s  c lear  t ha t  a novel method had t o  be devel- 
oped i f  the high-temperature brine was t o  be 
used for  d i s t r i c t  heating. 
plant  studies were carried out to test several 
methods of heating fresh oold water using the 
geothermal steam-brine mixture produced i n  
Svartsengi. Arn6rsson e t  a l .  (1975) have 
reported some of the ear ly  results. 

As the Svartsengi project was developing from 
exploration to pilot-plant studies,  the price 
of o i l  suddenly quadrupled. 
1974/1975 a company was formed t o  exploit  the 
Svartsengi high-temperature f i e ld  for  district 
heating i q  the Sudurnes region, which consists 

Extensive p i l o t  

A t  the turn of 

of seven separate towns and vil lages on the 
Reykjanes peninsula. The main function of the 
power plant  i n  Svartsengi i s  therefore the 
production of hot water for  d i s t r i c t  heating. 

The novel heat exchange process used i n  the 
Svartsengi power plant  has been described by 
Th6rhallsson (1979). The flow diagram of the 
power plant  i s  shown i n  Fugure 4, i l l u s t r a t ing  
the main equipment and associated flowrates, 
temperatures and pressures. There are four 
para l le l  flow streams i n  power plant  I. Two 
of these are as  shown while two have additional 
heat exchangers tha t  can cool the deaerated 
water from about 1OO'c t o  85'C. This water is 
pumped direct ly  tc Grindadk while the 125'C 
water i s  pumped ( in  the opposite direction) to 
the rest of the t o h s  using the hot water. 

The geothermal steam-brine mixture i s  piped i n  
two-phase flow from the wells t o  a flash plant  
located by the power house. (See Fhgure 4). 
Two centrifugal steam separators i n  ser ies  
produce the high-pressure (5.4 bar-a) and 
low-pressure (0.25--039 bar-a) steam. The 
water level  i n  the high-pressure separator i s  
controlled and the spent brine discharged from 
the barometric leg of the low-pressure separa- 
t o r  i s  presently discharged in to  a large pond 
by the generation of e l ec t r i c i ty  i n  a back- 
pressure turbine before being condensed i n  a 
p la te  heat exchanger. The low-pressure steam 
i s  piped t o  a d i rec t  contact condenser where it 
heats the fresh cold water from 5-C t o  65'C and 
removes 90% of the dissolved gases from the 
fresh water. This water i s  plsnped, i n  two of 
the flow-streams , t o  the turbine condenser 
mentioned above. In the other two flow-strkams 
there i s  the poss ib i l i ty  of pumping the water 
f i r s t  through heat exchangers a s  mantioned 
above t o  produce 85'C water for  the t o w n  of 
Grindadk. In the turbine condenser the water 
i s  heated t o  105-llO'C before it enters the 
atmoshperic deaerator. A t  t h i s  point the hot 
water i s  heated further by high-pressure steam 
i n  a p la te  heat exchanger t o  125'C for  pumping 
t o  the main d i s t r i c t  heating market i n  the area 
of the town of Kefladk. 

The design of power p lan t  I is  based on a 
steam-brine productLon of 60 kg/s from each 
borehole, an output which is s p l i t  between two 
flaw-streams. The power plant  has 5our 
flow-streams such tha t  two boreholes are 
required on-stream a t  any one t i m e .  Each 
flow-streamproducessufficient hot water to 
sa t i s fy  a 12.5 MW thermal load a t  the consumer, 
the rated capacity of the power plant  hherefore 
being 50 MW thermal. 

Power plant  I1 is  presently under construction. 
I t  is  being b u i l t  for  the purpose of supplying 
d i s t r i c t  heating water t o  the Kefladk 
International Airport and NATO Military Base. 
In i t i a l ly  it i s  t o  have 2-3 flow-streams of a 
new design, each w i t h  a rated thermal capacity 
of 25 MW. 
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There are two AEG-Kanis 1 MW back-pressure 
steam turbines i n  power plant  I. Table 3 shows 
the i r  main technical specifications. The 
amount of steam expanding through the turbine 
i n  figure 4 i s  suf f ic ien t  t o  generate about 
0.6 MW of e lec t r ic i ty .  The high-pressure steam 
associated w i t h  two flow-streams i n  power plant  
I is  used for  each turbine-generator. The 
f i r s t  1 MW turbine was commissioned i n  la te  
April 1978, the second one i n  1979. Both 
units have operated as  required since tha t  
t i m e .  The main purpose of these turbines i s  
to provide the power plant  w i t h  e lec t r ic i ty  
for pumps and other eqcpment. In December 
1980 the th i rd  turbine-generator was ins ta l led  
i n  Svartsengi, a 6 MW Fuji  Electric package- 
type u n i t  (see Table 3 ) .  The uni t  is located 
i n  power plant  I1 and generates e l ec t r i c i ty  
for general demand i n  the Sudurnes region. 

A t  the end of 1980 ten geothermal boreholes 
had been dr i l led  i n  Svartsengi (see Table 1 ) .  
The boreholes are of three basic designs: 
a) 2, 3 and 10 are shallow 239 m, 402 m 
and 424 m closely spaced 35-105 m, b) 4, 5 and 
6 are deep 1713 m and 1734 m w i t h  9 5/8" 
production casing and c) 7, 8, 9 and 11 are 
deep 1438 m, 1603 m, 994 m and 1141 m w i t h  
13 3/8" production casing. A l l  boreholes have 
s lot tgd l iners  except 7 which i s  "barefoot". 
Boreholes 5-11 are spaced 200-250 m apart  while 
2, 3 and 10 are much closer to each other. 
The output of the boreholes w i t h  9 5/8" 
production casing is 60 kg/s but the 13 3/8" 
boreholes have an output of 120 kg/s. 

Flowrate (and enthalpy) measurements have been 
done on a l l  the Svartsengi boreholes. Figure 5 
shows some of the resul ts .  Borehole S-4, 
being 9 5/8", produces 60-80 kg/s a t  10-15 
barta well head pressure, while S-8 and S-11, 
being 13 3/8", produce 120-180 kg/s. Well 
S-10, shallow 13 3/8", i s  capable of similar 
production as the other wide holes. Borehole 
S-7, which i s  "barefoot", has typical 
13 3/8" characterist ics but has been tes ted to 
only 80 kg/s. The large diameter boreholes i n  
Svartsengi are probably among bhe best pro- 
ducers i n  the world. The enthalpy of +&e 
steam-brine mixture i n  a l l  the boreholes correr 
sponds to water a t  235-24O'C. 
constant since the s t a r t  of production-as hss 
the f lu id  composition. 

It has.r?mained 

There has been experienced calcium carbonate 
deposition i n  some of the boreholes i n  Svarts- 
engi. These deposits are formed a t  the depth 
where flashing starts and have t o  be cleaned 
every 7-8 mnths w i t h  a dr i l l - r ig .  
par t ly  because of the calcium carbonate problem 
tha t  it was decided to d r i l l  wider boreholes 
and use 13 3/8" production casing instead of 
the 9 5/8". Of the 10 production boreholes 
dr i l led  i n  Svartsengi, one has suffered casing 
fai lure  and is no longer useful as  a production 
hole. 

It was 

The amount of non-condensable gases i n  Svarts- 
engi i s  low being typically 0.1-0.3% w t .  
Table 4 shows the estimated non-condensable 
content i n  high-pressure steam produced i n  
borehole 6,  when the steam-brine mixture i s  
separated a t  about 155'C (5.4 bar-a), which 
corresponds t o  normal operating conditions. 

DRILLING 

The boreholes dr i l led  i n  Ndmafjall 1979-1980 
are similar t o  the most recent wells d r i l l ed  
in  Krafla. Ragnars & Benediktsson (1981) ha= 
described the d r i l l i ng  of a typical 2000 m 
deep borehole i n  Nhaf j a l l .  
given the actual cost  of d r i l l i ng  well 11 i n  
Ndmafjall i n  the middle of 1979. 
hole is  1923 m deep, cased w i t h  13 3/8" to 
280 m and 9 5/8" t o  620 m. The 7" slot ted 
l iner  extends t o  the bottom. The d r i l l i ng  
time was 33 days and the to t a l  cost  702,700 
U.S. dollars o r  265 $/m. The d r i l l - r ig  used 
was a Gardner Denver 700E. It must,however,be 
appreciated tha t  the t o t a l  d r i l l i ng  cost  can 
vary appreciably between geothermal fields.  
The boreholes d r i l l ed  i n  Krafla are mre ex- 
pensive than i n  Nbmafjall, w i t h  a t o t a l  cost  
of almost one million U.S. dollars.  I t  takes 
longer time t o  drill i n  Krafla because the 
conditions there are more d i f f icu l t .  

They have also 

The bore- 

In the south-west of Iceland i n  Svartsengi, 
the boreholes are less expensive than i n  Nbma- 
f j a l l  and Krafla. Borehole 8 i n  Svartsengi i s  
typical for  the deep w e l l s  w i t h  a 13 3/8" pro- 
duction casing. It was dr i l led  to 1603 m i n  
1979 and cost  about 650,000 U.S. dollars o r  
350 $/m. The d r i l l i ng  t i m e  was 35 days and 
the t l r i l l - r ig  used was Oilwell 52. The 13 3/8' 
production casing is t o  600 m and the 9 5/8" 
l iner  to  bottom. 

ENVIRONMENT 

The ut i l izat ion of high-temperature geothermal 
energy i n  Iceland is 'both limited and recent 
i n  comparison t o  low-temperature waters. In 
the 12 years since the f i r s t  major ut i l izat ion 
of high-temperature geothermal energy s tar ted,  
there have not been any signif icant  environ- 
mental problems. There has, however, been 
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expressed concern over topographical and visual 
matters. 

In N h f j a l l  and Krafla the boiling water from 
the separators is discharged in to  a disposal 
pond and abmal1 stream, respectively. The 
hot water percolates i n to  the highly fractured 
lava and mixes with the ground water. There 
are no indications tha t  the disposal water 
causes environmental problems. 

A t  Svartsengi there is,however,a disposal prob- 
lem of a sor t .  The geothermal brine from the 
low-pressure separators is highly supersatu- 
rated with s i l i c a  which polymerizes quickly t o  
form colloidal s i l i c a  tha t  deposits i n  the 



disposal pond. The si l ica p a r t i c l e s  gradually 
s e a l  the surface lava when percolat ing i n t o  the 
ground, w i t h  thg r e s u l t  that the disposal pond 
increases r e l a t i v e l y  rapidly i n  s ize .  I n  the 
future the plan i s  t o  r e i n j e c t  the w a s t e  brine 
and condensate and present ly  work is  underway 
t o  br ing that about. O t h e r  work a t  Svartsengi 
relevant to environmental matters are de ta i l ed  
s tudies  of ground-water hydrology, land 
subsidence ( l eve l l i ng  and gravity measurements) 
and seismicity.  
ou t  i n  the Krafla-Ndmafjall region. 

Similar s tudies  a re  ca r r i ed  

CONCLUSION 

In this paper the development and present 
status of geothermal electric power i n  Iceland 
have been discussed. The.main "competitor" of 
geothermal electric power i n  Iceland is the 
r e l a t i v e l y  abundant and cheap hydropower, while 
geothermal energy has no "r ival"  when it comes 
t o  thermal applications such as district 
heating. I n  the years to  come the ro l e  of 
geothermal energy i n  e l e c t r i c i t y  generation i s  
not clear. Because of  the Krafla experience 
there is l imited confidence i n  Iceland i n  geo- 
thermal electric power. 

The success a t  Svartsengi has, however, done a 
l o t  of  good f o r  the geothermal industry i n  
Iceland. I t  was provided the counterbalance to 
Krafla and shown that high-temperature geo- 
thermal energy i s  viable and thatNAmafjal1 is  
not  the exception. The novelty of the Svarts- 
engi power p l an t  has created g rea t  i n t e r e s t  and 
fo r  the f i r s t  time i n  Iceland there has been 
generated e l e c t r i c i t y  and thermal power i n  the 
same plant .  Co-generation w i l l  undoubtedly be 
widely pract iced i n  the geothermal power and 
processing p l an t s  b u i l t  i n  the future.  
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TABLE 1 

High-temperature geothermal energy used i n  Iceland i n  1980. w 
Boreholes Thermal power (MW) Electr ic  Power 
Drilled Production Installeda Used (m Name of area 

Svartsengi 10 9 5 20 50b 8 

Hengi 11 >25 19 135 25b 0 

Ndmaf j a l l  12 3 100 35a 3 

Krafla 15 8 140 0 30 

Total >6 2 39 895 110 41 

a: Above 100'~ condensate. 
b: Space heating above 35-4O'C. 

TABLE 2 

Approximate thermal power used i n  1980 i n  Iceland from low- and high-temperature 
geothermal areas. 
included i n  t h i s  tabulation. 

The steam used for geothermal e l ec t r i c  power generation i s  not 

Thermal power >35'c (MW) 
High Total Type of use 

L O W  

Space heating 634 60 694 84.9 

Greenhouses 36 15 51 6.2 

Swimming pools 21 0 21 2.6 

Industr ia l  15 35 50 6.1 

Fish culture 2 0 2 0.2 

Total 708 110 818 100.0 

TABLE 3 

Main technical specifications of geothermal e l ec t r i c  power s ta t ions i n  Iceland 
(Th6rhallsson et al. 1979). 

Specification N h f  j a l l  Krafla Svartsengi Svartsengi 
~~ ~ ~~ ~ ~ ~~~~~~ ~ 

Manufacturer BTH MHI AEG-KANIS Fuji 

Instal led (year) 1968 1978 1978/1979 1980 

Rated capacity (MW) 3 30 

Speed ( r p m )  3000 3000 

In l e t  pressure (bar-a) 9-10 7.2/2.0 

Steam flowrate (kg/s) -14 53.2/19.6 

Exhaust pressure bar-a) -1.1 0.12 

TypeJStages C 5 

2 x 1  

44 79 

5.4 

8.9 

1.7 

C 

6 

3000 

5 

37.2 

1.2 
C 

W 
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TABLE 4 

Estimated non-condensable gas composition i n  geothermal steam 
(Compiled by G. Gislason & T. Hauksson). 

Concentration (mg/kg) Nbaf  j a l l  Krafla Krafla Svartsengi 

Borehole number K-9 K-14 S-6 

15.05.80 Date of sample 20.09.80 25.11.80 28.11 .80 

Enthalpy mixture (kJ/kg) 2,355 1,055 2,634 1,030 

Steam fract ion 0.79 0.15 0.93 0.18 

Temperaturea ( ' c )  180 1 75b 175b 155 ........................................................................................... 
79 9 18,080 11,660 2,540 

1070 642 75 1 34.5 
c02 

H2s 

=2 
CH4 

IN2 

93 6 -4 35.9 0.03 

1.17 6.6 0.84 0.50 

5.8 0.0 0.0 33.6 

Total 1,969 (-0.2%) 18,735 (-1.9%) 12,448 (-1.2%) 2,609 (-0.3%) 

a: 
b: 

Temperature corresponding to saturat ion pressure of  steam-water separation. 
Separators are present ly  operated a t  6-7 bar-a bu t  no t  the design pressure 8-9 bar-a. 

, 

7 - 60 



U
 

n
 

(D
 

I 

7 - 61 



1220 

aJ-Y 

1200 

VvV RAFORKUST~OVAR (/REKSTRI, ~BYWIMQU, ~ E T L  I 
Eleciric power plonis f in operotion, 

VESTMANNAEYJAR under consiruciion, plonne f f l  

IOMAOARFYRIRTEKI ( 1  REKSTRI, BYGG., AETL . I  

under construction, plonned J 
e00 Industriol plonis fin operofion, 

QR6OURH6SASVEOl  A Greenhouse oreos 

SUNDLAUQAR tala 12 
Swimming doots, number I2 

RH/ '81-01-26 F. I913 

FIGURE 2. U t i l i z a t i o n  of geothermal energy i n  Iceland i n  1980. 
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Abstract The combined instal led geothermal 
e lec t r ic i ty  generating capacity €or these 
eight countries a s  of June 1981 is 113.7 W .  
Only Costa Rica and Kenya do not yet have 
operating plants, but each is moving ahead 
with plans t o  i n s t a l l  plants a t  promising 
f ie lds .  Wellhead uni ts  are operating 
successfully in  the Azores, Indonesia, and 
Turkey, and plans a re  i n  motion t o  i n s t a l l  
larger uni ts  i n  the l a s t  two countries 
mentioned. The Ahuachaph f ie ld  i n  E l  
Salvador has reached its design l i m i t  (95 M), 
and attention is now focussed on another 
highly promising site, Berlln, where a 55 MW 
double-flash plant is scheduled fo r  operation 
i n  the mid-1980's. The Soviet Union has 
expanded its plant a t  Pauzhetka from 5 t o  11 
W ,  and is considering several other sites 
for possible new geothermal plants. 

The Azores (Portugal) A significant geo- 
thermal anomaly has been confirmed i n  the 
Ribeira Grande area i n  the central  portion of 
the island of S b  Miguel. Reservoir tenper- 
a tures  exceed 2OO0C (3929) with temperature 
gradients of 40-9O0C/1O0 m (22-4g0F/1O0 f t )  
and extremely low re s i s t i v i t i e s  (%l ohm-m). 
The geothermal area is estimated t o  cover an 
area of 8-10 Ion2 (1980-2470 acres) and t o  
hold the promise of 200-400 IW fo r  30 
years (1). 

In October 1979, a 3 MW portable turbine- 
generator uni t  was instal led a t  the s i te  of a 
single w e l l .  
the uni t  (2). A photograph of the  plant is 
given i n  Fig. 1. The turbine,. generator, and 
auxi l iar ies  are contained within a single 
housing; the  i n l e t  steam l ine  enters from the 
lef t ,  and the  exhaust si lencer can be seen a t  
the  rear  (Fig. 1). 

It is possible tha t  the geothermal resource 
could become the center of an energy park 
where multiple use would be made of the hot 
w a t e r  and steam. Besides e lec t r ic i ty ,  the 
resource could provide refrigeration and a i r  

Table  1 gives the par t icularsfor  

conditioning for the island's f ishing industry, 
energy t o  supply greenhouses for a variety of 
agr icul twd.  applications, and di rec t  heat 
€or a number of commercial and resident ia l  
complexes as  w e l l  a s  for  health spas (1). 

Table 1 Technical specifications for  W e l l -  
head uni t  on ,550 M i g u e l  (21 

Turbine type ...... Single cylinder, s ingle  
impulse (Curtis) stage, 
back-pressure 

Fated capacity .... 3,000 kW 

Maximum capacity.. 3,750 kW 

Speed... .......... 3,000 rev/xnin 
Steam pressure.. . . 392 kea (56.8 lbf / in  1 
Steam temperature. 142.9OC (289.2OF) 

Exhaust pressure.. 103 &a (14.9 Ibf/in 

Steam flow rate... 56.5 t /h  (124,526 

2 

2 

2 Maximum pressure.. 1568.6 kPa c227.5 Ibf/in ) 

Fig. 1 Wellhead unit  on S b  Miguel, The Azores. 
(Photo from =Ir Ltd., Japan.) 

*Also, Division of Engineering, Brown 
University, Providence, R I  02912. 
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W 
The People's Republic of China 
discussion of China's geothermal power plants 
has been given elsewhere (3) .  While research 
and development continues a t  several small 
experimental plants using qui te  low-temper- 
a ture  geothermal f lu ids  ( 67-91°C , 153-196OF), 
the main e f for t  is now concentrated on the 
high-temperature f i e l d  a t  Yangbajing, 90 lam 
(56 ai) northwest of the c i t y  of Lhasa i n  the 
Tibet Autonomous Region. A wet-steam f ie ld  
with f luid temperatures of about 150W (3OOOF) 
extends over an area of roughly 10 km2 (2470 
acres) a t  an elevation of 4,300 m (14,110 f t )  
above sea level.  About 20 Wells have been 
dr i l led  t o  supply steam t o  three power plants 
(4 ) .  One of these, a 1,000 kW unit ,  has been 
operating successfully since 1977 and was 
described earlier (3). Two new buildings a re  
under construction t o  house the second and 
th i rd  uni ts ,  each of which w i l l  be 3,000 kW 
i n  capacity. The new uni t s  are expected t o  
begin operating during 1981 (Personal 
communication, ~ r .  a i - j i a n  Wu). 

Costa Rica A n  outstanding liquid-dominated 
prospect has been confinned a t  Miravalles i n  
the Guanacaste Province of Costa Rica. The 
site l i e s  on the southwest flank of the 
Miravalles Volcano, j u s t  north-northeast of 
the  vi l lage of LaFortwa. Reservoir temper- 
atures of between 23Q-2409C (445-465OF) have 
been revealed by three full-size exploratory 
wells, a l l  of which struck production 'zones. 
These w e l l s ,  designated PGM-1,-2, and -3, are  
of stepped-diameter construction w i t h  660 mm 
(26 in) i n i t i a l  hole diameter ending with a 
216 mm (8.5 in)  hole; the surface casing is  
508 mm (20 in)  i n  diameter, and 194 m (7.625 
in)  s lot ted l iners  a re  used i n  the production 
zones. The t o t a l  d r i l l ed  depth for the three 
wells is 3760 m (12,041 ft). The top of the 
reservoir has been encountered a t  depths of 

deepest production zone apparently close t o  
the center of the f ie ld .  
f luid produced is a mixture of hot water and 
steam, the chemical character is t ics  of which 
are  not much different  from those of the 
f lu ids  a t  Ahuacha&n, E l  Salvador. The f lu id  
pH is 6.7; the t o t a l  dissolved solids are 
about 5300 ppm consisting mainly of chloride, 
2750 ppm, but with s ignif icant  amounts of 
s i l i ca ,  585 ppm, and arsenic, 5 ppm. Non- 
condensable gases i n  the steam fraction we 
less than 1% (by weight) w i t h  97% (by volume) 
made up of C02, 0.5% (by volume) H2S, w i t h  
the rest being N2, Ar, and hydrocarbons. 

A detailed 

I .  between 492-869 m (1614-2850 f t )  with the 

The geothermal 

Presently the Ins t i t u to  Costarricense de 
Electricidad (I.C.E.) is investigating various 
options for  energy conversion systems. 
Serious consideration is being given t o  a 
double-flash (i.e., separated steamhot water 
flash) plant  of 55 MW (gross) generating 
capacity. w i n g  t o  the large number of w e l l s  
tha t  would be required fo r  f u l l ,  rated oper- 
ation of such a plant,  and other matters of 

concern, I.C.E. is a lso  considering a less 
ambitious venture tha t  would bring a plant of 
lower capacity on l i ne  sooner with less r i s k .  
I.C.E. hopes t o  have a plant  operating a t  
Miravalles by about 1985. They are Currently 
arranging the financing for  the next phase 
which w i l l  include d r i l l i ng  of additional 
w e l l s  and the design of the plant and gather- 
ing system. 

E l  Salvador Owing t o  the unstable pol i t i ca l  
s t a t e  of a f fa i r s  i n  E l  Salvador, very l i t t l e  
recent information has come t o  l i gh t  about 
the geothermal operations there beyond what 
was Written i n  the previous Proceedings of 
t h i s  conference (5).  The 3-unit plant a t  
Ahuachapdn continues t o  function a s  a v i t a l  
component i n  the grid of E l  Salvador. 

.present capacity i s  95 MW, the design value 
for the field.  Although w e  have no data on 
the actual operation of the dual-pressure 
unit  (No. 3) whose technical specifications 
w e r e  given in  Ref. (S), w e  can report some 
s t a t i s t i c s  on the plant operations (uni ts  
No. 1 and 2) from start-up i n  June 1975 
through February 1980 (6).  Table  2 shows the 
annual e lec t r ic i ty  generation a t  Ahuachaph 
since the plant was commissioned. A s  can be 
seen, the plant has been highly rel iable  and 
contributes nearly 30% of the t o t a l  elec- 
t r i c i t y  requirements of E l  Salvador. 
gives amonthlybreakdown for  1979 and the 
f i r s t  two months of 1980. 

T a b l e  2 

The 

Table 3 

Electr ic i ty  generation a t  Ahuachaph 

M-h MW-h Capacity % Total - Year gross net  factor, % generation 

1975 72,331 66,969 47 11.8 

1976 279,800 260,062 67 25.4 

1977 400,051 275,126 76 32.3 

1978 391,025 365,645 74 28.4 
1979 392 I 183 369 , 528 7 5  26.5 

1980* 75,664 71,106 88 29.4 

* 
January and February only. 

The impact of an outage, e.g., the scheduled 
maintenance for  one of the  two 30 MW units  
during July and August of 1979 is easi ly  
gauged by examining the  consumption of 
additional f o s s i l  fuels  needed a t  the thermal 
plants  t o  f i l l  the gap. Ws t  of E l  Salvador's 
conventional e lec t r ic i ty  comes from three . 
hydroelectric s ta t ions,  Cerron Grande, Guajoya 
and 5th of November, with two fossil-fueled 
plants,  Acajutla and Soyapango, producing 
power as needed. For 1979, during the ten 
months when Ahuachapkn was at  f u l l  capacity, 
the  two fos s i l  plants burned an average of 
10,890 gal/m of Bunker C o i l  and 13,690 g d /  
mo of diesel  fuel.  During the two months 
while Ahuachaph was a t  essentially half- 
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capacity, the  foss i l  plants burned, on 
average, 169,050 gal/mo of Bunker C o i l  and 
112,900 gal/m of diesel  fuel.  The Bunker C 
and diesel  fuels  cost  roughly $12.50/bbl and 
$23.00/bbl, respectively, during the year. 
The annual savings i n  foreign exchange that  
could be attr ibuted t o  each of the 30 MW units 
a t  Ahuachaph thus came t o  about $1,220,000 
i n  1979, a significant sum for  E l  Salvador. 
Present fuel  costs a re  about three times 
higher than those paid i n  1979. Finally it 
should be noted that planned maintenance a t  
Ahuachaph is always scheduled for the  rainy 
season when suff ic ient  hydroelectric capacity 
i s  available t o  help meet the demand. 
Table  3 

Month 

JAN-79 

FEB 

MAR 

APR 
MAY 
JUN 

- 

A"d2)  

SEP 

OCT 
NOV 

DEC 

JAN-80 

FE8 

Electr ic i ty  generation since 
January 1979 a t  Ahuachap'Ln 

W-h W-h Capacity(')% Total 
gross ne t  factor, % generation 

37,671 35,374 84.4 29.2 

35,559 33,561 88.2 30.1 

39,585 37,288 88.7 31.1 

38,955 36,727 90.2 33.2 

38,525 36,294 86.3 30.0 

36,753 34,529 85.1 29.8 

22,830 21,463 51.1 18.2 

19,500 18,434 43.7 16.2 

22,504 21,227 52.1 19.6 

25,499 24,157 57.1 20.6 

35,422 33,399 82.0 28.6 

39,380 37,077 88.2 30.9 

40,150 37,671 89.9 30.5 

35,514 33,435 85.0 28.2 

(l)On a monthly basis; 

(2)Scheduled maintenance. 
An outstanding geothermal prospect, extending 
over an area perhaps a s  large as  100 Ian2 
(24,700 acres), has been defined a t  Berlrn i n  
the east-central pa r t  of E l  Salvador. The 
f i r s t  deep w e l l  i n  the present stage of 
development was completed during 1979 t o  a 
depth of 1902 m (6240 f t ) .  The reservoir was 
encountered a t  a depth of 1799 m (5903 f t ) ;  
reservoir temperature is about 31OoC (590OF). 
The w e l l ,  designated Tronador-2 (See Figs. 2 
and 31, produces about 100 kg/s (793,000 
lbm/h) of hot water and steam having a dryness 
fraction of about 0.40 (7). Based on pre- 
liminary assessments, it is believed tha t  a t  
least 110 MW can be produced a t  Berlin for  
30 years. 
construction w i l l  lead t o  a 55 W ,  double- 
flash plant  i n  the 1985 time frame. The plant  
is projected t o  cost  $46.3 M (or $842/kW) 
which includes $16 M for  the energy conversion 
system and $14 M for  the w e l l s .  

The first phase of paver plant 

Fig. 2 Well Troaadox-2 a t  Berlln,  
E l  Salvador. 
(Photo from C.E.L., E l  Salvador.) 

Another good prospect has been discovered a t  
San Vicente about 40 3m (25 m i )  north-north- 
w e s t  of Berlin. The f i r s t  deep w e l l  encoun- 
tered a highly permeable reservoir a t  1000 m 
(3280 f t )  with a temperature i n  excess of 
2WoC (392%). 
continue with the hope of eventually building 
yet  another geothermal plant.  

E l  Salvador continues t o  lead the Latin 
American countries i n  the exploitation of geo- 
thermal energy as a means of meeting the 
energy demands of these countries that have 
t radi t ional ly  re l ied  mainly on hydroelectric 
s ta t ions with fossil-fueled plants  as  
reservoirs. 
prices has made the old strategy uneconomical 
and hence the turn t o  geothermal resources 
which, fortunately, the Latin American 
countries have i n  reasonable abundance. 

Development of t h i s  f i e ld  w i l l  

The sky-rocketting of f o s s i l  fuel  

:c 

Fig. 3 Flow tes t ing  a t  W e l l  Tr-2, Berlin. 
(Photo courtesy of R. Caceres, 
C.E.L. , E l  Salvador.) 

7 - 68 



Indonesia Of the many akeas throughout the 
Indonesian archipelago tha t  exhibit  surface 
manifestations of geothermal ac t iv i ty  (8) ,  
only two a r e  currently being exploited fo r  
e l ec t r i c  power: Kawah Kamojang and Dieng, 
both on the island of Java. Wellhead uni ts  
of the "Monoblok" design from Geothermal 
Power Co. of New York are  instal led a t  these 
sites: 250 kW (1978) a t  Kamojang and 2000 kW 
(1980) a t  Dieng. 

A larger plant is under construction a t  
Kamojang and is  expected t o  come on-line l a t e  
i n  1981. It is a single-flash (i.e., sepa- 
rated steam) plant of 30 MW capacity. 
Technical par t iculars  may be found i n  Table 4 
(2).  The specif ic  steam consumption i s  7.9 
kg/kW-h (17.3 lbm/kW.h). 

Table 4 '  Technical specifications for 30 bW7 
uni t  a t  Kawah Kamojang (2) 

Turbine data: 

Type...................... Single cylinder, 
double flow, 5 x 2 
stage impulse  

Rated capacity ............ 30,000 IbJ 
Maximum capacity .......... 31,500 kW 
Spe ed..................... 3,000 rev/min 
Steam pressure............ 661 kPa 

Steam temperature.. ....... 161.9OC 

Exhaust pressure.......... 13.3 kPa 

Steam flow rate........... 235.8 t /h 

Noncondensable gases...... 1.0% 

(95.9 a f / i n 2 )  

(323 .d°F) 

(3.9 in  Hgl 

(519,700 l b / h )  

(by weight of 
steam) 

(16.5 in)  

(155 lbf/in2) 

Last stage blade height... 420 mm 

Maximum pressure.......... 1069 kPa 

Condenser data: 

me...................... Spray-tray, je t  

Pressure.................. 13.3 kPa 

Cooling water temperature. 290C 

type 

(3.9 i n  Hg) 

Gas extractor data: 
Type...................... Two-stage, steam- 

Capacity .................. 18,330 m3/h 
jet  

(10.790 f t  / m i d  - .  
Steam consumption ......... 8.27 t /h 

(18,227 lbm/h) 

i 

Kenya A 15 W single-flash plant is  scheduled 
t o  start generating e lec t r ic i ty  during 1981 
a t  the Olkaria geothermal f i e ld  i n  Kenya's 
Rif t  valley province. The reservoir i s  a 
high-temperature , liquid-dominated one 
characterized by relat ively low permeability. 
The best wells produce about 8.3-11.1 kg/s 
(66-88,000 lbn1/21) of hot water and steam; 
reservoir temperature i s  i n  the 25OoC (482 F) 
range. Technical de t a i l s  on the first-phase, 
15 MW plant are l i s t ed  i n  Table 5 (2) .  

0 

Table 5 Technical specifications for Olkaria 
uni t  No. 1 (2) 

Turbine data: 

Type. .................... 

Rated capacity ........... 
Speed .................... 
Steam pressure........... 

Maximum capacity.. ....... 

Steam temperature. ....... 
Exhaust pressure........ . 
Steam flow ra t e  .......... 
Noncondensable gases..... 

Iast stage blade height.. 

Maximum pressure......... 

Single cylinder, 
single flow, 4- 
stage impulse 
15,000 kW 
15,000 kW 
3,000 rev/min 
487.4 kPa 

151.9OC 

12.7 kPa 

134.1 t / h  

0.5% 

(70.7 lbf /in2) 

(305.4OF) 

(3.75 i n  Hg) 

(295,556 lbm/h) 

(by weight of 
steam) 

(16.5 in)  

(142 lbf/in2 

420 m 

981 Wa 

Condenser data: 

Type.................,.... Barometric, spray- 
j e t  type 

Cooling water temperature. 20% 
( 68OF) 

Outlet w a t e r  temperature.. 48.7OC 

Water flow rate........... 2,328 t /h 
(119.7°F) 

(5.13 x 10 
lbnJh) 

6 

Gas extractor data: 

Type...................... Two-stage, steam 
ejector 

of sets............ Three 
(50% capacity 
each1 

(1,260 f t  b i n )  
Capacity, per set......... 2,140 m /h 

Steam consumption, per set 1.48 t / h  
(3,262 Ibrm/h) 

(Table continued on next page) 
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Cooling tower data: 

Type. ..................... 

Number of cells........... 
Water flow rate........... 

Design wet-bulb 
temperatuxe. ........... 

Cross-flow, 
mechanical, 
induced d ra f t  
T h e e  
2,590 t /h 

(5.71 x 10 
Ibm/h) 

14OC 
C57.2OF) 

An order has already been placed for a dupli- 
cate  second unit .  
the site. 
financially by the World Bank and the United 
Nations as  par t  of the U.N. e f for t  t o  encour- 
age development of a l ternat ive energy 
resources i n  Lesser Developed Countries (9).  
The second uni t  should be on-stream i n  1982 
according t o  plans of the Kenya Power Company, 
Ltd. of Nairobi. The power plant w i l l  cost  
about $10.34 M o r  $690/kW, excluding the cost  
of the wells and the  gathering system (10). 

Turkey The Mineral Research and Exploration 
Ins t i t u t e  (M.T.A.) of Turkey has for  sane 
years been operating a 500 kW experimental 
geothermal uni t  a t  Kizlldere. Since 1975 the 
plant has been run a t  various power levels  as  
par t  of an on-going development project. 
Figures 4 and 5 show an overall  view of the 
plant  and a view of the turbo-generator, 
respectively. 
de ta i l s  for the  uni t  (Personal communication, 
0. Mertoglu). The w e l l ,  K D - X I I ,  produces a 
t o t a l ,  two-phase flow of 38.2 kg/s (303,000 
Ibm/h) with a dryness fraction of 0.0947. 

Two d r i l l i ng  r i g s  a re  a t  
The project i s  being supported 

Table 6 lists the technical 

A new 5 MW plant is being bu i l t  a t  the work- 
shop of the M.T.A. and is scheduled to go on 
stream a t  IClzildere during 1982. 
time, the wellhead equipment, i.e., cyclone 
separator, si lencer,  b a l l  check valve, and 
associated piping, has been fabricated; the 
turbine is under construction. 

A t  t h i s  

Fig. 4 Nellhead power plant a t  Kizildere, 
Turkey. 
(Photo courtesy of 0. Mertoglu, 
M.T.A., Turkey.) 

Table 6 Technical specifications 
Kizildere wellhead uni t  

Turbine type. ............. Single 
single 

for  

cylinder 
impulse 

Rated 
Speed 
Steam 

Steam 

(Curtis) stage, 
back-pressure, 
geared 

capacity.. .......... 500 kW 
(turbine/generator). 4,500/1,500 rev/min 
pressure............ 486 kea 

(70.5 lbf/in2) 

(302OF) 
temperature.. ....... 150°C 

Exhaust pressure.......... 115 kPa 

Steam flow rate........... 13.0 t / h  

Noncondensable gases...... 17% 

(16.7 Ibf/in2) 

(28,697 lbm/h) 

(by weight of 
steam) 

(3 in) 

(114 lbf/in21 

Last stage blade height. .. 76 nun 

Maximum pressure.......... 786 kPa 

Fig. 5 Turbine-generator of wellhead unit  
a t  Kizildere. 
(Photo courtesy of 0. Mertoglu, 
M.T.A. , Turkey.) 

Union of Soviet Social is t  Republics ,A  5 MW 
flash-steam plant has been i n  operation a t  
Pauzhetka on the Kamchatka Peninsula since 
1967 (8) .  It has been reported recently i n  
Pravda (Jan. 22, 19811, and ci ted i n  Ref. (ll), 
tha t  the plant  has been expanded i n  its 
capacity t o  11 M W .  The ultimate potential  of 
the f i e ld  may be a s  high as 50-70 MW, but the 
proven steam reserves seem capable of supply- 
ing about 17 MW. 
is disposed of by means of discharge t o  
surface waters without reinjection. 
f luid is  relat ively clean, having a t o t a l  of 
about 3500 ppm dissolved sol ids  (8) .  

Waste f luid from the plant 

The geo- 

I 
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A 10 l@l single-flash plant w i l l  be constructed 
a t  the  Neftekumsk area of Stavropol' Kray. 
The area is one of two marked by geothermal 
anomalies i n  the Soviet Union. Temperature 
gradients of 40-45OC/km (22-2S0F/10O0 f t )  have 
been recorded. Reservoir temperatures of 
170-190°C (338-374OF) exis t  a t  depths of 
4000-5000 m (13,125-16,400 f t ) .  The waste 
l iquid from the plant w i l l  be reinjected into 
the formation (12) .  

It has becn speculated tha t  the Soviets are 
considering building rather  large geothermal 
plants  next t o  volcanos: 200 MW near 
Mutnovskaya Volcano, and one near Koshelw 
Volcano (near Pauzhetka) (ll), and even a 
5000 geothermal power complex near 
Avachinski Volcano (8), a l l  on the Kamchatka 
Peninsula. 
quire monumental e f for t s  t o  win suff ic ient  
steam, or a quantum jump in  the s t a t e  of the 
a r t  of geothermal power technology along the 
l ines  of d i rec t  magma tapping. 
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GEOTHERMAL ELECTRICITY GENERATING STATIONS: 

WORLDWIDE SUMMARY AS OF JUNE 1981 

Ronald DiPippo* 
Mechanical Engineering Department 

Southeastern Massachusetts University 
North Dartmouth, MA 02747 

In the one year since a similar survey was 
taken [l], there has been a growth of about 
16 percent in the installed electricity gen- 
erating capacity from geothermal power sta- 
tions around the world. Had it not been for 
the rapid growth in the Philippines, the 
rate of increase would be even more modest. 
The Philippines has doubled its geothermal 
capacity, going from 224 MW to 446 MWin one 
year. The United States remains the leading 
country with about 37 percent of the total 
worldwide geothermal capacity. Viable pro- 
grams exist in Italy, New Zealand, Mexico, 
Japan, and El Salvador, in spite of the zero 
growth in these countries since last year. 
New plants are under construction in Mexico 
and Japan, and field development is proceed- 

ing at a new site in El Salvador. The number 
of other countries getting started in geo- 
thermal electricity generation continues to 
grow, as can be seen in the accompanying 
table. Some of these countries are the sub- 
ject of a companion paper in these Proceedings 
by the author. 

[ 11 DiPippo , R. , "Worldwide Geothermal Power 
Plants: Status as of June 1980", Proc. 
Fourth Annual Geothermal Conference and 
Workshop, EPRI TC-80-907, December 1980. 
pp. 7.63 - 7.67. 

* Also, Division of Engineering, Brown Univer- 
sity, Providence, RI 02912. 

SUMMARY OF INSTALLED GEOTHERMAL ELECTRICITY GENERATING CAPACITY - JUNE 1981 

- Rank country No. Units Capacity, MW Percent of Total 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

United States 

Philippines 

Italy 

New Zealand 

Japan 

Mexico 

El Salvador 

Iceland 
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INTRODUCTION 
thermal power development is  a speculat ive but 
necessary a c t i v i t y  f o r  both government and the  
p r iva t e  sector .  
a simple extrapolat ion of h i s t o r i c a l  data 
(time-series analysis)  o r  it may be based upon 
a s e n s i t i v i t y  analysis  of postulated cause- 
and-effect mechanisms subject  t o  external  con- 
t r o l  (regression analysis) .  This paper w i l l  
attempt t o  examine t h e  importance of some of 
these discret ionary var iables  on the  fu tu re  of 
geothermal development. 

Before making any projections,  an h i s t o r i c a l  
perspective is i n  order. 
previous fo recas t s  f o r  electric power develop- 
ment by the year  2000 have declined. 
trend primarily r e f l e c t s  more realism i n  the 
assessment of developing an a l t e rna t ive  energy 
source by the  electric u t i l i t y  industry i n  a 
period of reduced demand growth r a the r  than a 
decrease i n  t h e  resource po ten t i a l  i tself .  
The t o t a l  electric power resource po ten t i a l  
above 150 C estimated i n  1976 w a s  153,000 We 
as opposed t o  t h e  most recent estimate of 
95,000 - 150,000 MWe. The projected l eve l  of 
development by t h e  year  2000 is  thus c l e a r l y  
not constrained by resource potent ia l .  

Forecasting t h e  fu tu re  of geo- 

A forecast  may be based upon 

Figure 1 shows t h a t  

This 

THE PERCEPTION OF RISK If development is not 
present ly  resource-constrained, then what 
f ac to r s  are impeding development? The com- 
ments which follow primarily concern l iquid- 
dominated resources. The Geysers dry-steam 
f i e l d  is following an orderly and predictable  
course of development which is es sen t i a l ly  
independent from that of liquid-dominated 
resources. This is because.The Geysers re- 
source has been ca l ib ra t ed  t o  t h e  extent  t h a t  
acceptable bounds on r i s k  exist. The tech- 
nology problems and t h e i r  solut ions are known, 
power p l an t  r e l i a b i l i t y  is understood, i n s t i -  
t u t i o n a l  problems are i n  clear perspective,  
and t h e  economics are favorable. Once t h i s  
s t age  of development i s  r ea l i zed  i n  t h e  l i qu id  
hydrothermal industry,  t h e  f u l l  po ten t i a l  of 
t h e  resource w i l l  be  developed. 

Risk, whether technical  or otherwise, always 
t r a n s l a t e s  i n t o  an economic factor .  I f  t h e  
r i s k  adjusted rate of r e tu rn  f o r  geothermal 
power is not  competitive w i t h  a l t e r n a t e  op- 
po r tun i t i e s  f o r  in*estment, then development 
w i l l  flounder. 
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I n  order t o  assess r i s k s  and t o  what extent 
and how they must be quantified,  an examina- 
t i o n  of t h e  development process is required. 
The process comprises the  major phases of rI 

geophysical survey, land acquis i t ion,  explor- 
a tory d r i l l i n g  and reservoir  character izat ion,  
production w e l l  d r i l l i n g ,  and plant  construc- 
t ion.  The typ ica l  timing of these development 
a c t i v i t i e s  is shown i n  Figure 2. Table 1 
shows the  s t a t u s  of geothermal leasing on 
publ ic  lands through 1980. 
i n  1980 w a s  submitted by Chevron USA f o r  
10.26 acres i n  t h e  Heber KGRA at $4,403 an 
acre, o r  $45,776 f o r  t h e  parcel.  The l a rges t  
leased parcel w a s  i n  Oregon's Alvord KGRA, f o r  
which Getty Oil bid $20.99 per acre f o r  14,461 
acres. Apparently, t h e  perceived r i s k s  are 
not presently a deterrent  t o  t h e  f i r s t  two 
phases of geothermal development. 

Once lease r i g h t s  are acquired, exploration 
and f i e l d  development may occur. Table 2 
gives t h e  number of deep geothermal w e l l s  
d r i l l e d  by locat ion during the  period 1978-80 
and t h e  t o t a l  footage d r i l l e d  during t h e  
period between 1973 and 1980. 
3 mil l ion f e e t  of hole  have been d r i l l e d ,  
ha l f  of which is on l i q u i d  hydrothermal re- 
source prospects. A t  today's w e l l  c o s t s  of 
$130/f t , ,  t h i s  represents an investment ap- 
proaching $400 mill ion.  Again, one could con- 
clude t h a t  t he  perceived r i s k  a t  t h i s  s t age  
of development is not t he  primary present 
deterrent .  

The next phase of development beyond explor- 
a t i o n  and discovery involves f l u i d  production, 
u t i l i z a t i o n  €or e l e c t r i c  power prodyction, 
and disposal.  To date,  four  power p l an t s  
have been constructed on liquid-dominated 
resources and two have ac tua l ly  been operated. 
The f ede ra l ly  funded Raft River 5 MWe binary 
plant  and t h e  f ede ra l ly  cost-shared 3 MWe 
flash-steam plant  i n  H a w a i i  are e s s e n t i a l l y  
complete but have not  been operated. Magma's 
11 We E a s t  Mesa binary p l an t  and SCE's 10 
We Brawley flash-steam p lan t  have both shown 
t h e  operating po ten t i a l  of these resources. 
The 21 MWe i n s t a l l e d  capacity a t  East Mesa 
and Brawley is 113 of one percent of t h e  
estimated 6,000 We po ten t i a l  of Imperial 
Valley alone. 

The highest  bid 

Approximately 



Figure 3 shows competitive KGRA land leasing 
a c t i v i t y  on federal  lands s ince 1974 and Fig- 
ure 4 shows t h e  trend of geothermal w e l l  com- 
plet ions as compared t o  u t i l i t y  commitments 
t o  power p l an t s  a t  liquid-dominated sites. 
Three important obserirations can be made from 
t h i s  information: 

e U t i l i t y  commitments are lagging about 
12 years behind t h e  pace of leasing. 

e The pace of leasing has tapered o f f  
due t o  the  lack of i n t e r e s t  on the  
pa r t  of u t i l i t i e s .  

e Although the re  is  present ly  a s i g n i f i -  
cant gap between power plant  connnitments 
and t h e  avai lable  po ten t i a l  of com- 
pleted w e l l s ,  t he  s i t u a t i o n  should 
improve over t h e  next few years  t o  
where t h e  w e l l s  are more f u l l y  
u t i l i zed .  

Clearly, t h e  rate of power plant  development 
and operation does not r e f l e c t  t h e  same l e v e l  
of a c t i v i t y  as e x i s t s  elsewhere i n  t h e  geo- 
thermal development process. 
constraining f ac to r s  and how may they be 
a l t e r ed?  Although e l e c t r i c  power demand 
growth is down considerably nationwide, geo- 
thermal resources are predominantly co-located 
with areas of continuing demand growth and 
development is not constrained by lack of de- 
mand. 

What are t h e  

Pure economic f ac to r s ,  i.e., those not as- 
sociated with technological considerations,  
are contributing t o  t h e  constraints .  
ties have encountered increasing d i f f i c u l t i e s  
i n  long-term debt financing and are being 
constantly squeezed by increasing cos t s  on 
one hand and regulatory pressure t o  minimize 
rate increases on t h e  other.  This f inanc ia l  
climate accentuates the  inherent conservatism 
of t he  u t i l i t y  industry,  placing a premium on 
minimizing r isk.  Figure 5 ou t l ines  t h e  spec- 
trum of r i s k s  which t h e  power industry must 
assess i n  evaluating geothermal power develop- 
ment. Obviously, t he  best  means of quanti- 
fying these elements of r i s k  is through ex- 
perience. Since domestic liquid-dominated 
development experience is  lacking, one m u s t  
rgsort  t o  a review of i n t e rna t iona l  experi- 
ence as w e l l  as domestic dry-steam develop- 
ment his tory.  

GEOTHERMAL EXPERIENCE AND ECONOMIC VIABILITY 
Approximately 2,000 We of geothermal electric 
capacity is  presently operational world wide, 
of which 75% u t i l i z e s  dry-steam resources. 
Internat ional  experience has been highly 
favorable, from both technical  and economic 
viewpoints. Plant  capacity f ac to r s  have 
typ ica l ly  exceeded 80% and power cos t s  have 

U t i l i -  

consis tent ly  been among t h e  lowest of t he  
generating mix of t he  systems involved. There 
have been only two instances of documented 
f a i l u r e  t o  produce rated capacity once commit- 
ment t o  hardware w a s  made. The Onikobe plant  
i n  Japan produces only half  of i t s  rated 25 
MWe capacity and approximately 
being produced by a 30 MWe u n i t  i n  Krafla, 
Iceland, with an addi t ional  30 MWe turbine 
generator purchased but uninstal led.  
cases, l imited f l u i d  production has been re- 
sponsiblefor  f a i l u r e  t o  meet rated output. 

The state of t h e  art i n  geothermal reservoir  
engineering is  admittedly i n  its infancy. 
Hopever, multi-well flow t e s t i n g  f o r  periods 
of s eve ra l  months o r  more (depending upon 
permeability and reservoir  volume) provides a 
r e l i a b l e  bas i s  f o r  a t  least a conservative 
estimate of reservoir  capacity and longevity. 
As production increases i n  terms of flow 
volume and duration, r e l i a b i l i t y  increases 
and r i s k  declines.  Reservoir recharge i s  
hypothesized t o  occur i n  many instances.  The 
Wairakei geothermal f i e l d  i n  New Zealand, 
which has been i n  f u l l  production longer than 
any other  liquid-dominated f i e l d ,  has an esti- 
mated recharge of over 80% based on gravi ty  
surveys (Hunt, T.M., N.Z.J .  Geol. Geophys., 
V O l .  2). 

8 We is 

I n  both 

The h i s t o r i c a l  trends i n  geothermal power 
plant  s i z e s  are shown i n  Figures 6, 7 and 8 .  
Figure 6 shows the  f r a c t i o n  of t o t a l  world- 
wide i n s t a l l e d  capacity a t t r i b u t a b l e  t o  d i f -  
ferent  plant  s i z e s  and indicates  t h e  t o t a l  
i n s t a l l e d  capacity. Figure 7 shows the  same 
information f o r  t h e  U.S. 
trates t h e  t rends i n  t h e  l a r g e s t  and average 
geothermal p l an t  s i z e s  i n  t h e  U.S. and world- 
wide from 1920 t o  1980. These trends r e f l e c t  
t h e  graduated step-out philosophy i n  assess- 
ing resource v i a b i l i t y .  

The economics of geothermal energy, l i k e  a l l  
na tu ra l  resources, are strongly site-depen- 
dent. Such f ac to r s  as reservoir  temperature, 
permeability, depth, rock type, s a l i n i t y ,  and 
geochemistry can a l l  strongly' influence power 
costs.  Comparisons among d i f f e ren t  tech- 
nologies are complicated by not o ~ $ y  resource- 
r e l a t ed  assumptions, but a l s o  cost ing metho- 
dology assumptions. Table 3 i l l u s t r a t e s  
t yp ica l  comparisons according t o  d i f f e ren t  
economic "conventions. The influence of 
s i t e - spec i f i c  var iables  is  r ead i ly  apparent i n  
the  comparison between t h e  Heber and Baca 
sites. The reasons f o r  high cos t s  on t h e  
proposed SDGhE binary plant  (Heber) are 
straightforward. A t  365OF, t h e  binary plant  
requires  approximately 2 112 t i m e s  t h e  b r ine  
flow rate as t h e  5 5 0 q  f l a s h  plant  (Baca). 
This higher b r ine  flow d i c t a t e s  l a rge r  
piping, valves, and in j ec t ion  pumps. 

Figure 8 i l l u s -  

The 
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lower temperature necessar i ly  means a 20% 
lower thermal eff ic iency,  which requires  ap- 
proximately 20% l a r g e r  condensers, cooling 
towers, water c i r c u l a t i n g  pumps, and 20% more 
make-up water. I n  addi t ion,  t h e  lower vapor 
pressure of t h e  365OF b r ine  causes w e l l s  t o  be 
low i n  productivity unless they are pumped. 
The binary plant  w i l l  use approximately 5MWe 
of p a r a s i t i c  power f o r  downhole pumps,which is 
not required f o r  t h e  550.F resource,  plus  an 
addi t ional  2MWe of p a r a s i t i c  power f o r  in- 
j e c t i o n  pumps. Downhole pumps w i l l  add $2.5 
mil l ion t o  i n i t i a l  c a p i t a l  cos t s  and w i l l  re- 
qu i r e  frequent maintenance and replacement. 

Table 4, taken,from a paper e n t i t l e d  "Economic 
Review of Advanced Fuel and Power Technologies" 
prepared i n t e r n a l l y  by Bechtel, compares d i f -  
f e r en t  power technology generatioly costs  using 
s l i g h t l y  opt imist ic  but even-handed assump- 
t i o n s  about each a l t e rna t ive .  The t a b l e  shows 
t h a t  t h e  cos t  of geothermal power i s  competi- 
t i v e  and should not pose a detriment t o  de- 
velopment. 

The conclusion of t h i s  sect ion is that t h e  
r i s k s  associated with near-term geothermal 
development are more perceived than real. 
Nevertheless, they pose an important obstacle.  
Longer-term geothermal development requires  
t h e  a b i l i t y  t o  exp lo i t  t h e  less economic re- 
sources (especial ly  t h e  lower-temperature re- 
sources) and technological innovation w i l l  
c l e a r l y  be a p re requ i s i t e  t o  s ign i f i can t  de- 
velopment. 

THE ROLE OF TECHNOLOGY I N  FUTURE DEVELOPMENT 
The h i s to ry  of technological success i n  deal- 
ing with geothermal problems has been impres- 
sive. The once unmanageable Salton Sea high- 
s a l i n i t y  resource can now be economically 
produced and u t i l i z e d .  New materials, instru-  
mentation, d r i l l  b i t s ,  cements, and other in- 
novations have great ly  increased component 
r e l i a b i l i t y  and l i f e .  Although subs t an t i a l  
improvements have been real ized,  it is  clear 
t h a t  continued technological innovation w i l l  
be  required i f  t h e  bulk of t h e  resource base 
is t o  be developed. 
cular  790) i l l u s t r a t e s  t he  resource-tempera- 
t u l e  dis t r ibut ion.  It is clear from t h i s  
f i gu re  t h a t  t h e  majority of t he  resource base 
e x i s t s  a t  temperatures below 200.C, where 
present technology is  a t  bes t  marginally 
economic. 
c l in ing  r e se rvo i r  temperature is  primarily 
a t t r i b u t a b l e  t o  t h e  dramatic increase i n  geo- 
thermal flow rates required per kWe as t e m -  
perature declines.  As previously mentioned, 
a 365.F resource requires  25 times more f l u i d  
supply than a 550.F'resource t o  produce equiv- 
a l e n t  power. Since well productivity a lso 
typ ica l ly  decl ines  with temperature, t h e  
economic impact on f i e l d  development (number 

Figure 9 (from USGS C i r -  

The economic degradation with de- 
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of w e l l s )  and f l u i d  handling cos t s  i s  drama- 
t ic .  
t o  compensate f o r  these thermodynamic penal- 
t ies  are for tunately high. 
sorship,  t h e  development of improved d r i l l  
b i t s ,  l o s t  c i r cu la t ion  control  methods, reser- 
vo i r  st imulation, downhole pumping equipment, 
and more e f f i c i e n t  binary technology'is  w e l l  
underway. Even'moderate success i n  these  
programs can r e s u l t  i n  s ign i f i can t  reductions 
i n  moderate-temperature power costs.  

A PRAGMATIC COURSE, FIRST-GENERATION POWER 
PLANTS So f a r ,  t h e  pa t t e rn  f o r  growth of t he  
average geothermal plant  s i z e  (see Figure 8) 
has been similar t o  t h e  pa t t e rn  followed by 
t h e  s i z e  of steam power plants ,  which is  
shown f o r  t h e  U.S. i n  Figure 10. It is ant ic-  
ipated that l a rge r  and more economical geo- 
thermal p l an t s  w i l l  be designed and b u i l t  i n  
t he  future.  

The prospects f o r  technological advances 

Under DOE spon- 

A trend has appeared i n  t h e  ea r ly  s t age  of 
liquid-dominated hydrothermal resource de- 
velopment which p a r a l l e l s  development a t  The 
Geysers as w e l l  as previous in t e rna t iona l  
development. This is  t h e  10-20 MWe "ice- 
breaker" p l an t  concept. The operation of 
e f f i c i e n t  and integrated s m a l l  p lants  w i l l  
enable developers and u t i l i t y  companies t o  
generate revenues while reservoirs  and u t i -  
l i z a t i o n  technologies are being t e s t ed  p r i o r  
t o  t h e  construction of l a r g e r  power plants .  
Table 5 lists t h e  announced plans f o r  new 
geothermal power p l an t s  outs ide The Geysers 
through 1990. The use of small p l an t s  t o  
quantify t h e  risks associated primarily with 
t h e  reservoir  and f l u i d  production and dis- 
posal,  as w e l l  as the  power p l an t ,  is  c l e a r l y  
an i n t e g r a l  pa r t  of t h e  development s t ra tegy.  
A s  w a s  shown i n  Figure 4, power plant  commit- 
ments have already begun t o  more closely 
match t h e  successful completion of w e l l s ,  i n  
terms of We. 

The similarities between geothermal and con- 
ventional power development and t h e  current  
plans f o r  geothermal p l an t s  i nd ica t e  con- 
vincingly t h a t  t h e  continued expansion of 
geothermal power generating c a p a b i l i t i e s  w i l l  
r e l y  heavily on small f i rs t -generat ion plants.  
This approach, supplemented by continuous 
technological advances, should make credible  
a 10,000 - 20,000 We forecast  f o r  t h e  year 
2000. 
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FIGURE 10 
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Utah 
Vir6lnia 
Washington 

Vyming 

mAL 

1979 

-0- 

21.541 
68.943 
36.927 

246,722 
10.687 

954.577 
220.155 
228.929 
472.507 

19.774 
-0- 

1946 
,286.210 

NUMBER OF WSES' 

1980 CHANGE 

-0- -0- 

21.541 -0- 

67.830 -1.113 
30.476 -4.451 

153,627 -93,295 
-0- -10.687 

1.201.257 +246,680 
210.014 -10,141 
375.760 +166.811 
653.677 -18.830 

19.774 -0- 

5.120 +5.120 
7.  418 -0- 

2.546.304 +260.096 

- 
1979 

-0- 

13 
57 
25 

136 
6 

499 
12 1 
150 
278 
11 

-0- 

4 

1.300 

- 

- 
1980 

-0- 

13 
56 
22 
86 

-0- 

647 
120 
233 
269 
11 

2 
4 

1.463 

- 

- 

- 

- 
CHANGE 

-0- 

-0- 

-1 

-3 
-50 
-6 

+168 
-1 

+83 
-9 

4 

+2 

- 

- -0- 

+163 

- L 

'As of September 30 in the respective yearn 
'Includes one lease of 120 acres on Indian land. 
31ncludes one prospecting permlt on 79.590 acres on Indian land. 

TABLE 1 

CHANGES I N  THE STATUS OF GEOTHERMAL 
LEASING ON PUBLIC LAND DURING FY 1980 

Source: R e f e r e n c e  

TABLE 2 

NUMBER OF DEEP WELLS COMPLETED AND TOTAL FOOTAGE DRILLED 1973-80 

l s 2  STATE 

ARIZONA 
CAL.IWRNU 

Geyeers 
Imp. Valley 
Other 

HAWAII 
IDAHO 

LOUISIANA 
M R n A N D  

m A N A  

llEv neXIc0 
NEVADA 

OREGON 
SOUI" DMmA 
TEXAS 
urm 

- 
no. - - 

24 
12 
3 

1 
7 

1 - 
- 
1 
6 

1 

1 
1 
3 

59 
- 
- 

38385 
16234 

1 

6254 

20742 

P79 

WOTACE 

21235 

208961 
66844 
13563 
6500 

14356 
15231 
5562 - 

13010 
72523 
12874 
4112 

24320 
17654 

494725 

8 - 10 

1980 

G q - x G l  

60 
7 
1 
1 
1 
2 
- 
- 
4 
8 
3 
- 
1 
- 

292638 
60424 
9104 

7000 
7981 

32942 
- 
- 

23380 
57399 
13004 - 
13940 - 
I 

1973. 

NO. 

8 

- 
- 

212 
77 

16 
5 

16 
4 
1 
1 

16 
60 
10 
2 
5 

15 

428 
- 
- 

TOTAL 

POOTAGE 

48923 

1576052 
524526 
97066 
29668 

106569 
66407 

5562 
6790 

111495 
229211 
51501 
8378 

40888 

116176 

3013212 



TABLE 3 

ESTIMATED BUSBAR COST OF POWER AT BACA AND HEBER PLANTS (Mills/kWh)* 

start up 

1982 

1982 

1985 

Geothermal 

Pml Raca F1a.h Dew , 

(SO1 DOE funded plant) 

Baca Subsequent unit 
(no DOE funds) 

SDG6E Heber Binary Dew 
(coat eatimstea irnore 
501 DOE funding) 

f i n  year of wtartup dollar. 

asru-ptionw: 

P~pl - 802 capacity factor 
escalation 71 to  1982 

W E  - 751 capacity factor 
ewcala~ion 71 per year t o  1985 

I n i t i a l  Year 
of Operation 

42 

43 

89 

TABLE 4 

POWER TECHNOLOGIES COST SUMMARY 
(Constant 1979 $1 

1990 1.0 1.m 17 64 10.70 1*.w 

nwo 1.0 1.m l 5  4s 1.1) 11.10 
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i 

SCE 
COSO # I  
COSO 12 

SCE C1 
SCE 1 2  

SCE 
SCE PILOT 
SDGLEI 1 
SDCLEI 2 

HCP-A 

0ACA #1 
NORNEVI1 
NORNEV#Z 
NORNEVCJ 
UPLL # l  

STATE 

CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
HI 
H I  
I D  
NN 
NV 
Nv 
NV 
UT 
UT 
UT 

S T U S  

- 

Flash 

Plash 
Plash 
Plash 
Binary 
Flash 
Flash 
Hybrid 

Flash 
Flash 
Hybrid 
Plash 

Plnsh 
Binary 
Plash 
Binary 
Binary 
Plash 
Plash 

TABLE 5 

UPLL t 2  
UPLL #3 

PROPOSED U.S. GEOTHERMAL POWER PLANTS OUTSIDE THE GEYSERS 

Flaah 

AREA 

0rauley 
Brauley 
Brawley 
coso 
coso 
East Ueaa 
Reber 
Ueber 
Reber 
Uono-Long Valle 
Niland 
Niland 
Niland 
Niland 
Uendel-Amedee 
Yestnorland 
PIXI6 
Puna 
Raft River 
Valles Caldera 
Northern Nevada 
Northern Nevada 
Northern Nevada 
Roosevelt H.S. 
Roosevelt H.S. 
Rooaevelt H.S. 

DEVEWPER 

Union O i l  
CU-I Venture 
Union O i l  
Cali€ornia Energy 
Cal i forn ia  Energy 
Republic Geothermal 
Chevron 
Chevron 
Chevron 
Magma Paver 
Union O i l  
Union O i l  
Uagma Pouer 
Uagma Power 
Geoproducta 
Republic Geothermal 
Thermal-Dillingham 
s t a t e  oL Haunii 

Union O i l  
P h i l l i p s  Petroleum 
P h i l l i p s  Petroleum 
P h i l l i p s  Petroleum 
Phi l l ip8  Petroleum 
P h i l l i p s  Petroleum 
P h i l l i p s  Petroleum 

INEL/EChC 

UTILITY 

SCE 
CDWR 
SCE 
US NAVY 
US NAVY 
SOG6E 
SOCLE 
SCE 
SCE 
SCE 
SCE 
SCE 
SDCLE 
SWLE 
CDWR 

HELCO 
HELCO 

PNl4 
NORNEV 
NORNEV 
HORNEV 
UPLL 
UP6L 
UPLL 

-- 

I 
NET 

OUTPUT 
WfE 

45 

20 
55 
50 
45 

100 
20 

10 
26 
49 
50 
48 
25 
3 
5 

45 
10 
10 
10 
20 

50 

m 

- 
YEAR 

ON 
LINE - 
1904 

1903 
1989 
1982 
1985 
1983 
1906 
1905 

1982 
1983 
1985 
1985 
1984 
1988 
1981 

1903 
1982 

1903 

PLANT 
COST 
$ 000 

80.000 
128,400 

110,000 

30,000 
so, 000 
60,000 

7,000 
24,000 

20,000 

676$76 

Li 

_-. 
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A t t e n d e e s ,  F i f t h  Annua l  EPR I G e o t h e r m a l  Conference, June 1981 
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ELECTRIC POWER RESEARCH INST. 
BECHTEL GROUP, INC. 
FLUOR POWER SERVICES, INC. 
ARIZONA PUBLIC SERVICE 
REPUBLIC GEOTHERMAL 
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UTAH POWER S LIGHT 
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DEPT. OF ENERGY 
SOUTHERN CALIF. ED I SON 
SAW DIEGO GAS 6 ELEC. 
COURY AND ASSOC. 
SOUTHERN CALIF. EDISON 

P.O. BOX 1831 
P.O. BOX 10412 
50 BEALE ST. 

SAN DIEGO, CA 92112 (714) 235-7733 
PALO ALTO, CA 94303 (415) 855-2594 

92730 (714) 975-7428 
SAN FRANCISCO, CA 94119 (415) 768-1482 
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P.O. BOX 21666, MS 5629 PHOENIX, AZ 
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P.O. BOX 10100 
P.O. BOX 899 SALT LAKE C I  
12400 E. IMPERIAL W Y  NORWALK, CA 

RENO, NV 

85036 (602) 271-2252 
NGS,CA 90670 (213) 945-3661 

89510 (702) 789-4867 
Y, UT 84110 (801) 535-4295 

90650 (21 3)  864-601 1 
11095 TORREYANA RD. SAN DIEGO, CA 92121 (714) 452-5000 
l2TH 8 PENNSYLVANIA A M ,  EM WASHINGTON, DC 20461 (202) 633-9362 
P.O. BOX 800 ROSEMEAD. CA 91770 (213) 572-1505 
101 ASH STREET SAN D I E M ,  CA 92101 (714) 232-4252 
7625 WEST 5TH A M .  LAKEWOOD, CO 80226 (303) 232-3823 
P.O. BOX 800, RM. 405 ROSEHEAD, CA 91 770 (2 13 572-2775 

ZONA GEOTERMICA M CERRO PRIETO, HEXICALI, B.C., P.O. BOX 248 CALEXICO. CA 
ELECTRIC POWER RESEARCH INST. P.O. BOX 10412 PALO ALTO, CA 
ROTOFLOW CORP. 2235 CARMELINA A M .  LOS ANGELES, CA 
J. HILBERT ANDERSON, INC. 2422 S. QUEEN ST. YORK, PA 
SA1 ENGINEERS 3200 SCOTT BLVD. SANTA CLARA, CA 
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SAN DIEGO GAS S ELECTRIC P.O. BOX 1831 SAN DIEGO, CA 
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RAD1 AN CORPORATION P.O. BOX 9948 AUSTIN, TX 
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GEOTHERMAL RESOURCES I N T ' L  545 HIDDLEF IELD RD. MENLO PARK, CA 
SAN DIEGO GAS S ELECTRIC P.0. BOX 1831 SAN D I E M ,  CA 

92231 
94306 
90064 
17402 
95051 
92112 

02748 
8003 3 
94305 

92112 

02 158 
7871 2 
92103 
94025 
921 12 

(415) 855-2166 
(2 13 477-3083 
(71 7) 741-0884 
(408) 727-6328 
(714) 235-7713 

(61 7) 996-6576 
(303) 420-8100 
(415) 497-1218 

(617) 965-2710 
(512) 454-4797 
(71 4 1 294-9770 

(714) 235-7733 
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LOS ALAHOS NAT'L LAB P.O. BOX 1663 LOS ALAHOS, NM 8 7 5 4 5  (505) 667-4318 
COHISION FED. de ELECTRICIDAD P.O. BOX 248 CALEXICO, CA 92231 (706) 562-8501 

91101 ( 2 1 3 )  684-2541 THE BEN HOLT CO. 2 0 1  S. LAKE A M .  
U.S. DOE, GEOTHERMAL DIV. 1333 BROAWAY OAKLAND, CA 9 4 6 1 2  (415) 273-7943 
GEOTHERMAL RESOURCES I N T ' L  545 HIDDLEF IELD RD. 
NATIONAL ENERGY AUTHORITY GRENSASVEGI 9 108 REYKJAVI k, ICELAND 
ELECTRIC POWER RESEARCH INST. 1800 MASSACHUSETTS A M ,  NU WASHINGTON, DC 20036 ( 2 0 2 )  872-9222 
BECHTEL GROUP, INC. P.O. BOX 3965 SAN FRANCISCO, CA 94119 (415) 768-5760 
P H I L L I P S  GEOTHERHAL CO. P.0. BOX 239 SALT LAKE CITY, UT 84110 (801) 364-2083 

SANTA MONICA, CA 90405 (213) 391-0691 B IPHASE ENERGY SYSTEMS 2800 AIRPORT A M .  
U.S. GEOLOGICAL SURVEY 2465 EAST BAYSHORE RD. PALO ALTO, CA 94303 (415) 323-8111 
LOS ANGELES DEPT OF WTR 6 PUR P.0. BOX 111 LOS ANGELES, CA 90051 (213) 481-5019 
MAGMA POWER CO. P.O. BOX 2082 ESCOND I DO, CA 92025 (714) 743-7008 
MINISTRY OF I N T ' L  TRADES IND. 1-3-1 KASUMIGASEKI CHIYODA-KU, TOKYO, JAPAN 100 3-501-1511 

PASADENA, CA 

HENLO PARK,-CA 94025 

ROTOF LOW CORP. 2235 CARHELINA AM. 

SOLAR TURBINES I N T I L  P.0. BOX 80966 
SO. CALIF. EDISON CO. P.O. BOX 800 
ELECTRIC POWER RESEARCH INST. P.O. BOX 10412 
KYUSHU ELECTRIC POWER CO, INC 3406-4 DAZAIFUHACHI 
PHONE OP2P2-5-3431 
SAN DIEGO GAS 6 ELEC, 
ROC W E L L  INTERNATIONAL 242 1 WEST H I  LLCREST OR. 
A.W.I., INC. P.O. BOX 638 

SAN DIEGO GAS 6 ELEC. P.O. BOX 1831 
UNITED TECHNOLOGIES 
P A C I F I C  GAS S ELECTRIC 
FLUOR ENGlNEERS 6 CONSTR. 3333 HICHELSON DR. 
ELECTRIC POWER RESEARCH INST. P.O. BOX 10412 
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ROSEHEAD, CA 91 770 
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(213) 684-2541 

(213) 572-2684 
(415) 855-2179 
JAPAN 818-01 

(714) 235-7731 
(805 1 498-6771 

(714) 294-9770  
(714) 235-7731 
(203) 727-7401 

(714) 975-3515 
(415) 855-2679 
(415) 4 9 3 - 4 2 8 4  
( 4 0 8  ) 298-8020 
(714) 235-7754 

(714) 957-7051 

(71 4 ) 745-2022 

(415) 781-4211 

(714) 440-7501 

(714) 454-381 1 
Z W A  GEOTERMICA DE CERRO PRIETO, HEXICALI ,  B.C., P.O. BOX 2 4 8  CALEXICO, CA 9 2 2 3 1  
SAN DIEGO GAS S ELEC. 101 ASH ST. SAN DIEGO, CA 92077 ( 7 1 4 )  235-7877 
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