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EXECUTIVE SUMMARY 

i 

A number of current and prospective power plant concepts were investigated 
to evaluate their potential to serve as the basis of the next generation 
geothermal power plant (NGGPP). The NGGFP has been envisaged as a 
power plant &at would be more cost-competitive (than current geothermal 
power plants) with fossil fuel power plants, would efficiently use resources 
and mitigate the risk of reservoir underperformance, and minimize or 
eliminate emission of pollutants and consumption of surface and ground 
water. 

analyzed using resource characteristics for 
resources at ten different geothermal sites located in the western United 
States. Concep 
was estimated 
are rooted in reality and should be considered as useful indicators of the 
commercial viability of the various power plants concepts that were 

eveloped into viable power plant processes, capital cost 
d busbar costs determined. Thus, the study results 

LJ 
- 

investigated. 

Broadly, the different power plant concepts that were analyzed in this study 
fall into the following categories: baseline binary and flash plants, advanced 
binary plants, advanced flash plants, Kalina cycles, flash/binaxy hybrid plants, 
and fossil/geothermal hybrid plants. Commercial binary plants were 
evaluated using commercial isobutane as a working fluid; both air-cooling 
and water-cooling were considered. Advanced binary concepts included cycles 
using synchronous turbinegenerators, cycles with metastable expansion, and 
binary cycles utilizing mixtures as working fluids. 

Dual flash steam plants were used as the model for the baseline flash cycle. 
The following advanced flash concepts were examined: dual flash with rotary 
separator turbine, dual flash with steam reheater, dual flash with hot water 
turbine, and subatmospheric flash. Both dual flash and binary cycles were 
combined with other cycles to develop a number of hybrid cycles: dual flash - 
binary bottoming cycle, dual flash L backpressure turbine binary cycle, dual 
flash - gas turbine cycle, and binary - gas turbine cycle. 



Executive Summary 

Two Kalina cycles, system 11 and system 13, were examined. These cycles use 
ammonia-water mixtures as working fluids. Kalina cycles are also 
characterized by a significant degree of heat recuperation. 

Results of this study indicate that dual flash type plants are preferred at 
resources with temperatures above 400 OF. Closed loop (binary or Kalina type) 
plants are preferred at resources with temperatures below 400 OF. A rotary 
separator turbine upstream of a dual flash plant can be beneficial at Salton 
Sea, the hottest resource, or at high temperature resources where there is a 
sigruficant variance in wellhead pressures from well to well. For the closed 
loop cycles, a hydrocarbon working fluid is preferred for 375 O F  and 330 OF 
resources and an NW/H20 working’fluid at the two lowest temperature 
resources. I f  fiatural gas prices remain low, a combustion turbine/binary 
hybrid is an economic option 

It is unlikely that a next generation geothermal power 
reduce the cost of power generation by much more than 10%. Colder 
resources will benefit more from the development of a next generation 
geothermal power plant than will hotter resources. 

All values presented in this study for plant cost and for busbar 
are relative numbers intended to allow an objective and me 
comparison of technologies. The goal of this study is to assess various 
technologies on an equal basis and, secondarily, to give an approximate idea 
of the current costs of the technologies at actual resource areas. Absolute costs 
at a given site will be determined by the specifics of a given project. 

the lowest temperature sites. 
~ 

t concept will 

1-2 



2 
INTRODUCTION 

Project Goal 
The goal of this project is to develop concepts for the next generation 
geothermal power plant(s) (NGGPP). This plant, compared to existing plants, 
will generate power for a lower levelized cost and will be more competitive 
with fossil fuel fired power plants. The NGGPP will utilize geothermal 
resources efficiently and will be equipped with contingencies to mitigate the 
risk of reservoir underperformance. The NGGPP design will attempt to 
minimize emission of pollutants and consumption of surface water and/or 
geothermal fluids for cooling service. 

Project Description 
This project was funded by a consortium of governmental agencies and 
Western utilities. The Electric Power Research Institute (EPRI) acted as 
manager on behalf of this consortium. The Ben Holt Co. (henceforth Holt) 
was the prime contractor for the project, and Fuji Electric Company and 
Barber-Nichols were sub-contractors on the project. John Brugman and Mai 
Hattar of Holt, Kenneth Nichols of Barber-Nichols Inc. and Yuri Esaki of Fuji 
Electric Company, Ltd. were the principal investigators. 

As per the RFP, the project was envisaged as Phase I of a planned multi-phase 
project to develop the NGGPP. This phase includes studies to develop 
NGGPP concepts, to obtain performance estimates and comparisons of these 
concepts, to prepare preliminary concept capital and power generation cost 
estimates, and to rank NGGPP concepts for each of several geothermal sites. 

Geothermal sites were chosen such that the NGGPP concepts would be 
evaluated using resources with "real world" characteristics, and the effect of 
noncondensable gas content, solids composition, resource temperature, well 
costs, ambient conditions etc. on each concept's performance would be 
accounted for. The chosen resources are real not hypothetical. 

Furthermore, the investigators are engaged in the design and construction of 
geothermal power plants, and in the production of geothermal power plant 
equipment. Therefore, the project was approached as an effort to compare 
prospective NGGPP technologies on a basis consistent with the requirements 
of commercially viable projects. 

2-1 



Introduction 

LJ The project was funded in November, 1993 and Holt commenced work in 
December 1993. A steering committee comprised of representatives of the 
Department of Energy, Southern California Edison, Bonneville Power 
Administration, and EPRI directed the project. The steering committee held 
two review meetings to evaluate the progress of the project; the first on May 
25,1994, and the second on November 2 and 3,1994. The second review 
meeting was also attended by representatives from Exergy, Inc. and Biphase 
Energy for the sessions on Kalina cycles and rotary separator turbine, 
respectively, and by a representative from Fuji Electric Company. Phase I of 
the project was completed in December, 1994. 

2-2 



1 I .  
i 

BACKGROUND 

Geothermal energy is an indigenous, sustainable and environmentally 
benign energy source. Geothermal power plants emit minimal combustion 
products into the atmosphere compared to fossil fuels. However, although 
large geothermal resources exist,. currently geothermal power is not cost 
competitive with power generated using natural gas. Furthermore, long-term 
risk may be associated with geothermal power since some geothermal 
reservoirs have under-performed in that geothermal fluid temperatures or 
flow rates have declined over time. Additionally, many of the high 
temperature, easily accessible resources have been developed, and now 
primarily lower temperature resources must be considered. 

In an effort to alleviate these problems, this study seeks to develop concepts 
that may form the basis for developing the next generation geothermal power 
plant(s) (NGGPP). The NGGPP, as defined, "will have higher power 
conversion efficiencies, better geothermal resource utilization, and lower 
power generation costs than current proven geothermal power generation 
technologies" (EPRI RFP3657-01,1993). As envisaged, the NGGPP 
performance will be relatively unaffected by risks associated with geothermal 
reservoir under-performance. Moreover, the NGGPP is perceived to have a 
minimal impact on the environment and resources; the NGGPP will 
minimize cooling water requirements and maximize injection of geothermal 
fluids to enhance resource utilization, and 
emission of 

The NGGPP design adapted to utilize liquid 
dominated or hot dry rock geothermal resources. Moreover, in view of the 
fact that a number of resources are low temperature resources, the ideal 

300OF. The NGGPP design should be modaar' with-improved-opera~~al-. 
and planning flexibilities co 
to comply with utility needs. 

hi 

minimize or eliminate 

r J  

NGGPP should be able to efficiently geny tqpwer  from resources below , .  
L. - , 

d to &sting ge0th-d power plants so as 



Background 

Previous EPRI Work LJ 
At EPRI’s ’Third Annual Geothermal Conference and Workshop”, the 
workshop topic was “Looking Ahead to the Next Generation of Geothermal 
Power Systems”. The workshop focused on three areas of development: (I) 
desired characteristics of future systems, (2) emerging technology and (3) 
research and development needs. Several promising technologies that could 
impact future geothermal power plants were identified by workshop 
participants. The list of technologies included well stimulation techniques, 
downwell pumps, advanced flash systems, advanced binary systems, and two- 
phase expanders. Details of the workshop can be found in the 

From 1979 to 1983 EPRI funded sessment of Advanced 
Energy Conversion Concepts” program under EPRI Rp 1673-1. As a part of 
this program a number of advanced geothermal concepts were investigated, 
including advanced flash steam cycles, advanced binary cycles, hybrid cycles 
(fossil/geothermal and sol&/geo d total flow devices (rotary 
separator turbine, helical expand ess turbine, LLL impulse turbine, 
LLL reaction turbine, Elliot turbi t expander). Partial results of this 
program were presented at the #‘Fifth Annual Geothermal Conference and 
Workshop” (Holt et al, 1981). 

water hybrid cycles. Hybrid cycles were calculated to produce as much as 30% 
more electricity than if methane was used separately in a fossil fuel power 
plant and hot water in a binary cycle plant. This 30% improvement is based 
on a cycle in which enough methane is combusted so that exhaust heat 
provides all necessary energy to vaporize the working fluid. 

Under EPRI contract RP167l-5 and DOE contract DE-ACO7-85ID12578, The Ben 
Holt Co. designed, built and successfully operated a hybrid cycle power plant 
on the Pleasant Bayou geopressured resource in Texas. Since geopressured 
resource contains both methane and geothermal brine, a hybrid cycle was - 

employed to fully utilize the resource. In the hybrid cycle at Pleasant Bayou, 
gas was burned in engines to generate electricity directly. Exhaust heat from 
the engines was then combined with heat from the brine to generate 
additional electricity in a binary cycle. 

The Ben Holt Co. performed work 
the application of hybrid plants to geothermal resources which are no 
geopressured and to include biomass fuels as an alternative to natural gas. 

proceedings published in 19 1. 

Under EPRI contract RP1673-4, The Ben Holt Co. evaluated c; 

. 

EPRI project, RP1671 

ci 
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Background 

During the design phase, there were m 
the exhaust gas-to-isobutane exch 
temperature operation and to the 1 
inlet exhaust gas and the outlet is0 

corrosion. Also, there was no si tween the tubes and the 

e lower with a gas 

61 The Ben Holt Co. project, RP1671-07, to extend 
the application of 
geopressured and 

resources which are not 
alternative to natural gas. 
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METHOD OF APPROACH 
i 
i 
I 
1 
i 

i 

I 

i 
i I 

Introduction 
The development of the next generation geothermal power plant entails 
choosing a physically realizable and economically feasible technology from a 
host of geothermal power plant concepts: advanced binary and flash plants, 
Kalina cycles with ammonia-water mixtures as working fluids, advanced 
flash/binary hybrid plants, and fossil/geothennal 

In consultation with the steering committee sev 
power plant concepts were identified for evaluation in this study. These are 
listed below. It is worth noting that the first three concepts represent proven 
technology and provide a baseline for evaluating other technologies. The 
remaining concepts are in various stages of development and will require 
demonstration on a significant scale to be classified as ”commercial”. 

Baseline Technologies 1 - 

0 Commercial air-cooled binary i 

Commercial water-cooled binary 
i 
1 

0 Commercial dual flash 
Advanced Binary Cycles 

Synchronous speed turbine 
Metastable expansion 

Advanced Flash Cvcles 

0 

Subatmospheric flash 
0 Hot water turbine 

I 

i 1 

i 

i 
i 1 
i 

I 
I 
I 4 

1 

Mixed fluids binary: hydrocarbon mixtures 
Mixed fluids binary: aqua-ammonia mixtur 

Dual flash with rotary separator turbine 
Dual flash with steam reheater 

G 
4-1 



Method of Approach 

Kalina Cvdes 
Kalina Cycle System 11 
Kalina Cycle System 13 

Hvbrid Cvdes 

Dual flash/gas turbine hybrid 

Dual flash/binary bottoming cycle hybrid 
Dual flash backpressure turbine/binary hybrid 

Binary cycle/gas turbine hybrid 

As noted in the introduction, these geothermal power plant concepts were 
applied to existing, known geothermal sites in an effort to ground the results 
of this study in real-world applic In addition, geothermal sites were 
chosen so that the NGGPP techno would be applicable to resources with 
widely varying characteristics. Detailed resource characteristics for the 
selected sites are listed in Table 4 1  (provided by EPRI) whi 
selected resources cover a broad range of temperatures, 
composition, and solids content. The following 

e 

e 

e 

e 

e 

e 

e 

e 

0 

e 

. study: 

Glass Mountain, California (510 OF) c, 
Salton Sea, California (570 OF) 
Surprise Valley, California (375 OF) 
Therm0 Hot Springs, Utah (265 OF) 
Vale, Oregon (330 OF) 
Clear Lake Geysers, California (375 OF) 
Cos0 Hot Springs, Californ 
Desert Peak, Nevada (425 OF) 

Dixie Valley, Nevada (450 OF) 
Raft River, Idaho (300 OF) 

le r mi no Io g y 
Throughout this report the results of the evaluation of NGGPP 
are presented in terms of specific output and specific capital cost. Specific 
output provides an index for the thermodynamic performance of power plant 
cycles and is sometimes referred to as brine utilization rate. It is defined as: 

Specific output = Net power (kW)/Brine mass flow rate (1000 lb/hr) tj (4-1) 

42 
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I Method of Approach 

i 

i i & ,  
Specific capital cost is an index used for assessing t 
of power plant technologies and is defined as: 

Specific capital cost = Facility capital cost ($)/Net power (kW) (4-2) 

Facility capital cost in e on 4-2 is the capital expense required to develop 
the wellfield and build the power plant but does not include the cost of land, 
interest on capital and owner‘s project expenses. All costs in this study were 
calculated in 1994 d 

General Methodology 
In order to accomplish the study objectiv 

Cycle optimization to minimize s 
stages: (1) performance analysis and (2) economic analysis. In the 
performance analysis stage a number of process cases were simulated for a 
given cycle and resource to obtain a set of cases that could be expected to 
contain the economic optimum cycle. The thermodynamic optimum for the 
subject cycle was determined at this time. Identification of the optimum cycle 
was completed in the economic analysis stage wherein cost evaluation of the 
cases generated during performance analysis was performed. A discussion of 

Rankings for NGGPP concepts 
The methodology for calculating levelized busbar costs is presented along 
with NGGPP concept r 

Performance Ana Cycle Analyses 
Performance analysis o ch concept involved developing the cycle process 
design consisting of a ss flow diagram and process model. The process 
model was used to simulate cycle performance by varying process variables, 
and several performance cases were developed corresponding to different sets 
of process variables for each cycle. Process variables were chosen to obtain the 
cycle specific output ov 
pinch points, tempera 
was chosen based on Holt‘s experience in desi building commercial 
geothermal power pla 

With the exception of na cycles, the N 
this study involved variations of commercial binary and/or commercial flash 
cycles. Holt has proprietary mathematical models for designing both types of 
cycles, and these Holt models were used for the process design of most cycles. 
Kalina cycles were simulated using HYSIM, a commercial process simulator. 
Details of the Holt models for the commercial binary and commercial flash 
cycles are presented in the se ns on the air-cooled commercial binary and 

7 
4? 

each applicable site using minimum s -+ 

.s 

J 

performance and economic anal is presented below. ,/ 

ed using 1eve-d busbar costs./’’ 

range of important process constraints such as 
pproaches, etc. The range of process constraints 

epts examined in 

4-3 

1- . 



Method of Approach 

commercial dual flash cycles, resp 
the Kalina cycles are presented in 

Economic Analysis: NGGPP Capital Cost Evaluation 
For the purpose of economic optimization, the optimum plant design was 
defined as the plant design corresponding to minimum specific capital cost. 
In order to compare all concepts on an even basis, a power plant design with a 
nominal capacity of 50 MW (net) was used as the basis for estimating capital 
costs for all concepts. With this basis, the objective of minimizing specific 
capital cost ($/kW) was reduced to the objective of minimking facility capital 
cost and throughout this report minimum s p d i c  capital cost has been used 
as the figure of merit for ide 

Facility capital cost was cal f power plant cost and wellfield 
cost. Power plant costs were estimated from major equipment costs using the 
factored method: major equipment costs were summed and multiplied by a 
plant cost multiplier to account for engineering and installation costs. The 
multipliers used in this study are based on Holt experience in designing and 
building both binary and flash geothermal power plants in the recent past, 
and are listed in Table 4-5. Wellfield costs were calculated using production 
and injection well costs provided by EPRI. Production and injection well 
costs for the various geothermal sites are listed in Table 4-1. Using facility 
capital costs, specific capital costs were obtained for the set of cycle designs 
developed in the performance analysis stage, and the cycle design 
corresponding to minimum specific capital cost was chosen as the 
economically optimum cycle design. 

Details of cost estimation methods are presented in Appendix A; some 
general comments follow. Major equipment costs were obtained from Holt‘s 
extensive database supplemented where necessary by current vendor 
quotations. For similar pieces of equipment, costs from the same vendor 
were used for evaluating all competing technologies. For example, turbine 
costs for all evaluated NGGPP concepts are based on turbine cost data from 
Fuji Electric Company, a co-investigator in this study. The underlying 
philosophy has been to evaluate competing technologies within the same 
frame of reference. It should be pointed out that the choice of vendors was 
based on the experience and reputation of vendors specially with reference to 
geothermal power plant installations in the United States. Fuji Electric 
Company’s turbines, for example, account for approximately 40 % of the 
geothermal power plant cap 

Meteorology data necessary 
equipment (condensers, cooling towers) were obtained using the Department 
of Navy publication, “Facility Desi@ and Planning - Engineering Weather 
Data”. Using the criteria of proximity, climate and altitude this publication 

vely. Performance modeling details for 
on on Kalina cycle system 11. 

. 

ic optimum. 

in the United States. 

mate the size and cost of 

cj 

Li 
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was used to obtain wet bulb and dry bulb temperatures for Navy sites that 
closely mimic the selected geothermal sites. The average dry bulb and wet 
bulb temperatures thus obtained, along with site altitude are listed in Table 
4 2  for all the geothermal sites considered in this study. This study used 
annual average weather conditions assuming a constant (not seasonally 
differentiated) cost of power. 

Environmental Impact 
The environmental impact of each NGGPP concept has been assessed in this 
study. The main areas of concentration are surface and ground water use and 
pollutant emissions for each optimized cycle for each resource. 

noncondensable gases in geothermal brine poses the primary 
emissions concern for flash plants. Consequently, a liquid redox sulfur plant 
is included in the design of flash plants for H2S abatement, and it is assumed 
that carbon dioxide, a greenhouse gas, can be emitted to the atmosphere. 

Next Generation Geothermal Power Piant Concepts Ranking 
Calculation of busbar costs and assessment of environmental impact of each 
candidate technology forms the basis for ranking NGGPP concepts. This study 
ranks concepts based on busbar costs. Second level considerations are used to 
discriminate between technologies only in cases where two or more concepts 
have almost equal busbar costs. The following se 
are used to "break ties": 

Technology risk 
0 Environmental considerations 

el considerations 

Water consu 

on to all NGGPP 
concepts evaluated in this study. As mentioned in the previous section, 
characteristics of each site and meteorological data for each resource are 
presented in Table 4-1 and 42, respectively. In addition, Table 4 3  provides 
the maximum wellhead pressure for self-flowing wells, and Table 44 
provides the composition of non-condensable gases in the brine for each ' 

resource. data for each site as 
required 

Average dry/wet bulb temperatures 
~ 

0 Site altitude 
Composition of noncondensable gases in the geothermal brine - u 

45  
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0 Geothermal fluid temperature 
0 Minimum injection temperature 

Average well flowrates 
Average well cost 

0 

0 Maximum flash pressure 

The following general assumptions have been used as applicable in the 
development of performance and cost models for the various NGGPP 
concepts: 

Concentration of total dissolved solids 
Probability of a dry hole 

0 

0 

0 

0 

0 

0 

e 

0 

0 

4-6 

Resources with temperatures below 400°F are assumed to have 
pumped wells; resources with temperatures above 4OOOF are assumed 
to be free flowing. 
For pumped wells discharge pressure at the surface discharge flange is 
the maximum of: (a) Hot brine vapor pressure + 50 psi or (b) pressure 
obtained from a standard pump discharge calculation which gives 
143 psia at the surface discharge flange. 
There are no elevation changes between the plant site and the pumped 
well locations. 
There are no elevation changes between the plant site and the injection 
well locations. 
Well drawdown is based on a factor of 2,500 lb/(hr-psi). Submerged 
pumps are placed 150 feet under the calculated draw down levels. 
Gathering system costs are based on an estimated configuration and 
layout of the gathering system. Appendix A contains the gathering 
system calculation details. 
Production well drilling costs are adjusted according to the probabilities 
of hitting a dry hole listed in Table 4 1  for each resource. 
Injection pump discharge pressure is 100 psi plus the vapor pressure of 
the outlet brine. 
Injection pumps are sized to be 500 hp maximum. A minimum of two 
50% pumps are used. Whenever the pumping power exceeds the 500 
hp limitation, another pump is added to the injection system. 



, -. 

t3 

Method of Approach 

Pumped wells have an average flow of 1500 gpm, and a maximum 
flow of 1550 gpm. Whenever the average well flow exceeds 1550 gpm, 
more wells are added to the field until the resulting well flow rate is 
below 1550 gpm. 
All heat exchanger costs are adjusted for pressure so that different 
pressure levels can be compared on the same basis. 
If required, the plant cost for open cycles includes the cost of a sulfur 
plant for H2S abatement; H2S emission is limited to 100 g/MWh. 

. .  . . .  . 

. .  . . _  ~. 

. . .. 
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Table 4-1 
EPRI Supplied Resource Data 

,verage Well 

rverage Well Depth 
eservolr Pressure 

werage Well Cost 

'ercent Replacement 
Vells Required 

Alnlmum Relnjectlon 
emperature 

telatlve Corrosivity 

icaling Potential 

don-condensa ble 
;as Content - % 

Jercent Dry Holes 
?eservolr Can 
36 Dlspatched 

'otentlal Energy 
50 years. MWe 

UsGs79OeSt. 
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e. 

hd Table41 
EPIU Supplied Resource Data 
(continued) 

G 

'emperatures 
Inilia 
Rna 

4verage Well 
:lowates 

TDS 
4verage Well Depth 
?eservolr Pressure 

TYPE 

4verage Well Cost 
Produce 

Inject0 

Wcent Replace. 
Nells Required 
Wlnlmum Injection 
remperature 
Relative Corrosivity 

Scaling Potential 
Non-condensa ble 
Gas Content - % 

Percent Dry Holes 

Reservoir Can 
Be Dlspatched 
Potential Energy 
30 years Mwe 

open cycle 
closed cycle 
USGS 790 est. 

Water availability 

I I I 
low laW low IOW I moderate 

l m - 2 5 D m g / k g  I O.O29wt.% 
1 

0.20 wt. % est. < 0.2 wt. % 

I 1 
0 

possible 

NIA 
975 
975 

possible 
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Temperature 
Resource ("0 

cos0 525 
Desert Peak 425 
Dixie Valley 450 
Glass Mtn. 510 
Salton Sea rn 

cr Table 4-2 
Meteorological Data 

Wellhead Press 
(psis) 

1 3  
m 
100 
151 
325 

Table 4-3 
Wellhead Pressures for Self Flowing Resources 
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Method of Approach 

Table 4-4 
Noncondensable Gas Content of Geothermal Brine 

Site NCGs 
. wt PPm 

Clear Lake - Geysers. 
California 

Cos0 Hot Springs. ZUcQ 
California 

Desert Peak, 2co 
Nevada 

Dixie Valley, m 
Nevada 

Raft River, , m 
Idaho 

Glass Mountain. 1700 
California 

Satton Sea. 1x0 
California 

Surprise Valley, m 
Caiiiornla 

Thermo Hot m 
Sptings, Utah 

Vale, m 
Oregon 

H2S 
wt PPm 

105 

4 

~ 

5 

0.2 

P 

16 

P 

2D 

20 

. .. . 
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Nevada . 
Raft River, 

Idaho 
Glass Mountain, 

California 
Salton Sea, 
California 

Surprise Valley, 
California 
Therm0 Hot 
Springs, Utah 

Vale, 
Oregon 

Table 4 5  
Power Plant Multipliers 

2.96 253 

2.8 253 

2.8 2.53 

2.8 253 

3.1 253 

2.83 253 

Site 

Clear Lake - Geysers, 
California 

Cos0 Hot Springs, 
California 

Deseri Peak, 
Nevada 

Dixie Valley, 

Installed Cost Multiplier 
Binary/ I Flash/Flash 
Kalina I Derivatives 

1 

2.8 253 I 

412 
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BASELINE TECHNOLOGIES 

Air-cooled Commercial Binary 

In troduct 
Flash and binary cycles are the predominant technologies used for generation 
of geothermal electricity (Fridleifsson and Freeston, 1994). These two 
technologies were chosen to serve as baseline technologies in this study since 
they are proven technologies that find widespread commercial use and are 
well optimized. Throughout this report the terms commercial flash and 
commercial binary will represent the baseline flash and binary cycles, 
respectively. Both variations of the commercial binary cycle have been 
considered: air-cooled commercial binary and water-cooled commercial 
binary. 

The commercial binary cycle is a Rankine cycle which uses a hydrocarbon as 
the working fluid, and is sometimes referred to as an organic Rankine cycle. 
This technology has been applied successfully to resources below 350 OF. The 
majority of binary cycle installations are air-cooled commercial binary cycles 
which rely on air-cooling for condensation of the working fluid. For example, 
power plants at Steamboat Springs, Nevada, and Mammoth, California are 
air-cooled commercial binary plants. A few installations where cooling water 
is available utilize cooled commercial binary cycles. For example, 
the SIGC power pl 

A discussion of the air-cooled commer 
following sectio 
binary cycle. 

Cycle Process Flow 
Figure 5-1 is the process flow diagram of 
cycle. Hot geothermal fluid (brine) is use vaporize a working 
fluid in a series of heat exchangers. The hot working fluid vapor is then 
expanded through a turbine to generate electricity. The turbine exhaust is 
subsequently condensed in an air-cooler. The cycle is complete when the 
condensed working fluid is pumped back to be heated by the hot brine. 

oled commercial binary plant. 

cycle is presented in the 
e next section discusses the water-cooled commercial 
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Binary cycles in this study were modeled using commercial isobutane as the 
working fluid. This is a common working fluid in binary cycle power plants. 
The working fluid was assumed to be composed of 96.06 mole percent 
isobutane, 1.77 mole percent normal butane, and 2.17 mole percent propane. 

Performance Analysis 

Description 
As noted in Section 4 the optimum cycle was identified by performing process 
calculations for several cases for each plant site. For the binary cycles these 
calculations were performed using a proprietary Holt model that incorporates 
the BWR/Starling equation of state. This model computes thermodynamic 
state points, power output, brine flow requirements, and parasitic loads for 
binary cycles, and was used in this study to calculate these quantities for a 
50 MW (net) power plant design. The results of the model calculations were 
used to obtain specific output for various process cases. 

The calculations for final resource conditions were performed assuming 
constant turbine inlet volume. Turbine inlet mass flow rate and pressure 
were adjusted to maintain a constant volumetric flow rate, and the turbine 
efficiency was reduced to simulate off-design conditions. 

Assumptions 
General modeling assumptions, i.e. assumptions used to evaluate the 
performance of all the concepts considered in this study are listed in Section 4. 
For example, basic resource and weather data used for these calculations are 
listed in Table 4-1 and 4-2. The following assumptions apply specifically to 
binary plant performance calculations: 

e 

e 

e 

e 

a 

e 

e 
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Commercial isobutane is the working fluid. 
The air condenser was sized to give a 34 O F  approach on the cold end 
with a 14.8 OF pinch unless a greater pinch was required to avoid a 
temperature cross in the heat exchanger. 
Condenser pressure drop: 6 psi (3 psi hydraulic drop + 3 psi to account 
for the inevitable presence of noncondensables in the working fluid 

Turbine adiabatic efficiency: 85.0% 
Working fluid pump efficiency: 80%. 
Generator efficiency: 94.0% 
Hydrocarbon loop pressure drop: 50 psi (includes press 
piping, control valve, and heat exchangers) 

loop) 



-- Economic Analysis 
The power pant capital cost was calculated using a spreadsheet template (the 
cost spreadsheet). This spreadsheet calculates the cost of each major 
equipment item for the designed binary plant based on vendor data and 
proprietary Holt data. It then uses the major equipment costs along with the 
wellfield costs to calculate the facility capital cost and the specific capital cost 
as discussed in Section 4. 

A Holt model was used to design brine gathering and injection systems, and 
to estimate the gathering system installation and construction costs. Another 
Holt model was used to calculate parasitic power requirements for each 
submerged well pump. Details of these two Holt models are presented in 
Appendix A. 

u 

Results 
Optimum geothermal power plants using the air-cooled commercial binary 
cycle were designed for Thenno Hot Springs, Raft River, Vale, Surprise 
Valley and Glass Mountain. Application of the air-cooled commercial binary 
cycle for the remaining sites was ruled out by inspection. 

Specific power production curves for Thermo Hot Springs, Raft River, Vale, 
Surprise Valley and Glass Mountain are presented collectively in Figure 5-2. 
Figure 5-2 indicates that the maxima in the specific output must closely 
approximate the cycle optimum since, as the figure shows, specific output 
does not change significantly with pressure. In other words, cycle 
performance is a relatively flat function of turbine inlet pressure over the 
range of variables studied. Specific output for the optimum cycles obtained 
from Figure 5-2 is plotted as a function of resource temperature in Figure 5-3 
which shows that the binary cycle specific output increases with resource 
temperature. 

Table 5-1 summarizes the results of the economic analysis of the air-cooled 
commercial binary cycle for various resources. Specific output and turbine 
inlet pressures for the o cycles are also listed in the table. As can be 
observed from the table, specific capital cost is inversely related to specific 
output since a decrease in specific output increases wellfield costs which are a 
significant fraction of facility capital cost. The results of plant power 
production with final resource temperature are presented in Table 5-2. 

The trend of specific capital cost versus resource temperature is shown in 
Figure 5-4. 
The trend of specific capital cost versus resource temperature is shown in - 

Figure 5-4. 

,e--. 

w 
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Figure 5-1 
Air-cooled Commercial Binary Cycle: Process Flow Diagram 
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Table 5-1 
Air-cooled Commercial Binary. Summary of Cases 

j u  
! 
I 

i 
i Thermo Hot Springs, 

205 PSIA IC4 @74 
235 PSIA IC4 

Raft River, ID @ 300 
50 Mw (2325 PSIA 

Glass Mountain, CA 
500PSIAIC4@87 

I ' 
67,9 10 22,402 2.23 4,538 

20,482 2.44 4,188 
82,125 
76,875 60,499 

47,250 41,186 12,384 4.04 - 2,945 

2,142 38,500 29,395 4,257 11.75 
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hftRiver Vale 

Table 5-2 
Air-cooled Commercial Binary Cycle: End of Reservoir Results 

Surprise 1 
Valley I 

hitial Temperature, "F 
%a1 Temperature, O F  

Wtial Specific Output, kWh/ 
1000 lb brine 

Vet at Final Temperature 
Generator Output, MW 
Parasitics (inc well 

SOR H/C Pump, MW 
EOR H/C Pump, h4JV 
Net Expected Output, 
Mw 

pump), MW 

Power Loss at Final Temp., 
Percent 

4.04 

45.371 
18.548 

6.369 
(3.917) 
29.275 

41.45 

Final Specific Output, 
kWh/lOoOlb brine 

5.99 8.50 

36.727 43.318 
17.677 17.237 

8.762 10.283 
(4.007) (7.120) 
23.805 29.244 

52.39 41.51 

- 
ThtXlllO 

Hot 
springs 

265 
235 

2.44 

46.753 
24.704 

5.934 
(3.604) 
24.379 

51.24 

1.19 2.85 

2.361 

. 4.97 
I I 

Glass 
Mountain 

510 
430 

13.05 

52.443 
14.136 

9.962 
(8.135) 
40.1 34 

19.73 

10.48 
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Water-cooled Commercial Binary 

In froduction 
As the name suggests, the water-cooled binary cycle uses cooling water instead 
of air as the cooling medium. The water-cooled binary cycle is equivalent to 
the air-cooled binary cycle with, the air condenser replaced by a water-cooled 
condenser plus a cooling tower and cooling water pumps. Water-cooled 
binary plants are attractive because they produce more power than the air 
cooled binary plants during summer months. However, since water-cooled 
binary plants consume water, an ample supply of cooling water makeup is 
required. This study assumes that sufficient surface water is available at each 
resource. 

Cycle Process Flow 
Figure 5-5 is a process flow diagram of the water-cooled commercial binary . 
cycle. Since the basic process is similar to the air-cooled binary cycle the reader 
is referred to the air-cooled binary section of this report for the process flow 
description. 

Performance Analysis 
Power plants using the water-cooled binary cycle were evaluated for four sites: 

the water-cooled binary cycle to the remaining sites was ruled out by 
inspection. 

Surprise Valley, Therm0 Hot Springs, Vale, and Raft River. Application of c, 

Description 
Water-cooled binary cycles were modeled using the same methods as those 
used for modeling the air-cooled commercial binary cycles. The cooling tower 
size and parasitic loads were calculated using a Holt model that is described in 
Appendix A. 

Assumptions 
The assumptions used for modeling the water-cooled commercial binary cycle 
are similar to the assumptions used for modeling the air-cooled commercial 
binary cycles. Following are the specific assumptions used in the 
development of the water-cooled binary cycles: 

A 15 OF pinch was used for the condenser as opposed to the 10 O F  pinch 
traditionally used in similar studies. The 15 OF pinch was chosen since 
it gave the minimum specific capital cost as shown in Figure 5-6. 
Cooling tower make-up water was assumed to be available at no cost. 

5-10 
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- The condensing temperature was taken as the average wet bulb 
temperature + 10°F cooling tower approach + 15OF cooling water rise + 
15OF condenser hot end approach (i.e. wet bulb temperature + 40OF). 
The cooling tower is a counterflow type tower using high efficiency 
film fill. 

k, 

0 

Cost Analysis 
Water cooled binary cycle power plants were evaluated by simulating six to 
ten cases for each site over a range of turbine inlet pressures. From these 
cases, four cases, corresponding to the highest specific output, were selected 
for equipment sizing and calculation of specific capital cost. The economic 
optimum was-then found from a plot of specific capital cost verses operating 
pressure. For general details of cost analysis refer to the cost analysis section 
of the air cooled binary cycle. 

Results 
Specific power production curves for Thermo Hot Springs, Raft River, Vale, 
and Surprise Valley are presented collectively in Figure 5-7. Figure 5-7 shows 
that the maximum specific output increases with increasing resource 
temperature. Also, the pressure at which the thermodynamic optimum 
occurs increases with increasing resource temperature. The corresponding 
specific capital cost curves are presented in Figure 5-8. 

A comparison of the Figures 5-7 and 5-8 indicates that except for Thermo Hot 
Springs the maxima in specific output do not coincide with the specific capital 
cost minima. The same conclusion can be reached by examining Table 5-3 
which summarizes turbine inlet pressures for maximum specific output cases 
and minimum specific capital cost cases. The maximum specific output cases 
do not always yield minimum capital cost due to the fact that incremental 
increases in specific output are offset by increased costs associated with 
increases in pressures and decreases in exchanger ,LMTDs. 

Table 5-4 presents a comparative summary of optimum cycles for the air- 
cooled and water-cooled commercial binary cycles. The table shows that the 
specific capital cost of water-cooled binary cycle power plants is only 
marginally less than that of air-cooled binary cycle plants. The two cycles 
have similar specific capital costs because water-cooled binary cycle parasitic 
loads (of the cooling tower and water pumps) are higher than comparable air- 
cooled binary cycle parasitic loads (fin fan). Also, the specific output of water- 
cooled binary cycles is less than that of air-cooled binary cycles (see Table 5-4). 
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Figure 5-5 
Water-cooled Commercial Binary Cycle: Process Flow Diagram 
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9 

8.49 

850 

Table 5-3 
Turbine Inlet Conditions for Optimum Cases 

12 

5.99 

61 0 

Resource Thermodynamic Economic 
Optimum Optimum 

10 

7.45 

Table 5-4 
Comparison of Water Cooled and Air Cooled Binary Cycles 

12 

5.80 

iir Cooled Cases 
Number of 
Production Wells 
Specific Output, 
kWh/lOOOlb brine 
Turbine Inlet 
Pressure, PSIA 
specific cost, 
$/kW 

Mater Cooled Cases 
Number of 
Production Wells 
Specific Output, 
kWh/lOOOlb brine 
Turbine Inlet 
Pressure, PSIA 

$/kW 
specific cost, 

600 

2015 

7 
Valley 

60C 

2302 

2356 

21151 

- 
Raft 

River 

18 

4.04 

325 

2945 

18 

3.9c 

30C 

2865 

Thermo 
FIot Springs 

29 

2.44 

235 

4188 

32 

215 

25C 

4164 

5-16 



I 

I 

Baseline Technologies 

Commercial Dual Flash 

ln froduc fion 
Dual flash technology finds 
industry. The analysis of dual flash technology serves to provide a useful 
baseline for evaluating competing NGGPP technologies. In fact, many of the 
next generation technologies investigated in this study are modifications of 
the commercial dual flash process. 

plication in the geothermal power 

Figure 5-9 is a process flow diagram for the standard dual flash geothermal 
power plant. Geothermal brine flows through a throttle valve to a high 
pressure flash separator. High pressure steam from the separator overhead is 
expanded through the high pressure sections of one or more dual exhaust 
axial flow turbines which produce useful work. A portion of the high 
pressure stream from the separator is diverted to the vacuum system which 
uses steam ejectors to draw the 
create a vacuum. 

Saturated liquid from the high pressure separator bottom flows through 
another pressure reducing valve to a low pressure separator. Low pressure 
steam from the separator overhead then flows to the turbine(s) where it is 
combined with partially spent high pressure steam to produce work in the 
low pressure turbine sections. The liquid from the low pressure separator 
bottom is pumped to the injection we 

The condenser is a direct contact type 
mandates the use of a surface conden 
cooling water returned from the con 
cooling tower. The excess liquid 
along with the residual brine. 

Non-condensable gases remov 
from the plant at roughly atmospheric pressure by the vacuum equipment. 
The gases are dispersed in the cooling tower fan stacks unless the H2S 
concentration requires abatement. 
liquid redox type sulfur plant. 

-condensable gases from the condenser to 

turbine exhaust er-cooled condenser. 

gases are first sent to a 

I Performance A 
i 

1 

; Q  

I To assess its pe Pt 
Therm0 Hot Springs and Clear Lake Geysers. Both sites were elimi 
inspections because the resource at Thenno Hot Springs is a relatively cool 
resource (265 OF), and the resource at Clear Lake is h 

5-17 



Baseline Technologies 

b Description. 
This study used an in-house Holt performance model to evaluate commercial 
dual flash technology. Geothermal power plants currently in operation have 
been designed using this model. Several dual flash power plant designs were 
generated using the Holt model in order to locate the optimum dual flash 
power plant design for each geothermal site. Important model parameters 
that were optimized include flash pressures and condenser temperature. 

Although flash pressures were varied to maximize specific output, the range 
of flash pressures was constrained. For free flowing resources the maximum 
flash pressure was set by the wellhead pressure. Wellhead pressures for these 
resources are listed in Table 4-3. Furthermore, the maximum high pressure 
flash pressure *was limited to 153 psia since this study assumes that steam 
turbine inlet temperatures cannot exceed 360 OF due to metallurgical 
limitations. Finally, low pressure turbine inlet pressures were constrained to 
a lower limit of one atmosphere to prevent air leakage into the process since 
this is the current industry stand 

Cooling water flow rate to the main condenser was varied to maximize power 
plant specific output. Increasing cooling water flow tends to increase power 
output by lowering condenser pressure. However, as condenser pressure falls 
the vacuum system load rises, increasing consumption of high pressure - 
steam in the vacuum system. Also, the parasitic load of the cooling water 
pumps increase. 

Assumptions 

J 

Qi 

General modeling assumptions are listed in Table 4-1 and Table 4-2. The 
following data were obtained from these tables: 

0 

0 Well costs 
0 Total dissolved solids content 
0 Site altitude 

The noncondensable gas content for each resource is listed in Table 4-4. In 
addition the following assumptions were made in modeling commercial dual 
flash power plants: 

0 

Brine inlet and minimum rejection temperature 

Wet bulb and dry bulb temperatures 
Well flow rate for self-flowing wells. 

. 
0 

Minimum pressure drops in the steam lines from the high and low 
pressure separators to the turbine were set at 2.2 psi and 1 psi, 
respectively. 
The minimum approach temp 
condenser were assumed to be 5 OF . 

0 es for the cooling tower and the 
Li 
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The following values obtained from vendor data (Fuji Electric Co.) were used hi in this study: 

Group stage efficiencies of the high and low pressure turbine stage 
groups were taken to be 83% and 85%, respectively. 
The mechanical efficiency was assu account for 

0 

and bearing losses. I 

sses were calculated as a function of exhaust velocity. 27 
inches was the largest allowable last stage blade diameter. 

Economic Analysis 
As discussed in Section 4, facility capital costs for all technologies were 
calculated using the factored method: the installed cost for major equipment 
is calculated by multiplying the equipment cost by a sitespecific plant cost 
factor. For dual flash power plants the value of the multiplier was 2.53 for all 
technologies. To determine the optimum dual flash plant configuration a 
number of cycle parameters were varied: 

Condensertype 
0 Vacuum system type 
0 Turbine number 

Cooling water circulation 

The results of dual flash plant optimization are summarized in Tables 5-5 
and 5-6. Important optimization parameters are discussed below. 

Two types of condensers were considered for dual flash plants, surface 
condensers and direct contact condensers. The type of condenser that can be 
used in a dual flash plant depends on the hydrogen sulfide content of the 
geothermal fluid. For resources that yield H2S flow rates less than 66 lb/hr for 
a 50 M W  plant, a direct contact condenser was specified since, at that flow rate, 
H2S emissions can be kept below the 11 lb/hr limit with a direct contact 
condenser. For resources that yield a hydroge 
66 lb/hr, surface condensers were used. 

The cost of direct contact condensers is a function of the total duty whereas 
surface condenser costs were calculated as a function of surface area. The 
condenser approach temperatures were also optimized for each resource since 
reducing the approach temperature increases power output but also increases 
the required condenser surface area. As an illustration, the specific plant cost 
versus condenser approach temperature is plotted for Vale, Oregon in Figure 
5-10. The figure shows that 7.5 O F  is the most economical condenser approach 
temperature for Vale. The optimum tempera res for each site are 

13 

ulfide flow rate greater than 

- listed in Table 5-6. 
6j 
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Vacuum system type is another optimization parameter used in the design of 
dual flash plants. Two vacuum system configurations were considered: u 

two stage ejector system 
three stage hybrid system, with a vacuum pump as the third stage. 

In general, higher specific output is obtained with the three stage hybrid 
system compared to the two stage ejector system but the vacuum pump adds 
to the cost. The three stage hybrid system is cost effective when the vapor/gas 
flow rate into the condenser is high for low temperature resources and for 
resources with high noncondensable gas concentration. 

Figure 5-11 compares the specific plant cost for plants using the two types of 
vacuum system for several resources. It can be seen that the two systems are 
equally cost effective at a resource temperature of 375 OF (Surprise Valley). For 
resource temperatures below 375 OF, plants using the three stage hybrid 
system are somewhat lower in cost than plants using two stage jets; the 
converse is true for resource temperatures above 375 OF. 

.- 

As discussed in the performance analysis section, cooling water circulation 
rate was adjusted to optimize condenser operation. A number of cases were 
run for each resource with varying cooling water flow rates to obtain the 
optimum cooling water flow rate. As an illustration, a plot of cooling water 
circulation versus specific plant cost is shown on Figure 5-12 for Vale, 
Oregon. As can be seen from the figure, the optimum cooling water flow rate 
is 96,000 gpm for Vale. The optimum cooling water flow rates for each site are 
listed in Table 5-6. 

Results 

Performance 
Specific output for various resources is shown on Figure 5-13. It can be seen 
from the figure that a dual flash plant at Salton Sea (570 OF) would yield the 
maximum specific power output (18 kW/ 1000 Lb/hr); the minimum specific 
power output (1.2 kW/lOOO lb/hr) would be obtained at Thenno Hot Springs 

di 

Figure 5-13 shows that, in general, specific output increases with resource 
temperature. However, the cfiaracteristics of individual resources have a 
significant effect on specific output. For example, the geothermal brine at 
Cos0 Hot Springs contains a larger amount of noncondensable gases (2 % wt) 
which affects the size and cost of the vacuum system. Consequently, the 
specific output of a dual flash plant at Cos0 is lower than that for a resource of 
equal temperature but lower non-condensable gas content. Similarly, the 
presence of large amounts of dissolved solids (15-25 % wt) in the brine has an 
adverse effect on the specific output of a dual flash plant at Salton Sea. L, 
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Resources below 400 OF are pumped resources. The 
requirement reduces the specific output for these resources relative to 
resources with free flowing wells. Moreover, the low pressure flash pressure 
for these cooler resources is constrained to a lower limit of one atmosphere 
which may not be thermodynamically favorable. 

Economics 
Using the optimum configurations listed in Table 5-5 and Table 5-6, specific 
capital costs (for a nominal 50 M W  plant) were obtained for each resource and 
are presented in Figure 5-14. Some general observations on the dependence of 
specific capital cost on resource types are discussed below. 

In general, sp&c capital cost is dependent on resource temperature and 
other characteristics in a manner similar to specific output as discussed above. 
Thus, for example, although Cos0 Hot Springs is a relatively hot resource, a 
dual flash plant at Cos0 would have a higher specific capital cost due to the 
presence of larger amounts of non-condensable gases and H2S in the brine. 

1 pumping power 

--3 

For self-flowing wells, the average well flow rate has a significant effect on 
capital cost since well flow rate largely determines the number of wells, and 
low well flow rates translate into larger wellfield costs. This phenomenon is 
highlighted by comparing the specific capital costs for Dixie Valley (450 O F  
resource) and Glass Mountain (510 O F  resource). The well flow rate at Dixie 
Valley is more than three times that at Glass Mountain. As a consequence, 
even though Glass Mountain is a significantly hotter resource than Dixie 
Valley, it would have a higher plant cost. 

Finally, resources below 400°F are pumped and the loss of power due to 
pumping parasitics increases specific plant cost. Thus, the specific plant cost 
for the cooler resources ( ~ 4 0 0  OF) is significantly higher than that for the 
hotter resources (2400 OF). 

Equipment costs for an optimal dual flash power plant at various sites are 
presented in Table 5-7 which presents an overview of the important capital 
cost elements of a dual flash plant and their interrelationships. For example, 
it shows that the cost of the turbine generator set comprises about 60 % of the 
total installed equipment cost. The turbine generator cost for a plant at Cos0 is 
only about 52 % of the total installed equipment cost because a plant at Cos0 
requires a sulfur plant and a relatively expensive condenser. In a similar 
vein, due to high well flow rates at Salton Sea, the wellfield cost is less than 
10 % of the total capital cost whereas at other resources wellfield cost is 20 to 
40 % of the total capital cost. 
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Table 5-5 
Commercial Dual Flash Process Summary - I 

I 
2 

Thermo Hot Springs 265 Pump Surface 3Stage 2 
Vale, Oregon 330 Pump Surface 3 Stage I 2 

Surprise Valley 375 Pump Surface 2 Jets 

Table 5.6: 
Commercial Dual Hash Process Summary - I1 

Dual Flash Plant Process Parameter S-ry 

Net 
Power 
(MW) 

51,995 

47,946 
47,902 
47,023 
51,339 

49,998 
49,921 
48,159 

47,883 
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Table 5-7 
Commercial Dual Flash Cycle: Major Equipment Costs 

Subject: Dual Flash Geothermal 
Plant Capital Costs  

CASE Cos0 Hot Sp. Desan Peak Dixie Valley Raft River 
Power Plnnt 525°F 425 O F  450 O F  300 O F  

H.P. Separators 107,802 143,397 135,600 638.400 
41 2.500 L.P. Separators 140,000 165,000 165.000 

Purifiers 39,700 36,600 38,700 129,600 
Silencers 22.500 22.500 22,500 22.500 

2,676,300 1,625,600 1,607,000 2.1 57.100 Condenser 
Hot WelNCond. Pumps 95.600 880,400 856,700 1,361,000 
Fire Pumps 55,000 55,000 55,000 55,000 
L 0. Trans. Pumps 4,000 4,000 4,000 4,000 
Pot. Water Pumps 7,000 7,000 7,000 7.000 
Aux. C.W. Pumps 542,100 29,700 44,500 54,800 
Injection Pumps 75,700 103,200 93.900 334,700 

1,193,600 1,265,200 1,217.500 2,387,200 Cooling Tower 
11 6,900 Plant Air System 129,300 1 19,200 119,100 

L 0. Storage Tanks 29.000 29,000 29,000 29.000 
Turbine Generator 12.1 20,000 11,758.000 1 1,700,000 19,723,000 
NCG Removal 1,605,400 75,000 86,400 3,039,700 
Gantry Crane 500,000 500,000 500,000 500,000 
Vac Hot Well 15,100 15.1 00 15.1 00 15,100 
Sulfur Plant 2,965,000 488,000 549,000 0 
Misc. Tanks 184,000 157,000 156,000 285,000 
Start-up or Emer Gen. 3 1,000 31,000 31,000 3 1,000 
MI Tank + SYS 160,263 169,875 163,463 320,513 

Total Major Equipment 23,302,226 18,247,748 18,161,090 32,623,171 

82,537,000 Total Plant Cost 58.955.000 46,167,000 45,948,000 

Gathering & Injection System 
Production Pumps 0 0 0 3.1 23,295 

0 0 0 158,400 
25,000 25,000 25.000 25,000 

Prod. Pump Aux. 
Silencers 

Total Major Equipment 25.000 25,000 25,000 3.3 06.69 5 

T o t a l  53,000 53,000 53,000 6,977,000 

Summary 
CASE Cos0 Hot Sp. Desert Peak Dixie Valley Raft River 

Plant Equip. Cost 23,302.226 18,247,748 18,161,090 32,623,171 
Total Plant Equip Cost 46,167,000 45,948,000 82,537,000 

Gath & lnjec Equip Cost 25.000 25,000 3,306,695 
Total Gath & lnjec Equip 53,000 53,000 53,000 6,977,000 

Gath & lnjec Piping Cost 
Well 23,765,060 11,571,429 57,750,000 
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Table 5-7 
Commercial Dual Flash Cycle: Major 
(Continued) 

Subject: Dual Flash Geothermal 

ipment Costs 

LP. Separators 140,000 82,500 41 2.500 41 2.500 
Purifiers 43,000 19.300 92,200 101,500 
Silencers 22.500 22.500 22,500 22.500 
Condenser 1,429,200 3,244.500 3,290.500 
Hot WelllCond. Pumps ' 857,800 11 2.600 113,200 
Fire Pumps 55,000 55.000 55,000 
L 0. Trans. Pumps 4,000 4,000 4,000 
Pot. Water Pumps 7,000 7.000 7,000 
Aux. C.W. Pumps 42.1 00 40,500 71 6,000 801,700 
Injection Pumps 75.300 66.700 146.500 214.300 
Cooling Tower 1.265.200 1.21 7.500 1,897,800 2.291.700 
Plant Air System 127.600 1 18,900 124,300 11 9.700 
L 0. Storage Tanks 29.000 29,000 29,000 29,000 
Turbine Generator 11,860,000 11,492,000 1 ~ . Q O ~ , O O O  19,260,000 
NCG Removal 75.000 75,000 198,300 1,058.700 
Gantry Crane 500,000 500,000 500,000 500,000 
Vac Hot Well 15.1 00 - 15.100 15.1 00 15.100 

1.21 9.000 977,000 1,986,000 2,341,000 Sulfur Plant 
Misc. Tanks 157,000 151,000 251,000 265,000 
Start-up or Emer Gen. 31,000 31,000 3 1.000 3 1,000 
FW Tank + Sys 169.875 163,463 254,813 307,688 

Total Major Equipment 18,930,373 17,966,356 30,232,982 32,582,992 

Total Plant Cost 47,894.000 45,455,000 76,489,000 82,435,000 

Gathering 6 Injection System 
0 1,559.149 2.1 26.1 13 

Prod. Pump Aux. 0 0 79.200 108.000 
Silencers 25,000 ,25,000 25,000 25,000 

Total Major Equipment 25,000 25,000 1,663,349 2,259.1 13 

53.000 53,000 a.5io.000 4.767.000 

Production Pumps 0 

T o t a l  

S urn mary 
CASE Glass Mtn Salton Sea Surprise Val Vale, Oregon 

Plant Equip. Cost 18,930,373 17,966,356 30,232,982 32.582.992 
Total Plant Equip Cost 47,894,000 45,455,000 76,489.000 82,435,000 

Gath & lnjec Equip Cost 25,000 25.000 1,663,349 2,259.1 13 
Total Gath & lnjec Equip Cost 53.000 53,000 3.51 0,000 4.767.000 

Gath & lnjec Piping Cost 1,754,000 542,000 1,084,000 1 ,194,000 
well 27,500,000 4,500,000 31,000,000 38,470,588 
cos t  

Grand Total 77,201.000 50,550,000 112,083,000 126,866,588 
Specific cost ($lkW) 1,504 1,057 2.242 2,634 
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Conclusions 

In conclusion, it would be instructive to compare the performance of the 
three baseline technologies at the various geothermal sites. Figures 5-15 and 
5-16 are plots of specific output and specific capital cost, respectively, for the 
air-cooled commercial binary, water-cooled commercial binary, and dual flash 
cycles for all the geothermal sites that the cycles were developed for. Figure 
5-16 shows that for resources hotter than Surprise Valley, dual flash power 
plants have a lower specific capital cost than binary power plants. For 
Surprise Valley and colder resources, binary power plants have lower specific 
capital costs compared to dual flash power plants. It appears, then, that binary 
cycle is the current technology of choice for resources colder than about 400OF; 
whereas for resources hotter than 400°F dual flash technology is favored. 
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6 
ADVANCED BINARY CYCLES 

Mixed Fluid Binary: Hydrocarbon j/lixt,ures 

Introduction 
As noted earlier, both air-cooled and water-cooled commercial 
were evaluated with commercial isobutane, which essentially behaves as a 
pure component, as the working fluid. Some prior studies have suggested 
that using mixtures of hydrocarbons instead of pure components in binary 
cycles will enhance the cycle's specific output (Demuth, 1982; Bleim and 
Mines, 1993). In this section of the report the evaluation of binary cycles with 
mixed working fluids is presented. 

curve is obtained which enables the use of 
compared to commercial binary cycles. As a result, mixed fluid cycles yield a 
lower specific capital cost than commeraal 

It is worth noting here that past studies which used mixtures of hydrocarbons 
as working fluids primarily focused on counterflow water-cooled binary units 
that assumed a 10°F approach at the hot end of the condenser (Id.). In the 
present study, mixed fluids were evaluated using crossflow air-cooled cycles 

*- /- 
in which conden <- 

Cycle Process Fiow 

7 
r i  - 

\ 

In binary cycles that use mixed working fluids, a 

-. 
-c, 

'The mixed fluid binary cycle analyzed in this study has the same 
configuration as the air-cooled commercial bina I the reader is ' 

m (Figure 5-1). 

ly the same methodology as 
that used to evaluate the air cooled commercial binary cycles. Hence, once 
again, the reader is referred to Section 5. 

6-1 
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Assumptions 
The specific and general assumptions used in the analysis of the air-cooled 
commercial binary cycle also apply to the mixed fluids binary cycle (refer to 
Section 5). 

Heat transfer coefficients used to calculate the sizes and costs of the heat 
exchangers for the air-cooled commercial binary cycle were also used for heat 
exchanger sizing for the mixed fluid binary cycle. A sensitivity analysis was 
performed to determine the effect of a 10 % reduction in heat transfer 
coefficients on the specific power cost. The results of the sensitivity analysis 
are summarized in Table 6-1. It can be seen that a 10 % variation in heat 
transfer coefficients affects the plant cost by 1 to 3 %. Thus, it appears that the 
assumption is .justified since it is unlikely that the inaccuracy in heat transfer 
coefficients can exceed 10 %, and a 10 % variation in heat transfer coefficients 
only affects the plant cost marginally . 

Cost Analysis 
The cost model used for calculating plant costs for the air-cooled commercial 
binary cases was also used for calculating plant costs for the mixed fluids 
binary cycles. 

Results 

, 

Table 6-2 compares the specific c ita1 cost and specific output of the optimum 
mixed fluid cycle with those of the optimum air cooled commercial binary 
cycle. It can be observed from the table that mixed fluid cycles have a lower 
specific capital- cost than their commercial binary counterparts even though 

mixed fluid cy&s-isoffsT5"~by the lower condenser costs compared to the 
commercial binary cycles. 

Detailed results of the evaluation of the mixed fluid cycle performance for 
individual sites are presented below. 

c 
,?;:-y . 2. 

they have agwer=$utput. It appears that the lower specific output for - c- 

, ", 
6- ,. . i 
" .- 8 . , (L:; ; 

- t  - , 
- -  

w-. 

I 

Surprise Vallev, California 

Past studies (Bleim and Mines, 1993) have shown that 350-400°F resource 
temperatures are well suited to mixed fluid cycles, and Surprise Valley with a 
resource temperature of 375OF falls in that range. Mixed fluids cycles at 
Surprise Valley were evaluated for the following working fluid mixtures: 

e 

0 

80 mole % iC4/20 mole % iC5 (80/20 mixture) 
94 wt % iC4/6 wt % iC7 (94/6 mixture), the mixture reported in 
literature. (Bleim & Mines, 1993) 
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Table 6-3 summarizes the per 
from the table that the 94/6 mixture yields the 
wer plant whereas the 80/20 iC5 mixture yields the 

maximum specific output power plants. The same conclusion can be drawn 
from Figure 6-1 and Figur ich are plots of specific output and specific 
capital cost, respectively. 

In the course of evaluating mixed fluids cycles at Surprise Valley, the issue of 
optimum condenser approach and pinch was investigated. A number of 
mixed fluids cycles were simulated with the 94/6 mixture at 600 psia turbine 
inlet pressure and with varying cold end approaches to determine the 
optimum cold end pinch. The results of this optimization are plotted in 
Figure 6-3 which shows that a cold end approach of about 30°F is optimum 
for the 94/6 mixture. Thus, the 34°F cold end approach used in this study, so 
as to better compare results with the commercial isobutane cases, is optimal 
or near optimal, 

ance of the mixed cycles at Surprise 

As noted earlier, a 10°F cold end approach has been used in 
on counterflow water-cooled mixed fluid binary cycles 
and Mines, 1993). For the Surprise Valley 
leads to a temperature cross in the air-cooled 
cooler design cannot be obtained. Since a water-cooled condenser operating 
in pure counterflow will have a signific ifferent thermal performance 
than an air-cooled condenser which is a angers, there will be a 
difference between our results and thos 

Vale, OrePon 

Mixed fluid cycles at Vale were only evaluated for the 94/6 mixtures, and 
Table 6-4 summarizes cycle performance at Vale for the 94f6 mixtures. Using 
the data in Table 6-4, specific output and specific capital cost are plotted in 
Figure 6-4 and Figure 6-5, respectively. Specific capital costs for the 
commercial binary cycle are also plotted on Figure 6-5, and it can be seen that 
specific capital cost for the 94/6 mixture cycle is about 6 % less than the 
optimum commercial binary cycle. 

Raft River, Idaho 

Three mixtures were used to evaluate the mixed fluids cycles at Raft River: 

e 94% isobutane/6% heptane mixture (94/6 mixture) 
0 6% propane /88% isobutane /6% heptane (6/88/6 mixture) 

12% propane /82% isobutane /6% heptane (12/82/6 mixture) 

A summary of the results for the three mixtures is presented in Table 6-5 
which shows that the 94/6 mixture yields the optimum performance for the 
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c: mixed fluids binary cycle at Raft River. Figure -6-6 and 6-7 are plots of specific 
output and specific capital cost, respectively, for the mixed fluids cycles and 
the commercial binary cycle. It can be observed from these figures that 
although the specific output of the mixed fluids binary cycle is less than that 
of the commercial binary cycle, the mixed fluids cycle has a lower capital cost 
than the commercial binary cycle. 

Thermo Hot Sprinns, Utah 

The effectiveness of the mix 
using four mixtures as working fluids: 

e 

e 

e 

uids cycle at Therm0 Hot Springs was studied 

6 % propane/94% isobutane (6/94 mixture) 
6% propane /88% isobutane /6% heptane (6/88/6 mixture) 
12% propane /82% isobutane /6% heptane (12/82/6 mixture) ~ 

e 94% isobutane /6% (94/6 mixture) 

Based'on previous studies 
condenser cold end pinch 

which are plotted in Figure 6-8, show that cycle performance is better at 74OF 

which have indicated that a closer 

resources, mixed fluids cycles with 94/6 mixtures were evaluated for two 
condensing temperatures: 74OF and =OF. The results of this evaluation, 

condensing temperatures than at 85OF condensing temperatures. 

Results of the mixed fluids cycle analysis for Thenno Hot Springs are 
summarized in Table 6-6. Figures 6-9 and 6-10 plot the specific output and 
specific capital cost, respectively. Table 6-6 shows that, of the mixtures 
considered in this study, the 94 % isobutane/6 % heptane mixture yields the 
optimum performance for the mixed fluid binary cycle. 

performance for relatively cold 

t, 

c, 
6-4 
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Case % Specific Cost, No. 
Difference Best Cycle 

($/kW) 
1 Surprise Valley 2.80 1859 

3 Raft River 1.03 2701 
4 ThennoHot 2.86 3919 

2 Vail 3.07 2184 

Springs 

Specific cost, 90 % 
U 

WkW) 
1911 
2251 
2774 
4031 

Table 6-2 

Comparison of Mixed Fluid Cycle with Commercial Binary Cycle 
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Table 6-3 
Surprise Valley Mixed Fluids Case Summary 

Specific 
Capital Cost 

$/kW 

Specific 

lO0Olb brine 
output 

Brine Flow 
10001b/hr 

Installed 
condenser 

Cost 
$100 

Well Cost 
$loo0 

~~ 

6,661 
6,461 
6,291 
6,038 

7,056 
6,914 
6,620 
6,358 

7.51 
7.74 
7.95 
8.28 

7.09 
7.23 
7.55 
7.86 

1,918 
1,932 
1,950 
2,007 

1,895 
1,916 
1,859 
1,912 

23,224 
22,398 
21,721 
20,664 

16,338 
15,995 
15,242 
14,698 

26,250 
26,250 
26,250 
24,375 

31,000 
31,000 
27,500 
27,500 

Table 6-4 
Vale Mixed Fluids Case Summary 

$/kW $1000 
$1000 

00 PSIA 
00 PSIA 
75 PSIA 
25 PSIA f 21,582 

18,440 
17,212 
16,905 

11,056 
9,761 
9,510 
9,454 

. 4.52 
5.12 
5.26 
5.29 

2,309 
2,245 
2,184 
2,189 

40,235 
36,971 
35,206 
35,206 
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.. '. 
Table 6-5 
Raft River Mixed Fluids Case Summary 

L J  

cl 

Case 

12 C3/82 iCU6 C7: 

EO PSIA 
100 PSIA 
350 PSIA 
L o o  PSIA 

5 C3/88 iC416 C7: 

275 PSIA 
300 PSIA 
325 PSIA 
350 PSIA 

94 iCU6 C7: 

200 PSIA 
250 PSIA 
300 PSIA 
350 PSIA 

Well  
cost 
$lo00 

66,375 
57,750 
55,875 
55,875 

55,875 
55,875 
55,875 
55,875 

66375 
55,875 
52,5500 
57,750 

Installed 
Condenser 

cost 
$1000 

31,333 
26,732 
24,203 
22,939 

26,443 
24,825 
23,764 
22,865 

30,828 
25,514 
22,895 
21,496 

Brine Flow 
1o001b/hr 

17,512 
15,157 
14,423 . 
14,929 

14,927 
14,308 
14,410 
14,605 

j 17,145 
14,359 
14,187 
15,115 

Specific 

kWh/ 1 OOOlb 
output 

2.86 
3.30 
3.47 
3.35 

3.35 
3.49 
3.47 
3.42 . 

2.92 
3.48 
3.52 
3.31 

Specific 
cost 

$/kW 

3,224 
2,961 
2,877 
2,860 

2,891 
2,870 
2,809 
2,797 

3,165 
2,837 
2,701 
2,794 

.... 



Advanced Binary Cycles 

6 0194 i C 4  

150 PSIA 
200 PSIA 
250 PSIA 
300 PSIA 

6 0188 iCU6 C7: 

150 PIA 
200 PSIA 
250 PSIA 
300 PSIA 

94 iCa6 C7: 

150 PSIA 
200 PSIA 
25OPSIA 
300 PSIA 

12 C3182 iCa6 C7 

150 PSIA 
200 PSIA 
250 PslA 
300 PSIA 

Table 6-6 
Therm0 Hot Springs Mixed Fluids Case Summary 

6-8 

Well 
cost 
$1000 

145,125 
97,875 
78,750 
82,125 

141,750 
97375 
87,375 
99,750 

115,500 
84,o 
89,250 
113,625 

178,500 
110,250 
87,375 
92,625 

Installed 
Condenser 

cost 
$1000 

124,716 
81,319 
64,747 
58,314 

62,857 
41,424 
33,998 
31,220 

50,127 
35,991 
31,204 
29,014 

78,824 
47,489 
36,853 
32,109 

Brine Flow 
loOolb/hr 

39,728 
26,264 
21,171 
22,432 

39,092 
26,213 
23,698 
27,125 

31,421 
22,909 
24,329 
31,019 

48,832 
29,941 
23,612 
25,179 

Specific 

kWh/ 1 OOOlb 
output 

I 1.26 
1.90 
2.36 
2.23 

1.28 
1.91 
2.1 1 
1.84 

1.59 
2.18 
2.06 
1.61 

1.02 
1.67 
2.12 
1.99 

Specific 
cost 

$/kW 

7,403 
5,224 
48347 
48340 

6,122 
4,491 
3,978 
4,315 

5,097 
3,919 
3,966 
4304 

7,480 
4,965 
4,216 
4,142 
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Thermal Raft surprise 
Hot Springs River Vale Valley 

351,283 285,129 258,751 231?851 
2,190,155 2,438,370 3,930,875 2,591,049 
2,327,309 1,015,146 777,293 1,245,670 

11,609,932 7,734,853 6,082,105 5,249,391 
12,790,881 11,786,609 11,558,847 11,809,938 

794,720 833,873 1,019,689 1,352,814 

5,191,863 3,113,084 1,918,043 1,351,387 

74,622,163 53,685,569 46,973,191 43,066,572 
60,000,000 37,500,000 24,705,882 20,000,000 
24,000,000 15,000,000 10,500,000 7,500,000 
1,817,000 1,457,000 1,333,187 1,104,000 

195,973,525 135,033,165 109,180,667 95,596,446 

278,219 183,531 122,804 93,774 

Table 6 7  
Mixed Fluids Equipment Cost Summary 

Accumulator 
Brine/HC Preheater 
Bnne/HC Vaporizer 
Air Condenser 
Turbine Generator Set 
I-C4 Pump 
InjectionPumps 
Well Pumps 

Construction, Direct & Indirect Cost 
Production Well Drilling 
Injection Well Drilling 
Gathering System 

Estimated Total Facility Cost 

Total Equipment Cost 
Multiplier 
Plant Only Cost 
I 
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Synchronous Speed Turbine 

In f ro duc f io n 
The synchronous speed turbine is intended to optimize the turbine-generator 
configuration for the the hydrocarbon binary cycles. Conceptual design of the 
turbine-generator system was performed by Barber-Nichols, Inc., one of the 
co-investigators on this project. From the results of that work, we obtained 
the turbine-generator costs for each resource. These turbine-generator costs 
were then used to calculate the specific capital cost of power plants for binary 
cycles utilizing the synchronous speed turbine-generator configurations. 

Appendix B contains details of the conceptual design study of the turbine- 
generator system performed by Barber-Nichols. The turbine-generator 
configuration proposed by Barber Nichols has the following design features: 

Synchronous turbine-generator system operating at 3600 rpm 
0 Axial flow turbine 

ti 

Five stage basic turbine design with differing number of stages to be 
used for different sites. Rotor configuration and turbine staging details 
are contained in Appendix B. Li 

Results 
Using the turbine-generator cost and performance data from Appendix B, 
specific capital costs were recalculated for the optimum air-cooled commercial 
binary cycle power plants and the optimum mixed fluid binary cycle power 
plants. It may be recalled that the optimum mixed fluid cycle was obtained 
with 94% isobutane/6% heptane (94/6 mixture) working fluid mixture. These 
costs are listed in Table 6-8 along with the specific capital costs of the 
respective optimum power plant designs developed with conventional 
turbine-generator sets used for commercial binary plants in the other parts of 
this study. 

Table 6-8 shows that the use of the cheaper €$ &"' rberJichd1s turbine-generator 
sets results in lower specific capital costs compared to power plants that use 
conventional turbines. Synchronous speed turbine-generator sets would not 
only be cheaper than conventional turbine-generator sets but would also be 
more efficient. 

G: : / ./c ->&tfl&$$A.> 
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I 

I Table 6-8 
I 

i 

Comparison of Turbines 
‘ w  

Cycle Type 

Conventional Binary 
Glass Mountain 
Surprise Valle 
Vale 
Raft River 
Thenno Hot springs 

Mixed Fluids 
(94 iCU6 C7) 
Surprise Valley 
Vale 
Raft River 

Commercial Binary 
$/kW 

1861 
2356 
2696 
3966 

Synchronous Speed 
$/kW 

1726 
1817 
2072 
2841 
3924 

1770 
2346 
2541 
3633 Thenno Hot Springs 

r 

. .  

A 

i j  
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Metastable Expansion 

Introduction 
To maximize turbine efficiency, commercial binary plants are usually 
designed with enough superheat in the the turbine inlet vapor so that the 
subsequent expansion remains entirely in the vapor region. Metastable 
expansion technology aims to improve specific output of super-critical cycles 
by minimizing superheat in the turbine inlet vapor, and expanding the 
working fluid in the turbine through the two phase region. Expansion in the 
turbine through the two phase region is intended to take place at a rapid rate 
so that liquid droplets are not formed and the expansion is metastable. 
Working fluid enters the turbine as vapor, passes into, through and exits the 
two phase region while still in the turbine nozzles, and leaves the turbine as 
superheated vapor. During the expansion through the dome, the working 
fluid remains in the vapor state as a supersaturated vapor, and liquid does 
not form. As a result, turbine performance does not suffer during metastable 
expansion. (Mines 1994a) 

Experimental studies have demonstrated that metastable expansion can be 
obtained during isentropic expansion in the two phase region. (Mines 1994b) 
However, these studies observed significant erosion of the turbine inlet 
nozzles, and it appears that further advances in the technology are required to 
develop the ideal metastable cycle. 

c; 
Metastable expansion technology is applied near the critical point of the 
working fluid, a region of phase equilibria characterized by uncertainty in 
data. Consequently, different thermodynamic models in the critical point 
region can give substantially different results. Therefore, for a meaningful 
assessment of metastable expansion technology to emerge, the relative effect 
of model differences must be understood. Towards that end, calculations were 
made to compare with values reported in the literature. These calculations 
were made using the assumptions in the literature rather than the 
assumptions used in this study. 

Cycle Process Flow 
Metastable expansion technology is applicable to standard binary cycles and 
the reader is referred to section 5 for a typical process flow diagram and 
description. 

Literature Comparison 

Performance Analysis 
Figure 6-11 replots the literature data for a hypothetical isobutane binary cyde 
at 550 psia and a 10°F heat exchanger approach, for a 335 OF resource (Mines Li 
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1994~). Using a turbine inlet temperature of 290 OF as the reference, the figure 
shows the incremental effect on specific output, hydrocarbon/brine ratio, and 
turbine enthalpy drop reported by Mines as the turbine inlet temperature is 
reduced from 290°F to 280OF. The figure also shows results for the same 
calculations obtained with the thermodynamic model used in this study. A 
comparison of the two sets of data reveals that although the data are 
directionally similar, significant differences in magnitude exist. For example, 
the incremental improvement in specific output calculated using this study's 

We believe th 
ascribed to differences in the respective equations of states. The Mines values 
were calculated using the NIST-12 model for pure isobutane; this study used 
the Starling equation of state. In order to further identify the differences in 
these models, the two equations of state were used to prepare a plot of 
temperature versus enthalpy for pure isobutane, Figure 6-12 Figure 6-12 also 
shows the temperatureenthalpy plot for commercial isobutane calculated 
using the Starling equation of state. It is evident from the figure that the 

/ i  , 

>K;! - I k' 
*J ,\ 

I .  - 

model is only half of that reported by Mines. 1 .., I #.. -. .-. - l  ,-; I ' 

fferences between the two sets of data can largely be 

.A 

predictions of the two equations of state diverge near the critical point (the 
region used for metastable expansion). In the region of the critical point, 
enthalpy differen as 12 Btu/ !j - ,<'- 

but one that is beyond the scope of this study. There are few reliable data 

! 9 '38 

I' 47'. , 

The question as to which equation of state is correct is an important question _zc,i 
available to validate the models, and the uncertainty surrounding 
calculations in the critical point region will not be eliminated without further 
research. 

'.. 

1, isobutane binary cycle it has been shown that binary 
expansion can yield higher specific output than 

commercial (non-metastable exapansion) binary cycles (Mines 1993) and the 
improvement in specific output was confirmed in this study. However, for 
that hypothetical cycle (550 psia, 10°F pinch, 335OF resource), the higher 
specific output With metastable expansion did not result in a power plant 
with a lower s 
commercial bi 

Figure 6-13 plots the ratio of specific capita tastable binary 
cycle to the commercial binary cycle. As can be seen from the figure, the 
metastable power plant cost is up to 2% more than the binary power plant 
cost. The metastable expansion binary power plant has a higher capital cost 
due to increased hydrocarbon circulation, higher heat exchanger costs due to 
lower LMTDs, and larger size and cost of turbine-generator sets due to lower 
turbine enthalpy drops. Table 6-9 provides a comparative equipment cost 

ared to a power plant based on the 
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summary for the metastable and commercial binary cycles for the above 
mentioned hypothetical case. 

NGGPP Study 

Performance Analysis 
Binary cycles with metastable expansion were analyzed using the same 
methodology that was used to model the commercial binary cycles in 
Section 5. Cycle thermodynamics were modeled using the Starling equation 
of state. Although this study’s evaluation of metastable expansion technology 
might differ from an evaluation obtained using a different equation of state, 
for example NIST-12, our approach allows a meaningful comparison of 
metastable exjmnsion technology with other binary technologies. 

In order to determine the specific output and cost per kilowatt of electricity, 
binary cycles using metastable expansion were applied to three sites: Surprise 
Valley, Vale, and Raft River. The resource at Therm0 Hot Springs is too cool 
for a supercritical cycle based on isobutane to be used and was therefore not 
considered. 

In general, the assumptions used for simulating commercial binary cycles 
were also used to simulated binary cycles with metastable expansion. Two 
key assumptions used in the development of binary cycles with metastable 
expansion need to be highlighted. 

First, a turbine efficiency of 85% with no loss of turbine efficiency 
during the expansion through the two phase region was assumed. 
Although the vapor is thought to remain in a supersaturated condition 
as it passes through the turbine, recent test have shown signs of 
erosion within the inlet nozzles (Mines 1994). However, atqhe time of 
this writing the effect of nozzle erosion on turbinqeffi&&cy is not 
clear. 
Second, the brine injection temperature was limited to a minimum of 
150 OF, the minimum injection temperature specified by EPRI for the 
three sites considered for metastable expansion. In our literature 
comparison study, brine outlet temperature was allowed to decrease at 
lower turbine inlet temperatures. 

- _  L.. 

Cost Analysis 

Li 

The cost analysis methodology for binary cycles with metastable expansion 
was identical to that used for cost analysis of commercial binary cycles as 
described in Section 5. 
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Results 
Specific output curves for the metastable binary cycles evaluated in this study 
are plotted in Figures 6-14,6-15 and 6-16 for Vale, Surprise Valley, and Raft 
River, respectively. Specific output for the respective commercial binary 
cycles are also shown on the figures. It is evident that the optimum 
commercial binary cycles yield a higher specific output compared to the 
corresponding metastable expansion cycles. 

Table 6-10 summarizes the performance of metastable expansion binary 
cycles; the table also lists the specific capital cost for the optimum Commercial 
binary cycles. For two of the sites, the baseline binary cycle has a slightly lower 
specific capital cost and for the third (Raft River), metastable expansion is 
slightly lower. It is clear that metastable expansion does not offer a dramatic 
improvement over current technology. The table also shows that the 
metastable expansion binary cycle that yields the maximum specific output 
does not correspond to the lowest specific capital cost for the three resources 

~ , 

1 
I considered in this study. 
1 

I 
I 

i 
1 

Gv 

, 
1 
i 

I 

I 

I 
I 
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rurbine Generator Set 

Ne11 Pumps 

Table 6-9 

Duty 
LMTD 
cost, $1000 

cost, $1000 

cost, $1000 

Metastable Expansion: Comparison of Equipment Costs 

Metastable Expansion 
Maximum Specific Economic Optimum 

output case case 
Resource Turbine Cost Turbine Cost 

Inlet ($/kW) Inlet ($/kW) 
Vale, Oregon 700 psia, 2,486 600 psia, 2,464 

306.9'F 289.6'F 
Surprise 1050 psia, 2,217 500 psia, 2,157 
Valley 353'F 269.6'F 
Raft River 450 psia, 3,024 350 psia, 2,925 

255'F 228.4'F 

kine Utilization 

lrine/Isobutane 
feat Exchanger 

Duty 
LMTD 
cost, $1000 

Commercial Binary 
Economic Opthum 

case 
Turbine cost 

Inlet ($/kW) 
500 psia, 2,440 
277 OF 
850 psia, 2,115 
353 O F  
325 psia, 2,945 
221 O F  

iir Conde6ser 

Base Case 
a290 OF 

5.99 

13% 
20.3 
4,901 

1311 
24.1 
10,879 

11342 

1.791 

M/S Expansion 
@ 283 O F  

6.35 

1% 
18.8 
5,634 

1,331 
23.5 
11,035 

11,642 

1.639 
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b, Binary Cycle: Hot Dry Rocks 

introduction 
Two cases were evaluated for heating brine with hot dry rocks, and using the 
heated brine to drive a binary unit to make electricity. The plant cost and the 
well field development costs were estimated in order to derive specific capital 
costs. 

Cycie Process Flow 
A schematic of the one possible well injection and production concept is 
shown in Figure 6-17 (Duchene, 1993). 

Performance Analysis 
Basic parameters including the 4,000 psia injection pressure and 1500 psia 
production well pressure were obtained from Table 4-1. Well drilling costs of 
$6,000,000 (including fracturing) for 200,000 lb/hr wells were used to develop 
the well field costs. The hot brine temperature of 375 O F  and reinjection 
temperature of 150 O F  were used to make the hot dry rock technology 
comparable to the Surprise Valley, California site. 

To estimate water losses that will occur upon injection and production of the 
brine, Mr. Dave Duchene of the Los Alamos Laboratory was consulted. It 
appears that water losses are currently being estimated in the range of 7% 
(Duchene, 1994). 

Economic Analysis 
Heated brine from the hot dry rock system was fed to a binary cycle to develop 
specific capital cost estimates. Two types of binary cycles were used a standard 
commercial binary cycle unit at 500 PSIA & 277 O F  and a mixed fluids (94% IC4 
& 6% C7) cycle. The binary cycle cost model was modified to include the three 
pressure tiers used by the injection wells at Los Alamos (Duchene, 1993). It 
was also modified to adjust the brine/hydrocarbon heat exchangers for the 
high tubeside pressures that would be encountered with the high pressure 
brine. 

Results 
A 50 M W  plant using a standard 500 psia binary cycle would cost $9,5OO/kW, 
and a 50 M W  plant using 94/6 mixed fluids would cost $8,9OO/kW. These 
specific capital costs are much higher than those for the other binary units. 
Two significant factors are largely responsible for the high costs of power 
plants that would use hot dry rocks as a source of energy: (1)the high well 
field parasitic load which consumes 30% of the gross power production, and 
(2) the $6,000,000 to drill and fracture each injection/production well pair. 
Moreover, the flow per well is only 200,000 lbs/hr per well which leads to a 

G 

L 
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Dual FlashlRotary Separator Turbine 

Introduction 
This section discusses the evaluation of geotherma wer plants that use 
dual flash plant/rotary separator turbine (Dual Flash/RST) technology. In 
contrast to a conventional dual flash plant in which the geothermal brine is 
flashed isenthalpically across a throttle valve, in a flash plant that uses rotary-+-., 
separator turbine (RST) technology the brine is f l a s h e d T a r a  two phase - : 
nozzle. Since the brine expands more isentropically across the nozzle than the 
throttle valve, less available energy is lost in the rotary separator turbine 
compared to the available energy lost acro 
plant. (Cerini and Hays, 1980) 

Cycle Process Flow 
Figure 7-1 is the process flow diagram for a dual flash plant with a rotary 
separator turbine downstream of the production well. The rotary separator 
turbine replaces the high pressure separator in a conventional dual flash 
plant, and it performs the functions of flashing the geothermal brine, and 
separating liquid brine from high pressure'steam. It also generates power 
from the two phase stream in the process of separating it. 

In essence, the rotary separator turbine combines a liquid impulse turbine 
with an axial steam turbine on the same shaft. The impulse turbine extracts 
work from liquid brine and the axial turbine extracts work from steam. Steam 
from the RST then flows to the geothermal steam turbine and the brine is 
sent to the low pressure separator. The remaining process steps are the same 
as those in a conventional dual flash plant. 

Performance Analysis 
Dual flash/RST technology was evaluated for the following geothermal sites: 
Desert Peak, Dixie 

the t€Wottle valve in a Chal flash 

ley, Glass Mountain, Coso, and Salton Sea. 
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Description 
In a geothermal power plant utilizing dual flash/rotary separator turbine 
technology, the plant downstream of the rotary separator turbine (ET) is a 
conventional dual flash plant, as noted above. Thus, the modeling 
assumptions and methodology that apply to a dual flash plant also apply to 
the dual flash section of plant based on dual flash/RST technology. 

The power output from the RST was found by using efficiency data generated 
by Douglas Energy, the RST developer, from a computer model. Model 
accuracy was confirmed by comparing its predictions to published 
experimental RST data (Cerini 1978). The overall efficiency of the RST is a 
function of inlet pressure, outlet pressure, and inlet vapor fraction. Turbine 
efficiency increases with an increase in each of these parameters, and inlet 
vapor fraction is'the most significant of these parameters. An interpolation 
routine to c,alculate the overall efficiency of the RST using these parameters 
was added to the Holt dual flash model. Using the RST efficiency found from 
the correlation, the power output was calculated. 

Assumptions . 

In addition to the general assumptions that were used to analyze dual flash 
power plants, the following specific assumptions were used to evaluate E T  
technology: 

Generator efficiency of 95%. 

A homogeneous wellfield pressure distribution with wellhead 
pressures listed in Table 7-1. 

. Pumped resources were not considered for application of RST 
technology because low resource enthalpies yield very low RST 
efficiencies. 

Although the RST can be directly used to inject liquid brine, this 
function of the E T  was not used since liquid brine from the RST 
outlet would be flashed a second time (in the low pressure separator) in 
dual flash/= plants. 

b 

Cost Analysis 

Description 
Overall cost methodology used to analyze dual flash/RST technology was the 
same as that used for dual flash power plants. A vendor quote of $472/kW 
for a 3 MW unit was used as the basis for RST costs. Costs for civil, electrical, 
extra instrumentation, engineering, and installation/start up costs were ci 
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added to equipment cost and the total multiplied by 1.35 (for indirect & 
owners costs) to obtain the total installed cost. This results in an overall 
installed cost multiplier for the rotary separator turbine of about 1.8 compared 
to 2.53 for other dual flash plant equipment. 

Assumptions 
Specific assumptions used in the cost evaluation of dual flash/RST power 
plants were: 

inimum price of $250,000 for 0.53 Mw units or smaller. 

Results 

At least one RST per we1 

-._ 

This study confirms that a dual flash / 
output compared to a conventional dual flash plant. The percent increase in 
specific output of a dual flash/RST plant over a conventional dual flash plant 
is plotted in Figure 7-2. For all the sites other than Salton Sea, specific output 
of dual flash/RST plants is only about 1 percent better than conventional dual 
flash plants. For these sites the wellhead pressures are already at or below the 
optimum high pressure flash pressure, and therefore the resources at these 
sites do not have to be throttled. Therefore the advantage that accrues from 
the more efficient expansion process in an RST is negated. Somewhat higher 
power is generated using the RST because the RST liquid turbine generates 
power from the liquid brine stream. 

is presented in Table 7-1 which confirms that only for Salton Sea is the 
wellhead pressure significantly higher than the optimum high pressure flash 
pressure for a dual flash plant. Wellhead pressure at Salton Sea is 325 psia 
which is almost 175 psi higher than the inlet pressure to the geothermal 
steam turbine since turbine inlet pressures are limited to 153 psia for steam 
turbines used in geothermal power plants for metallurgical reasons. Thus, the 
RST uses the additional 175 psi drop to produce power while the dual flash 
plant merely throttles the stream. As a result, specific output a of dual 
flash/RST plant at Salton Sea would be 7% higher than that of a conventional 
dual flash power plant. 

q7*u:[& 
It appears then that RST technology would be beneficial in improving specific . & ( d ~ ~ Y ~ c (  

turbine inlet pressure because of technological or other Sonstraints. 

lant will yield a higher specific 

' 
I .  A process summary for the maximum specific output dual flash/RST plants 

,d -2 7q 2 

output for resources in which the wellhead pressure exceeds the allowable {ggqp~~ 
d 
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b 
Economics 
Cost analysis of the dual flash/= technology was only performed for the 
resource at Salton Sea. Figure 7-3 is a plot of the specific capital cost versus 
flash pressure for a dual flash/RST power plant at Salton Sea. The specific 
capital cost of the optimum dual flash plant is also shown as a point on the 
figure. It is evident that specific capital cost of a conventional dual flash plant 
is lower than a dual flash/RST plant. Dual flash/RST plants are likely 
a higher specific capital cost than conventional dual flash power plants 
because of the large cost differential between an RST and a steam turbine: 
installed cost of an E T  is $876/kW whereas the installed cost for a steam 
turbine is $585/kW. The increased specific output that the RST yields is not 
sufficient to offset this cost differential. In fact, the highest specific capital cost 
point on Figure 7-3 corresponds to the highest specific output. 

It would appear from Figure 7-3 that raising the flash pressure would lower 
the specific capital cost. However, it should be remembered that the flash 
pressure for both the RST and conventional dual flash plants is limited to 
153 psia due to metallurgical constraints on the geothermal steam turbine. 
Removing this constraint would result in lower specific capital costs for the 
dual flash/RST plant but specific capital costs of conventional dual flash 
plants would also be lowered. 

-._ 

b 

7-4 



Advanced Flash Cycles 
, . .  . .  



8.0% 

7.0% 

6.0% 

5.0% 

4.0% 

3 .O% 

2.0% 

1.0% 

0.0% I 
I 6 

400 450 500 550 

Resource Temperature, Deg F 

Figure 7-2 RST 
Incremental Change in Specific Output 

7-6 

600 



~ 

~ 

! Advanced Flash Cycles 
, 
i 
i 



Advanced Rash Cydes 

Table 7-1 
Dual Flash/RST Cycle Process Summary 

I 
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6 Dual FlashSteam Reheater 

In t roduct ion 
A recent study has proposed the addition of a steam reheater to the dual flash 
process to improve cycle performance (t i  and Priddy, 1985). This concept 
involves using a steam reheater to superheat the exhaust from the high 
pressure turbine stages with the saturated liquid from the high pressure 
separator bottom. This technology has found some application in advanced 
nuclear-power plants (Id.). A theoretical investigation of the use of a steam 
reheater for geothermal applications has been reported @iPippo and Vrane, 
1991). The authors concluded that addition of a steam reheater can yield from 
one to six percent more work compared to a conventional dual flash plant. 

.. 
gram for a dual flash/steam reheater 

geothermal power plant. The plant is a modification of a commercial dual 
flash plant. In a commercial dual flash plant, the stream from the bottom of 
the high pressure sep is flashed in a low pressure separator to generate 
low pressure stream. ual flash/steam reheater plant, the brine from the 
high pressure separator bottom is used to superheat the outlet from the high 
pressure turbine blades. This superheated steam is then mixed isobarically 
with the saturated steam from the low pressure separator. The combined 
stream is then sent to the 
remainder of the power. 

e blades to produce b 
Performance Analysls 

Descriptio 
The optimization approach used for the analysis of dual flash pl 
used for analyzing the performance of power plants based on dual 
flash/steam reheater technology. Thus, the optimization process involves 
calculating optimal 

Assumptions 
Following three spe 
of dual /steam 

The increased efficiency of the low pressure turbine section is 
accounted for using the Bauman rule (Bauman 1921). The efficiency of 
the low pressure turbine section in a commercial dual flash plant is 
85 %. For dual flash/steam reheater plants the efficiency is increased by 
1 % (over the baseline value of 85 %) for every 2 % reduction in the 
moisture content of the exhaust steam. 
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A 2 psi pressure drop is assumed for the steam side of the steam 
reheater. 
The minimum approach on the reheater is set at 5°F. 

Cost Analysis 

Desm'ption 
The basic cost model used to analyze commercial dual flash plants was 
modified to analyze dual flash/steam reheater plants to account for the cost of 
the steam reheater. Steam reheater duty and log mean temperature 
difference (LMTD) were calculated using the commercial process simulator 
HYSIM for given stream inlet conditions. A 5OF approach temperature was 
used in all calculations. An overall heat transfer coefficient of 
40 Bfdhr-ftzOF, and a specific cost of $8.50 per sq. ft. of surface area wer 
assumed. 

Results 
Figure 7-5 which plots the percent in 
steam reheaters over conventional dual flash plants shows that for the colder 
resources, employing a steam reheater actually reduces brine utilization. This 
is due to the pressure drop in the reheater and associated piping which 
reduces the second law efficiency of the cycle. For the colder resources, this 
drop in second law efficiency offsets any gains in turbine efficiency that the 
steam reheater provides compared to the dual flash cycle. For Salton Sea and 
Glass Mountain, the steam reheater pressure drop is a smaller fraction of the 
total cycle pressure drop and the increase in blade efficiency is enough to 
overcome the decrease due to the pressure drop. Therefore there is a net 
increase in specific output. 

Tables 7-2 and 7-3 summarize the peformance of the dual flash/steam 
reheater power plants for Surprise Valley, Desert Peak, Dixie Valley, Glass 
Mountain, and Salton Sea. Specific capital cost for the various sites are also 
presented in Table 7-3 along with the specific capital cost for dual flash power 
plants at the respe, p T  It can be observed from Table 7-3 that the flash 
plants with steam' eahe ter have higher specific capital costs than 
conventional dual flas plants for all the sites listed in the table. Clearly, on 
an economic basis increased capital costs associated with the steam reheater 
do not justify the increased spe utput that a steam reheater can provide. 

se in specific output of plats with 

CI 
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Sub-atmospheric Flash 

Introduction 
For the analysis of the baseline dual flash technology, the assumption is 
made that the low pressure flash pressure may not be below atmospheric 
pressure, in order to prevent any possible problems with air leakage into the 
system. This section analyzes the effect of relaxing this restriction: the 
resultant concept is called subatmospheric flash technology. It should be 
noted that the subatmospheric flash technology is only applicable to 
resources that have temperature below 400°F since the optimal low pressure 
flash pressure for resources with temperatures above 400'F is greater than one 
atmosphere. 

Cycle Process Flow 
subatmospheric flash cycles have essentially the same process as a 
conventional dual flash cycle. The reader is referred to the dual flash section 
of this report for the process description. The process flow diagram is shown 
in Figure 7-6. 

Performance * Analysis 

Description 
Refer to the dual flash section for details on performance analysis of sub- 
atmospheric flash cycles. 

Assumptions 
The same assumptions that were used for dual flash cycles apply here. 

Cost Analysis 

Description 
Once again the cost analysis methodology used in analyzing conventional 
dual flash plants was also used to analyze subatmospheric flash plants. In 
addition, the impact of sub-atmospheric turbine inlet pressures on turbine 
cost and performance was determined in consultation with Fuji Electric, one 
of the co-investigators on the project. 

It appears that sub-atmoshpheric inlet pressures do not affect turbine cost per 
se. However, lowering flash pressures below atmospheric increases the 
volumetric flow rate of steam because both the mass flow rate and speafic 
volume increase. In turn, the higher volumetric flow rate increases exhaust 
losses. Consequently, an economic optimum exists between the added cost of 

d; 
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using an extra turbine and its potential to improve power production by 
lowering exhaust losses. It was found that for the cases at Surprise Valley and 
Vale, two 27 inch last stage blade length dual flow turbines are still the best 
choice. This is the same as for the baseline dual flash cases. However, for 
Raft River, the two and three turbine plants were found to have nearly the 
same specific plant cost. Preliminary investigations on the Thermo Hot 
Springs case indicated that optimum turbine configurations required four to 
five turbines. Therefore, this case was not pursued any further. 

Results 

Performance 8 

Subatmospheric flash cycles were analyzed for three sites, Surprise Valley, 
Vale, and Raft River. Thermo Hot Springs with a resource temperature of 
265OF was omitted because flash technology is unattractive at that low a 
resource temperature. Figure 7-7 plots the specific output for both 
conventional dual flash and subatmospheric flash power plants. It can be 
.seen from the figure that, in general, specific output is higher for sub- 
atmospheric flash cycles compared to conventional dual flash cycles but the 
increase in specific output is not dramatic. It appears that the specific ouptut is 
fairly constant over a range of flash pressures. 

Economics 

..J 

Figure 7-8 compares the specific capital cost of the subatmospheric flash cycle 
with that of the conventional dual flash cycle. For Surprise Valley and Vale, 
the subatmospheric flash cycle is only slightly more economical than the 
conventional dual flash cycle. This is due to the fact that the brine utilization 
is only slightly better for these cases. For the case of Raft River, the 
subatmospheric flash cycle is about $80 per kilowatt cheaper. 

Although relaxing the restriction on the low pressure flash pressure leads to 
improvement over conventional dual flash technology, it does not make 
flash technology superior to binary technology at low resource temperatures. 
Binary tech ogy still has better brine utilization and a lower capital cost per 
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Figure 7-6 
Subatmospheric Flash Cycle - Process Flow Diagram 
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W Dual Flash/Hot Water Turbine 

Introduction 
Hot water turbine technology atte 
the throttling process between the hig 
flash plant. It essentially involves ad 
generate power, between the two separators. 

Cycle Process Flow 
Figure 7-9 contain diagram for the dual flash/hot water 
turbine cycle. The dual flash process is identical to that investigated in 
Section 5 of the report with the addition of the hot water turbine. The hot 
water turbine is employed in between the high and low pressure separators 
producing added gross plant power. 

Performance 
This technolo 
Dixie Valley, and Glass Mountain. These three sites were chosen to represent 
a cold, medium, and hot resource, respectively, since resource temperatures 
determine the difference between the high and low flash pressures. Thus, 
with these three resources it is possible to examine the effect of the increasing 
hot water turbine pressure drop on 

e separators of a dual 
can use hot water to 

N G ~ P P  sites:  aft River, 

hermodpami= and economics of Ai the power pla 

Description 
Hot water turbine technology was analyzed using a slightly modified form of 
the Holt models used for analyzing dual flash cycles. In order to model the 
performance of the hot water turbine, a dual flash cycle was simulated 
assuming the overall hot water turbine efficiency to be 40%. Using the liquid 
flowxate and the inlet and outlet pressures from these calculations, the hot 
water turbine was then designed by Fuji Electric Co. and the overall hot water 
turbine efficiency calculated. Overall efficiency calculated by Fuji was input 
into the dual flash model and the final net plant output found. 

Assumptions 
The assumptions for the dual flash process are consistent with the 
conventional dual flash analysis (see Section 5). A 93% mechanical efficiency 
was assumed for the ho 
bearing losses. 

e to account for generator, gear and- 
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Cost Analysis 

Description 
Along with the turbine design, Fuji also provides detailed cost estimates 
production of the hot water turbine. The cost of the hot water turbine is added 
to the dual flash cost model to c 
turbine plant cost. 

Assumptions 
The installed cost multiplier for the hot water turbine is 1.8; other 
assumptions are the same as those used to evaluate dual flash technology. 

Results 

Performance 
Table 7-4 is a summary of each of the dual flash/hot water t 
Several items are noteworthy. First, the initial estimate of forty percent 
efficiency for the hot water turbine was close to the final calculated value. 
Table 7-4 shows that the hot water turbine appears to perform more efficiently 
at Dixie Valley than at Glass Mountain. This is due to the fact that a standard 
turbine was used for all the sites; within the scope of this study turbine 

It was found that specific output can be maximized by lowering the low 
pressure flash pressure below the optimum found in the dual flash cases 
because allowing the hot water turbine to produce power over a larger 
pressure drop is thermodynamically favorable. At some point, however, the 
flash pressures become too Iow reducing the performance of the steam 
turbine. 

Figure 7-10 compares the specific outp 
without the hot water turbine. As expected, the hot water turbine improves 
the specific output, and the improvement in specific output is greater for the 
hotter resources. 

Economics 
Major equipment costs for the dual flash/hot water turbine plant are 
summarized in Table 7-5. The cost of the hot water turbine divided by its 
gross power production for Glass Mountain and Dixie Valley is roughly 
$1530/kW, and $sOOO/kW for Raft River. These turbine costs alone are 
higher than the specific capital cost for conventional dual flash technology. In 
addition, to some extent the hot water turbine produces ppwer at the expense 
of the steam turbine, and thus the effect of using hot water turbines on 

late the entire dual flash/hot water 

designs were not tailor-made for the various sites. L.3 

dual flash technology with and 

specific capital cost is even greater. Figure 7-11 compares the specific capital CI 
7-2 
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- -\ cost of dual flash technology With and without a hot water turbine. As 
indicated earlier, specific capital cost of a dual flash plant with a hot water 
turbine is higher than that of a conventional dual flash plant. 
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Table 7-4 
Dual Flash/Hot Water Turbine Case Summaries 
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Grand Total 65,212,429 161,541,000 82,810,000 
Specific Plant Cost (ElkW) 1,280 3.31 8 1,537 

_r 

Table 7-5 
Dual Flash/Hot Water Turbine Plant Capital Costs 

CASE Dixie Valley Raft River Glass Mtn 
510 O F  Power Plant 450 O F  300 O F  

H.P. Separators 135,600 480,000 101,248 

Purifiers 49,600 132,800 53,000 
Silencers 22,500 22,500 22.500 
Condenser 1,675,900 2,147,600 1,595,300 
Hot WelVCond. Pumps 879,500 1,358,800 891.400 
Fire Pumps 55,000 55,000 55,000 
L 0. Trans. Pumps 4,000 4,000 4,000 
Pot. Water Pumps 7,000 7,000 7,000 
Aux. C.W. Pumps 42.700 53,200 40,600 
Injection Pumps 93,100 334,900 74,600 
Cooling Tower 1,265,200 2,387,200 1,289,100 
Plant Air System 11 6,600 11 5,800 125,100 
L. 0. Storage Tanks 29,000 29,000 29,000 
Turbine Generator 11,559,000 19,634,000 11,773,000 
NCG Removal 81,100 1,431,900 75,000 
Gantry Crane 500,000 500,000 500,000 
Vac Hot Well 15,100 15,100 15,100 
Sulfur Plant 549.000 0 1,219,000 
Misc. Tanks 157,000 268,000 158,000 
Start-up or Emer Gen. 31,000 31,000 31,000 
FW Tank + Sys 169,875 320,513 173,075 

Total Major Equipment 18,251,466 30,796,903 19,012,863 
Total Plant Cost 46.1 76,000 77,916,000 48,103,000 

L.P. Separators 247,500 495,000 21 0,000 

Gathering & Injection System 
Production Pumps 0 3,123,295 0 
Prod. Pump Aux. 0 158,400 0 
Silencers 25,000 25,000 25,000 

Total Major Equipment 25,000 3,306,695 25,000 
Tota l  53,000 6,977,000 53,000 

Summary 
CASE Dixie Valley Raft River Glass Mtn 

Plant Equip. Cost 18,251,466 30,796,903 19,012,863 
Total Plant Equip Cost 46,176,000 77,916,000 48,103,000 

Gath & lnjec Equip Cost 25,000 3,306,695 25,000 
Total Gath & lnjec Equip Cost 53,000 6,977,000 53,000 
Hot Water Turbine Cost 6,300,000 17,496,000 5,400,000 
Gath & lnjec Piping Cost 1.1 12,000 1,402,000 1,754,000 
Well Cost 11,571,429 57,750,000 27,500,000 

L, 

d, 

C’ 
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Kalina Cycle System I 1  

introduction 
The Kalina cycle derives its name from its inventor, Dr. Alexander Kalina of 
Exergy, Inc. Its distinguishing features are the use of ammonia-water as a 
working fluid, and heat recuperation. With these two features, in a sense, the 
Kalina cycle brings together two ideas that have been separate 
other authors. 

The use of ammonia as a working fluid has been exhaustively studied 
(Milora and Tester, 1976). It was concluded that compounds with simple 
molecular structure, like ammonia, tend to lose superheat during turbine 
expansion. These compounds tend to yield a better thermodynamic 
performance “in subcritical Rankine-cycle configurations” than compounds 
like isobutane which have a complex molecular structure. Thus, it was found 
that at resource temperatures below about 300 OF, ammonia has a slightly 
superior performance compared to other working fluids. In the moderate 
temperature range, however, compounds like isobutane show a sharp 
increase in thermodynamic efficiency signifying a rapid transition to 
supercritical operation. In the 310 to 450 O F  range Rankine cycles with 
isobutane have sharply higher thermodynamic performance compared to 
ammonia. (Milora and Tester, 1976). 

Heat recuperation has 
recuperation was achieved at Magma’s East Mesa plant by using two working 
fluids and two turbine generator sets (Hinrich‘s and Falk, 1977). However, the 
idea has not found wide acceptance and the industry appears to have opted 
for cycles “usually with no heat recuperation” (Ben Holt, 1980). 

Exergy, Inc. has been at nt of Kalina cycle developments. Exergy was 
instrumental in the development of a Department of Energy funded 
demonstration plant at Canoga Park, California, in 1990. Exergy also has plans 
to build a geothermal power plant at Steamboat Springs, Nevada, again with 
Department of Energy support. As of the writing of this report, the Kalina 
cycle has not been demonstrated in any commercial geothermal power plant. 

I 

id 

implemented in previous designs. Heat 

- 

b; 
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The Kalina cycle encompasses a family of designs that change with 
temperature and application (Kalina and Leibowitz, 1989). This study 
considers two of these designs: Kalina cycle system 11 (KCSll) for resources 
below 400 OF, and Kalina cycle system 13 (KCS13) for resources above 400 OF. 

Cycle Process Flow 
Figure 8-1 is a process schematic of KCSII. The working fluid from the 
condenser (HE-I) flows through a pump to the recuperative liquid preheater 
(HE-2). The working fluid leaves the preheater at its bubble point and splits 
into two parallel streams. One stream enters the brine vaporizer (HE-3), while 
the other enters the recuperative vaporizer (HE4). The partially vaporized 
streams leaving these exchangers mix together and flow to the second brine 
vaporizer (HE-5) for complete vaporization and superheating, if any. 
Saturated or slightly superheated working fluid vapor from HE-5 enters an 
axial turbine where it expands from about 350 psia to about 100 psia. The ' 

exhaust vapor from the turbine condenses in the recuperative vaporizer (HE- 
4). The process of condensation continues through HE-2, and is completed in 
HE-1, the condenser. 

Performance Analysis 

Description 
The overall methodology for studying the Kalina cycles has involved dj developing cost and performance models. The basic performance model for 
the Kalina cycles is implemented using HYSIM which is a commercial 
process simulator. The model uses the PRSV thermodynamics package which 
is based on Vera's modification of the Peng-Robinson equation of state. The 
PRSV method is the vendor recommended method. 

Two independent approaches were used to check the efficacy of the 
performance model. In the first approach, the cycle state points predicted by 
HYSIM were compared with those available from Exergy, Inc for the same 
cycle. Figure 8-2 presents Exergy's cycle state points for Kalina cycle system 11 
along with cycle state points predicted by HYSIM for the same cycle. The 
figure shows that HYSIM cycle data match Exergy's data. The maximum 
deviation between any two corresponding state points is less than 5 %. 

In the second approach, to further corroborate the accuracy of the models used 
in this study, HYSIM calculations have been verified using experimental data. 
In this approach, the state enthalpies predicted by the HYSIM model have 
been checked against experimental enthalpy data on the ammonia-water 
system from Institute of Gas Technology, Chicago (IGT Research Bulletin 34, 
1969). The results of this check show that enthalpy values predicted by 
HYSIM are within 5 % of the experiment thalpy values from IGT. 
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The HYSIM model for KCSll is explained in what follows using the KCSll 
process flow diagram (Figure 8-1). Much of the discussion of the KCSll 
model will also apply to the KCS13 model. 

For any given resource, model calculations are initiated by setting the 
ammonia concentration of the aqua-ammonia working fluid. For the chosen 
working fluid composition the following model inputs are specified: 

0 

Aqua-ammo temperature of HE-3 and HE4 are e 

With these specifications simulations of KCSll are carried out by 
manipulating the aqua-ammonia flow rate and the temperature and flow rate 
of the aqua ammonia from HE-3 to control the following variables at desired 
values: 

Preheater outlet is set at the bubble point 
Brine flow rate and reinjection temperature 
The first brine evaporator cold side approach 

Recupera 
Recuperator-evaporator hot side appro 

0 

When the desired results are obtained, a new ammonia concentration is 
chosen and the model calculations re 

'nal evaporator hot side approach 

calculations are repeated 

ral assumptions used in 
modeling KCS11 are listed in the following section. 

Assumptions 
The basic resource data is contained in Tables 4-1 to 4-4. These tables are used 

0 Minimum reinjection 
Average well flow rates 
Average well cost 
Probability of a dry hole 
Maximum flash pressure 

In addition, a number of ass 
of the Kalina cycles, and these are discussed below. To a siginificant extent 
these assumptions resulted in the evaluation of the Kalina cycle as an 
idealized cycle. In contrast, for the majority of other technologies cycle 
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L performance has been corrected for siginificant non-idealities using Holt's 
design and operating experience. 

In the absence of operating data, addtional pressure drop due to 
noncondensable gases w a s  not added to increase the turbine 
backpressure for Kalina cycles. Were the correction for the presence of 
noncondensable gases to be made, Kalina cycle performance would be 
adversely affected. According to Holt experience noncondensable gases 
inevitably appear in the working fluid cycle, and cannot be eliminated 
with purge systems. Apparently, Exergy has also observed the presence 
of noncondensable gases in the Canoga Park demonstration plant but 
has not quantified the effect of these gases. In this study, the 
perfomiance of other technologies was penalized by increasing the 
backpressure on the turbine by 3 psi to account for the presence of 
noncondensable gases in the working fluid. 

A critical assumption regarding the performance of the air cooled 
condenser was made for both KCSll and KCS13: it was assumed that 
heat transfer equipment could be sized using ideal heating and cooling 
curves. A qualitative consideration of fundamental principles reveals 
that this heat transfer equipment performance may not be achievable 
in Kalina cycles, as discussed below. 

the working fluid. The multi-component nature of the working fluid 
requires that if ideal heating and cooling curves are used to design heat 
transfer equipment, continuous equilibrium must be maintained 
between the vapor and liquid phases during any phase change 
operation. Of course, a prerequisite for equilibrium between phases is 
that the two phases be in intimate contact and not be segregated from 
each other. Given the configuration and stream conditions (for 
example quality) of the Kalina cycles, it appears that intimate contact 
between the liquid and vapor phase would be difficult to realize in 
practice. 

The Kalina cycles use a multi-component mixture, aqua-ammonia, as c; 

As an illustration, consider the air-cooled condenser. The inlet stream 
to the air condenser in a typical Kalina cycle would be a two phase 
stream with about 35 % liquid. Clearly, for ideal multi-component 
condensation to occur, vapor and liquid phases must remain in 
intimate contact throughout the condenser. However, vapor-liquid 
phases will segregate in the proposed condenser which, based on 
information supplied by Exergy, is a four pass unit with six rows of 
tubes. The first two passes of the condenser each have two parallel rows 
of tubes. In such an exchanger the liquid will flow through the lowest 
tubes and the vapor would flow through the upper tubes. Therefore, 
vapor-liquid equilibrium will not be obtained in the condenser L, 
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h 

resulting in an increase of as much as 20 to 
backpressure. The increased backpressure in turn will undermine 
turbine performance significantly. An alternative condenser design 
using 6 passes will improve vapor-liquid contact but would be more 
xpensive than the proposed design. Moreover, even the 6 pass design 
will not completely eliminate segregation. More importantly the 6 pass 
design would increase pressure drop though the condenser by about 
five times compared to the 4 pass design and thus erode most of the 
potential performance improvements that it could provide. 

in the turbine 
$I 

The pressure drop on the aqua-ammonia side for each exchanger has 
been kept the same for all cases and for all resources. Heat exchanger 
pressure drops are listed in Table &I. 

For the purpose of this study the overall efficiency for the turbine- 
generator system is defined as the ratio of the generator output to the 
turbine adiabatic enthalpy drop. For all KCSll cases the overall 
efficiency is kept constant at 0.815. This value of overall efficiency 
has been obtained from the aqua-ammonia turbi ata supplied by 
Fuji Electric Company. In familiar terms, this value of the overall 
efficiency can be calculated by maki 
internal efficiency: 

btract exhaust losses equival 

the following adjustments to the 

from the turbine 
The value of 1.5 Btu/lb was based on literature data 

LJ 

- Adjust internal efficiency drop in the governor 

- 
I valve 

Generator mechanical efficiency of 0.975 
The above adjustments have the effect of turning an internal efficiency 
of 88-90 ciency of 81.5 %. - 

The air-cooler approach temp 
cases, and for all geothermal sites. 

bubble point of the 
aqua-ammonia working fluid. 

e Both KCSl1 and KCS13 were simulated using 
accuracy of the thermodynamic package that was chosen ( Vera’s 
modification of Peng-Robinson) was checked against thermodynamic 
data on the aqua-ammonia system published by The Institute of Gas 
Technology ( “Physical and Thermodynamic Properties of Ammonia- 

(V 2.50). The 

b 
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Water Mixtures”, Research Bulletin No. 34, Institute of Gas 
Technology, September 1964). 

Exchanger HE4 was proposed as a vertical exchanger with vaporization 
occurring inside straight vertical tubes as the liquid moves upward 
while condensing vapor falls downward through the shell (Leibowitz, 
1994). This study used the industry-standard shell and tube exchangers 
for all exchangers except for HE4 for designing Kalina cycle system 11 
power plants. 

Cost Analysis 

Des mption 
Three spreadsheet templates were used to obtain the plant cost for the Kalina 

Gathering/injection system cost spreadsheet 
Well pump spreadsheet 

For a discussion of the first two spreadsheets the reader is referred to 
Appendix A. The last spreadsheet was used to calculate the cost 
net power plant. The major components of this spreadsheet are 

cycles. 

PIant cost spreadsheet 

Heat exchangers, including air-cooled condenser: These costs are based 
on overall heat transfer coefficients and cost per unit area supplied by a 
reputed TEMA-certified heat exchanger vendor. 
Turbine-generator set: These costs were supplied by Fuji Electric 
Company. . 

Wellfield: The wellfield cost was calculated using well costs provded by 
EPRI and listed in Table 4-1. The number of producer wells was 
adjusted for the probabilitv of finding dry holes. 
Plant parasitics: The parasitic loads are discussed in Appendix A. The 
following parasitics are calculated in the plant cost spreadsheet: 
- Well pumping 
- Air-cooler fan power 
- Aqua-ammonia pumping 
- Injection pumping 
- Miscellaneous 

Clearly the parasitic loads are a function of the generated power. 
the air-cooler fan power is a function of the condenser duty which in turn is 
dependent on the generated power. Consequently, the process of sizing a 

8-6 
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50 MW net power plant is iterative. The required iterations were also 
performed in the plant cost spreadsheet. 

The plant cost spreadsheet calculates both the specific power output 
(kW/Mlb/hr) and the specific plant cost ($/kW). Both numbers are calculated 
for a power plant designed to produce 50 MW net. 

Assumptions 

The cost per unit area and the overall heat transfer coefficient for the 
KCSII heat exchangers are listed in Table 8-3. 
The overall heat 
adjusted for potential fouling according to the formula 
Appendix A. 
The general assump ns related to calculation of paras 
discussed in Appendix A. 

ansfer coefficients for the brine exchangers are 

Results 
With the results of the performance 
concentration was determined using the cost model. Thus, data on plant cost 
as a function of ammonia concentration were obtained for each site: Thermo 
Hot Springs, Raft River, Vale, and Surprise Valley (only sites used for KCS11). 
A summary of the optimization results for KCSl1 is shown on Figure 8-3 for 
the above four sites. Two genera 
figure are worth noting: 

each ammonia 

ferences that can be drawn from this 

As the resource temperature increases, the optimum plant design shifts 
towards lower ammonia concentrations. 
The optimization curve is steep for cold resources and relatively flat for 
hot resources. 

Using the power plant design corresponding to the optimum ammonia 
concentration, specific output and specific capital cost were calculated for 
power plants at the four sites that KCSll was applied to. These results are 
summarized in Table 8-3. To obtain a relative assessment of KCSl1 at the 
various sites, specific output and capital cost for four cycles - KCSll, 
commercial binary cycle, mixed fluids binary (hydrocarbons), and mixed 
fluids binary (aqua-ammonia) - are plotted on Figure 8-4 and 8-5, respectively. 
The following broad conclusion can be inferred from the figures: 

Kalina cycle system 11 has a higher specific power output than the 
commercial binary cycle for Raft River and Thermo Hot Springs. 
For Thermo Hot Springs and Raft River, the two coldest resources, the 
specific capital cost for KCSl1 is lower than that for the commercial 
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Cr binary cycles. The lower cost 
stems largely from better brine utilization (measured in kW/Mlb/hr). 
The lowest cost cycle for Thermo Hot Springs has a 7 % higher brine 
utilization than the lowest cost commercial binary cycle for the same 
resource. Similarly, the lowest cost KCSll cycle for Raft River has a 17 
% higher brine utilization than the lowest cost commercial binary cycle 
for the same resource. The higher brine utilization has two important 
implications for the overall cost : (I) lower air-cooler duty for fixed total 
power and (II) lower wellfield cost. 
For Thenno Hot Springs and Raft River, the specific capital cost for 
KCSll is also somewhat lower than that for the optimum mixed fluids 
(hydroqarbon) cycle. However, at Thenno Hot Springs the mixed fluids 
(aqua-ammonia) cycle has a lower specific capital cost than KCSll, and 
is the lowest specific capital cost cycle for that site. 

KCSII for these two cold r e s ~ ~ c e s  

The net cost per kW for KCSll is almost equal to that for commercial 
binary for Surprise Valley, the hottest resource although the 
commercial binary cycle has an almost 10 % better brine utilization 
than KCSl1. This result can be ascribed to lower equipment cost 

ng in the significantly lower operating pressure for KCSl1 
compared to commercial binary cycles. Thus, lower equipment costs 
for KCSl1 compensate for its lower brine utilization. 
For Vale, Oregon the commercial binary cycle demonstrates better 
performance than KCSll both from the point of view of brine 
utilization and cost per kW. The optimum commercial binary cycle 
has a 6.8 % higher brine utilization, and a 5.6 % lower cost than KCSll. 

d, 

U 
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L, Table 8-1 
Aqua-ammonia Side Heat Exchanger Pressure Drops 

1 

HE43 2.0 
HE-9 2.0 
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Table 8-2 
Heat Exchanger Vendor Data 

Exchanger 

HE-2 

HE4 

HE-5 

HE-9 

8-1 0 
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Table 8-3 
KCS11: Specific Power Output and Plant Cost 

'bi 
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cur’ Table 8-4 
Kalina Cycle System 11- Major Equipment Costs 
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Kalina Cycle System 13 

In troduc fion 
Kalina cycle system 13 is the other member of the Kalina cycle family that has 
been investigated in this study. As noted in the process flow description 
below, KCS13 shares many of the attributes of KCSll, and can be perceived as 
an extension of KCSll. Kalina cycle system 13 is intended to be used primarily 
for hot resources. In this study KCS13 has been applied only to resources 
above 400 OF. 

Cycle Process Flow 
Figure 8-6 is a process s+ematic of KCS13. The configuration of KCS13 is 
identical to that of KCSll until the working fluid leaves HE-5. Unlike 
KCSII, Kalina cycle system 13 includes an extraction steam turbine in 
addition to a water-ammonia turbine. In addition to geothermal brine, 
exhaust steam and steam from the extraction stage of this turbine transfer 
heat to the working fluid leaving HE-5. 

The exhaust steam heats the working fluid leaving HE-5 in steam exchanger, 
HE-8. On exiting HE-8, the working fluid enters a brine exchanger (HE-6). In 
this exchanger the working fluid absorbs heat from geothermal brine. The 
working fluid then flows to another steam exchanger (HE-9) where 
condensing steam from the extraction stage heats the working fluid further. 
The geothermal brine from a flash separator vaporizes and superheats the 
working fluid in the final brine exchanger (HE-7). Similar to KCSll, the 
working fluid leaves HE-7 and expands through a turbine. The exhaust vapor 
from the turbine condenses in a recuperative vaporizer (HE-4). After cooling 
down further in HE-2, the working fluid condenses completely in an air- 
cooled condenser (HE-1). 

The hot brine from the resource flows to a flash separator. Steam from the 
separator overhead expands through an extraction turbine. As noted earlier, 
extraction stage steam condenses in HE-9, and exhaust steam condenses in 
HE-8. In both exchangers the steam only condenses partially since it contains 
non-condensable and acid gases. From either exchanger, the partially 
condensed steam flows to a separator vessel. The overhead stream from this 
vessel goes to a sulfur plant for hydrogen sulfide abatement. The condensed 
liquid stream from the separator bottom recombines with geothermal brine. 

-.> 

i; 
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Performance Analysis 

Description 
Kalina cycle system 13 is modeled using an approach similar to that used for 
modeling KCSll. A HYSIM model using PRSV thermodynamics forms the 
basis for simulating KCS13 cases. The control temperature Specifications are 
listed under assumption 1 below. These specifications are the same as those 
provided by Exergy, Inc. 

The inclusion of the extraction steam turbine in KCS13 has certain model 

ipi 

implications that do not apply to KCSll. These are noted below: 

0 

The extraction stage pressure is fixed by setting the final evaporator 
brine outlet temperature equal to the extraction steam temperature. 

e steam turbine exhaust pressure is by setting the third brine 
evaporator outlet temperature equal t exhaust steam temperature. 

Similar to KCSll, a number of cases have been simulated at various 
ammonia concentrations for KCS13 for each resource. Figure 8- shows the 
optimization plots for KCSl3 applied to Desert Peak, Dixie Valley, Glass 
Mountain and Salton Sea. 

6.' Assumptions 

HE-7 hot end approach is 1 O O F .  
HE-8 hot end approach is 10 W 

The general data used to design geothermal power plants using KCS13 is 
listed in Tables 4-1 to 4-5. All KCSl1 modeling assumptions except 
assumption (2) also apply to KCS13. Assumption (2) relates to the overall 
efficiency of the turbine-generator system. The overall efficiency of the aqua- 
ammonia turbines for KCS13 was taken to be 0.795. This value of the overall 
efficiency is derived from data provided by Fuji Electric Company. 

The following specific assumpti 
KCS13: 

(1) Simulation of 
specification 

HE-2 hot end approach is IOOF. 

of HE-3 and HE- 

8-19 



Kalina Cycles 

HE-6 cold end approach is 10°F. 
HE-9 steam inlet temperature equals HE-6 brine inlet 
temperature. 

(2) In simulating KCS13, non-condensable gases, namely, carbon dioxide 
and hydrogen sulfide, were included in the geothermal brine 
composition since the geothermal brine is flashed in KCS13. This 
implies that steam condensation in HE-8 and HE-9 is not isothermal. 
To keep steam condensation nearly isothermal, €33-8 and HE-9 are 
operated such that steam is only partially condensed in the two 
exchangers. Thus, streams 44 and 48 have vapor fractions slightly 
greater than zero. These two streams are sent to flash separators to 
separate vapor and liquid. The vapor stream from the flash separator is 
sent to a sulfur plant for sulfur recovery from hydrogen sulfide, while 
the liquid stream is pumped back into the geothermal brine stream 
used to heat the working fluid. 

The geothermal brine at Coso Hot Springs contains 2 wt % non- 
condensable gases. This implies that Kalina cycle 13 would not be 
practical at Coso Hot Springs since a large quantity of steam would 
have to be vented in order to condense steam in HE-8 and HE-9 under 
near isothermal conditions. 

Cost Analysis 

Description 
The methodology used for calculating plant costs for KCS13 cases is essentially 
identical to that used for calculating plant costs for KCSll cases. The following 
additional cost details apply to KCSl3: 

Kalina cycle system 13 has four more exchangers than KCSll. All 
additional KCS13 exchangers are in the aqua-ammonia vaporization 

The cost of a sulfur plant and an extraction steam turbine is included in 
the plant cost of KCS13. 

loop. 
0 

Results 
Figure 8-7 shows the results of ammonia concentration optimization for 
KCSl3. The figure is a plot of specific capital cost as a function of ammonia 
concentration for the four sites that were used to evaluate KCS13: Desert Peak, 
Dixie Valley, Glass Mountain, and Salton Sea. The optimization curves for 
the four sites show that specific capital cost for KCS13 is relatively insensitive 
to changes in ammonia concentration. This result agrees with the KCSll 
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optimization results where it was observed that the specific capital cost curves 
were flatter at higher resource temperature (see Figure 8-3). The nature of the 
specific capital cost versus ammonia concentrations curves indicates that for 
the purposes of this study any errors in selection of optimum ammonia 
concentration for KCS13 will affect the cycle evaluation only marginally. The 
results for KCSl3 are summarized in Table 8-5 and Table 8-6. Figures 8-8 and 
8-9 are plots of specific output and specific capital cost, respectively, for KCSl3 
and the commercial dual flash cycle. The following broad conclusions can be 
inferred from these figures: 

Specific capital costs for the optimum dual flash cycle are significantly 
lower than those for KCS13. The reasons for this consistently superior 
perfoninance of the dual flash cycles are two-fold: 

- Kalina cycle 13 uses air coolers for condensation whereas the dual 
flash cycles use water cooling for condensation. The use of air- 
coolers results in higher capital costs for Kalina 13 as well as higher 
parasitic loads compared to dual flash cycles. 

- The use of two turbine-generator sets, necessitated by cycle 
configuration, for KCS13 compared to only one for the dual flash 
cycles has an appreciable impact on raising costs for KCS13 due to 
economies of scale. Furthermore, costs for the extraction steam 
turbine per unit of power are significantly higher than similar costs 
for steam turbines used in flash plants. 

Due to heat recuperation from geothermal brine, KCS13 yields higher a 
specific output compared to the commercial dual flash cycle for all four 
sites as Figure 8-8 shows. 
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Geothermal Site NH3 Wt % , 

Desert Peak 88.0 

Dixie Valley 920 

Glass Mountain 86.7 

Salton Sea 80.0 

Table 8-5 
KCS13. Specific Power Output and Plant Cost 

Specific Output 
(kW-hr / 1000 lb) 

12.7 

14.85 

18.45 

19.92 

¶ 

Specific Capital 
Cost ($/kW) 

1,812 

1,693 

2,022 

ci 

.. 
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Table 8-6 
Kalina Cycle System 13 - Major Equipment Cost 

Plant Cost 
Multiplier 
Accumulators 

Separators, . 
Silencers, Misc 

Heat 
Exchangers 
Air Cooler 
Condenser 
Turbine Generator 
Set 
i~uifur Plant 
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Figure 8-6 
Kalina Cycle System 13- Process Flow Diagram 
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Figure 8-7 
KCS13 Optimum Ammonia Concentration 

6d 



Kalina CyClt3S 

1 -  

53 
Lo 

Y 

I 
2 
tL 
3 - 
0 

f 
P 

8 
8 
0 

8 
d 

8 8 e e 8 8 
Y4 

Figure 8-8 
KCS13 Brine Utilization vs. Resource Temperature 

8-26 



HYBRID CYCLES 

Dual FlashIBinary Bot 

Introduction 
The binary bottoming cycle is a combination of dual flash and binary 
technology. Dual flash technology is generally more cost effective for hot 
resources, while binary technology is more cost effective for cold resources: 
the hybrid plant attempts to use each type of technology in the temperature 
range where it is most cost effective. 

Cycle Process Fiow 
Figures 9-1 and 9-2 show two simplified process flow diagrams for binary 

second is a single flash, binary bottoming hybrid plant. The dual flash portion 
of the hybrid plant is identical to the dual flash cycle, discussed in section 5, 
except that instead of injecting it into the gound, the bottoms from the low 
pressure separator is used to heat the hydrocarbon working fluid in the binary 
cycle. The binary cycle is identical to the air cooled binary cycle discuss 
section 5. 

The single flash/binary hybrid process is the same as the dual flash/binary 
hybrid except that the flash plant does not have a low pressure separator, and 
has a single entry turbine. In the single flash cycle the bottoms from the high 
pressure separator is used to heat the binary 

Performance Analysis 

Description 
Flash/binary hybrid cycles were analyzed using the methodologies used to 
analyze dual flash and binary cycles. The temperature and enthalpy of the 
separator bottoms stream from the dual flash model was input to the binary 
plant model. Binary cycle net power, hydrocarbon flow rate and pump work 
were input into a modified dual flash model which was used to calculate the 
overall hybrid plant net power. 

- bottoming cycles. The first is a dual flash/binary bottoming hybrid plant. The w 

,- 
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Economic analysis of the binary bottoming hybrid plants was performed using 
the same methods and assumptions as those used to calculate the cost of flash 
plants and binary plants individually. Off-site costs such as the well costs, and 
the gathering and injection system costs were included in the flash portion of 
the plant cost. 

Results 

Performance 
The results of the thermodynamic analysis are shown on Table 9-1. Each row 
represents one case. The second column shows the low pressure flash 
pressure as it is raised incrementally from the dual flash optimum up to a 
single flash. The third column shows the brine utilization for each case. The 
brine utilization in all cases is better than that for dual flash alone. 
Furthermore, it is thermodynamically favorable to raise the low pressure 
flash pressure above the dual flash optimum to divert more and hotter brine 
to the binary part of the plant. However, as more and hotter brine is diverted 
to the binary part of the plant, less low pressure steam is available for the 
flash part of the plant, and there is a point of diminishing return where total 
net power production levels off. In Table 9-1, the optimum brine utilization is 
in bold face. 

For the Glass Mountain site, the optimum plant has a low pressure flash at 
100 psia. For the Desert Peak site, the optimum is at about 50 psia. For the 
colder resources of Surprise Valley, Vale, and Raft River, it is best to 
eliminate the second flash altogether and use a single flash plant. 

Economics 
The results of the economic analysis are presented along side the results of 
the thermodynamic analysis on Table 9-1. The fourth column gives the 

9-2 

Hybrid Cydes 

The flash pressures determine the amount of power that will be produced by 
each part of the hybrid plant. For each site, a case was run at the dual flash 
optimum flash pressures. In addition, several cases were run raising the low 
pressure flash pressure incrementally until there was only a single flash. As 
the low pressure flash pressure increases, the amount of low pressure steam 
to the steam turbine decreases, and more and hotter brine is sent to the 
binary plant. 

Assumptions 
Assumptions used in the analysis of binary and dual flash cycles are . 
applicable to the flash/binary hybrid cycles. 

Cost Analysis 

c 

Assumptions 

I 



bi specific capital cost of the hybrid plant. The fifth and sixth columns give the 
specific capital cost of the flash and binary parts of the plant respectively. 

The first cases for each site have the same flash pressures as the economic 
optimum dual flash cases. In each of these cases, the specific cost of the dual 
flash part of the plant is slightly more than the conventional dual flash 
specific capital cost (refer to Table 5-7). This is due to the fact that these flash 
portions of the hybrid plants are smaller, and the economy of scale makes the 
full size dual flash plant more economical. 

Looking at the first Glass Mountain hybrid plant as an example, it can be seen 
that the binary part of the plant is operating with a 242’F resource. The cost of 
binary power-production for such a cold resource is very high as seen in the 
air-cooled binary plant analysis in Section 5. The incremental cost to add a 4 
M W  binary plant down stream of the flash plant is therefore high. As the 
flash pressure is raised, the cost of the flash part of the plant rises because of 
the diminishing scale as well as the fact that the flash pressures diverge from 
the optimum. The cost of the binary plant decreases because it receives a 
hotter resource. An economic optimum is found in each case. For the hotter 
resources, Glass Mountain and Desert Peak,. adding a binary bottoming cycle 
is not cost effective compared to dual flash technology alone. 

For the coldest resource, Raft River, the cost of the hybrid plant is lower than 
the dual flash economic optimum plant. This is due to the fact that nearly 
half of the power is made by the binary part of the plant, and binary 
technology is preferred at low temperatures. The cost of the hybrid plant is 
not however lower than the air-cooled binary plant at Raft River. 

The Surprise Valley hybrid plant has nearly the same capital cost per kilowatt 
than both the air cooled binary cycle at that site. I 
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Table 9-1 
Summary of Cases 

LOW Brine Total 
Flash Utilization Cost 

(Psia) 1K lb brine) ($/kW) 
Glass Mountain 26.0 18.78 1648 

35.0 19.42 1642 
50.0 19.44 1635 

I t  11 70.0 19.71 1644 
11 11 100.0 20.03 1690 

Site Press (kW-hr / 

I1 91 

11 I t  

Binary Bottoming Hybrid Cases 

Flash 
Cost 

($/kW) 
1565 
1562 
1586 
1632 
1719 

46.54 
46.17 
45.07 
43.15 
40.05 
34.83 
48.02 
47.35 
43.86 
34.97 
42.11 
4059 
29.86 
36.94 
34.85 
2453 
33.90 
26.50 

4.17 
6.27 
7.40 
10.05 
14.03 
1832 
4.93 
737 
12.26 
20.46 
6.48 
12.85 
24.02 
9.78 
15.65 
26.01 
14.05 
2237 

I 1 
n 11 (111 151.0 1 19.68 

Desert Peak I 215 I 11.77 

I I 1 1 

- 11 I1 (111 90.0 I 1232 I 1721 I 1782 
Sumrise Vallev i 125 I 7.15 I 2191 I 2055 

1786 1857 
1565 1497 

30.0 12.15 
11 I* 50.0 12.47 

11 I1 

Binary 
cost 

($/kW) 
2568 
2229 
1931 
1697 
1608 
1651 
2233 

I 1824 
1660 
1616 
3074 
2335 
1789 
3037 
2582 
2123 
2963 
2360 
2181 

1544 1501 
1595 1576 

1 , I 

25.0 
11 S I  (1) 515 

Vale, Oregon 12.5 
20.0 

(1) 35.4 
Raft River 12.5 

20.0 
(1) 28.2 

I1 11 

I. I. 

I1 I t  

11 11 

n n  
1 

18.13 I 31.17 

7.86 2129 2063 
7.93 2179 2493 
4.83 2674 2624 

' 5.17 2669 2708 
5.21 2759 3432 
3.80 3341 3498 
3.88 3068 3665 
3.91 3167 4862 

(1) Single Flash/Binary Bottoming Cycle 

Ld 
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bi Dual Flash/Back Pressure Turbine Binary 

Introduction 
While the binary bottoming cycle is essentially a conventional dual flash 
plant with a conventional binary plant added down stream, the back pressure 
turbine cycle combines flash and binary technology with major modifications, 
as discussed below, to each of the processes. 

,--. i u  
I 
I 

I 

Cycle Process Flow 
Figure 9-3 shows a simplified process flow diagram for the this cycle. The 
major modification to the dual flash part of the plant is the elimination of the 
cooling water system. Since the absence of any emissions is a primary 
advantage of this cycle, it was assumed that noncondensable gases can be 
injected. For all other flash cycles, noncondensable gases were emitted to the 
atmosphere. This ma back pressure turbine Cycle a closed cycle. A 
steam - hydrocarbon changer functions as the steam condenser for the 
dual flash process. The hydro n side of this exchanger is used to heat the 
working fluid in the binary cy compressor is used to pressurize the 
noncondensable gases 
reservoir. 

The components of the flash part of the pl upstream of the steam turbine 
are the same as those in a conventional dual flash plant. Likewise, except fo 
the steam-hydrocarbon heat exchanger, the binary part of the plant is the 
same as an air cooled binary cycle power plant. 

Performance Analysis 

Assumptions 
In analyzing the dual flash/back pressure turbine binary Cycles, the steam side 
pressure at the outlet of the condenser was fixed at one atmosphere, and a two 
pound pressure drop on the steam side of the condenser was assumed. Thus, 
the turbine back pressure as set at two pounds above atmospheric. For the 
resource temperatures of interest, this makes for roughly equal contributions 
to the total net power output from both parts of the hybrid plant when the 
cycles are optimized. Decreasing the back pressure leads to a greater 
contribution of the power output from the steam turbine. Along with this, 
however, comes the potential for air leakage into the process, and the 
requirement for a greater amount of power to compress the noncondensable 
gases for injection. 

The binary turbine inlet temperature was fixed by setting the approach 
temperature on the condenser; 5OF was chosen as the minimum approach 
temperature. Finally, specifying the air cooler approach temperature fixed 

1.- 

e steam so that they can be i ected into the 
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the hydrocarbon state points. A minimum 20°F approach on the air cooler 
was used. Since the back pressure of the steam turbine is nearly the same for 
all cases, varying only with the atmospheric pressure at the individual sites, 
the binary cycle state points are nearly the same for all the hybrid plant cases. 
The amount of steam condensed determines the condenser duty, the amount 
of working fluid circulation, and therefore the amount of power produced by 
the binary cycle. 

Cost Analysis 

Assumptions 
The economic-analysis methodologies used for flash and binary cycles were 
also used for analyzing dual flash/back pressure turbine binary hybrid power 
plants. The costs for the condenser, cooling water system, vacuum system 
and the sulfur plant were omitted from the dual flash cost model and the cost 
of a gas compressor was added. Off- site costs were included in the flash part 
of the plant. The only adjustment made to the binary plant cost model 
involved changing the overall heat transfer coefficient on the hydrocarbon 
heater: in the instant case it was calculated for each case since the driving 
force is condensing steam instead of hot liquid. However, heat exchanger 
costs were assumed to be $7.57 per square foot of surface area, the same as 
those for the brine-to-isobutane heat exchanger in the binary cycle. 

Results 

Performance 
The flash pressures in the flash part of the plant affect the power output of 
both parts of the hybrid plant. Figure 9-4 shows the power produced by each 
part of the plant and the total plant power as a function of low pressure flash 
pressure at Glass Mountain. The high pressure flash pressure is kept at a 
constant 151 psia. This is the wellhead pressure, so there is no freedom to 
raise it, and it is thermodynamically unfavorable to lower it. The plot shows 
that the optimum low pressure flash pressure is at 53 psia. This coincides 
with a maximum in the power output of the steam turbine. This optimum 
flash pressure is higher than the 26 psia optimum for the conventional dual 
flash case because the condenser temperature in the back pressure turbine 
cycle is higher. Increasing the flash pressure produces a smaller quantity of 
low pressure steam and thereby less power in the binary side. This levels off 
because there is a fixed amount of steam from the high pressure flash. 

Optimizing the flash pressures is the primary task in optimizing the back 
pressure turbine cycle. At each site, once the best flash pressure is found, the 
brine utilization is better than for conventional dual flash technology alone. 
This is as expected because the plant is part binary which has an inherently 
better brine utilization. 
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Economics 
The back pressure turbine cycle has several parameters which must be 
optimized. These are parameters that normally have to be optimized in either 
dual flash or binary plants when they are investigated separately. A plot of 
specific plant cost vs. low pressure flash pressure for Glass Mountain (Figure 
9-5) shows that the thermodynamic optimum flash pressure, 53 psia, is also 
the economic optimum. This result with regard to the flash pressures was 
true for all of the back pressure turbine cycles investigated and the same was 
found with the dual flash investigations. 

For each case, an approach temperature on the condenser of lS°F is found to 
be the most cost effective. The amount of surface area, and therefore 
condenser cost, required to give a lower approach temperature is not justified 
by the amount of added power produced. For the air coolers, an approach 
temperature of 28 OF is found to be the most cost effective. These results are 
consistent for all cases because the binary cycle heat source and rejection 
temperatures are very similar for all cases. 

Table 9-2 gives the major equipment costs for the most economical plant at 
each site. It is clear from the table that as the resource temperature declines, 
the power production and therefore the plant cost shifts from the flash part of 
the plant to the binary part of the plant. In none of the cases is the capital cost 
less than either dual flash or binary alone. 
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Table 9-2 
Dual Flash/Back Pressure Turbhe Binary - Major Equipment Costs 

Subject Back Pressme Turbine Cycle, Economic Optimum Casea 
CASE GlassMtn cos0 DesertPk SurpriseV Vale,Oregon 

Power Plant 510 OF 525 OF 4258 375 QF 33OQF 
1200 H.P. Separators i m , m  lo7fiU2 143397 127,200 u3m 

53,600 53,600 70,000 140,000 165,000 
31,600 28300 . 32,000 4630 woo 

22500 22300 urn urn 22.500 
0 0 0 0 

1500 Hot Well/Cond Pumps 0 0 0 0 
firepumps 55,ooo 55,000 55,000 5;,000 55,000 
L 0. Trans. Pumps 4,000 4,000 4,000 4,000 4,000 
Pot. Water Pumps 7,000 7,000 7,m 7,000 7,000 
Aux CW. Pumps 0 0 0 0 0 .-a 

Injection Pumps 85,400 $552400 113,000 181,600 281,400 
1700 CmlingTwer 0 0 0 0 0 

33,900 15,m 
1900 L 0. Storage Tanks 29,000 29,OOO 29,WO 
1800PlantAirSJetem 

2800 Turbine Generator 8,787,ooo - 7#945,000 7426,000 
NCGCompressor 425394 2578,985 135,114 2,125,914 3,092680 
Gantry Crane 500,000 500,000 sooPoo 500,000 m.000 
Vac Hot Well 0 0 0 0 0 

Sulfur Plant 0 0 0 0 0 
MixTanks l(13,oOo 128,000 91,000 113,000 119,000 
Start-up or h e r  Gen 31,000 31,000 31,000 31,000 31,000 
FW Tank + Sys l25,CKlO 125,000 125,000 125,000 125,000 

Equpment 10,820,603 13,386,915 9,671,645 11,874,219 12580,554 

Gathering k Injection System 
1500 Reduction Pumps 

Total Mapr Equipment ' 

Total Flash Plant 

Total Gath k Injec Equip 53, 53,000 3,510,000 5,7l0,000 
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Dual Flash/Gas Turbine Hybrid 

Introduction 
Dual flash - gas turbine hybrid power plants combine geothermal power 
production with fuel burning power production to increase the efficiency of 
each process over independent operation. What is otherwise waste heat from 
the gas turbine exhaust is transferred to the geothermal fluid to increase the 
enthalpy available. 

Cycle Process Flow 
Several types of dual flash-gas turbine hybrid plants were investigated, and 
process flow diagrams for the two best alternatives are shown on Figures 9-6 
and 9-7. All the hytkid plants use natural gas turbines. The dual flash portion 
of the plant is the same as described previously with the addition of one heat 
exchanger in each case. For the resources which require pumping, those 
below 400 O F ,  the gas turbine exhaust heats the liquid resource several OF 
before it enters the high pressure separators. The free flowing resources, 
those above 400 OF, employ a heat recovery steam generator (HRSG) which 
makes additional high pressure steam from the condensate. 

Performance Analysis 

Description 
The same gas turbine unit is used at each site, a G.E. LM2500. This unit 
produces roughly 20 MW, or forty percent, of the total net power for the ~ 

hybrid plant. By choice, the majority of the power is produced by the 
geothermal part of the plant. The net power output, fuel consumption, 
exhaust gas enthalpy and exhaust gas flow rate for the LA42500 are found from 
curves published by G.E. These values are a function of atmosphere pressure 
and'ambient weather conditions. Since in this study the wet bulb and dry 
bulb temperatures are assumed to be constant, the power output of the gas 
turbine and the enthalpy available in the exhaust gas are constant at each site. 

remaining task is to utilize the exhaust gas heat and the minimum 
amount of brine to produce a fixed remainder of power at each site. 

A process simulator was used to make preliminary investigations of a 
number of processes for adding the exhaust gas heat to the geothermal cycle. 
From these investigations it was found that the best performing cycle for the 
pumped resources involves heating the brine before it enters the high 

ure separators. This effectively increases the enthalpy of the resource. 

the well pads. It is not possible to use the exhaust gas from the gas turbine, 
which is located in the main plant, to supply heat to the fluid entering the 

flowing resources have the high pressure separators located out on 
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high pressure separators. To minimize the technical risk associated with 
adding this heat, cycles involving superheating geothermal steam or 
vaporizing geothermal brine were eliminated. The superheated geothermal 
steam would be highly corrosive and an exhaust gas-to-superheated steam 
exchanger would have poor heat transfer requiring excessive surface area. 
Vaporizing geothermal brine would cause excessive fouling as the dissolved 
solids plate out on the heat exch 

marizes the altern 
flowing cases. Option one involves heating the low pressure brine. Option 
two involves heating the turbine condensate. Option three, involves heating 
a portion of the entire condensate to high pressure steam. Option three 
produces the most power. It is also the simplest alternative, employing a 
standard HRSG as the heat exchanger. Therefore, option three was used for 
the free flowing cases 

Assumptions 
0 

re considered for the free 

The assumptions for hybrid analysis are consistent with those for 
conventional dual flash analysis -for similar process components. 

The exhaust gas exit temperature was limited to 260'F to limit 
condensation. 

u There was a 30°F limit on the approach temperature for the HRSG. 
This is approximately an economic optimum. 

Cost Analysis 

Desmp fion 
The capital cost of the LM2500 was assumed to be fixed at $8,600,000 which is 
based on a quote from G.E. The costs of the HRSG and the brine heater were 
found as a function of surface area as are all heat exchangers in the study. The 
installed cost multiplier for these pieces is 2.53 just as with dual flash 
equipment. The optimum plant is defined as one which produces the fixed 
remainder (50 MW net minus the gas turbine power) power for the lowest 
capital cost. 

Assumptions 

4 .  

I 
I 
~ 

i 
I 

1 

0 The cost assumptions were consistent with those made in the dual 
flash economic analysis for similar equipment. 
The installed cost multiplier for the LM2500, the HRSG, and the brine 
heater was 1.8 as opposed to 2.53 for other dual flash equipment. 
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Results 

Performance 
Referring to table 5-6, the vacuum system that is most economical at each site 
for the conventional dual flash cases is also best for the hybrid plants. The 
geothermal part of the hybrid plants, with the exception of Thermo Hot 
Springs, can produce the 30 M W  of power with a single turbine. Only one 
turbine is needed for the colder hybrid plants only half the flow 
is required. 

The dual flash portion of the hybrid plants use roughly half of the flow of the 
full scale plant yet produce over 60 percent of the net power. This is 
approximately true for all of the resources. The added heat from the gas 
turbine exhaust produces roughly a twenty percent increase in brine 
utilization. Figure 9-8 shows the specific output comparison. 

Economics 

It is inappropriate to compare the speafk capital cost of these hybrids to other 
technologies because of the fuel requirements. Only comparison of the 
levelized busbar costs is significant. This is done in Section 11. 
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Table 9-3 
Dual FIasWGas Turbine Hybrid - Major Equipment Costs 

LP Flash (pia). 22.5 27 -- 1.86 1.9 
CT Circ. (gpm) I 56,000 67,000 

I 
Exh Inlet (F) 980 

22.5 22.5 
1.89 1.96 
66,000 66,500 

980 980 
Exh Outlet (F) 274 698 I 352 
Geoth Inlet (F) 244 234 100 

-Geoth Outlet (F) 344 320 320 
‘Hx Duty (MMBt-u/h) 87 36 78 
Hx LMTD (F) 198 I 593 305 
, Punip Power (kW) 229 3 8 

di 
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V Binary/Gas Turbine Hybr 

In this hybrid concept, exhaust gas from a natu 
turbine is used to provide additional heat input to the binary cycle working 
fluid. The addition of high temperature exhaust heat increases the 
thermodynamic efficiency of the binary cycle operating on a relatively low 

fired combustion 

As in the dual flash/ gas turbine hybrid cycle, the gas turbine is a General 
Electric LM 2500. Since this is a study of geothermal cycles, a decision was 
made that less than half of the power should be produced from a fossil fuel 
source. A GE LM 2500 is the largest standard frame size to meet this criteria. 
The binary cycle employs air-cooled condensers for heat rejection. Air-cooled 
condensers allow operation in arid locations where cooling water is 
unavailable and in environmentally sensitive areas where cooling tower 
discharge is unacceptable. Commercial isobutane was used as the working 
fluid for all 

Figure 9-9 shows a process schematic for the binary/ gas turbine hybrid with 
the binary and exhaust gas exchangers in series. In this cycle, cold isobutane is 
heated and partidy vaporized in the geothermal fluid-to-isobutane 
exchanger and then heated to turbine inlet conditions in the exhaust gas-to- 
isobutane exchanger. Figure 9 -10 shows a cycle in which the cold isobutane is 
heated to its bubble point in a brine preheater. After leaving the brine 
preheater, the isobutane flow splits with some of the isobutane being boiled 
in the exhaust gas-to-isobutane vaporizer and some in the geothermal fluid- 
to-isobutane vaporizer. Both the series and parallel heat exchanger 
configurations were considered in this study. Figure 9-11 shows a 
temperature - enthalpy diagram for Thermo Hot Springs of the series heat 
exchanger configurations. Figure 9-12 shows a temperature - enthalpy 
diagram for Thermo Hot Springs of the parallel he 
configurations . 
Assumptions 
For all cases, the 
portion of the plant was set at 50 M W .  Cycle and economic analysis of the 
binary /gas turbine hybrid were performed for the low temperature resources 
where a binary cycle is favored over d flash (Therm0 Hot Springs, Raft 
River, Vale and Surprise Valley). 

- u 

power output of the binary and gas turb 

9-21 



.J  

LI Performance Analysis 
Gas turbine data are usually given at IS0 conditions of 59 OF and sea level. 
For this study, gas turbine power production, fuel consumption and exhaust 
gas flow were adjusted for site conditions. 

Binary cycle assumptions were maintained the same as for the stand alone 
binary cycles. These assumptions are detailed in Section 5. A 50 psi pressure 
drop from the discharge of the hydrocarbon circulating pump to the turbine 
inlet was maintained. Due to pressure drop through the exhaust gas-to-brine 
heat exchanger, a 10 inch water back pressure on the combustion gas turbine 
was used. Standard HRSGs used in combined cycle plants also have a 
pressure drop of 10 inch water. The minimum temperature difference 
between the ejchaust gas and the isobutane was set at 30°F and the minimum 
exhaust gas temperature was set at 260°F to limit condensation. 

Economic Analysis 
Binary cycle cost assumptions were same as those listed in Section 5. GE 
provided a budget price of $8,600,000 for the natural gas turbine package. A 
vendor quoted a price of $1,077,500 for an exhaust gas exchanger with a duty 
of 902 MMBtu/h and a weighted log mean temperature difference of 223 OF. 
An installation multiplier of 1.8 was used for the combustion turbine and 
exhaust gas exchanger. 

Depending on site elevation, the combustion gas turbine produces between 18 
to 19 M W .  The binary cycle produces the remainder. Table 9-4 shows the 
specific output of the binary portion of the plant. Addition of exhaust heat 
increases brine utilization 22% at Thermo Hot Springs, 25% at Raft River and 
7% at Surprise Valley. Addition of high temperature exhaust gas has a larger 
impact on cycle efficiency for low temperature resources where 
thermodynamic efficiency is inherently lower. Table 9-5 shows percentage of 
heat input to the binary cycle that comes from the exhaust gas. At Therm0 
Hot Springs, the percentage of heat input from exhaust gas is lower than for 
Raft River so specific power output increases less at Thenno Hot Springs than 
at Raft River with the addition of the exhaust gas. 

Results dj 

For low temperature resources, a plant with parallel heat exchangers has both 
higher specific power output and lower cost than one with a series heat 
exchanger arrangement. For low temperature subcritical cycles, parallel 
arrangement changes the pinch point and allows a higher turbine inlet 
pressure. For supercritical cycles, heat is better utilized by adding the hottest 
heat source to the hottest portion of the cycle. 

Table 9-6 shows total plant cost for both binary/natural gas hybrid plants and 
binary plants. Capital cost of hybrid plants is significantly lower due to the 
lower first cost of the combustion turbine. GE turbine cost is about $865/ kW. L' 
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The economically preferred generation technology is .determined by the 
levelized busbar cost which includes natural gas fuel costs. Levelized busbar 
costs for the various technologies are discussed in Section 11. 
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Figure 9-9 
Gas Turbine - Binary Hybrid I Process Flow-Diagram 
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Table 9-4 
Specific Output, kWh 

Thermo Hot SDrines 

1000 lb brine 

from Exhaust gas 
5.8% 

Table 9-5 
Exhaust Gas Heat Input 

Vale, Oregon 

I I %Heat Inmt i 

9.8% 
Surprise Valley, CA 9.6% 

_r 

~~ -~~ 1 V I  

haft River, Idaho 1 8.6% I 

Table 9-6 
Specific Capital Costs 
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ENVIRONMENTAL IMPACT 

lntroduction 
Although geothermal power plants are typically benign compared to other 
energy resources when it comes to environmental impact, there are some 
differences between the various technologies that should be understood and 
evaluated. Since the overall environmental impact is usually low, this is a 
secondary criterion in comparing technologies. 

Since all of the technologies are geothermal power plants, we can expect that 
they will all have roughly the same impact in a number of environmental 
areas. In this section, we first discuss those areas for which all of the . 
technologies have the-roughly the same environmental impact. Next, we 
examine the areas for which different technologies have significantly 
different environmental impacts. Once we have determined the varying 
environmental impacts, we rank the technologies against each other. 

Technology 

Earth 
At the surface, con 
topography of 
displace, and comp 
alternative to many other forms of energy production, surface runoff 
containment is necessary to prevent any contamination of surrounding soil. 

The effects of operating a plant may also be seen below the surface. 
is cooled and moved from the production well areas to the injection well 
areas. This movement of brine has the potential to cause subsidence. 
Subsidence would be of concern if the sagging were to damage structures in 
the area. In some cases it is necessary to add chemicals to alter the pH of the 
brine to prevent scaling. This could then alter the pH of the reservoir. 

All of the technologies we have investigated have roughly the same potential 
to impact the surrounding earth. 

c 

a1 power plant will change the 
as grading will serve to disrupt, ' 

soil. Although geothermal plants are a clean 

I 
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Environmental Impact 

Plant and Animal Life 
Construction of a geothermal power plant would, as would any kind of 
construction project, impact the plant and animal life in the area. It would 
result in the destruction of a small amount of habitat, and disrupt the lives of 
a few organisms. However, it is not inherent in any of the geothermal 
technologies to do the following: change the diversity of species, reduce the 
number of an endangered species, or introduce a new species to an area. 

Noise 
Each type of technology has pumps, turbines, cooling fans, vents, etc. All of 
these would contribute to a steady drone of background noise. One type of 
technology would not be significantly noisier than another. The degree of 
impact of this noise would vary with the proximity of the plant to human 
population. Often, geothermal plants are located in remote regions. 

Light and Glare 
Geothermal power plants operate around the clock. It is therefore necessary 
that they be well lit to allow routine operation and inspection at night. This 
light would be noticeable in the surrounding area, and would not vary 
significantly from one technology to another. The extent of the impact would 
depend upon the proximity of the plant to human population. 

Land Use 
The main plant would take up from 5 to 10 acres of land. The gathering and 
injection systems would finger out for up to several miles in all directions. 
Fifty miles or more of transmission lines are often required to deliver the 
electric power to its consumers. In some cases, roads must be built or 
expanded to accommodate construction traffic. For a 50 MW plant, this land 
use would not vary significantly from technology to technology at a given 
site. 

Population 
A power plant would increase population by adding to the area people who 
construct and then run the plant. This additional population would require 
housing, transportation, utilities, and public services. The degree to which 
this would impact an area would depend upon the existing population. All 
of the technologies would have roughly the same impact on population. 

t 

Remea tion 
A geothermal power plant might impact outdoor recreation activities. A 
branching gathering and injection system might serve as a barrier to hunters, 
hikers, or off road motorists. Many geothermal sites have natural spas in 

t 
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their proximity that 
the same potential 

Archaeological/Historical 
It is possible that the site chosen for a geothermal power plant could contain 
fossils, or ruins or other items of archeological interest. It is also possible that 
the sites contain structures or landmarks of historical interest. This type of 
potential impact would not be affected by the type of technology in use. 

Air Pollution 
Air pollutant emssions are perhaps &e most n 
environmental impact of geothermal power plants. The quantities and type 

eted. All of the technologies have roughly 
tion in these 

-. 

thy potential 

mash plants and the 
geothermal fluid is exposed to the atmosphere during the process. The result 
is that the plants can emit nearly all of the noncondensable gas from the brine 
into the air. The open cycle technologies include, advanced flash, sub 
atmospheric flash, rotary separator turbine, and flash hybrids. 

We refer to the standard dual flash process flow diagram Figure 5-9 to follow 
the path that the gas travels. The gas begins dissolved in the brine and then 
travels from the brine into the steam when the brine is flashed. It then goes 
through the turbine and into the condenser. Some of the gas leaves the 
condenser in the liquid condensate and goes to the cooling tower with the 
cooling water. A flash plant that uses a direct contact condenser instead of a 
surface condenser will have a greater quantity of gas in the cooling water 
return. This is because there will be up to 40 times more liquid contacting the 
gas than in a surface condenser. In either case, most of the gas is pulled out 
of the condenser by the vacuum system. The gas is then compressed to 
slightly above atmospheric pressure and may be sent to a sulfur plant. 'The 
discharge from the sulfur plant is usually vented to the atmosphere. 

Hydrogen sulfide (H2S) is the most hazardous constituent of the 
noncondensable gas stream. It is colorless with a strong odor. It is heavier 
than air and will settle in low lying areas. Hydrogen sulfide can be instantly 
fatal if inhaled in high concentrations. Exposures of 800 to 1000 ppm can be 
fatal in 30 minutes. In concentrations of 20 to 150 ppm, hydrogen sulfide acts 
as a respiratory irritant by combining with alkali present in moist tissues to 
form sodium sulfide, a caustic. Because of its potential toxicity, the H2S in 
the noncondensable gas stream usually converted to elemental sulfur by a 
small sulfur plant. In this study, we size the sulfur plants to handle all but 11 
pounds per hour of the H2S in the brine. We assume that in a worst case 

n open cycle plant, the 

i2 
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c; scenario with no oxidation in 
pounds per hour are emitted to the atmosphere. This is consistent with the 
100 g per MW hour limit placed on an actual operating plant in California. 

Carbon dioxide ( C e )  is the most abundant constituent in the 
noncondensable gas stream. In the cases we examine, we assume that Co;! 
comprises over 98 percent of the noncondensable gas. Although it is not 
acutely hazardous, concerns about the greenhouse effect make CO2 emissions 
an issue. The open cycle NCG emissions tables show the amount of CO2 
released by each open cycle technology at each site. We see that the quantity 
of CO2 emissions at a given site is directly proportional to brine utilization, 
with emissions decreasing as brine utilization improves. 

Ammonia (NH3), hydrogen (Hz), and methane (CHq) are other common 
trace constituents in geothermal brine. In our economic analysis, we do not 
make any assumptions as to the concentrations of these species in the brine. 
Generally, the ammonia concentrations are less than that of H2S but on the 
same order of magnitude. The others are found in one tenth the 
concentration of H2S or smaller. The trends for emission of C02 shown in 
the open cycle NCG emissions tables (Table 10-1) reflect trends for emissions 
of these trace substances. Namely, improving brine utilization for a given 

olhg tower, the remaining eleven 

technology at a given site reduces the relative amount of emissions. CJ 

t 
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Table 10-1 
Open Cycle NCG Emissions Tables 

G 

(Dual Flash Gas Turbine Economic Optimum Cases) 
Site NCGs H2S BrineFlow 

ppm ppm lb/hr 
CosoHotSprings 20000 105 1,600,OOO 

Desert Peak 290 4 2300,000 
Dixie Valley 2000 5 2,000,000 

Raft River 2000 0.2 10,687,500 
GlassMountain 1700 20 1,500,000 

Salton Sea 1360 16 1,300,000 
Surprise Valley 2000 20 4,066,000 

Vale 2000 20 6,982,713 
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Table 10-1 
Open Cycle NCG Emissions Tables 
(Continued) 
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The Kalina cycle and all other varieties of binary plaqts are closed cycle plants. 
Closed cycle plants do not expose the geothermal fldd to the atmosphere and 
therefore do not do not emit noncondensable gases. Flash binary hybrid 11, 
the back pressure turbine cycle, is also a closed cycle plant. 

Although these closed cycle plants do not emit noncondensable gases, they 
do emit some of their working fluids through leakage. The Kalina cycle emits 
ammonia, which is a colorless gas that acts as a respiratory irritant. The other 
binary cycles emit mixtures of light hydrocarbons such as isobutane and 
isopentane, which are also colorless gases that act as respiratory irritants. 
Data from operating binary plants shows that they lose some working fluid 
circulation. In general, the colder resources use greater amounts of working 
fluid and therefore leak a greater quantity of working fluid. 

Gas turbine hybrid plants burn light hydrocarbon fuel, which we assume is 
methane. The normal combustion products are C02 and water. In addition 
to these products, a side reaction involving the nitrogen and oxygen in the 
air produces small amounts of nitrogen oxides, or NO,. The gas turbine 
emissions tables (Table 10-2) sho 
turbine hybrid plants. 

Water Consumption 
Water cooled plants that do not use condensate as cooling water makeup, 
will require an outside water source. This can impact the surrounding 
domestic and natural water supply. In this study, only water cooled binary 
plants do not use condensate as make up. 

e emissions for the two types of gas 

Aesthetics 
All of the technologies that are water cooled employ cooling towers. Cooling 
towers will have visible plumes of water vapor that vary in size depending 
upon the amount of water evaporated and on the humidity. Although these 
plumes are essentially clean distilled water vapor, to some they may appear 
unattractive. Depending on the location of the plant, this can be of concern. 
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Gas Turbine Exhaust 
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Safety 
Conventional binary cycles use flammable working fluids at high pressures. 
They also receive regular shipments of working fluids t'a make up for leakage. 
These flammable components of the process pose a risk of explosion and fire 
not associated with other technologies that do not employ flammable 
working fluids. 
Gas turbine hybrid plants burn natural gas at 
temperatures of over one thousand degrees Fahrenheit. They burn large 
quantities of gas that are on the order of ten thousand pounds per hour. 
These conditions also pose a fire risk not found in other geothermal 
technologies. 1 

Ran kings 
Now that we h 
vary significantly from one technology to another, we may rank the 
technologies against each other. We rank the technologies from first on 
down based on 

A given technology receives a score from zero to eight, eight being best. A 
technology can earn one point in each of eight categories, if it does not have 
that particular negative environmental impact. Air emissions encompass 
five of the eight ranking categories. Water use, plume visibility, and fire risk 
are the other three. 

In the event of a tie score, we give a higher ranking to the technology with 
better brine utilization. In many of the areas where environmental impact is 
not dependent upon the technology chosen, a plant that has better brine 
utilization would tend have a lesser environmental impact by virtue of its 
reduced scale. A smaller gathering system, for example, would tend to 
lessen impacts on land use, animal life, and so on. 

pressures and at 

. 

identified and discussed the environmental impacts that 

tern, and tabulate the r d n g s  in Table m-3. 

G 
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Table 10-3 
Environmental Impact Rankings 

c 
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NEXT GENERATION GEOTHERMAL POWER 
PLANT TECHNOLOGIES 

Concept Ranking Methodology 
The goal of the next generation geothermal po 
the best altemative for geothermal power generation at each of the sites. The 
most attractive technology at each of the sites will generally be the technology 
with the lowest cost of power generation. Therefore, levelized busbar cost is 
the primary criteria for ranking the technologies. Other factors affect the 
attractiveness of the various power generation technologies but their 
influence is harder to quantify. For technologies with levelized busbar cost 
within 5% of each other, the following secondary factors were considered in 
determining the relative ranking of the technologies: 

Technical Risk 

A tech'nology with a long history of successful, commercial power plants 
presents a lower risk than a technology in the conceptual development stage. 
A concept that builds upon existing commercial geothermal technologies or 
components that are proven in geothermal service is less risky than one that 
does not. Table 115 lists the relative technical risk associated with each 
technology. All the baseline technologies are given a technical risk ranking of 
very low due to the large number of profitable power plants currently in 
operation. Mixed fluid binary cycle and a subatmospheric flash cycle are 
given a ranking of low risk even though they have not yet been installed in a 
commercial plant since there is little technical risk associated with their 
implementation. All the hybrid technologies build upon existing 
technologies, but are given a technical risk ranking of medium due to their 
added complexity. During recent testing of both the rotary separator turbine 
and a radial M o w  turbine operating on a metastable binary cycle, damage to 
the turbine was observed. For this reason, both of these technologies, have 
been given a technology risk rating of medium/high. The Kalina cycle has 
been ranked as a high technical risk due to the large vertical heat exchangers 
and concerns regarding integral c 

lant study is to identify 

er. 
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Water Consumption 
Geothermal power plants must be located adjacent to the geothermal 
resource. In the western United States, few geothermal resources are located 
near an abundant surface water source. Therefore, plants that do not require 
an outside water source are preferred. The closed loop, binary and Kalina, 
plants are given a water consumption rating of none since the process 
consumes virtually no water. Water cooled flash plants are given a water 
consumption rating of low. Condensate is normally used as cooling tower 
make-up, but some plants may require additional water in dry summer 
weather. Since gas turbine auxiliaries may require some d e  up water, the 
gas turbine hybrid cycles were also given a ranking of low. Water cooled 
binary plants require an external cooling water supply, so this technology was 
given a water -consumption ranking of high. 

Environmental Impact 
Technology with W a l  environmental impact is preferred. A technology 
with a lower environmental impact will be easier to permit; thereby, reducing 
project costs. In addition, by being perceived as a good neighbor, the utility 
will generate goodwill in the community. Environmental impact ranking is 
summarized in Table 11-5. Environmental impact of each of the technologies 
was discussed in detail in Section 10. 

Levelized Busbar Cost Methodology 
Levelized busbar cost of power generation was calculated using the 
methodology explained in EPRI's 1993 Technical Assessment Guide (TAG) for 
levelized revenue requirement. The revenue requirement is defined as, 
"The total revenue that must be collected from customers to compensate a 
utility for all the expenditures associated with implementing a decision 
involving money." The levelized revenue requirement(LRRA) for the power 
plant was calculated using TAG Equation 6-27 

LRRA = (Investment)Pm,n + I: '3xpenses)Ln 
where, 

Investment = Total plant cost 
Expenses = All appropriate expenditures 
Ln = Levelizing factor 
Pm,n = Levelized carrying ch 
recovery class and n year book life 

a plant item with an m year tax 

The following assumptions (given in TAG Table 6-3) were used by EPRI to 
caldate that Pm,n is 0.141 
11-2 
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M- 

Table 11-1 

Levelized Busbar Cost of Power Generation Assumptions kj- 

-.= 

Table 11 - 2 summarizes the additional assumptions that were used in 
calculating the levelized cost of the power plant. A capaaty factor of 96% was 
used for all technologies. Existing binary and dual flash plants operate with 
capacities in excess of 96%. Emerging technologies will need to achieve 
technologies of 96% if they are to be commeraal. Assumptions employed in 
calculating the capital cost of a 50 MW geothermal plant were detailed in 
Section 4. h e r ' s  costs include an allowance of $32/ k W  for siting and 
licensing, $lOO/kW for financing, and $lOO/kW for project costs. Annual 
operating and maintenance costs were assumed to be $95/kW for all concepts. 
This value is based on Holt's estimate of operating costs at existing binary and 
dual flash plants. It includes operating labor for both the plant and the 
wellfield, maintenance, equipment and materials, spares, office supplies and 
equipment, plant vehicles, building and 'ground maintenance, utilities and 
plant management. It also includes some allowance for overhead and 
contingency. . 

3 

-. 
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Capacity Factor 

o&M costs 

U Table 11-2 
Levelized Busbar Cost of Power Plant Assumptions 

96% 

$95/ kW/year 
h e f s  Costs 

Investment Tax Credit 

Royalty 

$232/ kW 

10% 

10% of revenue requirement 

NaturalGas - 

Although chemical usage does not have a significant impact on the levelized 
busbar cost, it was identified as a separate line item since different plant cycles 
will have different chemical usage. For binary and Kalina cycles, a chemical 
cost of $60,000/ year was included for working fluid makeup and 
miscellaneous chemical usage. For water cooled plants, $sO,OOO/ year was 
added for cooling water treatment. Actual water treatment costs will vary 

tower makeup. A cost of $147/long ton of sulfur was included for the 
chemicals used in the liquid redox hydrogen sulfide abatement system. For 
all power generation concepts, $0.284/1b brine was added for pH modification 
of the hypersaline Salton Sea brine. This cost was based on the information 
that 100 - 120 ppm of HC1 is added at the Salton Sea. (Hoyer, 1991) 
Since geothermal field operation and development are riskier than 
development of a power plant and because the field will probably be owned 
and operated by a private developer, a discount rate of 20% was used to 
levelize the cost of the well field instead of the EPRl recommended 9.2%. In 
addition to the production wells, injection wells, and the gathering system, 
the resource development costs listed in Table 11-3 were also included in the 
wellfield capital cost. A result of using a higher discount rate for the wellfield 
than for the plant is that a cycle with somewhat higher capital cost but better 
specific output may have a lower levelized cost of power generation than a 
less effiaent, lower capital cost cycle. 

with site conditions and with the composition of the water used for cooling d? 

!$4.36/ MMBtu (EPRl's prediction) 
$1.73/ MMBtu (Current price 12/1/94) 

U 
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Geologic Mapping 
Geochemistry 
Gravimetry 
Geoelectrical Survey 

Table 11-3 b Resource Development Costs 

90 
95 

90 
125 

soft Cost/ 
Investment 

Primary Test Well 
Secondary Test Well 

2500 

1875 

I 1 I Temp. Gradient Drilling 335 I I 

Field Rework 
and 
Maintenance 

I 1 I Modeling 65 I I 

2% of well cost annually 

Exploratory 
Investment 

Levellzed Busbar Cost Results 
Table 11- 4 lists the levelized revenue requirement for power generation for 
each of the technologies at each of the sites. Trends visible in this table have 

increases with decreasing resource temperature. For the hotter self flowing 
wells, some reservoir specific characteristics can cause cost to be above or 
belok this trend. For example, plants at Cos0 (525 O F )  have a slightly higher 

an Glass Mountain (510 OF) due to the higher noncondensable gas 
of the steam at Coso. Also, power generation at Dixie Valley (450 OF) 
xpensive than at Glass Mountain due to the higher well productivity 

1 been discussed throughout this report. The cost of power generation usually 

~ 

at Dixie Valley. Brine flow and other plant characteristics are similar for all 
four of the cooler sites, so cost variations are less. I 

r i 113 
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For the baseline technologies, dual flash plank are preferred for higher 
temperature resources and binary plants for lower temperature resources. 
The transition from dual flash to binary would be at some temperature 
between 375 O F  to 425 OF. Cost of onsite plant equipment for a flash plant is 
significantly less expensive than for a binary type plant. With a higher 
temperature resource, well costs are a lower percentage of the total cost, so a 
simpler, less efficient plant is preferred. With colder resources, well costs 
increase dramatically, so a more expensive, more efficient plant is needed. 
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Table 11-4 
Levelized Revenue Requirement 
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Adv Flash, Reheater 

Sub-Atm Flash 

Table 11-5 
Secondary Ranking Criteria 

I 

Medium LOW LOW 

b W  None LOW 

Technology 

Hybrid Cycles 

DF/ Bin. Bottoming 

GT/ Binary Hybrid 

GT/ Dual Flash Hybrid 

Technical Water Environmental 

Risk connrmption Impact 

Medium LOW LOW 

MediUm LOW Medium 

Medium LOW Medium 

I RST I Medium/High I LOW LOW I 
I I I 

I 1 I 

Kalina High None Very Low I 1 I 

ti 
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Concept Ranking Results 

Table 11-6 gives the relative ranking for each of the technologies at each of the 
sites. A discussion of the resdtd follows. 

Salton Sea _. 

The levelized revenue requirement for power 
dual flash plant at Salton Sea is 4.83 d k w h .  The flash reheater concept is a 
variation on dual flash. Since the cost of power with a flash reheater is 
identical to that of dual flash, there is no incentive to install a more complex, 
higher risk plant. Therefore, it is rated lower. A dual flash plant with a 
Rotary Separator Turbine install 
slightly lower busbar cost. 

In this study, turbine inlet temperature was limited to 360 O F  due to 
metallurgical concerns. The optimum high pressure flash temperature for a 
dual flash plant operating at Salton Sea is higher than 360 OF. As a result, 
RST is able to generate 7% more power than a conventional dual flash plant. 

Salton Sea is a hypersaline, high1 
special concern for any plant installed on this resource. In this study, 
chemical cost for pH control of about 0.3 cents/kWh was added for all 
technologies. Excessive scaling or material co 
with RST operating on this resource. 

DOE is currently sponsoring a demonstration of RST at Cos0 Geothermal 
Power Plant. Since the rotary separator turbine is considered a medium to 
high technical risk and the difference in busbar cost between RST and dual 
flash is less than 5%, baseline dual flash is the preferred technology at Salton 
Sea. 

- cos0 

Conventional dual flash is the most cost e 
at Coso. Due to the higher noncondensable gas content at Coso, some of the 
dual flash alternatives, such as Kalina cycle 13, were not appropriate. One of 
the assumptions of this study w e  that the wellhead pressures and flows were 
the same for aIl the wells at a given site. Consequently, the RST technology 
did not offer a significant advantage for the power plant as a whole. 
Currently, however, a DOE sponsored test of RST is occurring at Cos0 on one 
well that has a significantly higher pressure than other wells feeding the high 
pressure steam manifold. For resources in which there is significant 
variation in wellhead pressures, the E T  technology may offer a way to 
increase the overall performance of a steam flash power plant by recovering 
energy that would otherwise be lost in throttling the steam to the lowest 
common pressure. 

eration using a baseline 

on the wellhead geothermal fluid has a 

-.> 

omsive resource. Brine handling is a 

ity may be a concern 
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6, 
Table 11-6 
Concept Ranking 
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At a resource with higher noncondensable gas content and higher H2S 
content in the steam, the next generation geothermal technology is not likely 
to be a novel cycle. Rather, development should focus on more efficient gas 
removal systems and more cost effective sulfur handling systems. 

Glass Mountain and Dixie Valley 
For both Glass Mountain and Dixie Valley, a standard dual flash cycle is the 
low cost alternative. Since the advanced concepts are not more economical, 
there is no incentive to pursue these higher risk options. 

Desert Peak 
A dual flash/'binary bottoming cycle is the most economical alternative at 
Desert Peak. This resource has the lowest temperature of the free-flowing 
resources but a relatively low flow from each well. This makes well and 
gathering system costs relatively more expensive. As a result, it is important 
to achieve a higher thermal efficiency than is possible in a straight dual flash 
cycle. 

This study assumes that all plants produce a nominal 50 MW net. Since 
hybrid plants are essentially two smaller plants with some heat transfer 
between the two plants, economies of scale tend to make the hybrid plants 
moreexpensive than non-hybrid plant. Even so, dual flash/ binary is the 
most cost effective option at Desert Peak. 

Dual flash/ binary bdttoming cycle is a relatively low risk advanced 
technology. The dual flash component is identical to a standard dual flash 
plant. Similarly, the binary portion is a standard air-cooled binary plant. The 
heat exchanger that couples the plants is identical in design to the brine/ 
hydrocarbon exchanger in a binary plant. In the design of this plant some 
attention must be paid to the scali 
tempera tures. 

erties of brine at lower 

However, since the dual flash/ binary bottoming cycle is a higher risk option 
than the baseline dual flash and the levelized busbar cost is only 2.25% lower, 
the baseline dual flash was given the higher ranking. 

At Surprise Valley, the 1 irement for power generation 
is nearly identical for all of the advanced binary concepts as well as KCS 11. 
Although the lowest cost dtemative is a standard binary cycle with a 
synchronous, high efficiency turbine, this technology is ranked as a medium 
to high technical risk since a turbine of this size and type has not operated 
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co&ercially. A mixed fluid cyde plant at S&prise Valley would consist of 
major equipment identical to the equipment used in commercial binary 
plants but the working fluid would be 96% isobutane and 6% heptane instead 
of 100% commercial isobutane. Since this is the lowest risk technology ih this 
group of concepts with nearly the same cost, a mixed fluid cycle is ranked as 
the preferred technology at Surprise Valley. 

Vale 
At Vale, a standard binary cycle is more cost effective than the more complex 
Kalina cycle. The use of a working fluid that consists of 94% isobutane 6% 
heptane instead of commercial isobutane decreases the cost of power 
generation by 1% and using the advanced turbine proposed by Barber-Nichols 
decreases the cost another 4.5 %. Since none of the advanced binary concepts, 
decrease the cost of power generation by more than 5%, air cooled binary is 
the highest ranked technology for the 330 *F resource at Vale. 

Raft River and Thenno Hot Sminns 
Power generation from these cold resources requires an efficient conversion 
technology to be cost effective. Kalina Cycle 11 is a lower cost alternative 
than standard binary cycles operating on hydrocarbons. In this study, KCS 11 
has been ranked as a high technical risk due to the large vertical heat 
exchangers and concerns regarding integral condensation in the air cooler. 
The technical risks associated with the KaIina cycle were discussed in detail in 
Section 8. A 12 MW KCS 11 demonstration plant at the Steamboat Springs, 
Nevada geothermal site is currently being sponsored by DOE. Results of this 
demonstration plant will answer questions on constructability and 
performance of KCS 11. 

A gas turbine/ binary hybrid is another alternative for the low temperature 
sites. Technical risk associated with this hybrid is relatively low. The 
performance and reliability of standard commercial gas turbines are well 
documented and binary geothermal plants are also a proven technology. The 
exhaust gas heat exchanger which couples the fossil fuel and geothermal 
cycles is similar to waste heat recovery units in cogeneration facilities. 

The primary risk associated with the gas turbine hybrid option is natural gas 
price. Using EPRI’s number for natural gas of $4.36, the hybrid is not the low 
cost alternative. Using today’s price of $1.73, a natural gas hybrid is the most 
cost effective generation method at both Raft Rver and Therm0 Hot Springs. 
In recent years, predictions of fuel price increases have usually been high. For 
assigning the ranking, busbar cost based on the average of the higher and 
lower fuel prices was used. 

L) 
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A gas turbine hybrid would have significantly higher emission than other 
geothermal concepts. Although natural gas is the cleanest fossil fuel, 
emissions from a gas turbine hybrid are still significantly higher than with an 
all geothermal plant. (See Section 10). 

At Raft River, the cost of power generation with a Kalina cycle is 2% lower 
than with a natural gas hybrid. Although KCS 11 may be a somewhat riskier 
technology, this is offset by the risk of higher fuel prices. For this reason, 
Kalina cycle is ranked as the preferred technology at Raft River. 

At Therm0 Hot Springs, the cost of power generation with a gas 
turbine/binar.y hybrid assuming an average fuel price is more than 5% lower 
than the cost of power generated with a Kalina cycle plant. Therefore, a gas 
turbine/binary hybrid is the number one ranked technology at the coldest 
geothermal resource. 
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APPENDIX A 

Appendix A " 

The following materials in 
calculations used for analyzing var 

Gathering System Spreadsheet 
The size and cost of a well head gathering system depends very much on the 
site location and the topography. For example it depends on whether the 
wells are located uphill or downhill from the plant, and on how far away the 
wells are from the plant. These are detailed engineering co 
for the purposes of this study, an algorithm was employed 
gathering system cost that would keep all sites on the same basis. This 
algorithm requires that wells be laid out in a hexagonal pattern, and then 
collected in a straight 1 . Up to 4 or 5 tiers were allowed in this 
configuration, and a fi separation of 600 fe 
distance of 750 feet was used between nodes. 

Individual lin are sized based on velocity, and pressure drop in each branch 
is calculated. This yields the total pressure drop for the collection system. 
Calculations are stopped when the total pressure drop in the collection system 
is acceptable, and an associated cost based on the line size and length is 
calculated. This cost is the estimated cost of the gathering system. The 
magnitude of this cost does not affect the levelized cost of power production 

Well Pump Spreadsheet 
Well pumps are differen 

maintaining sufficient pressure on the fluid to suppress vaporization. Holt 
has developed a well pumping model based primarily on well depth, pump 
setting distance, well drawdown, and required pressure at the surface. The 
number of stages, the stage efficiency, and the motor efficiency is used to 
determine the size of the pump and the brake horsepower necessary. 

eral discussion of process 

requirement is for lifting the brine out of the well while sti l l  
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Parasitics 
Air cooler fan horsepower is a significant parasitic load for the plant. It 
depends on how much air is required to perform the condensation of the 
working fluid. Holt's estimate of fin-fan horsepower is based on the actual air 
condensers purchased for commercial binary facilities. It is correlated on 
temperature rise and total condenser duty. 

Well Pumping Parasitics are based on the Holt well pump model described 
above. On a case by case basis, the motor horsepower required is input into 
the cost model. The cumulative parasitics are calculated by summing the 
number of wells required in order to estimate this parasitic load. 

Working fluid pumping is another significant parasitic load. It is calculated 
based on standard pump equations using the circulation rate of hydrocarbon, 
its density, the pressure losses in the Brine/Hydrocarbon heat exchange train, 
and the pressure required at the turbine inlet. 

Miscellaneous parasitic losses are taken to be approximately 2% of gross 
power production. They include transformer losses, transmission losses, and 
other in-plant electrical requirements not included anywhere else. 

Heat Exchanger Calculations 
Heat exchanger sizing and cost is determined by calculating the surface area 
required and estimating the cost by using the cost per square foot of actual 
exchangers sold to Holt for other binary plant projects. The surface area is 
calculated using standard heat transfer methods, but adjustments are made to 
the cost for pressure, overall U, and fouling. 

The pressure adjustments are made to the shell side costs to compensate for 
high pressure turbine inlets above 250 psia.. The method used was published 
in the August 22,1983 issue of Chemical Engineering magazine. Estimating 
Costs Of Shell-And-Tube Heat Exchangers by G.P. Purohit. 

The overall U was determined for both the liquid preheating section and for 
the vaporization section of the binary unit. Since there is no vaporization 
section for supercritical cycles the U was determined for the liquid portion 
below the pinch and the fluid portion above the pinch. Actual plant data 
were taken and subsequently verified by computer simulation. 

Adjustment for brine fouling was made for each cycle based on 
Holt correlation. The Overall U for each heat exchanger section was derated 
according to the average brine temperature ssing through each individual 
shell in the train. 

e, 
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Introduction 

The overall goal of this pomon of the NGGPP study is to investigate turbine-generator 
subsystems that are reliable, efficient, and low cost. To achieve reliable operation, turbines that 
hction at generator (synchronous) speeds with s d  rotor diameters will be studied This 
keeps the turbine operating stresses to a minimum. Such a design eliminates the requirement 
for a speed reducing gearbox, thereby reducing cost and improving reiiability. 
Efjicient operation will be achieved by selecting the near opdmum number of parallel units and 
the near optimum number of turbine stages. By c.ad3.l selection of these kerns, each stage will 
be operating very near the conditions requred for peak efficiency. 
The goal of low cost will be achieved as follows: the geahox is eliminated, the turbine design 
allows the use of low strength materials due to the low operating stress, and a common design 
can be used for various sites through minor modifications and by adding or deleting stages. 

Therefore, the goals are quite clear as is the means of achieving them. However, the path to be 
followed is to use five sites with two different working fluids (commercial isobutane and a 94-6 
isobutane-heptane mixture) as the models for the turbine design. Assuming a trade-off 
between two different numbers of parailel units and an average of approximately four stages 
per unit, there are approxhately 160 different W i e  wheel designs that should be tal- 
and studied to come up with the common set of hardware which will have up to five or six 
stages. Wlth the limited budget of this program, the final result will be a reasonable first cut 

- 

towards the ultimate, optimized design. 

Technical Background 

Specifzc Speed and Specific Diameter 

Given, for each site and working fluid, the working fluid flow rate and the head drop ( d p y  
change) available to the turbine, the task at hand is to seiect the number of turbines in parallel, 
the number of turbiie stages per turbiine, and the diametedblade length per stage to achieve 
good efficiency along with relatively s d  w h d  diameters. The tuhiie shafk speed is to be 
the same as that of the generator (no gearbox). For the machine sizes (power output) under 
consideration, generator shaft speeds of 3,600 rpm are available (2-pole generators) and w2l be 
the only shaft speed considered for this study. 
To bring together these various parameters and cordate them with turbine pdormnce and 
s i i  it is expedient to utilize some simihdy parameters. The particular parameters to be 
utiiized are the Specitic speed and spectfic diameter. These, in turn, are correlated with turbine 
performance (efficiency) through widely available charts. Just how these parameters are used 
is described below. 
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Through the technique known as dimensional analysis, the similarity parameters specific speed, 
Ns, specific diameter, Ds, Reynolds number, Re, and Mach number, Ma, are derived and serve 
as convenient paramems for presenting the performance of turbomachines. These four 
parameters are sufficient to completely describe the performance of geometrically similar 
turbomachines For a given volume flow rate and for a &en head change through a 
turbomachine, specific speed is a nurnber indicative of the rotational speed and @c 
diamaer is a number indicative of the rotor diameter or the size of the machine. Reynolds 
number expresses the ratio of inertia force to viscous force and reflects the properties of the 
fluid flowing through the machine. Since turbines n o d y  operate with compressiile fluids, 
Mach number is used as the fourth similarity parameter. 
It is diflidt to present the perfbrmance of any turbine as a function of four paramems at one 
time. Fortunady, two of these variables, namely Reynolds number and Mach number, haw 
only a secondary effect on turbime performance. More significantly, ifthe Reynolds number is 
above IO6 for turbiines, the effect of Reynolds number is very nearly constant which ehhates 
it as a variable. Likewise, ifthe Mach number of the turbine is less than or near 0.5, the 
compressibility effects are n@giile which elhinates it as a variable. T h i n e  performance can 
then be preserrted as a function of the two variables, specific speed, Ns, and specifitc h m ,  
Ds. Therefore, this is the approach taken to analyze the performance of the d - s t a g e  
turbimes for Commercial &butane and for the 94-6 mixture. 

To better understand the basis of presenting turbime performance as a h d o n  of shdarhy 
parameters, an example and discussion of a performance plot for turbines will be uwed 
below. The cordatkg similarity parameters, as discussed previously, are the specific speed Ns 
and spedfic diameterDs c;' 

where Ns = No" 
I H" 

and Ds = - DHV4 

Q* ! 

Q = exitvoheflowrate,d/w 
H a d =  adiabatic head, feet 

rotor diameter, feet D - - 

It will be noted that the @c speed and specific diameter are not dimensionless in the form 
presented above; however, the parameters can be truly dimensionless when reduced to a form 
using an& velocity. An example of a typical specific speed, specxfic diameter perfbrmance 
codation hr fbll admission axial is shown in Figure B-I. A good approximalion of L3 
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the turbiine efficiency may be obtained by using an applicable w e  such as Figure B-1. As can 
be seen fiom Figure B-1. turbine efficiencies greater than 80% are possible at specific speeds 
between 40 and about 250. 

Ns-Ds diagrams are used to determine the pedormance of a turbine for a specific application as 
follows. The starting point is to calculate the isentropic head drop across the turbiie. For the 
present study employing multiple stage units, this requires the selection of the number of stages 
and the selection of how the total head available is distributed over the various stages. The 
volume flow is then detennined. For turbines, the volume flow used in the Ns and Ds 
calculation is taken at the exit of the subject turbine stage. A M i n e  efficiency is first assumed 
and then the exhaust specific volume can be determined. This, along with the mass flow, then 
gives the total flow volume. For the present study, the volume flow can also be adjusted by 
selecting difbzent numbers of units in parallel. The volume flow for each stage, of course, is 
also a b d o n  of how the head is split up over the various stages. 
Now, since it is desired to achieve a certain minimum efficiency, one can detennine on the Ns- 
Ds diagram the lowest value of Ns that provides this efficiency. For the present applidon, 
the ror&od speed iS known to be 3600 rpm. Therefore, once an exit volume flow rate has 
been d&ed (Using an assumed efficiency) and the head drop determined, the specific speed 
can be calculated. The turbine eiliciency is then found fiom the Ns-Ds diagram. If it is 
substantially different h m  the assumed efficiency, the new efficiency is used to recalculate the 
exit volume flow rate and the process above repeated. The Ds value fiom the Ns-Ds diagram 
will determine the turbiie rotor diameter. This procedure is much simpler than evaluating the 
entire detailed equations that govern turbine performance and much time can be saved during a 
preliminary design phase when selecting or matching turbine components. 
More detailed Ns-Ds diagrams also give blade height-todiameter mhos as a function of 
specific speed and s p d c  diameter. Thus, the blade height and blade root diameter can be 
determined. This information can be used to select H i e  rotor sizes which best fit a number 
of turbiine applications with the minimum of hardware components and varidons. 

Thermodynamic Data Base 

At the beginning of this portion of the study, it was discovered that the 
programs used by Barber-Nichois and that used by The Ben Holt Co. produced slightly 
different results. The basis for The Ben Holt Co. data is the Starling correlation while that used 
by Barber-Nichols is the National Institute of Standards and Technology (NIST 14). 
While the saturation pressuretemperature values vary somewhat between the two data bases, 
the enthalpy drop for the turbine varies no more than just over 4%. In most cases, the Variation 
is 2% or less. This certainly is acaracy of the study. 

As a means of establishing a n of the two data bases, the enthalpy difference was 
determined for similar situations. The data generated by The Ben Holt Co. was used as the 
basis. Thus, for the sites where subcritical cycles were used, the saturation temperaNe was 
determined for the presswe as stipulated in the Ben Holt data This temperature was then 

L J  
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rounded up to the next integer value to provide a slight amount of superheat. This pressure 
and temperature was then used as the turbiie inlet condition. 
An iserrtropic expansion to the turbine exit pressure as s p d e d  in the Ben Holt data was used 
to establish the isentropic exit condition. Then an 85% expansion efficiency was used (the 
same as used by Ben Holt Co.) to determhe the actual turbine exit e d p y .  The enthalpy 
d8erence could then be compared with the data fiom The Ben Holt Co. The actual turbine 
exit temperature wdd also be computed and compared. 
For the supercritical cases, the pressure and temperature, as s@ed by the Ben Hoh data, 
was used as the turbine inlet condition. The remainder of the computation was identical to the 
compUtationsdescriiabove. 
This data andthe resufts are shown in Table B-I. The enrhapy differences are greater for the 
commerciai isobutane than for the 94-6 mixture. For commercial isobutane, the dflkrences are 
2% to just over 4%. For the mixture, on the other hand, the difference for three of the four 
cases is much less than 1%. The other case is about 1.5% different. 
These differences are well within the accuracy and assumptions of this study. Therefore, all the 
Barber-Nchok turbiie analysis was completed using the National Instihrte’ for Standards and 
Technology data base. This particular form of the data was a software package named NIST 
14. 

Baseline Case - Vale 

LI 

The Vale reso- has a t w  that is about in the middie of the range being considered 
in this study. Therefore, these conditions were sefected for use with a binary plant using 
commercid grade isobutane to provide a baseline comparison between radial intlow and axial 
flow turbiine designs. 

The radiaI H o w  turbine has pediormance equivalent to that of an axial flow turbine over a 
specific speed range of 45 to 110. h v e  a specific speed of 95, pesfonnance drops off 
rapidly. For the large mufti stage units that are being considered for this project, radial inflow 
turbines have disadvantages that, in addition to lower maximum allowable s p d c  speed, 
include very large, expensive housings that are required to accommodate the interstage 
ducting. 
The hitation on the specific speed for radial inflow turbines is very severe and makes it 
dif3iiCult to use multiple stage units with reasonable efKciency. This -on is a result of the 

L 
10ssesassociatedwiththisspecifichardwareconfigurat0n. 
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Baseline Radial TU*bjnk' 

A baseline radial turbine design was investigated for the Vale resource for a binary plant with a 
nominal 62,000 kW gross turbine output (the hydrocarbon flow rate of 7,483,717 pounds per 
hour, as specified was used in the computation). To eliminate the need for a gear box, a 
turbine shaft speed of 3600 rpm is speded. The maximurn turbine rotor Size is limited to a 36 
inch diameter because of the limiting specific speed of about 95 to 110. For this very 
p r e h h y  analysis, a number of simplifications have been made which include using equal 
pressure ratio across each stage and 

unit having four radial flow turbiine stages. To minimize the number of turbiie housings and 
generators, a split flow design is used in which the flow enters the middle of the turbine 
housing and is divided so it flows through two sets of turbine stages. With this design, tfiree 
housings and three generators will be required. This design has the added advantage of 
balancing thrust loads on the Wine shaft. Such a possible arrangement is shown in Figure B- 
2. 

NASA Lewis Research C d an experimental performance evaluation of a radial infiow 
Mine over a range of specific speeds'. This range extended &om 72 to 108. They used a 
single Mine rotor with four different nozzles designed for 50, 75, 100 and 125 percent of 
design flow. 
The maximum efficiency (total-testatic) occun-ed with the 75% nozzle and was .87 at a 
q e d c  speed of 86. This was four percentage points higher than the .83 obtained for the 
turbine with the 1W? design flow nozzle at a speafic speed of 95.6. At the design bladejet 
velocity ratio, the 1 total-to-static efficiency of -77 was obtained at a specific speed of 
108. 
From these results, that the peak efficiency range of radial M o w  turbiies  occur^ at 
speci6c speeds ranghg h m  about 80 to 90. Figure B-3 shows the variation of W m e  losses 
with specific speed at equivalent design s p e d  and pressure ratio. From this figure it is clear 
that the specific speed of a radial intlow turbiine should be limited to the range of about 80 to 
90 for ef6ciencies above 85%. 

Figure! B-3 is for a spectfic tUrtrine designed, built and tested by NASA It illustrates the 
narrow S@C speed range over which radial inflow turbine efficiency can be expected to 

some of the key design and performance parameters for a single set (one of 
six) of radial turbine stages. The efficiencies reported in this table are from more genedid 
Ns-Ds diagrams and, as a result are somewhat higher than those reported in the NASA study. 

@ble pressure drop between each stage. 

To &@these design parameters, it is to use six units operating in parallel with each 

' "Expenrnd Performance Evaluation of a Radial In-Flow Turbine Over a Range of 
Specific Speeds" by Milton G. Kofikey and Charles A WasSerbaver, NASA 
TN D-3742, August 26,1966. 
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Lj There are three major disadvantages with a radial turbine for this application. First the &C 
speed limitation requires the use of 6 parallel units to limit the d u m  stage specific speed to 
110. Second, the required shaft diameter may be larger than the eye diameter. Third, radial 
flow turbines require housings that are large and expensive compared to a comparable capacity 
axial unit. 
W& radial inflow twbimes, it is especially important not to have the specific speed be too large 
as the turbine dciency drop off with inmasing specific speed is quite sharp. Therefbre; 
additional units in parallel must be used to decrease the flow rate in each 
specific speed down. Note that in the above table the s p d c  speed 
successiVe stage. The finai stage is the one that must be limited in flow rate. An a l e  
wodd be to agah split the flow, but this brings in added cost due to more rotors and larger 
housings. . 

The smallest eye diameter for the design listed above is 10 inches. For this partiarlar t w b k  
the fequired shaft diameter is 7.5 inches fiom a torque carrying capacity standpoint. Us'mg this 
shaft diameter and the 10-inch eye (OD) diameter, a blade height of 1.25 inches would be 
allowed. This is very small. Even more important, firam a practical standpoint, the sh& should 
be sized much larger, probably in the 15-inch diameter range. This is due to critical speed 
caldations and also due to shafi deflection. Iftwo bearings are used and all (eight) rotors are 
spaced between them (as shown in Figure B-2), the total bearing span will be over 16 feer. TO 
run reasonable clearances between the rotor and housing minimal shaft deflection can be 
allowed. Therefbre, a larger shafi diameter is required for stifkss. An alternative wouid be to 
piace more bearings on the shaft between the various rotor stages. This greatly complicates the 
design and adds significant costs. 

The third dkhmtage, a large, complicated housing resufts in high cost. The xiidid turbhe 
housing must provide interstage passages to duct the flow h m  the eye of one stage to the 
nozzle plenum of the next stage. These intentage passages significantly increase the length of 
the radial turbiine assembly compared to an d tuhine. The radial turbine also requires a 
large diameter nozzle plenum and nozzle ring for each stage. The outside diameter of the 
node plenum for the fourth stage is approxixnardy 72 inches. 

g, 

Axial Flow Turbine 

An axial turbiie design was also investigated for the Vale tesource conditions. The major 
design parameters for the axiai turbine are: shaft speed 3600 rpm, - stage m c  
speed -300, and quai pressure ratio across each stage. The axial turbine has a mudl hi& 
dowable &c speed (as discussed in Section 2.4). As a result of the larger dowab1e 
S@G speed, only four parallel units are required for the axial turbine as opposed to six for 
the radial turbine. The axial turbine will use the Same split flow housing design that was 
described above. Consequently, only two &me housings and two generators will be required 
for this reswrce. 
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Table B3shows some of the key design and performance parameters for a single set (one of 
four) of axial turbine stages. 
A possible arrangement of one set back to back) is 
shown in Figures B-4 and B-5. This is a much more compact and considerably less complex 
design than the radial inflow turbine shown in Figure B-2. 
The axial turbine has a minor performance advantage with stage efficiencies behg slightly 
higher than the radial turbine. The major advantage of the axial turbine is cost. The axial 
design only requires two turbine-generator units where the radial design requires three. 
Furthermore, the housing for the radial design is much more complex and has a larger diameter 
due to plenum arrangement for radial inflow turbines. Furthermore, there is'a real confiict 
between shaft size and the eye diapeter for the radial infiow &he that can only be overcome 
through the use of a very costly design, namely, multiple bearings. On the basis of these 
observations, the axial turbine design was selected as the baseline for the other resource 
conditions studied. Detailed cost information for the axial turbine will be provided in the 
following sections. 

L J  

these axial flow turbines (two turb 

Axial Flow Conceptual Design 

To define an economical multiple stage axial flow turbine for the various sites and working 
fluids, the goal was set to devise a common design that could be used in all cases. This was 
accomplished by defining a turbine that could have stages removed or added as necessary 
depending on the particular site conditions. Additionally, for the high resource temperatrrre 
sites which have a smaller hydrocarbon flow rate, fewer machines can be used in paralleI. 

LJ 
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L To iden- this generic fits-all turbine, it was first neceSSary to look at the near optimum 
turbine configuration for each site. This was done for the isentropic head as described in 
Section 3.0 for each site along with the hydrocarbon flow rates provided by The Ben Holt 
Company. Various numbers of units in parallel were assumed for each site along with differing 
numbers of stages per unit. 
Once this multitude of data was compiled, it was possible to sort through and discover where 
common rotor sizes were required. Some minor adjustments were made and a final design 
configuration was chosen. This final design is five stage M i n e  with the following rotor 
configuration: 

- Stane Rotor OD. in Blade Ht 

1 22 2.2 

' 2  28 2.8 

3 36 3.6 
I 

4 41 5.4 

5 48 7.8 

Whh this design, it is possible to reasonably fit the requirements for each site. This is shown in 
Table B-4. All of these turbines operate at 3,600 rpm as generators were adable  in that 
speed for the power outputs being considered. 

Performance 

Once the M m e  configuration was known, it was possible to d&mine the stage efEades 
and then compute the power output. This was done and the d t  is shown in Table B-5. 
Note that the power output reported here is not necessariiy the optimum value as a number of 
assumptions have been made. One of the more signiscant assumptions was to use quai 
pressure &os for each stage. That was expedien~ but Could be fine tuned to produce more 
power. 

In the thennodynamic data section, a discusion of the impact of different thermodynamic data 
bases was provided. As 8 means of comparing the present results for the axial flow turbine 
(Table B-5) to the Ben Holt Co. baseline, single stage, mdial idow turbiie, Table B-6 is 
provided. This table uses the same format as Table B-5 for easy comparison. It will be noted 
that the axhl flow computations generaily provide higher power output (for the same 
hydroarbon flow rate) even though the d p y  difFerences for the Badxr-NichoIs data base 
were almost always lower. However, the axial flow Computations have the benefit of actual 
turbine &ciency calculations rather than the assumption of an efficiency of 85%, as used in the 
Ben Holt Co. computation, and also a better generator efficiency. The gearbox loss for the cj 
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Lid radiai inflow turbine is a real difference as the multi stage axial flow machine does not need the 
speed reducer. 

The turbine &Ciency difference could be real as the axial flow turbine can operate at a higher 
specific speed. This was discussed in detail in the discussion of the baseline case, Vale, 
Oregon. 

cost 

Given the design discussed above, it was possible to price the various components. Because of 
the commondesign, most of the items were used at all sites. The signiscant difference between 
the Vanous sites was the use of a singe, large generator with two turbiies for Surprise Valley 
and Glass Mountah with isobutane. All other sites used two generators and four turbhes. 
Therefore, the two single generator sites are signtficantly less expensive on a cost per unit 
power basis. 
In comparing the various sites where two generators were used, there are some minor 
differeslces due to the Werent turbiie stages used. These minor differences, along with the 
minor power output variation, produce nearly level costs per unit power. For the two 
genetator systems, the costs are about $165 per kilowatt. The shde generator systems a 
slightly above $100 per kilowatt. 
The baseline power unit can be priced, less any stages, for the single generator (65 MW) and 
double generator (32 MW) cases. Pricing it without stages then allows the price addition of 
the stages required for each site to establish the site dependent price. Note that these costs 
were generated assuming this was a fbUy developed turbine. There are no costs included for 
design engineering or developments costs. , 

The turbine without stages have the same hardware for both the single or double generator 
systems and therefore have the same cost. The generators, of course, have diffexence costs. 
For the two sizes chosen, the smaller machine costs WkW while the larger machine costs 
%28/kW. This fikly large difference is due to the particular h e  sizes that these macfiines 
happen to I 3  into. Other than the generator cost dBerences, there are only minor differences 
in the large and s d  system costs. The cost breakdown for these two sizes of system am 
shown in Table B-7. 
The cost of the various stages is dependent on the number of blades (both rotor and stator) and 
the diameter of the stage. The costs for the stages of the particular machines for each Site 
considered here is shown in Table B-8. 
The costs in Table B-7 for the b d e  unit without stages can be combined with the stage 
costs given in Table B-8 to obtain the total cost. This is shown in Table B-9 along with the 
power output and the cost per unit power output. 



I Technical Risks 

Designing and tsbricating a multiple stage, axid flow turbiie as described in this 
report is well within existing technology. .There are no new materid problems to 
overcome nor any extension of knowiedge required. 

The turbine d d b e d  here is very similar to present day steam t u r b e s  with the 
exception of somewhat higher pressures than are normally encountered in 

The real risk is one of economics. It would q u i r e  a significant hvestment to 
design and construct such a device and to go through the n o d  deweIopment 
cycle.. The company that undertook such an effort would need some form of 
assurance that there would be a reasonable sized market for such a machine or 
would need some form of financial assistance from industrylgovemment to '  
undertake this effort. 

g e o t h d d c e .  
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BARBER-NICHOLS 

.. 
THS, IC4 191.8 192.0 235 468,725 1.18902 101.50 57.2 -890.894 20.544 20.954 -1.96 109.6 82.4 
RR. IC4 222.4 223.0 325 -960.394 1,19110 107.25 60.6 -988.717 24.075 24.589 -2.09 118.7 108.3 
v, IC4 sc 293.5 600 -954.507 1.18664 109.70 87.0 -988.360 28.772 30.052 -4.28 120.6 172.7 
sv, IC4 sc 353.0 850 -920.888 1.22632 157.00 68.0 -968.290 38.609 39.597 -2.50 171.3 181.7 
GM, IC4 sc 340.0 800 -929.539 1 1.21654 146.65 68.9 -971.443 35.818 38.674 -2.88 159.9 180.1 

CASE TDEW T IN P IN 

78.7 
101.3 
187.0 
179.1 
178.8 

TABLE 3.0-1 DATA BASE DIFFERENCES 2 v  1 - 29-Nov-94 

H IN S IN T PRIME P OUT H PRIME BN DEL H BH DEL H DlFF TOUT BN DEL T BH DEL T 

THS, 94-6 230.6 231.0 250 -935.799 1.20911 137.70 55.0 -963.049 23.163 23.125 0.16 146.3 84.7 
RR, 94-6 244.8 245.0 300 -931.879 1.21037 142.40 58.3 -961.237 24.954 24.589 1.48 151.6 93.4 
V, 94-6 282.6 283.0 475 -931.143 1.2021 1 139.80 64.3 -964.428 28.292 28.403 -0.39 146.8 136.2 
sv, 94-6 sc 323.0 700 -935.686 1.19063 129.62 63.4 -973.153 31.847 32.036 -0.59 136.1 186.9 

~- 

81.7 
92.5 

134.5 
181.9 

COL NUMBEn 1 2 3 4 5 6 7 8 .  9 

NO1 ES; SC IN COL 1 DESIGNATES SUPERCRITICAL 
PRIME DESIGNATES PROPERTIES AFTER ISENTROPIC EXPANSION 

BH IS BEN HOLT CO 
BN IS BARBER-NICHOLS 

DEL H IS FOR 85 % TURBINE (COL Q a io) 

10 11 12 13 14 

i': -- I 
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Stage 1 Stage 2 Stage 3 

293 229 184 

600 347 200 

76 155 286 
@W 

Flow Rate (out) (fP3k) 

Head (fi-lbfllbm) 

Ns 
21 26 30 Rotor Tip Dia (in) 
10 15 21 Eye Diameter - 

42 52 60 Nozzle Plenum OD (in) 
.81 .82 .84 

2650 3420 3866 

5170 6580 7320 

51 61 77 

mciency 

Power (HP) 

Table B-2: Radial Flow Turbine Parameters for One of sir Parallel Units 

Stage 4 

149 

116 

502 

7600 

99 

36 

25 

72 

.85 

4070 
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Table B-3: Axial How Turbine Parametersfor One of Four Parallel Units 
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Table B-4: TURBINE STAGING 



Table B-5: BN POWER OUTPUT 

Mech Loss, 
kW 

100 

100 

100 

50 

50 

100 

Turbine T 
I 3 C .  Po\. 

86.9% 64,; 

86.0% 62,67 

85.5% 63,: 

86.2% 65,J.’ 

86.5% 65,+% 

87.0% 64: 

Site/Fluid Hyd Flow Rate, Isentrop. 
lbhr Head, 

Btu/lb 

THS/l C4 10,s 3 6,220 24.169 

m 1 C 4  8,795,528 28.323 

V, 1 C4 7,483,717 33.853 

sv, 1 c 4  5,708,697 45.422 

GM,lC4 6,168,632 4 1 .go4 

Isentrop. 
Pwr, kW 

74,612 

72,990 

74,230 

75,974 

75,737 

THs,94-6 

-944 86.0?/0 63,8: 

86.0% 

86.9% 61.7t 

9,366,942 27.25 74,787 
8,645,803 29.358 743 70 

B-22 

v,94-6 

sy94-6 

7,726,822 33.285 75,3 55 

7,113,635 37.467 78,092 



'ct/ Table B-6: BH POWER OUTPUT 

- 
TU 

Pow 
Isentrop. 

Head, 
B M b  

S i t a h i d  Isentrop. 
Pwr, kW 

Mech Loss, Turbine 
kW Effic. 

0 85.0?? 

0 85.0% 

0 85.0?/0 

0 85.ooh . 

0 85.o?h 

0 85.0?4 

0 85.OOh 

0 85.00/0 

0 85.Ooh 

Hyd Flow Rate, 
lbhr 

- 
64,6t 24.652 THSllC4 76,102 

74,550 
10,536,220 

8,795,528 63,3C 

65,8t 
- RRlC4 28.928 

35.349 773 1 1 V,lC4 7,483,717 

5.708.697 77.919 46.585 sv, 1 c4 
43.146 77,982 

74,666 
GM,lC4 6,168,632 

9,3 66,942 

8,645,803 

63,46 

62,92 
- 27.206 THs.94-6 - 

74,029 29.224 m94-6 

v34-6 

sv34-6 

75,650 7,726,822 33.415 

37.689 78,555 7,113,635 
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Table B-7: POWER UNIT COST 
u 

Note 1 : Cost is in thousands of dollars 
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Table B-8: COST OF STAGES 

.... 



-~ .-. " .  ... . ---- . .. . ... . . -. . .. . ...-, . 

Pur out No. of Stages 
per u n i t ,  uni te  used 

kW required 

31,624 2 3-4-5 

30,615 2 2-3-5 

30,954 2 1-2-3-4 

64,131 1 1-2-3-4-5 

64,153 1 1-2-3-4-5 

31,735 2 3-4-5 

Stage Turb/gen 
coat COB t 

430,360 4,760,000 

406,664 4,760,000 

507,184 4,760,000 

661,664 5,895,000 

661,664 5,895,000 

430,360 4,760,000 

3 3  

RR, 1C4 
V, lC4 

SV, 1C4 

GM, 1C4 

- THS: 94-6 
RR, 94-6 

'V ,  94-6 

SV. 94-6 

31,195 

31.609 

2 3-4-5 430,360 4,760,000 

2 2-2-3-4 514.968 4,760,000 
~- ~- 

33.102 I 2 12-3-4-5 1549.904 14.760.000 

Unit cost 

5,190,360 

5,166,664 

5.267.184 

6,556,664 

6.556.664 

5,190,360 

5,190,360 

5,274,968 

5.309.904 

Total cost 

10,380,720 

10,333,328 

10.534.368 

6,556,664 

6.556.664 

10,380,720 

10,380,720 

10,549,936 

10,619,808 - 
I1 164 

II 166 

c. , c c 
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