Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title
THE TRANSPOSED CRITICAL TEMPERATURE RANKINE THERMODYNAMIC CYCLE

Permalink
https://escholarship.org/uc/item/1tg9v32\

Author
Pope, William L.

Publication Date
1980-04-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1tg9v32v
https://escholarship.org
http://www.cdlib.org/

LBL-10312
UC-66d

Cas®

[
. : o |
P . {
i - THE TRANSPOSED CRITICAL TEMPERATURE |
: - RANKINE THERMODYNAMIC CYCLE
WiHiam_L. Pope and Padraic A. Doyle f
April 1980 . ‘
Prepared for the U.S. Department of Energy
. under Contract W-7405-ENG-48 '
j
j
f )
‘ |

DISTRIRUTION CF THIS sacumm 13 URLIMITED



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



LEGAL NOTICE

This book was prepared as an account of work
sponsored by an agency of the United States
Government. Neither the United States Govern-
ment nor any agency thereof, nor any of their
employees, makes any warranty, express or im-
plied, or assumes any legal liability or responsibility
for the .accuracy, completeness, or usefulness of
any information, apparatus, product, or process

"disclosed, or represents that its use would not

infringe privately owned rights. Reference herein
to any specific commercial product, process, or
service by trade name, trademark, manufacturer,
or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favor-
ing by the United States Government or any agency
thereof. The views and opinions of authors ex-
pressed herein do not necessarily state or reflect
those of the United States Government or any
agency thereof.-

Printed in the United States of America
Available from

National Technical Information Service

U.S. Department of Commerce

5285 Port'Royal Road

Springfield, VA 22161

Price Code: AO4




LBL-10312

THE TRANSPOSED CRITICAL TEMPERATURE RANKINE THERMODYNAMIC CYCLE
William L. Pope

and

Padraic A. Doyle

April 1980

Prepared for the U.S. Department of Energy
Under Contract W-7405-ENG-48

DISCLAIMER

This book was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereo!, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein 1o any specific
commercial product, process, or service by trade name, trademark, manJYacturer, or otherwise, does
not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof, The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof,

Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720 U.S.A







111
PREFACE ’

This document contains new ‘thermodynamic criteria for working fluid
and turbine state selectibns for geothermal binary Rankine cycle power
plants. This information is interesting and potentially general. A draft
version was reviewed by outside experts who only partially share our

optimism —— preferring more "proof" before publication.

we plan to continue this work when a more reliable equation of state
is available, but feel the results herein warrant broad disclosure at the

earliest possible time.

Independent investigations leading to a theoretical explanation of
the observed behavior would be a most valuable contribution to power plant

design technology.

Constructive criticism and suggestions for useful future work are

welcoue,

William L. Pope
Staff Scientist
Lawrence Berkeley Laboratory
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THE TRANSPOSED CRITICAL TEMPERATURE RANKINE THERMODYNAMIC CYCLE

William L. Pope
and
Padraic A. Doyle

I. ABSTRACT

The transposed critical temperature (TPCT)* is shown to be an extremely
important thermodynamic property in the selection of the working fluid and
turbine states for optimized geothermal power plants operating on a closed

organic (binary) Rankine cycle.

When the optimum working fluid composition and process states are deter-
mined for given source and sink conditions (7 parameter optimization), turbine
inlet states are found to be consistently adjacent to the low pressure side of

the working fluids' TPCT line on preésure-enthalpy coordinates.

Although the TPCT concepts herein may find numerous future applications in
high temperature, advanced cycles for fossil or nuclear fired steam power plants
and in supercritical organic Rankine heat recovery bottoming cycles for Diesel
engines, this discussion is limited to moderate temperature (150°C to 250°C)

closed simple organic Rankine cycle geothermal power plants.

Conceptual design calculations pertinent to the first geothermal binary

cycle Demonstration Plant are included.

II. INTRODUCTION

Commercial electric power produétion‘accqunts for about 307 of the total

U.S. fuel consumption. It has been estimated that by the year 2000, the electric

*Sometimes called the pseudo-critical temperature
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utility industry may*be consuming 50% of all U.S. primary energy resources.
Most commercial electric power (about 82%) ié currently .produced in simple
reheat or combined steam Rankine thermodynamic cycles. Only about 40% of the
available useful work of the fuel 1is converted inﬁd electricity in existing

Rankine cycle generating plants.

Key determinants in Rankine cycle performance are in theAselected working
fluid and turbine states. Although the steam Rankine cycle has been applied
worldwide for over 75 years, little useful information has developed from this
technology for general Rankine cycle working fluid selections. Thermodynamic
criteria have been lacking for selecting the working fluid and turbine states
for even the simple closed organic Rankine cycle for a given set of source and

sink conditions.

The objective of this report is to provide new insight for working fluid
and turbine state selection for the geothermal organic (binary) Rankine power
cycle based on our observations on a single hydrocarbon working fluid mixture

system.

III. EXECUTIVE SUMMARY

e At current and projected brine prices and equipment capital costs,
optimum geothermal binary Rankine power cycles for the isobutane/
isopentane system between 170°C and 200°C resource temperatures are
supercritical cycles when the brine is produced single phase.

e Turbine inlet tempefatures for these optimum cycles are consistently
within 1% of the Transposed Critical Temperature for the optimum working
fluid composition.

® Assuming the Starling specific MBWR equation of state is valid, it is
possible to reduce the busbar energy cost of the SDG&E proposed binary
Demonstration Plant- by about 5% by simply changing the working fluid
mixture near mid-life. The annual savings would be about $2 million.
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IV. DISCUSSION

(a) LBL Background in Geothermal Power Plant Studies

Through funding from the U.S. Department of Energy. (DOE), Division of
Geothermal Energy (DGE)*, LBL has been developing a relatively general thermo-
dynamic cycle simulator, GEOTHM (Ref. 1, 2). The GEOTHM Code is coupled
with powerful non-linear mathematical optimization routines (Ref. 3) which
permit thermodynamic energy conversion systems of specified net output power to
be optimized (Ref. 4, 5, 6) for various design objectives (i.e. minimum busbar
energy cost, maximum utilization efficiency, etc.). The GEOTHM code is modular

in design permitting various types**

of thermodynamic cycles and sub-systems
to be design optimized (Ref. 7, 8, 9), and contains an extensive separate fluid

properties library (Ref. 10).

Because geothermal binary Rankine cycle economics have not been commer-
cially demonstrated, but the binary cycle is likely to be the best conversion
system choice for a large fraction of the moderate temperature identified U.S.
hydrothermal resource base, the LBL Utilization Technology Group has directed
much of its research and development activities toward the understanding and
technical demonstration of binary Rankine cycle prototype systems (Ref. 11, 12)
and sub-systems (Ref. 13, 14). A fairly up—to—date description of LBL's system
analysis capabilities is contained in a forthcqming DOE/DGE Geothermal Sourcebook

(Ref. 15).

*Utilization Technology Branch (Mr. Clifton B. McFarland, Chief)

**With modest code changes —— user constraints, penalty functions, etc.
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(b) What is the Significance of the Transposed Critical Temperature?

In the course of developing Section 8.2 of Reference 15 for DOE, we
noted that the Transposed Critical‘Iemperature* éf a binary Rankine cycles'
secondary working fluid might play a key role in the selection of optimum
turbine operating states (Ref. 15, Section 8.2.9.5). Specifically it was noted
that when fuel costs (of a pure fluid geothermal binary Rankine cycle) clearly
dominated (over plant capital costs), the cycles"bptimum turbine inlet state
approached’ the Transposed Critical Teﬁperature liﬁe of the secondéry working

fluid.

This behavior was obtained even when the assumed pure fluid was an obvi-
ously poor working fluid choice for the assumed resource temperature (i.e.

Tcr <« Tres)'

It was further suggested in Ref. 15; Section 8.2.9.6, that if the secondary
working fluids' composition (i.e. mole fraction of some assumed hydrocarbon
mixture system) was simultaneously optimized (for given source and sink
temperatures) with the six independent thermodynamic state parameters of the
geothermal binary Rankine cycle, improved thermodynamic and economic performance
uight be obtained with TPCT cycles when both plant and fuel costs were material,

but neither dominated.

(c) Mixture Working Fluids - Previous Work

The potential advantages of hydrocarbon mixtures as secondary working
fluids for the geothermal binary Rankine cycle have been emphasized by Starling
and others (Ref. 16, 17, 18, 19). A recent document (Ref. 20) contaiﬁs an
informative summary of the potential advantages and disadvantages of mixtures

and possible working fluid selection criteria.

*The Transposed Critical Temperature line is defined as the locus of points
in the working fluids' supercritical vapor region where the fluids' specific
heat is a maximum,
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In Reference 20, preliminary screening calculations were performed on
geothermal binary Rankine cycles assuming various candidate working fluids
including a 50/50 mix of isobutane and isopentane (iC4 and iCg) over
a range of potentially suitable resource temperatures. Various working f£fluid
thermodynamic characterization parameters, including Kihara's and Fukunaga's
"I-factor” (Ref. 21), were utilized for selecting turbine entrance (and in
some cases exit) states for specific ideal (reversible) cycle calculations.
Subsequent calculations in Ref. 20 identified .Cis-Z—Butene as a potentially
attractive working fluid candidate for three résource temperatures (300°F,

400°F, and 500°F).

Our primary objective herein is not to compare or advocate various poten-

tial working fluids (or mixture systems), but to simply determine whether or not

busbar cost optimized Rankine cycles with a given mixture system exhibit certain

general thermodynamic characteristics.

We have not investigated the many configuration possibilities of the

binary Rankine geothermal cycle (i.e. multiple boiling and condensing stages
(Ref. 22)), but have limited our studies to the behavior of the simple (non-
regenerative) binary Rankine cycle over sub-critical and supercritical operating

regimes assuming the isobutane—isopentane system.

The potential overall economic advantage (relative busbar energy cost) of
mixtures over pure fluids has been implied but not clearly defined —- 1) partly
because the accuracy of P-V-T correlations for mixtures using conventional BWR
type equations of state 1is queétionéble (Ref: 16;.19); 2) partly becaﬁse the
thermodynamic behavior of mixtures in éome suBsystems (i.e. condensers) is

complex and has only been approximated (Ref. 20); and 3) partly because previous
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studies (without multiparameter optimization capabilities) have not clearly
identified the optimum thermodynamic characteristics (mixture composition,

turbine state conditions, etc,) of mixture binary Rankine cycles.

(d) LBL Investigations of Mixture Binary Rankine Cycles

Since the Spring of 1979, LBL has been invéstigatidg the performance
characteristics of busbar cost optimized hydrocarbon mixture binAry Rankine
geothermal energy conversion cycles assuming the isobutane/isopentane (iC,/iCs)
hydrocarbon system over a range of potentially.applicable resource temperatures.
This nydrocarbon mixture system has a "retrograde” vapor saturation boundary on
temperature-entropy coordinates and an I-factor (Ref. 20, 21) less than 1.0,
and therefore may be regarded simply as a sub-set of all potentially attractive

candidate working fluids for this resource temperature range.

The Starling specific MBWR (1975) equation of state (Ref. 23) has been used
by LBL for this hydrocarbon system because it existed even though its accuracy
is questionable (Ref. 10, 19, 24 ), Because of this, the fact that brine price
and equibment capital costs are rapidly escalating, current GEOTHM financial
routines (Ref. 15, Séctioﬁ 8.2.11.6) are not general*, and because 7 parameter
binary cycle mixture optimizations are considerably more complex and costly than
b6 parameter optimizations with a given working fluid, we have conducted our
present mixture Rankine cycle studies on a simulated simple binary power plant

system with a multitude of very practical simplifying assumptions.

Qur goal is to get to the essence of the problem - a clear definition
.of potentially general thermodynamic features of optimized binary Rankine
cycles = with the simplést.possible level of economic and thermodynamic system

characterization.

* (New generalized economic routines have been developed for GEOTHM by the
Mitre Corporation (Ref. 25) under contract to LBL. These routines are currently
being incorporated and tested. A new version of GEOTHM will be available in the
late Summer of 1980).
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V. STUDY SCOPE

Although our mixture studies to date have been limited to the iC4/iCjs
system, the scope of this conceptual design study is relatively broad and
general. First of all we report only on optimized system designs with as few
asvpossible user input biases (Ref. 15, Section 8.2). The Design Objective
for most of the analyses herein is minimum busbar cost. Constrained brine
"yield" optimizations are also reported in Section VI (c), but not with arbi-
trarily selected pinch points. Secondly, Qe investigate three realistic
constraint assumptions for optimized systems, aﬁd finally we explore a var-

iety of sub—-system cost conditions.

(a) System Schematic Diagram

Figure 1 is a schematic diagram of the simple (non-regenerative) geo-
thermal binary Rankine cycle. The "brine" (pure Hp0) is assumed to be produced
at the wellhead as single phase (saturated) liquid using suitable electric motor
driven downhole pumps in each production well. Heat extracted from the brine is
transferred through an array of conventional shell-and-tube heat exchangers to a
secondary working fluid (hydrocarbon mixture) where it is vaporized on the
shell-side at either sub—critical or supercritical pressures. Work extracted by
the turbine drives-a generator which supplies electric power to all the motor
driven equipment. Heat is rejected from the cycle via an array of conventional
shell-and-tube condensers to a forced draft wet cooling etower. All major
parasitic losses (including production and injection pumping) are characterized.
The seven independent thermodynamic system parameters (optimizable parameters)

are also shown in Figure 1.




(b) Baseline Input Assumptions

Table 1 lists other system input assumptions of this study for the Baseline
Case. In otder to determine conceptual level busbar costs of such a system, one
must havé reasonably accurate sub—systeo coéts. Sub-system costs'were obtained
by normaliiation to values reported in Refetence 17 as described in Ref. 15,
Séction 8.2.11.6., The thermodynamic and economic performance of binarf Rankine
geotheroal power plants using pure working fluids for the same cycle and input

assumptions (as Figure 1 and Table 1) are feportedtin Ref. 15, Section 8.2,

(c) Overall Study Scope - The Three Main Groups

Because our preliminary results suggested interesting new, and potent-
ially general thermodynamic characteristics for optimized mixture cycles, it
became important to study the cycles under a broad variety of input assump-
tions. Figure 2 lists the oVerall'rango of cost, efficiency, and constraint

assunptions adopted for this study.

The system cost optimizations herein fall logically into three main

groups (see Figure 2):

Group A Un-constrained optimizations - Turbine inlet allowed to be
anywhere outside the two-phase vapor envelope.

Group B, 1) Constrained optimizations - Turbine inlet entropy 2 maximum
saturated vapor entropy.

Group B, 2) Constrained optimizations - Brine return temperature > 344.26 K
(160°F).

Each of the above three groups are used with a variety of cost assump-

tions to illustrate the following specific features of optimized mixture

binary Rankine geothermal power cycles:
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1) Generally preferred turbine entrance conditions.

2) Affect of resource temperature, cost, and constraints on the optimum
mixture composition.

3) The economic impact of moist turbine expansion.
4) Optimum turbine states as affected by inlet state constraints.

5) Affect of brine return temperature constraints on optimum turbine
states. ’

6) Affect of relative fuel price to primary heat exchanger capital cost
on the optimum cycle type—-i.e. sub—critical vs supercritical.

(d) Features, Uses, and Limitations of Each Group

GROUP A optimizations were configured to determine the thermodynamic
and economic characteristics of binary Rankine cycles under the absolute
minimum busbar cost conditions (for given input cost assumptions) with as few
as possible input constraints. This group is also used to illustrate the
general geothermal binary Rankine cycle busbar cost Design Surface (Section VI,
(b)) as a function of turbine inlet conditions, the Global Minimum cost along
the TPCT line, and the extreme system economic penalties associated with moist
expansion in the turbine. To do this we simulated the turbine for GROUP A
studies as a multi~-stage expansion engine with a fixed maximum stage pressure
ratio. The dry stage efficiency (85%) was penalized by one percent for each

percent of stage exhaust moisture.

It should be pointed out that the expander high pressure stage conditioms
for GROUP A have no bﬁilt-in margin of safety against moist expansion. If
the design optimization puts the exhaust of any stage at (or near) the vapor
saturation boundary, expansion in the nozzels of that stage would (could) bé

in the two-phase vapor region.
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GROUP B, 1). The selected mixture system fortunately has a particular vapor

isentrope condition that can be useful for de'sigr'x purposes without imposing
arbitrarily large expander mid-stage superheat margins —-— the isentropes inter-

sect the vapor saturation boundary twice. Because of this, the maximum vapor

isentrope can be used to define expander inlet conditions which guarantee dry
expansion (if the equation of state is adequate). The GROUP B, 1) constrained
cost optimizations herein, then; determine very ﬁéar‘absolute'minimum busbar

cost conditions under practical stage superheat margins on a consistent basis.

The GROUP B, 2) constrained.gost optimizations allow a first order access-
ment of the thermodynamicland economic performance of binary Rankine cycles with
the iC4/iC5 hydrocarbon system at the Heber geothermal resource. Because of
the inverse solubility of silica, briﬁes produced at the Heber (and other)
resource could seriously foul the primary exchanger and clog injection wells if
cooled to too low a,tempergture. For the GROUP B, 2) constrained optimizations,
we have assumed a minimum primary heat exchanger exit temperature (brine return
tempefature),of 344,26 K.(l60 F), consistent with the latest published studies
done by Fluor (Ref. 19) for the SDG&E proposed binary Demonstration Plant at
Heber. The-"fuel cost up by a factor of 5" assumption (Figure 2) simply brings
ouf calculated unit brine costs close to those stated in Ref. 19 on both a
mill/kwh basis and a $/MBtu basis. All the other sub-system baéeline unit cost

factor multipliers in Figure 2 were arbitrarily selected.

VI. RESULTS

Because_our results depgnd somewhat upon fuel cost and constraint assump-
tions (Figure 2), we will present a generally observed trendvoverview first. This
will be followed by a detailed discussion of the observed behavior and the dif-

ferent characteristics of designs in GROUP A, GROUP B, 1), and GROUP B, 2).
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(a) General Thermodynamic Characteristics of Optimized iC,/iC: Mixture
Binary Ranking Cycles with Single Phase Brine Production
(170 < Tggg < 200 C)

We have found that optimum system designs exhibit the following
characteristics:

A. Working fluid cycles are generally supercritical.

B. The optimum mixture composition depends upon several variables (and the
design approach).

C. Optimum turbine inlet states lie exttemely close to the working
fluids' TPCT line with a constant reduced P, T displacement which
depends only upon constraint assumptions.

D. Optimum turbine expansion is dry with a ninimum* of exhaust superheat
(consistent with the I-factor of the selected mixture and turbine
inlet constraint assumptions).

Because of the relatively fixed thermodynamic characteristics of optim-—

ized iC4/iC5 mixture binary Rankine cycles, we find that much previous confusion™*

surrounding the "optimum"” binary Rankine cycle as the result of previous studies

on pure working fluids potentially goes away. As the result of A, B, C, and D

we find that cost optimized iC4/iC5 simple binary cycle systems appear to
obey similitude rules on reduced thermodynamic coordinates and correlate very
well over a range of resource temperatures. The reduced turbine states of
optimum cycles exhibit extremely small sensitivities to sub—system cost and

efficiency input assumptions for a given set of constraint conditions.

*There is an important exception to this noted on page 18.

**Because differences in busbar cost are often imperceptible, it is not uncommon
for geothermal system designers to "override"” their stated input minimum cost
Design Objective with subjective input logic (i.e. minimize superheat and/or
avoid "high” working fluid pump parasitic losses in supercritical cycles)
and, consequently, adamently disagree with others on the nature of the "optimum”
cycle (i.e. sub-critical or supercritical). The conpetition can lead to even
more complex cycles of questionable economic merit when the real problem appears
to be in the selected working fluid and design approach (Objective). See also
Section VI, (c).
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(1) General Characteristic A — Supercritical Cycles

Figure 3 illustrates the computed optimumbtufbine inlet temperatures and
pressures for isobutane/isopentane mixture binary Rankine geothermal power

plants over the arbitrarily selected resource tembérature range of 170°C <

Tres £ 200°cC. These results are- from GROUP A (Figure 2) for baseline cost

and efficiency assumptions, Table 1.

First of all it can be noted that all the GROUP A optimum binary cycles

for non-dilute fractions of this mixture system (and equation of state) are

slightly supercritical (see also Table 2 for non-baseline conditions within
GROUP A). During the course of the busbar cost minimization, the working

fluid composition (mole fraction of isobutane) is selected (along with the six

other independent state parameters) for each resource temperature to maintain

the supercritical cycle.

Several changes in fixed input assumptions were made to verify the consis-
tently supercritical optimum cycle. For example, increasing the fuel cost
($/MBtu) by a factor of 5 (for the 182°C resource case — see Table 2) has a
minor effect on the turbine inlet temperature, but the optimum composition goes
up (21%)  to .achieve a .reduced critical temperature and increase the energy
removed per pound of brine. The primary heater pinch point temperature differ-

ence goes down from about 5.31 C° to about 2.79 C°, and the turbine inlet

pressure goes up about 2 1/4 bars to maintain the supercritical cycle. This

behavior is expected.

Similarly, increasing the primary heater unit capital cost ($/m2)>by a
factor of 2 (for the 182°C resource case, see Table 2) has a minor effect on
both the optimum composition and the turbine inlét state. To accomodate the
higher primary exchanger unit capital cost, the pinch point delta T increased

from about 5.31 C° to 10.7 C° to increase the mean delta T, and the cycle
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remained supercritical, However, it is clear that if the primary heat ex-

changer unit capital cost were significantly increased for the low (baseline)
brine costs, a sub—critical cycle would be inevitable. This possibility was
investigated for GROUP B, 1) constrained cost optimizations (Table 3) for
baseline brine costs with various primary exchanger unit capital costs. We
find that when the exchanger unit capital cost is a factor of 3 or more above
paseline conditions (Ref. 17), a sub-critical cycle is optimum. Because brine
prices have increased much more significantly than exchanger unit capital costs
since 1976 (see Ref. 17 and Ref. 19), and this trend will probably continue, the

iikelihood of a sub-critical optimum cycle for these conditions is very remote.

We also tried other intuitively obvious input assumptions to see if we
could get the 182°C resource temperature cycle to "go sub-critical” for the
minimum busbar cost design objective under GROUP A conditions. For example,
increasing the unit cost ($/kW) of the hydrocarbon circulating pump and its
electric motor by a factor of 5 actually increased the optimum turbine inlet
pressure very slightly, and all other changes were trivial. The optimum cycle

remained supercritical.

Keep in mind, the forgoing "numbers” are likely to be significantly
affected by the assumed equation of states' ability to characterize the critical
properties of mixtures - the one used here could be appreciably in error (Ref.

10, 24).%

*The potential inability .of BWR type equations (mixing rules?) to predict the
critical loci of hydrocarbon mixtures has been pointed out by Silvester (Ref.
10). For example, the Starling specific MBWR predicts that plots of P.ritical
and Topritical @5 a function of mole fraction would be concave upward for
mixtures of n-butane and n-pentane, whereas carefully measured data plots
concave downward. See also Ref. 24, Chapter 3 for other systems.
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Finally, in our last attempt to force the optimum 182°C resource system to
go sub-critical, we reduced the input adiabatic efficiency of the cycle's
hydrocarbon circulating pump from 80% to 60%Z and selected sub-critical first
guess values of turbine inlet pressuré and temperaturé near the vapoi saturation
boundary. After initially inconclusive runs which required code changes to
.better differentiate‘between sub-critical and supercritical cycles very near the
critical pressure, and incorporating different unit cost factors ($/£t2 of
heat transfer surface) for kettle boilers, we obtained'the result shown on the

bottom line of Table 2.

We feel the foregoing discussion supports General Characteristic A that all
practical cycles with this mixture system between 170°C and 200°C resource
temperatures will be supercritical cycles if the brine 1s produced single
phase.

(2) General Characteristic B = The Optimum Mixture Composition Is a
Function of Several Variables

Figure 4 illﬁstrates-the computea optimum mixture composition (mole
fraction of isobutane) as a function of resource temperature for un~constrained
designs (GROUP A) and for four resource temperatures with a brine return tempera-
ture constraint, GROUP B, 2). Also shown on the plot are Holt's conceptual
design recommendations (Ref. 17, 1976) for initial Heber resoufce temperature
conditions (Holt suggested a different hydrocarbon system for end-of-life
conditions) and Fluor's (1979) recommendations for the Heber Demonstration

Plant.

~ Our results are not very different from Holts' recommendations for initial

coﬁditions either for GROUP A or GROUP B, 2 assumptions, but are dramatically

different from Fluor.
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It should be pointed out that fundamental design "philosophy” differences
characterize the current Demo design (Ref. 19) —-- Fluor apparently concludes
that acceptable economic conditions will be achieved over the entire plant
life with no change in the working fluid composition. We will expand upon

this later in Section VI, (f).

It is clear from Figure 4 that the optimum composition depends at least
upon the resource temperature and brine return temperature constraints. Inspec-—

tion of Tables 2 and 3 discloses that the optimum composition is also a function

of the unit fuel cost, but is little affected by other sub-system unit capital

cost or efficiency factor assumptions -- see Table 5.

It is apparent from the foregoing that determining the optimum mixture
composition for an assumed resource temperature (even for a given mixture
system) can be the difficult part of the problem (multiparameter optimization
capabilities are extremely valuable), and the computed optimum composition will
depend upon fuel costs, constraint assumptions, and the accuracy of the assumed

equation of state.

We will also show later in Section VI, (c), that different "optimum”
compositions may be inferred depending upon the method used in thermodynamic

(brine) yield optimizations making the amalysis approach, or Objective, important.

We feel the foregoing supports General Characteristic B that the optimum

mixture composition.is a function of several variables.




(3) General Characteristic C — Optimum Turbine Inlet States
and Their Proximity to the TPCT Line

By far the most interesting aspect of this study of optimized geothermal
binary Rankine cycles with iC4/iCS mikxture working fluids is the fact that the
turbine inlet states on reduced coordinates lie extremely close to, and at a
relatively constant displacement firom, the fluids' Trangposed Critical Temperature

(TPCT) line. This behavior 1s illustrated for busbar cost optimized cycles in

Figure 5 for (Tp/T.p)opr and Figure 6 for (Pp/P.y)opre

In Figure 5 it can be noted that the reduced optimum turbine inlet temper-
ature, (Tp/T.p.)opr» falls consistently within about 0.8% above the réduced trans-
posed critical tempefature* (at the optimum turbine inlet pressure) for all
resource temperatures (non-dilute mixture mole fractioms), all cost and effici-

ency assumptions, and all constraint conditions adopted for this study.

Similar behavior for the optimum turbine inlet pressure is illustrated in
Figure 6. Again the displacement is relatively constant on reduced coordinates,
and large changes in unit cost and efficiency input assumptions have no signi-

ficant influence for given constraint conditions.

The obvious importance of the transposed critical temperature on the
selection of working fluids and state conditions for Rankine cycle energy

conversion systems has never been previously reported to our knowledge.

*The pressure on the TPCT line at the optimum turbine inlet temperature was
found by sweeping over various densities on the turbine inlet temperature
isotherm (isothermal search) until the maximum specific heat was found (from the
equation of state) within one part in 1010, The temperature on the TPCT line
at the optimum turbine inlet pressure was found by sweeping over various temper-
atures (with the foregoing isothermal search as an inner loop) until the pres-—
sure at the C_, maximum agreed with the turbine inlet pressure within one part
in 107, This TPCT search in no way influenced the selection of either the
working fluid or the optimum state conditions of the cycles.
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We feel that General Characteristic C 1s quite adequately supported

by the results in Figure 5 and Figure 6.

(4) General Characteristic D - Dry Turbine Expansion
with a Minimum of Exhaust Superheat

The hydrocarbon expander for GROUP A data points of these studies was
simulated as a multistage engine with a specified (0.85) dry stage adiabgtic
efficiency, (ni)dry’ and a specified maximum per stage pressure ratio (1.8).
The input expander unit cost ($/kW) was constant, independent of the number of
expansion stages required. If the selected local stage exhaust conditions were
in the two-phase vapor region, the local dry stage efficiency wés arbitrarily
reduced 1% for each percent exhaust moisture (Ref. 26). The overall average

expander adiabatic efficiency was calculated from:

n n

o[ e )

where n is the number of expansion stages required between Pj, and P, ., ni
is the actual, moisture penalized adiabatic efficiency of stage, i, and

Ahi is the actual enthalpy change in stage, i.

Figure 7 illustrétes typical calculated process state points for all
the cost optimized GROUP A cycles of this study. Note that the turbine high
pressure stage nozzle expansion is in the two phase vapor region whereas the
exhaust is virtually on the vapor saturation boundary for the selected optimum
working fluid composition. The calculated overall average expander efficiency,

» was never less than 0.8490 (first stage exit quality always greater than

n

e

0.994) for all of the minimum busbar energy cost optimizations reported in this
study. The obvious physical implications, of course, are that superheat is
undersireable yet expanding into the two—-phase vapor dome must be avoided with

this retrograde fluid system.
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For example, given the GROUP A option of choosing between a totally dry
expansion (ﬁe = 0.85) sémewhat to the right of the vapor saturation boundary on
P-h coordinates (where isentropes are less steep than at the boundary) and
expanding slightly "moist"” in a given stage with the previously mentioned

assumed stage efficiency degradation,-fhé option consistently chosen in the un-

constrained GROUP A cycles, places the-highér pressure stage exhausts virtually
on the vapor saturation boundary with a'mihimﬁm of superﬁéat at the desuperheater

inlet (consistent with the optimum mixtures' I-factor).

When the turbine inlet conditions were constrained under GROUP B, 1)

conditions (see Figure 2), all cycles again optimized with minimum possible
superheat at exhaust conditions. The optimum turbine inlet state fell "exactly”
at the optimum working fluids' maximum saturated vapor isentrope constraint in

close proximity to the TPCT line.

We feel the foregoing discussion supports General -Characteristic D that the
preferred turbine expansion is dry with a minimum of exhaust superheat (when the

optimum fluid composition is selected).

An interesting exception to the previously described minimum exhaust
superheat condition occurs when the brine return temperature is constrained -
GROUP B, 2). Under these conditions the turbine inlet state (for this mixture
system between 170 C and 182 C) movesgto higher temperatures along the TPCT line
and appreciable superheat at exhaust conditions results for the “optimum”
design.

A very simplified sketch of typical optimum turbine expénsion paths for the
three cdnstréint conditions of this study is shown in Figure 8. At this time we
don't understand why the "extra” superheat is acceptable (optimum!) under the

brine temperature constraint condition.
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(b) The Busbar Cost Design Surface

The busbar energy cost design surface for optimized mixture binary Rankine
cycles can be visualized in the 3-D plot, Figure 9, feproduged from Ref. 28. 1In
this figure the computed busbar energy cost has been plotted as a function of

the turbine inlet temperature and pressure.*

The values of Py and Ty along the sﬁarp "trough” at the right of Figure 9
(the Global Minimum busbar cost region) are virﬁually coincident with the
transposed critical temperature liné of the optimum chosen mixture fraction.
For example, see also the specific heat contuor plot, Figure 10, and the

busbar cost contuor plot with super—imposed TPCT line, Figure 1l.

The relatively flat potential operating region in the left side of Figure 9
corresponds to slightly sub—critical and slightly supercritical turbine inlet
states below the TPCT to the right of the critical point in the superheated

vapor region of a pressure—enthalpy diagram.

The region on the right side of Figure 9, where the busbar energy cost
rises abruptly, corresponds to turbine inlet states immediately above and/or to
the left of the transposed critical temperature line:(on P-h coordinates) which
would result in expansion (by one or more exhaust stages) into the two-phase

vapor region of the selected optimum mixture.

This plot clearly shows the severe system economic penalties associated

with wet expansion in the turbine for geothermal cycles with this mixture

fluid. Note that even if the GROUP A expander stage efficiency degradation

assumed (1% for each percent of stage exhaust moisture) was reduced signi-

*(The 5 other independent system state parameters (optimizable parameters)

have been fixed at their computed optimum values for producing this plot.
See Ref. 15, Section 8.2.9.3).
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ficantly (say a factor of 4), wet expansion would still be undesireable, dry
expansion to the right the vapor phase“”boundary would still be preferred,

and no change in the location of the Global Minimum cost would occur.

Figure 9 also shows, however, that there is a relatively broad potential
operating region (slightly to the vright' and/or below the TPCT line on P-h
coordinates) whgre turbine inlet statgs can be éafely chosen to avoid moist
turbine expansion with 1itt1é ope;ating‘cost ﬁenaltieé --i.e. GROUP B or similar
coqstraint 'aésumptions. The actual margin of saféty in the design of the
selected cycle depends, of coufse, upon designer constraint assumptions, but,
more impoftant, upon accurate knowledge of the lpcation of the vapor saturation

boundary in the near critical region for the chosen working fluid (mixture).

The transposed critical temPeratu:e line, defined by the peaks in the
working fluids' anamalous specific heat, and the vapor saturation boundary

(of the optimum working fluid), therefore, clearly define the limits of the

economically desireable operating region for the exparder of the binary Rankine
cycle.

(c) Influence'of'Sysfem Design Objective

In this section we show that if system maximum brine yield, a measure of
thermodynamic performance, is the Design Objective, the selected turbine inlet

states fall virtually on the TPCT line for the optimum (cost) mixture composition.

1) Constrained Yield Optimization - Optimum Composition Determined

A commonly used design criterion (Design Objective) in geothermal power

plant conceptual design studies (Ref. 17) is a user constrained thermodynamic
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optimization. In this design mode, the maximum® specific net energy (of the
brine - P,../my) is the Design Objective, but practical (ostensibly economic)
values are assumed for the exchanger pinch points and cooling tower approach

temperature difference. In this design mode all costs are "immaterial”.

We present our results of a 3 parameter specific net energy, or "yield",
optimization assuming that the turbine inlet temperature and pressure and the
condenser bubble point temperature are the independendent thermodynamic state
parameters (optimizable parameters - Ref., 15, Sectibn 8.2.9). This thermo-

dynamic optimization was constrained (but not arbitrarily) by using the selected

mixture composition and the three pinch points from a previous 7 parameter
busbar cost optimization as fixed parameters. We used the previous "baseline”
cost optimized 182°C resource temperature case from GROUP A for comparison (see

Table 2, TPCTPLP).

Table 6 lists the input and computed optimum values of the independent
thermodynamic variables for the 7 parameter cost and 3 parameter constrained

yield optimizations for the 182°C resource temperature case.

It can be noted from Table 6 that when thermodynamic performance is the
Design Objective, the optimum turbine inlet states are even closer to the

transposed critical temperature line for the optimum working fluid.

This example reinforces all previous statements about the importance

of the transposed critical temperature to Rankine cycle power plants.

*The absolute maximum specific net energy can be obtained (for fixed sub-system
efficiencies) by setting the temperature differences of all non-work producing
processes in the cycle equal to zero (i.e. the pinch points), but this of
course, leads to near infinite plant costs. This condition has only theoretical
significance, and is a poor indicator of relative busbar costs in pure working
fluid selections for geothermal binary cycles (see Ref. 15, Fig. 16).
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Depending’ upon the Design Objective, significant.differences can exist in
the. computed mass flow rates which can affect sub-system selections. 1In this
section we will show that even when the "correct” working fluid composition and
pinch points are assumed' in the"coﬁstrained thermodynamic optimization (the
previous example), the,K overall design is not at the economic optimum system

condition.

The constrained thermodynamic optimization places too much importance

-on.-the fuel sub-system, and overdesign in the'plant sub~system results. Because

all costs are immaterial in thermodynamic optimizations, subtle but important

expander efficiency considerations can be overlooked.

Table 7 lists a comparison of the computed "brine” exit temperature,
sub-system mass flow rates, system efficiencies, and relative costs for the

examples in Table 6.

ﬁpon brief inséecfion of Table j»it would appear-that there is nojsignif—
.icant different ét the’ﬁottom line (busbar cost) between thé two design philo-
sophies, however this is an incorrect conclusion. The busbar costs just happen
to-be close for these two Design Objectives, because we dia not assume arbitrary
values for the working fluid (mixture composition):and the "pinch points (see

Table 6).

The fuel cost is, of course, lower_by about . 3Z in the yield 6ptimized
design, because this was the design "goal”, but the plant sub-system is over—
designed by about 5.7%. In addition,.the lower fuel cost may not in fact be
obtainable, because the lpw brine exit temperature w0ulQ-_9bviously promote
-acéelérated scéling in both the primary heater and the injectib#'wells (1.e.

at 'Heber). Arbitrarily increasing the brine flow rate with everything
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else the same to prevent potential brine scaling would be counter-productive if
economic feasibility of the system was marginal. If a minimum brine exit
temperature constraint had also been applied, the relative economics might be

worse.

Because the turbine inlet temperature is lower and the turbine inlet
pressure is higher (in the Yield case) for the same working fluid mixture
composition, the turbine expansion is quite moist ‘in the first two stages, and
the expander efficiency is down about 1.87%. This osténsibly acceptable "minor"
expander efficilency degradation has contributed to much of the increase in the
hydrocarbon and cooling water flow rates and the resulting plant capital cost

increase.

The next section illustrates even more significant "optimum” system design
differences when maximum thermodynamic performance (rather than minimum busbar
cost) is the Design Objective, but the cost optimum fluid composition is

not assumed.

2) Constrained Yield Optimization - Composition Optimizable

In this section the results of a 4 Earametef brine yield optimization
will be compared to the previous busbar cost optimized system for the 182°C
resource case. This analysis will illustrate an additional potential pitfall of
a thermodynamic Design Objective for mixtures-—-not only may system economic
penalties be high, but also the selected mixture composition may be quite

different from its optimum value (busbar cost).

Table 8 briefly summarizes the differences'between the previous 7 parameter
busbar cost optimized deéign and a 4 parameter brine yield 6ptimized design.
The only difference between this constrained yield optimization and the previous
3 parameter example is that the isobutane mole fraction is assumed to be

"optimizable” here.
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By making the wo;king fluid compositibn "optipizable" in this 4 parameter
constrained yield optimization, the additional degree of frgedom has reduced the
brine flow rate another 4% (over the 3 parameter yield optimization), and
ré—configured the turbine states (new composition) fbf dry expansion, but the

busbar cost has gone up another 4.6 percent (Table 8)!

The plant sub—-system is ndw overdesigned by about eighteen percent, largely
because of the vastly overdesigned_heat'rejection system, and the wrong working
fluid mixture has been selectgd _even though optimum pinch conditions were

assumed.

The foregoing two constrained yield optimizations reiterate design tech-
nique inconsistencies found in previous pure fluid geothermal power plant d'e’sign'
studies (Ref. 15, Section 8.2) which could potentially compromise cgmmercial
development of binary Rankine cycle geofhermal power plants. As we have found
with pure working fluids, busbar cost is the only consistent commercial plant

Design Objective for mixture binary Rankine geothermal power plants.

(d) Thermodynamic Performance of iC4/iC5 Binary Mixture Cycles

We have previously shown that minimum busbar cost and constrained maximum
thermodynamic yield optimized geothermal power plants with the 1C4/1C5 mixture
system are generally supercritical cycles with the turbine inlet state in close
proximity to the transposed critical temperature line for all resource tempera-
tures (non-dilute mixture compositiqns), cost factors, and constraint conditions
considered. It is intuitively clear that if these‘TfCT cycles are economically
preferred (over the infinite variety of other possible sub-critical and super-
critical operating states), either the annualized fuel cost or the annualized

plant capital cost must somehow be consistently low.
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I1f the busbar cost optimized system has a high economically achievable fuel

utilization efficiency, (7N )gpp, the annualized fuel cost will be low. On
the other hand, the higher the economically justified net plant efficiency,

(T J)gprs the lower the annualized plant capital cost will be.

The computed "brine"” economic optimum wellhead utilization efficiency,
(ny)yg> and the economic optimum net plant efficiency, Nes» for this study

are shown as a function of resource temperature, TRegs in Figure 12,

From this plot it may be noted that (N,)gpr is virtually constant at
about 0.44 for GROUP A and GROUP B, 2) designs between 170°C (isobutane mole
fraction of 0.70) and 200°C (isobutane mole fraction of 0.26) and only changes
significantly as the mixture becomes more dilute approaching either of the two
pure fluids. The utilization efficiency of GROUP B, 1) optimum designs (with a
factor of 5 above baseline fuel cost) are, of course, higher, but not comparable
in the same context, becatuse calculated brine return temperatures are well below
150°F. The utilization efficiencies are relatively constant, however, indepen-

dent of resource temperature.

The constant N, behavior for these economically optimum mixture cycles is
a distinct departure from previously reported results for pure fluids (Refs.
15, 27) and is believed to be the result of; 1) the selection of the optimum
fluid composition, and 2) selection of process states which minimize overall
system thermodynamic irreversibilities (consistent with economics) for each

resource temperature and constraint condition.

The change in n, (and n.) at the two resource temperature extremes (dilute
mixtures) is only shown approximately -- we had difficulty with convergence on
the optimum designs using the MBWR mixture routines at both near zero and unity

isobutane mixture mole fractions.
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The foregoing sections have illustrated the now obvious importance of
the well known épeéific heat anomaly (and the vapor saturation boundary)
in the selection of working fluids and turbine operating states for Rankine

cycle power plants.

The simple closed organic binary Rankine cycle'geothermal power plant with

the retrograde isobutane/isopentane hydrocarbon mixture system have been used

to illustrate these extremely important characteristics. This study was limited
to single phase brine proddction (pumped wells), a single hydrocarbon mixture
system, an approximate equation of state, and used a very crude financial

model and cost assumptions.

We have, however, investigated these characteristics for optimized designs .

withka wide variety of input sub-system unit cost and efficiency assumptions,
- two fundamentally different system Design Objectives (minimum Susbar cogt and
waximum briné yield), and three possible system design constraint conditions:
1) Turbine inlet allowed to be anywﬂere outside the two-phase vapor
envelope (moist and dry expansion with fixed expander stage pressure

ratio).

2) Turbine inlet entropy 2> minimum saturated vapor entropy (dry expan-—
sion only).

3) Brine exit temperature > 344.26 K (160°F).

Although the turbine states and mixture compositions vary depending upon
resource temperature, unit fuel cost, Design Objective, and constraint assump-—
tions, we have demonstrated a consistent behavior for all optimized designs:

A. The optimum turbine inlet temperature is within 1% of the temperature
of the TPCT line (at the optimum turbine inlet pressure), and the
‘optimum turbine inlet pressure is within about 6% of the pressure on
the TPCT line (at the optimum turbine inlet temperature).

B. Moist turbine expansion 1is extremely detrimental to system economics
for binary power plant cycles utilizing these retrograde (on T-S
-coordinates) hydrocarbon fluids.



-27-

Because of the foregoing, we feel the principles discussed may apply to
varying degrees to all energy conversion systems with similar fluid systems
operating on a Rankine cycle. ~We have therefore introduced the "Transposed

Critical Temperature Rankine Thermodynamic Cycle" concept (Ref. 28).

(e) Potential Correlation for Optimized Geothermal Binary Rankine Cycles

Because of the very speéific'selected operating conditions (Tr and Py at the
TPCT line) and working fluid properties of these non-dilute TPCT cycles on
reduced coordinates, a strong possibility existed that economic optimum system
thermodynamic state parameters of this study could be "correlated” non—dimen-
sionally with resource temperature. We were interested in determining whether or
not a simple function of key optimum reduced cycle states coupled to optimum
reduced fluid properties (which were found to be unique for given fuel cost,
resource temperature, and constraint conditions) wouid plot smoothly against a

ratio of the optimum turbine temperature, Tp, and the resource temperature.

After a limited search, we found that Z*(F,C), a "Fluid-Cycle”

parameter, given by equation (2):
Z*(F,C) = [(P/Pep)(Vp/Ve ) (T/Teond) lopT (2)

plotted reasonably well against T*(C,R), a "Cycle-Resource” parameter,

given by equation (3):
T*(C,R) = (T7)opr/TRES (3)

Because (Tp)gpy is consistently in the neighborhood of the TPCT, we find

that Z*(F,C) given by equation (2) plots equally well against;

[(TTPCT)PT]OPT/TRES
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The suggested “"correlation” for this mixture system is shown in Figure 13
Tne correlation is éxceétionally good for all the cost optimized cycles in GROUP
‘A and GROUP B, 1) considering the fact that our system has seven independent
thermodynamic state parameters but only.four (the fluids' critical state, the
‘turbine inlet state (2), and the condensing temperature) were needed to achieve
the better than six pércent z* "fie" (recall that sub-system costs were varied

as much as 500%). All three groups exhibit only a 12.4% z* spread.

Another way to illustrate the "consistency” of these cost optimized designs
is shown in Figure 14 where the independent parameter chosen is-a fgiuid—ggsource"
parameter given by: T'(F’R)=(TCR/TRES)O?T' T'(F,R) exhibits only a two percent

variation for all the optimum designs of this study.

We have included several tables of some of our calculated results in the
Appendix for those who might be interested in investigating other possible

"correlations” for these optimized cycles.

It is interesting to note in passing that T* and T' for the SDG&E plant
at 182°C (Ref. 19) look clearly inconsistent in both Figure 13 and Figure 14,

whereas the 170°C point “groups” quite well. (See also Figure 4).

The foregoing z* correlation was presented because it, atAlast, suggests
a simplé functional relationship between process states, working fluid proper-
ties, and resource temperatures for optimized binary Rankine cycle geothermal
systems. The correlation is strongly dependent upon the assumed equation of

state and is not intended as a substitute for conventional design methods.

(f) A Brief Look at the SDC&E Proposed Demonstration Plant

This report would not be complete without a comparison between the currently
proposed plant (Ref. 19) and our optimum conceptual designs. We have previously

shown (Figure 4) that our optimum‘mixture compositions are at least in the same
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ballpark as the initial condition design recommended by Holt in 1976 (Ref. 17),

but markedly different than the "revised” Demo (Ref. 19).

To make an "exact” economic comparison of designs with GEOTHM requires a
carefully done major sub-system cost coefficient normalization as described in
Section 8.2.11.6 of Ref. 15. However, inadequate detailed sub-system cost
information exists in Ref. 19 to do this. In fact, indaquate process state
information is contained in Ref. 19 at both the beginning and end-of-life
conditions to make even a thermodynamic comparison. Consequently, we had to
perform very tedious, iterative heat, mass flow, and sub-system power compar-

isons to drive out the several un-specified assumptions.

However, when this thermodynamic "normalization" was finally complete, we
found that by simply upgrading the fuel cost of Ref. 17 by a factor of 5 and
assuning an overall plant capacity factor of 70%, we could adequately "predict”
the Ref. 19 plant capital costs, brine costs, 0&M costs, and busbar costs, with
no significant changes to the direct and indirect cost factors that were used

for the example problems in Ref. 15, Section 8.2.

The first comparsion between SDG&E's system and our optimum design was

done assuming Ref. 19's cycle and P&ID conditions. The second comparison was

done assuming the general system assumptions of this report (Figure 1 and Table

1) with modified assumptions listed in Table 9. The relative goodness (or

otherwise) of all important categories in each comparison was virtually the

same, so0 we chose to report the second comparison results for brevity and

clarity within this report.

Table lU gives a brief summary of important ecoﬁoﬁic and thermodynamic
differences between the SDG&E proposed plant (by our analysis assuming the
Starling specific MBWR and SDG&E's proposed process states) and what we feel
represents a near optimum plant (see Figure 1) for the same system, equation of

state, unit costs, financial factors, and constraint conditions.
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First it may be noted that a conservative (see U factor footnote) four
to five percent reduction in the busbar cost can be achieved if the mixture
composition ié changed between the 152°C condition and the assumed end-of-life
condition, 170°C. Based on the Ref. 19 buébar cost of 134 mills/kwh, 5% corres-

ponds to an annual savings of about two million dollars.

This savings comes about mainly because aISignificant (roughly 12%)
improvement in utilization efficiency can be obtainéd with other than a 90%
mixture composition and different independent process states (the. 6 other
optimizable parameters). Note (see Table 9) that our tufbine 1nlet.temperature
for beginning-of—life conditions is much higher (15 C°) than Fluor's. See also

Figures 5, 6, 13, and 14, This high turbine inlet temperature 1s largely the

result of the 160°F minimum brine return temperature constraint.

Another significant difference between “"them and us” is apparent in the
primary heat exchanger (minimum) area requirements. We compute smaller optimum
pinch points for the primary heater, and consequently require more surface area
for the same primary heater U-factors. However, a 427 area change must be
anticipated for the fixed composition design, whereaé with the optimum com-
positions, the change is 6nly about (we didn't look at intermediate temperature

conditions) five percent.

When we look at‘the effect of the change in mixture (and turbine states
and volumetric flow rates) on the turbine characteristics, we see one potential
technical weakness in "our design” -- the 4.82% specific size change will
produce a larger off-design efficiency degradation. We certainly do not profess
expertiée in this area, but a horse-back guess would be that the off-design
efficiency degradation difference could be held to within roughly 1/2 percent

of the SDG&E design with proper attention to specific speed and specific size

selection details.
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If it would cause no significant delay 1in getting the First Geothermal

Binary Demonstration Plant on stream, the foregoing analysis suggests that a
mixture change near mid-life is a good idea. It was apparently a good idea in
1976 (Ref. 17), and new economic trade-offs to justify the current proposed

design are not adequately presented (Ref. 19).

VII. POSSIBLE FUTURE INVESTIGATIONS

The correlations shown in Figures 5, 6, 13, and 14 and the previously shown

minor cost and constraint assumption sensitivities, illustrate that the General
Characteristics of busbar cost optimized, non-dilute iC4/iC5 mixture binary
Rankine cycle geothermal power plants can indeéd be simply described. It is
quite possible that optimized TPCT type simple binary cycle plants with other
working fluid mixture systems would be equally well behaved over a limited

resource temperature (mole fraction) range.

However, in future preliminary screening of other working fluid candidates,
it might be desirable to slightly modify Kihara's and Fukunaga's I-factor

(Ref. 21) definition:

ds ( COND o qds
- ET'< Cp >Sat.Vap.— 1 -T (dh> Sat.Vap. (4

An I = 1 implies that the candidate fluids' saturated vapor boundary coin-

I=1

cides with an isentrope (at the dew point temperature). The above definition is
convenient for initial'working“fluid“screéningfasSumingﬁreversible‘(iSentropic)
expansion (Ref. 20), but a d-factor given by: :

- ds

¢ = Ne ~ T dh Sat.Vap,

(5)

would appear to be a more appropriate screening measure for non-reversible

processes in the turbine.




-32-

With this latter definition, a thermodynamically desirable working fluid
would have a saturated vapor locus at the dew point temperature “"coincident” (or
parallel if constrained) with the actual turbine "expansion” and a $-factor of 1.
Because of the previously shown uﬁdesifability of moist expansion in the turbine
with hydrocarbon fluids in geothermal binary cycle'applications, a reasonable

value for n_ in equation (5) above would be: 7 = (M) = 0,85.
e : e e’dry

Table 11 illustrates how the I-factor and d-factor compare for three pure

fluids assuming I-factor numerical values from reference 20* and ?L = 0.85.
Table 11
Propane Isobutane . Isopentane
I-factor 1.39 0.81 0.77
T(i‘—s) -0.39 0.19 0.23
dh/ Sat.Vap. * * *
®-factor
(ne = 0.85) 1.24 ' 0.66 0.62

A cursory examination of the critical properties and relative slopes
of vapor saturation loci and isentropes (P-h plots) for these three fluids
suggests that mixtures of propane and isobutane ‘would be desirable for low
temperature geothermal binary cycle applications, whereas mixtures of propane
and isopentane might exhibit "desirable” thermpdynamic characteristics for
higher temperature geothefmal applications., The first system, of course, has
been previously investigated (Ref. 17), but over a limited set of resource

temperatures and independent state conditions.

*Note that these I-factors (from Ref. 20) differ from those listed in reference
21, especially for propane.
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When a new P-V-T correlation (based on Corresponding States principles)
is available, we plan to continue these studies to lower and higher resource
temperatures (150°C £ TReg £ 230°C) and include other saturated light

hydrocarbon mixture constituents (propane, etc.).

VIII. CONCLUSIONS

e The transposed critical temperature line in the region of the anomalous
specific heat has been shown to be an important thermodynamic property which
should be given serious consideration in the selection of working fluids and
turbine states for geothermal binary Rankine cycles. Accuracy in the location
of the vapor saturation boundary to avoid moist turbine expansion is critical to
the economics of geothermal binary cycles which will utilize these hydrocarbon

fluids.

® Although this study was limited to simple closed binary Rankine cycle
geothermal power plants with a single mixture system and a limited resource
temperature range, the TPCT results suggest much broader potential applicability
which should! be investigated in future studies of working fluid selection

tecihniques for Rankine cycles.

° Optimized geothermal mixture binary Rankine cycles appear to offer
significant potential utilization efficiency and economic advantages over
pure fluid binary Rankine cycles, and could play an important role in electric
power development at moderate temperature geothermal resources. However,
we have shown that the chosen system Design Objective can have a significant
impact on the selec;ed optimum mixturevcomposition. When maximum specific net
energy is the Design Objective in a constrained brine yield optimization, signi-
ficant planf sub—system’overdesign may result; the wrong mixture composition
may be selected, and the resulting busbar cost may be as much as 6% too high—-

compromising commercial feasibility.
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e A high priority should be placcd on the development of a new, more
accurace equation—cf—state for hydrocarbon nixturcs. Current DGE funded
PVT property measurements and Corresponding States development work by NBS
(Gaithersburg and Boulder) snould resulc in significant improvéments over
existing BWR-type mixture formulations with modest additional data investments.
A better thermodynamic properties foundation in the system simulation will
permit a much more accurate picture of the{economic'advantage of mixtures over

pure fluids.

Other Potential Applications -yTopping and Bottoming Cycles

Because of increasing demand for elcctric powcr with continually increasing
incentives to conserve fnei,bimpionements in ccnventional central steam power
station efficiencies becone imperatine. The only practical way tc achieve signi-
ficant efficiency improvements with steam power plants appears to be with top-
ping processes in view of the technological problems associated.with metalurg-

ical limits.

Although gas turnine (Brayton cycle) topping processes havc been used in a
large number of power stations (Ref. 29), and rccent improvcmentc in Brayton
cycle efficiency have been achieved for marine applications (Ref. 30), che
Rankine cycle is thermodynamically superior to the Brayton cycle (Ref. 29) for

topping purposes.

Many of the technological problems aasociated with the use of alkali-
mctals in thc Rankine topping process have been thoroughly investigated fcr
breeder reactors and space apnlications (Rcf. 31, 32), so renewed accenticn to
this typc cf advanced steam.planc appears warnanted (Rcf. 33). The TPCT concepts
discussed herein fcr geothermal applications may be useful in the‘sclcctionvof
working fluids ani proccss states for other supercfitical systems and these

advanced steam power plants.
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The foregoing TPCT concepts can be employed in Diesel bottoming cycle
applications now. Organic Rankine bottoming cycles can increase the output
power from Diesel plants by 15% or more and quickly pay for themselves (Ref.

34).
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Hydrocarbon mixture loop Turbine)generator
Sat. liquid
Geothermal ===
production I |
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Downhole Primary ’ Surfac Cooling
production Heat Exchonger Condense 0 Tower .
pump (7p=0.5) Air (267C wet bulb)
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< Turbine injet T & Pinch point AT
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& Condensing T ® Cooling tower T

& Mixture mole fraction
XBLBO6-1134

Fig. 1

Simplified schematic of a simple organic mixture binary Rankine cycle power
plant without regenerative heat exchange. Seven optimizable parameters
completely characterize the thermodynamic performance of the-plant. Input
assumptions for the power plant at baseline conditions are listed in Table 1.
For various non-baseline input assumptions, see Figure 2.
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TPCT STUDY PLOT DATA POINT LEGEND

Group A. Un-Constrained Cost Optimizations
1) Various Resource Temperatures (170C < Tyeg < 200C)
® Baseline Cost and Efficiency Assumptions} (See Table 1)

2) Various Cost or Efficiency Assumptions (@ 182C)
w Fuel cost up by factor of 5
[ Primary heat exchanger cost up by factor of 2
® Hydrocarbon pump and motor cost up by factor of 5
& HC pump adiabatic efficiency reduced 0.8 — 0.6

Group B. Constrained Cost Optimizations |
1) Turbine Inlet Entropy > Maximum Saturated Vapor Entropy

Fuel cost up by factor of 5 (170C)

Fuel cost up by factor of 5 (175C)

Fuel cost up by factor of 5 (178C)

Fuel cost up by factor of 5 (182C)

Baseline cost and efficiency assumptions (182C)

Primary heat exchanger cost up by factor of 2 (182C)

Primary heat exchanger cost up by factor of 2.5 (182C)

X+HEd>EB

2) Brine Return Temperature = 344.26K (160F)

(Plant availability factor = 0.7)

Fuel cost up by factor of 5 (170C)

Fuel cost up by factor of 5 (175C)

Fuel cost up by factor of 5 (178C)

Fuel cost up by factor of 5 (182C) :

—same as B-2) except Uc = 283.35 W/m2K (50 Btu/hr ft2F)—

B Treg=170C [Basns for economic comparison with ]

Y Tres=182C LSDG&E proposed demonstration plant
(Ref. 19)

tPlant subsystem capital costs normalized to Ref. 17 (Heber Binary) with Brine cost normalized
on $/MBtu basis (Ref. 15, Section 8.2, 11.6)

SV b 4

Fig. 2

Resource temperature, sub-system unit cost and efficiency, and constraint
condition variations investigated in this study. Except as noted here, all
input assumptions are as shown in Table 1. Each data point corresponds to a
separate, 7 parameter optimized system.
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XBL 806 - 1139
Fig. 3

Computed busbar cost optimum turbine inlet states as a function of resource
temperature for power plants of Figure 1 with the iC4/iCs mixture working
fluid under baseline cost and efficiency input assumptions of Table 1.

The plotted points correspond to GROUP A conditions, Figure 2 (7 parameter

un-contrained optimizations).
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[ ! [ ' I T l !
- o= SOG&E proposed demonstration plant ]
o L .. {Fluor 1979) .
S : . .
S 08— v LBL with 1979 brine costs and —]
= ®——\o\\ 160° F brine return constraint
° _
ol | N LBL with baseline costs
g 06 \h& . ( un-constrained ) ]
g B i 9’\@ ® 7
204 —
3 T
S [ HOLT study (1976) \o\ i
— 0.2 N —
— — . _Supercritical to \\&
- sub- critical transition ~
0o | 1 1 1 l 1 | ]
170 180 190 200
Resource temperature T,eg (°C)
XBLBO5-963A
Fig. 4

Computed optimum iC4 mole fraction as a function of resource temperature for
power plants of Figure 1 with the iC4/iC5 mixture working fluid for GROUP A
(baseline costs, un-constrained) and GROUP B, 2.) conditions of Figure 2 (see
Table 2 and Table 4 for details). Also shown above are the recommended work-
ing fluid mixtures for the binary cycle of Figure 1 at Heber resource conditions
from two previous studies. a - '
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Fig. 5 : _
Correlation between the temperature on the transposed critical temperatur
line (at the optimum turbine inlet pressure) and the optimum turbine inlet
temperature for busbar cost optimized iC4/iCg binary Rankine cycle power
plants of Figure 1 for all sub-system unit cost and efficiency, constraint
conditioni, and resource temperatures listed in Figure 2 (7 parameter opti-
mizations). :
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Fig. 6

Correlation between the pressure on the transpbsed critical- temperature line
(at the optimum turbine inlet temperature) and the optimum turbine inlet pres-
sure for optimized binary Rankine cycle power plants of Figure 1.
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Enthalpy Heat transferred
XBL 806-1137
Fig. 7

Typical process state diagrams on P-h and T-Q coordinates for all optimized
binary Rankine cycle power plants of Figure 1 with the iC4/iCg mixture work-
ing fluid for GROUP A (un-constrained) conditions of Figure 2. The curves
shown were traced from computer plots for the 195°C resource case at base-
line (Table 1) conditions. See Table 2 for details. _



[t 4

47—

S, (max)
T TcR ¢ TPCT line
]
P /.
v CR " / //
? Il
g I
: / IA/-Group B,2
o I /
_ | /
y I/A/‘Group B,!
/]
! //‘/G'roup A
Enthalpy —
xa.L.e.os-nae‘
Fig. 8 '

Pressure enthalpy sketch illustrating typical turbine expansion paths for each
Turbine inlet states in the two-phase and
Differences in optimum composition

constraint group of this study.
shaded region were disallowed in all cases.

(vapor dome location and shape) were ignored for illustration purposes.
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MOIST TURBINE EXPANSIONS
(BAUMANN'S RULE)

TRANSPOSED CRITICAL TEMPERATURE CYCLE
(GLOBAL MINIMUM COST)

TURBINE STATES

WITH HIGH SUPERHEAT t%
| g Lig <.
3
|Jo'sg?
4
N
A 3
s,
e/
. ” .
' T >
A N\
g, T T &
e N XBL 805 - 968
Fig. 9

Relative busbar energy cost design surface as a function of turbine inlet
pressure, PT and_ temperature, TT7. Busbar energy cost optimized hydrocarbon
mixture (1C4/1C5) binary Rankine cycle geothermal power plants of 50 MWe

(net) capacity. 182°C resource temperature. Figure reproduced from Ref. 28.
(See also Figure 10 and Figure 11.) : .
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Fig. 10

Contour plot of the heat capacity at constant pressure for isobutane/isopentane
mixture (0.5639/0.4361) as a function of temperature and pressure illustrating
relative location (typical) of optimum turbine inlet state with respect to TPCT

Tine. 50 Mde (net) mixture binary cycle.

(Documentation: L.F.S. Cp computation, 11/30/79).

Figure reproduced from reference 28.
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442
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430

Turbine inlet temperature (°K)

Turbine inlet pressure (bars)

XBL806-1136
Fig. 11

Busbar energy cost design surface contour plot on turbine inlet coordinates
for optimized 50 MWe (net). hydrocarbon mixture binary Rankine geothermal power
plants. Resource temperature = 182°C, wet bulb temperature = 26.7°C.- TPCT
line was obtained from Figure 10. Figure reproduced from Reference 28. See
corresponding 3-D plot, Figure 9. (Documentation: PADRA37, 11/16/79).
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£ See figure 2 for legend 2
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XBL 806-1140
Fig. 12

Computed utilization efficiency, PNET/mplahp|s, (wellhead to wet bulb) and
overall plant net thermodynamic efficiency, PNET/Qin, as a function of re-
source temperature for busbar cost optimized iC4/iC5 mixture binary Rankine
cycle power plants of Figure 1 for all sub-system cost and efficiency and
gonstraint conditions Tisted in Figure 2. See Tables 1, 2, 3, and 4 for
etails.
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Fig. 13

Correlation of cycle states: Ty, PT, Tconds working fluid critical point:

Pcrs Ter; and reservoir temperature, Tpeg, for busbar cost optimized iC4/iCs
mixture binary Rankine cycle power plants of Figure 1 for all sub-system

cost and efficiency and constraint conditions Tisted in Figure 2. The group

in the upper right corner correspond to GROUP B, 2.) conditions (brine return
temperature > 160°F). Reference 19 plotted points correspond to the SDG & E
proposed binary Demonstration Plant process state conditions by our calcula-
tions assuming the Starling specific MBWR (Ref. 23). The SDGE point (at 182°C)
suggests that the turbine inlet temperature is inconsistent (too low) with the
160°F brine return constrained group (see also Figure 14).
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Fig. 14

This plot depicts the Z* function of Figure 13 plotted against the dimension-
less temperature ratio, (Tcp)opt/Tress for all conditions investigated in this
study. The SDG & E point p]otted in the upper left hand corner suggests that
the Fluor (Ref. 19) selected mixture composition (for Tpag = 182°C) is clearly
inconsistent with other results of this study (Tcp too low)
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TABLE 1 Baseline Input Assumptions For All Analyses Except as Noted in Text

Parameter ’ Baseline Assumption
Produced Fluid State at Wellhead Saturated liquid at Tres
“Brine" Salinity 0.0 (Pure H30)
Drawdown Factor (KPa/Kg/sec) 22.8

Well Depth (m) , ' . 1830.

Well Friction and Heat Transfer. - ° *. . . Ignoréd_' e

Net Cycle Output Power (Mwe) o " '50.

Plant Capacity Factor : 0.85

Design Wet Bulb Temperature (°C) 26.7

Make-up Water Temperature (°c)- . 32.2

Hydrocarbon Expander: T
Dry Stage AdiabaticAEfficiency 0.85

Maximum Stage Pressure Ratio ' 1.8
" Stage Efficiency Reduction :
" . (% drop per % exhaust moisture) 1.0
Generator Efficiency 0.98
Motor Efficiency (all) 0.95
Pump Efficiency (all surface pumps) 0.80
Down~hole Production Pump ) 0.50
Overall HeétLTransfer Coefficients (w(m2°k)
Supercritical Primary H.X. . 1514.
Sub-critical Primary H.X.
¢ Pre-heating 1514.
o Boiling 2422.4
o Superheating 1514.
Condensing 566.7
Desuperheating 237.5
Sub-System Costing: (See also Reference 15, Section 8.2)
-Capital Cost Equations GEOTHM MODEL. (Ref. 2).
-Capital Cost Coefficients ,Normalized'to Ref. 17
0 & M Costs - ' : Normalized to Ref. 17
Direct and Indirect Cost Factors Normalized to Ref. 17"
Erine Cost ($/MBtu) . Normaiized t6 Ref. 17'(See Text)
Water Properties GEOTHM MODEL (Ref. 2)

Working Fluid Properties Starling specific MBWR (1975) Ref. 23
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ve 5x |0-€2(86/ | 4/8.239 |32.8/4 | 5.312 ||425.670|35.28!5 |6,563Z |305.893 | 423,442 |36.3¢65 | (3/21/30)
PRM. RXR : ' i
# ép 2x |0.517120 |422.932 |32.352 | 5.29¢ W42710] |33.292€ | 7.0263 |3/0.3/2 |424.974 |34.2785 (73755%0)
H.C. Fump 7PCTR/6
& e ;x 0.51282¢|423.14532.338 | 5.29¢ R426.374 |33.0437 {71499 |3/0.765 [424.679|34.0595 (3/20%0)
Yr vown TPCTd2Z
0.8-»0.6 |0-477880|423.898 |32.295 |5.289 4426.409 32,4911 |73238 |309.678 |424.328|33.4498 | 1/, /85)

_gg_.




TABLE 3  GROUPB 1) RESULT DETALS

L966E 2 - GROO7 5, /)

CONSTRAWED BUSBAR COST gPTIMIEATION'S
—— TURBNE MLET ENTROPY 2 . MAXIMUM SQTURATED VAPOR ENTEOPY~—

#alko

OPTIMUM CYCLE SIHTES

EESOURCE 0P7'/M(/M ORI G FLUD 7;’}’6‘ , @ gPd’ @ (77 ) » DOCUMEN -
m,ge /zgi 76-7' pC r 7;' ,pr yf TCOUD (pf)opr ( 7;‘)0” 4 ok TAT/DU
%) | reacnon | (°K) | (bar) || (k) | (sar) |(c</om) | (o) (%) | (%4rE)
FUEL COST WCREASED BY FACTOR OF 5
170 ' . PADRA38
(44s.15) |0-11622. | 4/4.820 | 33.46/ ||421.555 | 35407 | €.9113 |306.25 |4I8.804 | 56.759 | 49.320 (4/5/80)
175 ' 7Pcrd27
(448.15) |0.79073 412.660 | 34.134 |1419.679 |36.357 |6.74¢¢ 307.54Z |417.07¢ |37.673 | 50.606 (4/2/80)
tsras) |070547 | #1571 |33.376 1420200 34.48¢ | 7.2038 |3p6.671 |417.499 |35.825 | 50.581 (7/%35
(4se15) (061303 [ 418598 | 32765 [\ 476,515 35108 | 6.8686 | 305,956 | 423.553| 36521 50.438 Zf;“,’fg)
EFPECT OF PRIMARY HEAT EXCHANGER LT COST (AL FOR Tegs =/82 °C MWD BISELIE FUEL CosT).
BASECIVE T - TPcr@34
HXR OUIT 10.5880¢ | #19.65C |32.63C | 427.040|34.678 | €.9853 |3/1. 588 |424.003 36116 |43.7/1 | (473150
[+
$up20x 057447 |420.245 (32572 |[428.400|34.965 |C.B761 |30.552 |42535% 36405 | 4263 | Thoeia,
PADRA3S
$uopzsx 10.56788 |420.539 |32.543 |428.568 [34.858 |6.9080 |310.536 |425.492|36.310 {40.98¢ (3/27/80)
: | 1; % TPCTPP9
goP3.0x 10.50142 |423.718 |32.305 “423.55/ 30.787 18.5/0Z  |309.2866 | wA VA~ | 40.183 (3/31/80)

¥ BRWE WIECTION TEMPERATUCE DETERMMED BY SYSTEM ECONOMICS — NOT CONSTRAWED —
¥ NoT APPLICABLE — SUB-CRIT/CAL CYCLE [s OPT/IMUN

_99_
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TABLE 4 _ GROOP B, 2.) RESULT DETALS #is(6o
CONSTRANED BUSEAE COST OPT/IMIZATIONS
—BRINE BETURN TEMPERATURE 2= 394,26 K (160 F) —
7 FLU, PTIMUM £
p;mcg ofr/u M WORKING FLUID OPTIMUM CYCLE STATES Toer @ | By @ (% )m vocomen -
E’ZR fw gze Ter FPer r 5 Ur Tconp (f})a or ( % )0 or TArIoN
) | L (k) | Gar) | (%) | ar) |leclam) | (o) (e )er | (277€)
170 44.76 | PADRAP
(s43.45) 079758 |412.486 |34.203 ||42B.I51 |39.969 |6.4607 |3099/9 |423.842 |42.196 797 | (@/7/80)
1?5 44.98 . PADRAZ3
(448.15) [0-5636! |420.782 |32.524 ||430.928 |35./54 |7.1153 |306.74z |426.356 |37.077 1218 | (4/9/80)
176 ; “.7 PADRAY7
(451.15) 053949 |421.853 |52.428 [1433.5/0 |36.2I13 16.6495 |306.859 (429969 |37 985 12.22| (4/7/80)
/182 ' 44.5¢ 7PCrI8
si3él 423,106 |32.74] |1439.630|28.138 |€.3893 |307.690 |435.541 |40.082
(#55. l$) 0. ﬂ 4 4 12.29| (4/8/80)
ASSUMPTIONS :

1) BASELWE PLANT CAPITAL COST, EFE/C/ENCY, AND U-FACTOR ASSUMPTIONS
2) PLANT AVRICARBILITY AACTOR =O.70

3) FUEL COST UP BY A FACTOR OF S

4) SEE TABLEIL MDD FIGHRE X FOR OTHER DETRLS

_.Lg_
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TABLE 5

Effect of Subsystem Cost and Efficiency'ASSumptions
on Computed Optimum Mixture Fractiqn'for Cost Optimized System
(Tres = 182°C, expander max. stage pressure ratio = 1.8)

Input Assumption ' Relaﬁive’Optimum Isobutane - Relative Optimum

Mole Fraction Busbar Cost (Ref)
(Perturbed/Baseline)" ‘ (Perturbed/Baseline)

Baseline Costs and » : .
Efficiency Factors _ 1.0000 ) 1.000

Increased Fuel Cost ($/MBtu) - 1.2119: 2.747
by Factor of 5 -

"Increased Primary Heater

Unit Cost ($/m2) by
Factor of 2 1.0078 . 1.078

Increased H.C. Circulating
Pump and Motor Unit Cost
($/kW) by Factor of 5 0.9994 ] 1.128

Decreased H.C. Circulating
Pump Adiabatic Efficiency . ‘
from 80% to 60% o - 0.9703 ' 1.058
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TABLE 6

Comparison of Independent Thermodynamic State Parameters
for Busbar Cost and Constrained Yield Optimized Designs
(Tres = 182°C, Twet bulb = 26.7°C, expander
maximum stage pressure ratio = 1,8)

Parameter Busbar Cost Optimization Constrained Yield Optimization
(TPCT@l®, 3/31/80) (PADRA3g, 4/23/80)
Input Computed Input Computed
TTURB (°K) Optimizable 426.8279 Optimizable 425.7038
PTURB (bar) Optimizable 33.03275 Optimizable 33.35050
TconN (°k) Optimizable 310.791100 Optimizable 310.5490
lmcomp Optimizable 0.513135 0.513135 0.513135
2DTMINL (°K) Optimizable 5.313892 5.313892 5.313892
3DTMIN2 (°K) Optimizable 4.911490 4.911490 4.911490
4CTTEMP (°K) Optimizable 304.851500 304.85150 304.85150
Proximity of selected optimum turbine inlet state to TPCT line:
ITTPCT |PTURBOPT
(T 0,.9949 0.9991
TURB)OPT
Note
l PTP cT ‘ TTURBOPT .
B ) 1.0307 1.0053
TURB’ opT
Notes:

1: Isobutane mole fraction

2: Primary heat exchanger pinch point temperature difference

3: Condenser pinch point temperature difference (zero subcooling)

4: Cooling tower water exi t temperature - i.e. Tyet bulb + At approach
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TABLE 7

Comparison for Busbar Cost and 3 Parameter Constrained
Yield Optimized Geothermal Binary Ranklne Cycle Systems

(Tres = 182°C, Twet bulb = 26.7°C,
Expander stage pressure ratio = 1.8)

Parameter

Independent Parameters
Brine exit temperature (°K)
Brine flow rate ﬁb (Kg/sec)
Hydrocarbon flow rate, ﬁh (Kg/sec’
Cooling water flow rate ﬁw (Kg/sec)
Net plant efficiency (%)
Wellhead Utilization Efficiency (%)
Overall Expander Efficiency (%)
Exhaust Quality (%)
Stage
Stage

Stage
Stage

= w N

Relative Fuel Cost

Relative Plant Capital Cost

Relative busbar energy cost

‘Busbar Cost Optimized
(TPCTZ1g¥, 3/31/80)

7
340.482 (153;2°E)
884.01
992.29

5873.50

11.624
43.52

84.998

99.9
dry
dry
dry

1.000 (@$.570/100Btu)

1.000

1.000

-Constrained
Yield Optimized
(PADRA3@, 4/23/80)

3
332.400 (138.65°F)
857.89

1081.42

6828.47
11.202
44.847

83.501

91.7
99.6

dry
dry

.9705(@$ 533/
"108Btu)

1.0573

1.0146
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Table 8

Thermodynamic and Economic Performance Difference
Highlights for Busbar Cost and 4 Parameter Constrained
Yield Optimized Geothermal Binary Rankine Cycle Systems

(Tres

= 182°C, T,ey bulb = 26.7°C,

Expander stage pressure ratio = 1.8)

fuel cost
plant capital cost

busbar energy cost

Busbar Cost

Constrained
Yield Optimization

Parameter Optimization
(TPCTPiP, 3/31/80)

No. of Indep. Parameters 7
Relative brine flow rate 1.000

" hydrocarbon flow rate 1.000

" cooling water flow rate 1.000
Isobutane mole fraction 0.5131
Relative turbine inlet pressure 1.000

" net plant efficiency 1.000

" utilization efficiency 1.000

"  expander efficiency 1.000

1.000 (@$0.570/106Btu)
1.000

1.000

(PADRA4S, 4/24/80)

4
0.9351 .
1.0572
1.7734
0.777 Y note
1.401
0.9983
1.0694
1.000

0.9351 (@$0.532/106Btu)

1.1833
' note
1,0611

Proximity of selected optimum turbine inlet state to TPCT line:

ITTPCT IPTURBOPT

(T
TURB)OPT

P
l TPCTITTURBOPT

(P '
TURB) oy

0.9949

1.0307

1.0052

0.9740




TABLE 9 Fofé‘,{/f/,f& BNARY JEMONSTRATION FLANT FEREORMAICE IMPRAEMENTS

7;& ‘C('o,ffp;rgp 0;;7‘@” DeSigs .SDGE FPeorosep ﬂ;uausrmr/au Zr kfédr/llz *
ot Cq 7. o * * | s5sAR
s e wes |Tes | T | g7 | gy i | Tes | frues | Teaun /Ay cosT
fractin | (°%) | (bar) | (%K) padion| () | (bar) | (oK) |

170 | @ ) , ©

182 | () (@ _
(4s5.15) |0 5137 (439.690|38.213 1307.298|12.29/ |44.54%|| 0.90 | 424817 | 33645 |3/3.650 | 10.959 |39.709 | 0.9479

ASSUMPTIONS : . B .
I) (DEUTICAL GEVEKIC SYSTEMS MWCLUONG PRODUCTION AND MWECTION PoutPrué (FIGuRE L)
2) ALL SO MWe(nel), 0.7 PLANT ANIABLITY, EXPIMOER EFPICIENCY =857, STHRLIIG SPECIFIC MBUR.
3) BRME MWECTION TEMPERATVEE = 3¢4.26 I (l60°F) (REE(3)
4) FLANT SUB-SYSTEM CAPITRL COSTS NORMALIZED 7O EPE! ER-30/ ﬁegfﬁ)
5) WIT BRIWE CosT vP FRCTOR oF 5 (VR REF/7)
6) PRODUCTIOV § IECTION owg DEPTH 1830 m (6000f4), Kop = 22.8 KFa/ (1 /5ec)
7) DOWHOLE PRODUCTION PUMP ADIRBITIC EFFICIEUCY =50% |
B) LBt PESIGUS ASSUME Ui = 50 Btufhr 08 ( SOGE PESISNS ASSUME Ui =/00 BYy/hr#"F)

9) MINOR FARAS/TIC LOSSES M) PRODUCIIAN ANO MWECTION FIowes /snoRED
- 10) SEE TABLE 1 For otweR pfm/cs

» DOCUMENTATION ;
* BY OUR ANALYS/S (@) sFIrgdd, 41s/80 (©) sms@pe, 4/4/80
(6) sFi8z@gd, 4/n/B0  (d) sius@gz, ¢/r¢/B0
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TABLE /O (COMPARISON OF SO6E PROPOIED ALANUT tirH TPCT YL E ALTERINTIVE

SDG MID-LIFE (IRKMNG FEUY
COMPARISO E PROPOSED PEMM STRATIN) VZ 7
CATEGORY PANT (BEE 19) COMPUSITION) ALTERAMIIVE
(18z2°c)  (/70%) (182 °c) (170°¢)
BUSBAR ENEREY COST 1.000 1.000 0.948 * 0.962. #
UTILIZATION EFFICIENCY () 39.7/ 39.7/ #45¢ 44.53
WET CYCLE EFFICENCY (%) 10.96 "2é /12.29 .9/
/S0BUTANE MILE FIACTION 0.90 0.90 “ 0.5/ = 0.79
PRIMARY HEAT EXCAMGER
4 4 . /‘ 9
BELATIVE ABEA REGMT 400 442 488 8
~CHAWGE (%) - +42.0 * +5.5
GRISS TUESME FOWER /.000 0.945
MAXIMY MET PEESSUCE 1.000 1.0/0
TURBNE CAMNCTERISTICS
» SPECIFIC S/2E CHWSPE ti4e % +4.82 %
t/ 44 % -0.83%

o SPECIFIC SPEED (HINEE

¥ CONSERVATIVE ESTHWATE — LBL DES/GAS ASSOME 50% LOER CowDEVSER [ Focrpe,

F BASED /0°F MMM PEIIRY EXCHMICER PIICH oM AT WH/cH GIVES /70°F SONE EX/T
TEMPERATURE. WITH [60°F EXIT TEMPERATUEE, CHANGE 1S LACCER 7AM 42 %.
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This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of -Energy.

Reference to a company or product name does

not imply approval or recommendation of the

product by the University of California or the U.S.
Department of Energy to the exclusion of others that

.may ‘be suitable. '
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