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AN ABSTRACT OF THE THESIS OF Talal Hussein Hassoun for

the Master of Science in Applied Science presented January 18, 1974,

Title: Optimization of Single- and Double-Flash Cycles and Space

Heating Systems in Geothermal Engineering

APPROVED BY MEMBERS OF THE THESIS COMMITTEE:

Nan Te/b/ﬁ’su

Gunnar Bodvarsson

GeorgeXsongas rZd

Two different problems of optimization in the utilization
of geothermal energy are presented: First, the thermodynamic
optimization for a geothermal power plant using a single- or
double-flash process is considered; in this analysis, the optimum
flash temperature giving the maximum power output is determined.
Second, an economic optimization for space heating systems using
geothermal energy is developed to obtain operating conditions for
which the total (capital and operating) cost is a minimum.

Both graphical and analytical methods are used in the
thermodynamic optimization to determine the optimum flash tem-

perature. The graphical method is based on thermodynamic data



provided by an i~s (enthalpy-entropy) diagram for water and

steam. In the analytical method, first and second order approxi-
mations (first and second degree polynomial approximations), are
used for the functions which express enthalpy differences in terms of
flash temperature,

Numberical results are provided by computer programs
developed for the analytical method. These results cover the tem-
perature range normally encountered in practice. In the case of
the single-flash cycle, results from both the graphical and analytical
method using the first order approximation indicate the same
optimum flash temperature; however, the correction factor result-
ing from the second order approximation improves the value of the
temperature by a correction of about -2 °C. Optimum flash tem-
peratures for the double-flash cycle are similarly determined using
the analytical method with a~ first order approximation.

In the economic optimization of space heating systems, the
analysis is made on the basis of the annual total cost per unit area
of wall surface. It takes into account the cost of the geothermal
fluid, cost of wall insulation, and heat exchanger cost. Fora
specific case where the inlet temperature to the heat exchanger is
at 100°C and the outlet temperature at 28°C, the minimum annual

cost to maintain a space at 20°C with an outside temperature of



-10°C is given at $0.0257 per square meter of wall area while the
optimum thickness for the wall insulation is 0,126 meter.,
Additional improvement in the optimization of flash tem-

perature can be made by using a second order approximation method

for the double-flash power cycle,
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CHAPTER I

'INTRODUCTION

In geothermal engineering plant design, process evaluation
typically consists of both an engineering and economic analysis from

which the best conditions of temperature, pressure, rates as well

' as other variables are determined. Even though economic con-

siderations may ultimately influence the final decision, an optimum

operation design based on an engineering evaluation must be obtained

- first, Thus, the optimum operation design is basically a tool or an

initial step in the development of an optimum economic design.

In this study, two different problems of optimization in the

~utilization of geothermal energy are considered. First, the thermo-

dynamic optimization for a geothermal power plant which uses a
single- and a double-flash process in the generation of steam for
the turbine is presented; in this case, the optimum flash tempera-
ture which gives the maximum power output is determined. Second,
an economic optimization for a space heating system using geo-
thermal energy is developed to obtain optimum operating conditions
at which the total (capital and operating) cost is a minimum.

The optimization methods which have been used to obtain

these operation conditions are the graphical and analytical methods.



"

In the graphical method, values of exergy (capacity to perform
work) are plc;tted against values of flash temperature and the
optimum flash temperature is obtained where exergy (see
Appendix IV) is a maximum. On the other hand, the analytical
method is considered on the basis of first order approximation
(first order polynomial approximation) for the cases of single and
double-~flash cycles, and second order approximation (second order
polynomial approximation) for a single-flash power cycle. The
approximation is for the function which expresses enthalpy differ-
ence in terms of temperature,

This study is organized in five chapters as follows:
Chapter one is an introduction. Chapter two presents a general
review on geothermal resources and their importance for the
energy market, and also provides a discussion of geothermal
reservoirs and their types, including reference so the MAGMAMAX
process. In Chapter three the single- and multi-flash processes,
with emphasis on single- and double-flash, are discussed. The
fourth chapter relates to the core of this research, presenting
the methods of optimization, the graphical method and the
analytical method on the basis of first and second order approxi-
mation techniques for single- and double-flash power cycles.

Finally, the last chapter covers an economic optimization for

space heating systems.



The concept of exergy, used in thermodynamic optimiza -

tion is presented and derived in the Appendix. IV,



CHAPTER II
GEOTHERMAL RESOURCES

Geothermal resources may be defined as natural energy
stored in the earth. This natural source of energy has been
utilized for electric power generation and space heating in a
number of locations throughout the world. In Italy, the first
power plant was built in 1904 using dry steam; in the U.S.A.,
power generation began in 1960 utilizing dry steam also; and
in New Zealand power generation started in 1950, by using flashed
steam from hot water. In Reykjavik, Iceland, about 90,000 people
now live in houses heated by geothermal heat,

This new industry has some similarity with the petroleum
industry, and as a matter of fact, both industries apply similar
procedures of geological and geophysical exploration, well drill-
ing, piping, and concepts of reservoir /mechanics . Geothermal
resources are considered economically significant when a heat
source is concentrated in a manner analogous to the concentra -
tion of metals in ore deposits or of oil in commercial reservoirs
(26).

Many long-term forecasts of geothermal power generating
capacity have been made. The U.S. Geological Survey has stated

that the Western United States has a potential generating



capacity of 15,000 to 30,000 MW (16). The Department of the
Interior Panel on Geothermal Energy Resources estimated that
geothermal energy could supply as muchas 132,000 MW (mega-
watts) in 1985 and 395,000 MW by the year 2000 (16). Muffler
and White (26) pointed out that the world potential geothermal
resource is more than 2000 times the heat represented by the
total coal resources of the world. Hutchison and Cortez (16)
concluded that "one MW of electrical power generated in an oil-
fired power plant for 30 years at 33 percent thermal efficiency
requires the equivalent of 500,000 barrels of crude oil. If the
potential generating capacity of the geothermal fields in the
Imperial Valley is indeed 20,000 MW, it is equivalent to 10
billion barrels of crude oil,"

Geothermal resources provide an excellent market for
heat intensive industries. Table I indicates that power generation,
space heating and desalination are the most promising and highly
applicable users of geothermal heat. On the other hand, the
rest of the industries on the list show less promise.

It is appropriate in this study of problems in geothermal
engineering, to review some of the important conditions and
characteristics of the geothermal resources. Muffler (27), de-

fined the geothermal resource base as '"all the heat above 15°C



TABLE I
LIST OF HEAT INTENSIVE INDUSTRIES
Heat cost as a

proportion of the
final production cost

a/O
Power generation in modern steam plants 55
District heating in a cool temperature climate 50
Desalination by evaporation 40
Heavy water production by distillation 20
Alkalies a.;ld chlorine industry 6
Beet sugar 4
Petroleum refining 3
Paper and pulp mills 3
Synthetic fibers 2
Distilling industry 1
Canning 0.6

The data in this table are obtained from

Bodvarsson (6).

in the earth's crust, but only a small portion of this resource
considered as a resource'. The magnitude of this geothermal
resource depends, as a matter of course, on many physical,

technological, economical and environmental factors. White,

Muffler and Truesdell (32) estimated that the world geothermal



resource to a depth of 3 kilometer for electrical generation is
approximately 2 x 1019 calories, which is equivalent to 58,000
megawatts for 50 years.

Certain conditions and requirements must be met before
an area can be identified as a geothermal area from which heat
can be extracted for economical purposes. According to
Bodvarsson, White, Muffler (6,4,32) and others, such a geo-
thermal area is composed of:

1. A heat source - A deep sequence of layers, heated

by a magmatic intrusion (dikes, stocks, etc.) which in turn
heats the overlying porous medium. The heat flux coming from
such a heat source determines the economical value of a geo-
thermal prospect.

2, A reservoir - A highly permeable hot formation
with thickness, porosity and permeability of such an order as to
allow the formation and the permanence of a2 system of convec-
tion currents in the water filling the fracture or pore space of
the rock. Rocks of all three general types, igneous, sedi-
mentary and metamorphic, may be associated with the geo-
thermal reservoir.

3. A caprock - An impermeable stratum overlying the
reservoir. This layer of low permeability prevents the flow of

hot water out of the reservoir.



8

In view of the discussions above, we can notice that funda-

mental relations exist between the basic geologic conditions for

a geothermal area and the conditions required for an area of

economic interest., Also, we have to realize that the heat trans-
mitted by the heat source can be extracted if it is transmitted
to a fluid, and in this case the fluid is water. Therefore, there
must be an adequate amount of water available to extract the
energy. The water in a geothermal area is meteoric water (4).
In many geothermal areas of the world, the temperature
of the reservoir rock is rather uniform below certain depth.
This situation is indicative of high permeability, since convec-
tion currents in the reservoir tend to equalize the temperature
within the reservoir. This observation has led to the concept
of the base temperature (6) of a thermal area. A wide range
of base temperatures have been observed, and a thermal area
which has a base temperature higher than 150°C will be denoted
as a high-temperature area. Examples of high-base tempera-

ture reservoirs are shown in Table II (6).



TABLE 1II

BASE TEMPERATURE IN HIGH-
TEMPERATURE AREAS

‘Area Temperature, °C
Larderello, Tuscany, Italy 200
Iceland, several areas 200-300
Salton area, California, U.S.A. 360
Cerro-Prieto, Baja California, Mexico 370

New Zealand, several areas 255-295
Pauzhetka, U.S.S.R. 195
Geyser, California, U.S.A. 205

Chemical impurities (mainly silica and calcite in thermal
water) increase with temperature. At low temperature these
materials accumulate and create a problem of deposition of

solids in boreholes and equipment (9).

I. CLASSIFICATION OF GEOTHERMAL RESERVOIRS

Geothermal reservoirs have been classified (4,32) as:

1, Liquid-phase reservoirs,
2. Gas -phase reservoirs,
3. Hot rock -''dry' reservoirs

Among geothermal reservoirs discovered to date, liquid-phase
reservoirs are perhaps twenty times as common as gas-phase

reservoirs (27).



10

II. LIQUID-PHASE RESERVOIR

A typical liquid-phase reservoir is shown schematically
in Figure 1. This type of reservoir contains water which occupies
the effective pore space within the reservoir permeable rock,
The recharge water flowing in at the boundaries of the reservoir
is heated by the reservoir rocks, expands and moves buoyantly
upward through the interconnected pore spaces or fractures.
The motive force causing this circulation of water is gravity
due to the density difference of cold and hot thermal water., If
base temperatures in known areas of this type of reservoir are
in the range of 150°C to 370°C, then such a reservoir is denoted
as a high-temperature reservoir for power generation (5).
Below 150°C this type of reservoir is denoted as low-tempera -
ture. Steam is produced by boiling as the reservoir water
moving up flashes in the boreholes and a mixture of steam and
water is produced at the surface.

Chemical impurities such as silica, calcium, potassium,
and soluble chloride are usually found in the fluid in a quantity
between 1000 to 3000 milligrams per liter (27). Also, the
salinity of thermal water from some liquid-phase reservoirs
is in the order of 0.1 to 3 percent (27). Geothermal boreholes

in the Salton Sea thermal area in California produce a super-

saturated brine containing about 320,000 parts per million of



o ? hot water

Permeable layer

surface
' A
H H |
N | o o ! ——
5 8 |
l’g 'S
E — e gl
cold |8 Hot water gl cold
water Ig ) l water
3 7
[ S—
— :a J
{

/77 /)] ) )

Basement

Figure 1. Liquid phase reservoir

1T



12
solids, and the salt content can be as high as 20 percent. The
brine contains a number of valuable chemicals such as potas-
sium, manganese, lead, zinc, lithium, rubidium, iodine and
boron. Various private companies have carried out a con-
siderable amount of research as to the feasibility of extraction
of the chemicals (6). As a matter of course, a high concentra-
tion of these impurities is not desirable for the reason of
environmental hazard.

Examples of major known liquid-phase reservoirs are:
Wairaki (generating 160 Mw) and Broodlands (100 Mw plant
proposed) in New Zealand, Cerro Prieto (75 Mw plant under
construction; 200 Mw plant proposed in Mexico), the Salton
Sea field in California, and in Yellowstone geyser basins in

the U.S.A. (26).

III. GAS-PHASE RESERVOIRS
A gas-phase reservoir, as shown schematically in
Figure 2, contains both water and steam at depth. This type
of reservoir produces a pure steam phase at the surface with
small amounts of non-condensible gases such as CO,, NH; and
H,S. With a decrease in pressure, the evaporation processes
of the reservoir fluids proceeds in the reservoir, and the heat

of evaporation (latent heat) is provided by the reservoir rock (6).
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James (19) indicates that gas-phase reservoirs are un-
likely to exist at pressures greater than 34 kilograms per square
centimeter and temperatures more than 240°C, due to the
thermodynamic properties and flow dynamics of steam and water
in a porous media.

Examples of major known geothermal gas-phase reser-
voirs are: Larderello, Italy; the geysers, California, U,S.A.;

and Matsukawa, Japan.

Iv. HOT ROCK-DRY GEOTHERMAL RESERVOIRS

Another geothermal resource is being considered — hot
rock. In the opinion of many experts in this field, this large
resource is more difficult to exploit than gas and liquid-phase
reservoirs. However, many methods for tapping this dry geo-
thermal deposit have been suggested, such as nuclear explosives
and hydrofracturing techniques similar to those employed in
petroleum exploration., To be economically feasible these methods
will depend primarily upon how deep the deposits are, since
the cost of drilling through hard rock is expected to be highly
expensive, However, in the opinion of many experts in this
field, the potential of these resources is estimated to be at
least ten times the total from gas-phase reservoirs and liquid-~

phase reservoirs,
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From the above conditions it can be assumed that the
available energy in a geothermal reservoir can be economically
exploited for power generation if the following characteristics,
many of which are independent, are observed:

1. Depth of extraction, which is dependent on the

technology and economics assumed.

2, High-temperature reservoir (base temperature).

3. Geometry of permeability, and the specifid yield.

4, Physical state of the fluid in the reservoir (water

or steam).

5. Adequate supply of reservoir water.
6. Chemical analysis and composition of the thermal
water.

In this study we are concerned only with the liquid-
phase reservoirs, which are relatively abundant and are
producible from a more shallow depth, which would make them
particularly useful for space heating, industrial and agricultural
purposes (more so than the gas-phase reservoirs). Therefore,
the type of power plant used to convert geothermal energy
to electrical power and use for space heating depends upon the
type of the reservoir and the q;lality of the geothermal fluid.

Electric power generation from geothermal resources

worldwide is shown in Table III (16).



TABLE III

GEOTHERMAL POWER CAPACITY

(1973)
Country Capacity (Megawatts)
Italy 390
U.S.A. (expected in 1974) 520
New Zealand 170
Mexico 75
Japan 33
‘Soviet Union 6
Iceland 3

1197

The current worldwide energy crisis has given in-
creased impetus to the large-scale development of geothermal
energy. Active exploration and development programs are
underway in many parts of the world, including Algeria, Chile,
Columbia, Czechoslovakia, El Salvador, Ethiopia, Hungary,
Iceland, Italy, Japan, Kenya, Mexico, the Philippines, Russia,

Taiwan, Turkey, U.S.A. and Yugoslavia (16).

V. MAGMAMAX POWER PLANT
To overcome a number of problems, some interest has

been expressed in the use of secondary working fluids for low-

16
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temperature liquid-phase geothermal power plants. Because
generating power from hot water is different from generating

power from steam, theoretical studies have been made on the

problem with different proposed cycles.

The MAGMAMAX process (1) has been introduced by
Magma Power Company (Los Angeles, California) using iso-
butane as the second working fluid. Hot water is pumped from
the wells and run through a heat exchanger to vaporize isobutane,
which expands in a turbine in a separate closed cycle, The iso-
butane condensate is pumped into the heating and boiling heat
exchangers by a turbine-driven centrifugal pump. The conden-
sate hot water is then reinjected back into the reservoir. Due
to the high density of the isobutane, the size of the turbine is
reduced as compared to ordinary steam turbines of the same
output and operating at the same temperatures.

Construction of a 10 Mw pilot plant using the MAGMAMAX
process is underway at Brady, Nevada (26). The general
principles, cycle and some implications were discussed by
Anderson (1),

While use of the MAGMAMAX process for liquid-phase
reservoirs is interesting, that process is not amenable to the

type of optimization of liquid-phase reservoirs considered in

this study.



CHAPTER 1III

POWER CYCLES FOR LIQUID-PHASE RESERVOIR

Broadly speaking, a geothermal power cycle is usually
an open thermodynamic cycle, for the purpose of converting a
portion of the available energy contained in a fluid phase reser-
voir into electrical power. The basic procedures of utilizing
natural heat sources for power generation are similar to con-
ventional thermal-generating procedures. Major differences
are the absence of a boiler in a geothermal plant as well as a
lower pressure and temperature of the working fluid. Also,
the steam condensate is used for cooling makeup water, rather
than recycling for steam production, and there is a need for
removal of non-condensible gases from the condenser to main-
tain a vacuum (23).

In this study, two types of processes will be considered:
the single- and multi-flash processes, with emphasis on single-

and double-flash power cycles.

I. SINGLE-FLASH POWER CYCLES
The single-flash power cycle is the simplest and best
known method of extracting energy from a liquid phase reser-

voir to generate power. Figure 3-illustrates a simple flow



T
o)

Figure 3. Single flash power cycle (B = borehole,

C = condenser, G = generator, S = cyclone separator,
Tu = turbine, T; = flash temperature, °C, and ~

TZ = condensate (environment) temperature, °C).

19
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diagram for this type of power plant, The system contains:
(1) a borehole of a liquid phase reservoir as a natural heat
source, (2) a cyclone separator, (3) a steam turbine, (4) an
electric power generator and (5) a barometric condenser.

A hot geothermal fluid flowing up the borehole is flashed
(throttled) to dry steam, which in turn enters the turbine at a
temperature (flash temperature) lower than the saturation tem-
perature at reservoir conditions. Through the turbine, it is
expanded to a lower pressure and temperature (condensate tem-
perature) at which the exhaust steam is condensed to a saturated
liquid. This condensate liquid is in turn used for cooling tower
makeup water, or reinjected into the ground. The processes
that comprise the cycle are represented on the T-S (tempera-
ture-entropy) diagram, shown in Figure 4.

In analyzing this type of power cycle it is helpful to its
efficiency as depending on the temperature and pressure at
which heat is supplied and the temperature and pressure at which
heat is rejected. Any changes that increase the temperature
and pressure at which heat is rejected will increase the
efficiency of the power cycle. Since we are dealing with a
working fluid which is found naturally at a rather low pressure

and temperature (and at the same time, these conditions vary



T (temperature,’°C)

1\

o’

21

S(entropy)

Figure 4. T-S (temperature, entropy) diagram of the
single-flash processes. (0-0' is the throttling process,

and 1-2 is the isentropic process in the turbine). T2 =
environment temperature (condensate temperature).



widely from one reservoir to another), the simple flash power
cycle has a relatively poor thermal efficiency as compared to
the Rankine cycle. Typical geothermal power plant cycle
efficiencies are about 14-16%.

The performance calculations for the single-flash power
cycle are very simple, and in this case a very much simplified
picture is illustrated by the following considerations. Consider
a metric ton (mt = 1000 kg) of geothermal heat carrier (hot
water) produced from a liquid-phase reservoir at the satura-
tion temperature To (reservoir temperature), and having an
enthalpy i'o . The water is flashed (throttled) to steam, which
in turn expands in a turbine from T1 (flash temperature), and
is condensed in a barometric condenser at 'I‘2 (environment
temperature). We will compute the amount of mechanical work
or exergy* (capacity of the unit mass of the reservoir fluid to
produce mechanical work) which can be derived from the total
heat content (enthalpy) of this fluid, The composition of the
flash fluid is given by the weight of vapor (dry vapor), X, con-
tained in one kilogram of the mixture. It is referred to as the

quality of the mixture and is obtained by the equation

*The concept of exergy is discussed in Appendix IV.

22



Ai
X =
En |
or
1 1
10— 11
Xz —— (3.1)
e |
where:
i'o = the enthalpy (cal/kg) of the geothermal fluid
at the reservoir temperature, To (°C)
i'1 = the enthalpy (cal/kg) of the flash effluent resi-
dual water at the flash temperature, T1 (°C)
r; = the latent heat of evaporation at T, (cal/kg)

Another important quantity is the specific consumption,

g, of steam by the power cycle. By this, we mean the quantity

of steam (in kg) consumed in the generation of 1 kw-hr of

electrical energy. Since 1 kw-hr = 860 cal, the work or exergy

in the single-flash cycle is, theoretically,

where:
i”1 = the enthalpy (cal/kg) of the flashed steam at
T, (°C)
1”2 = the enthalpy of flashed steam at T, (°C)

so that the theoretical specific consumption of steam is

= %61(7)-, kg of steam/kw-hr

(3.2)

23
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where Ai' is the isentropic expansion in the turbine. Therefore,
the exergy generated by this cycle per unit mass reservoir

fluid is determined from equations (3.1) and (3.2), yielding
E = X
g
or

(Ai') (Ai'")  kw-hr
860 r] mt

(3.3)

The quantity E as defined by equation (3.3) is the
theoretical work (kw-hr) derived from one ton of geothermal
fluid taking part in a single-flash power plant. These plants
utilize a large enthalpy difference, and their gross steam con-

sumption is of the order of approximately 10 kg/kw-hr, (6).

II. DOUBLE-FLASH POWER CYCLES

More complex power cycles have been developed to
improve upon the efficiency of a given geothermal reservoir.
One type of cycle commonly used in modern geothermal power
plants is the multi-flash poser cycle. A simple flow diagram
of this is shown in Figure 5. These cycles will have a higher
installation cost, and they will be limited to liquid phase
reservoirs producing high temperature water. Geothermal
power plants of this type have been built in New Zealand, using

three stages with a separate turbine for each pressure (15).



Figure 5. Double flash power cycle. (B = borehole,

C = condenser, G = generator, S = cyclone separator
(shere flashing occurs), Tu = turbine, T = reservoir
temperature, °C, T, = flash temperature for the first
stage, °C, T, =flash temperature for the second stage,
°C, and T3 = condensate (environment) temperature,°C,

25



26

Two flash stages are involved in this double-flash power
system, where the residual flash water from the first steam
separator can be flashed again at lower temperature and more
steam can thus be generated. The number of stages chosen
for a practical cycle would be a matter of balancing plant
economical cost against kilowatt rating. From a practical
point of view, some implications outlined by Hansen (15) and
Bodvarsson (6) indicate that the use of a two-stage power plant
gives a theoretical gain of 24 percent over one stage, and an
addition of a third sfage of flashing yields an additional 11
percent. Therefore, a diminishing gain would result from
each additional stage.

The performance calculations for -the double-flash
power cycle are a little more complicated than for the single-
flash power cycle. A T-S (temperature-entropy) diagram
presenting the precesses that comprise the cycle, is shown
in Figure 6,

The working fluid composition, the specific consumption
of steam, and the mechanical work (exergy) for this cycle is
determined as follows:

For the first stage:

_ (ai

X



T (temperature, ?C)

‘OIH
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S(entropy)

Figure 6, T-S (temperature-entropy) diagram for
the double-flash processes. (0-0', 0''-0" are the

throttling (flashing) processes at first and second stages).

1-2, 1'-2' are the isentropic processes in the turbine.

T3 = environment temperature condensate temperature).



28

or
i -
X, = o 1 (3.4)
r
1
where:

X1 = the dryness factor (quality) of the reservoir
fluid in the first stage

i'o = the enthalpy (cal/kg) of the geothermal fluid
at the reservoir temperature T (°C)

i') = the enthalpy (cal/kg) of the flash effluent
residual water at the flash temperature T1(°C)
in the first stage

r, = the latent heat of evaporation (cal/kg) in the
first stage

The specific consumption of steam in the first stage

is
860 kg of steam
€17 (A7) kw-hr (3.5
where (Ai”)l is the isentropic expansion in the turbine of
the first stage. The exergy (per unit mass of reservoir
fluid) is
X
E| - L
g1
or
A,l LI
E = (1)) (A1) yw.hr .
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For the second stage the dryness fraction of the mix-~
ture from the second separator, which separates vapor from

the residual liquid from the first separator, is

(Aaih) i' -
X, = 2 .1 (3.7)

2 rZ rZ

where:

i = the enthalpy (cal/kg) of the residual water
at temperature ’I‘l (°C) in the first stage

i = the enthalpy (cal/kg) of the residual water

at temperature TZ("C) in the second ste;ge

T2

the latent heat of evaporation (cal/kg) at T‘2

The specific consumption of steam in the second

stage is determined by the equation

i} 860
P (A1),
or
860 kg of steam
g,% T (3.8)
j 2 i 2-1”3 ( kw-hr )
where:

i = the enthalpy of flash steam at T2 (flash tem-
perature of the second stage, °C
i3 = the enthalpy of flash steam at T3 (condensate

environment tempe rature), °C
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where (Ai”)zis the isotropic expansion in the turbine of the
second stage.

The exergy (per unit mass reservoir fluid) by the

second stage is

X

E. = (1-X 2 (3.9)
g2

2 1)

and therefore, the total exergy (per unit mass reservoir fluid)
generated by the double-flash power cycle is the sum of the

exergy in the first stage and the exergy generated in the

second stage, or,

Eiota1 = F1 T B2
or
X X
1 2 kw~hr
=| - + - = -
Etotall g, (1 Xl) g, ( mt ) (3.10)

These thermodynamic relationships will be utilized in
the next chapter for the development of the optimum operation
temperatures (flash temperatures) for which the cycle power

output is a maximum .




CHAPTER 1V

THERMODYNAMIC OPTIMIZATION OF SINGLE-
AND DOUBLE-FLASH POWER CYCLES

In the preceding analysis for geothermal power cycles
(single and multiflash processes), the general procedure has
been to establish a thermodynamic relationship that will pro-
vide the maximum amount of power obtainable from a geo-
thermal power plant, According to Bodvarsson (6), the bore-
hole mass flow in a liquid phase reservoir decreases with
increasing operating pressure and temperature, whereas the
power cycle output increases with increasing turbine inlet
pressure and temperature and decreasing outlet pressure and
temperature., The determination of the optimum operating
temperature at both ends of the turbine is therefore a typical
problem of optimization. This chapter discusses and illus-
trateg two methods of optimization which have been utilized to
determine these optimum operation conditions: the graphical
method and analytical method. In the graphical method
values of E (exergy) are plotted against values of Tl (flash
temperature) and the optimum flash temperature T, is obtained
where E is a maximum. On the other hand, the analytical

method on the basis of first and second order approximations
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(first and second degree polynomial approximations) where
the optimum value T1 (steam flash temperatures) in the case
of single-flash power cycle, and values of (Tl)l of first stage,
(TZ)ZOf second stage for the double-flash power cycle are found
at the optimum point where 3E/8T; and (8E/8T;); and
(E)E/BTZ)2 respectively are equal to zero.

For the case of the single-flash power cycle, the

optimum value of T  (flash temperature) where the value of

1
E (exergy) is maximum is obtained graphically. This method
has been utilized on the basis of i-s (enthalpy-entropy) diagram,
and it is less convenient for double-flash processes.

In the analytical method, the first and second order
approximations are used for single flash processes. For the
double-flash processes only the first order approximation

procedure (first order Taylor series approximations) has

been utilized with the help of the first order iteration method.

I. GRAPHICAL METHOD: SINGLE-FLASH PROCESSES
This method of optimization is based on the assump-
tion that a hot geothermal fluid is flowing up boreholes from
a liquid phase reservoir at a fixed flow rate. The amount of
exergy which can be obtained per unit mass of geothermal

fluid depends on the following relationships:
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l. The lower the flash temperature and pressure, the
greater will be the amount of flash steam produced
for power generation.

2. As the steam pressure is reduced, the exergy of
the steam is reduced.

3. As the flash temperature is reduced, the increas-
ing steam flow and diminishing exergy result in
increasing power cycle output until an optimum tem-
perature is reached.

At temperatures below this optimum the reduced exergy
per unit mass of flow more than offsets any further gain due to
increased flow. Under these conditions, the optimum tempera-
ture-is found at the maximum point of the curve obtained by
plotting the exergy per unit mass of geothermal fluid flow versus
flash temperatures. Figures 7, 8 and 9 present these curves
for the cases of geothermal fluid at temperatures To of 180°C,
260°C and 300°C. The optimum flash temperatures in these
cases are shown .in Table IV for the cases when the turbine exhaust
temperatures are 30°C, 40°C and 50°C., These results were
obtained by using equations (3.1), (3.2) and (3.3), and the data

was generated from the i-s diagram and steam tables (29)
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TABLE IV

PERFORMANCE OF SINGLE-FLASH CYCLE
GRAPHICAL METHOD

Reservoir Environment Optimum flash Maximum
temperature temperature temperature exergy,
To (°C) TZ("C) T (°C) (kw~hr /mt)
180 30 105 19.5
40 110 17.0
50 115 14.2
260 30 145 46.0
40 150 41.5
50 155 38.5
300 30 165 65.0
40 170 59.6
50 175 54.8

37
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II. ANALYTICAL METHOD: FIRST ORDER
APPROXIMATION FOR SINGLE-
FLASH PROCESSES

The theoretical optimum flash temperature obtained by
the graphical method in the previous section can also be deter-
mined analytically by making use of the classical technique of
differential calculus, for which the optimum value of T1 (flash
steam temperature into the turbine) is found at the point where
(8E/T1) is equal to zero. Again, if we assume a fixed rate of
flow from a liquid phase reservoir at T, having an enthalpy

i'o and the fluid is flashed to steam at T;, and expands in a tur-

1’
bine from an initial temperature T1 to a final temperature T,
(condensate temperature), the work performed by the power
cycle will be a maximum at an optimum operating condition. To
the first linear approximation, by taking into account that the
change in enthalpy is not a linear function of temperature differ-

ence, the following equations show the effect of the variables T,

and T2 on the exergy for this case

(ALY) (Ai")

E = 860+,

where we have assumed the following simple linear relations
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! and

Ai = b (T1~T2)
Therefore, by substitution we get by using metric units

ab
E = ?6'0—‘1-."1" (TO-T].) (TI-TZ)

where a and b are assumed to be constants and are referred to as
parameters of the first order linear function. For this case of
linear estimation, the latent heat of evaporation T is assumed to
be constant., Since the quantity E as shown in equation (4.1) has to
be a maximum, the optimum value can be found analytically by
setting the derivative of E with respect of T1 equal to zero and

solving for T

1.
dE
—d—;f-l-..'I‘o%-TZ..ZTl-O ,
(T,) = 2 (T_+T,) (4.2)
'optimum 2 "o 2 )

The quantity T1 given by equation (4.2) is the theoretical
optimum flash temperature, which is the average of the reser-
voir temperature and the condensate temperature. For an
example, a geothermal power plant which is operated on the
basis of geothermal water at a temperature of To = 260°C and
T, = 50°C, the theoretical optimum flash temperature T, = 155°C.
This result indicates almost an exact similarity with the optimum

conditions obtained by the graphical method.
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III., ANALYTICAL METHOD: SECOND ORDER
APPROXIMATION FOR SINGLE-FLASH
PROCESSES

The investigation of optimality in this section is an
example of a general algebraic technique involving second order
approximation. The same thermodynamic principles used in
the previous section for the first order approximation can be
applied for this case. The purpose of this special technique is
to obtain a greater accuracy in locating the best operating flash
temperature for which the exergy per unit mass of a geothermal

fluid is a maximum.

Following the same argument as before, instead of

P
Ai' = a(T,-T)

and
LIt
Ai = b(Tl-TZ) N

we assume now the following more accurate relations

Ai' = a(Ty-T1)+ b(TS-T %)

or

b
a(To-T)(1+ = (Ty+ T)) (4.3)

P
n

wherea and b are constants. Also, for the adiabatic process

in the turbine, we assume

Ai'" = K(T;-T,) + S(T;%T$)



or

Ai = K(T,-T,) (1+ % (T + T,)) (4.4)

where K and S are constants. The second order terms
b(Toz-le), and S(TIZ—TZZ) in equations (4.3) and (4.4) and
referred to as correction factors. By adding the second order
terms, we take into account that the change in enthalpy actually
is not a linear function of the temperature difference. The
constants a, b, K and S may be referred to as algebraic param-
eters. We next consider the case of the latent heat of evapora-

tion r, and assume the following relation

r(Tl) =ry (1+ BTI) (4.5)

where:

H
n

1 the flash temperature, °C

a constant

-
1]

a constant

H
H

If the flash steam enters the turbine at 'I‘1 and leaves at. TZ".’ the

exergy per unit mass of flow is given by (using metric units)

(Aai'y(Aai')

E= 860 r

41
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Then, by substituting the values for /_\i', Ai'', and r given by

equations (4.3), (4.4) and (4.5), the exergy equation becomes

ka

b
=860 (To=TNTy-T)(1+ ;(TO+T1))(1+§’—<(T1+T2)(1_;3T1) (4.6)
o

E

For a matter of simplification, let us denote

b
a

and

PR

so that equation (4.56) becomes

E = g — ((T_-T))(T

860 r, -T)) (1+a(Tot T (I Y(TH T)) (1 -BTy).  (4.7)

1
Because the constant o turns out to be very small compared to
the other two constants Y and 8 (see Appendices), therefore, we
neglect a by putting a = 0. Then neglecting the product YB,

equation (4.7) takes the form

ka

k= 860 T,

(T -TIN T -TR)(I+ YT+ (Y-BT) . (4.8)
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The optimum operational value of T1 can be found analytically by
maximizing E by setting the derivative of E with respect to T1 equil

to zero and solve for T1

dE | a2
T (T =2T ;¥ T,+ 2(¥=B) T T ~(Y-B) T T, -3(¥-p) 1) +

2
- + -
+ 2(Y S)TlTZ \(TOT2 2YT2T1+YT2 ).

At the optimum point,

2 .
T -2T+ T+ 2(Y-BT Ty-(Y-HT T,-300=p)T, +2(Y-p)T T, +

2
+ - = Q
YTOT ZYTZT +VT2 0 . (4.9)

2 1

Let us denote all the correction terms in equation (4.9) by the letter

B, such as

2 :
p=3(V=-P)T [+ 2(Y-B)T | T, +

2
.2\('1"?_T1+\('I‘Z . {4.10)

Ho= Z(Y»-ﬁ)TOTl-(Y-fS)TOT

+
Y'I'C)T2
T0+T2

Substituting the value - (obtained by the first order approxi-

mation technique) for T1 in the second order terms in equatiorn (4,10},

we obtain

) 2 2
. (Y-B(T_°-2T T +T,%)

or

w oo Y-B) (T -T I (4.11)



Then, substitute equation (4.11) back in equation (4.9), we get

(¥ -B)
4

2
TO = 2T1+T2+ (TO'TZ) = 0

solving for T, , therefore,

1!

(y-B)
8

)2

1
= S (T +T)+ >

(T;) (T, -T (4.12)

opt.
where (—%El (TO"TZ)Z is the second order correction factor.
The optimum temperature defined by equation (4.12) is a more
exact optimum at which the exergy per unit mass of a geothermal
fluid is approximately a maximum.

IV, NUMERICAL CALCULATIONS LEADING TO THE
OPTIMUM FLASH TEMPERATURE FOR

SINGLE-FLASH POWER CYCLE

With the help of the first order iterated linear inter-

' polation method numerical calculations have been carried out to

' determine the flash temperature optima of the single-flash

power cycle, From the i-s diagram and tables of saturated

| steam (by temperatures) (£9) we obtained the data required for

' such calculations. The following is a summary of the procedure

used in order to carry the numerical calculations for a number
of cases:
1. Derive the constants a, b, on the basis of the
steam tables, and then obtain the constant

denoted by a from the following equation,

44



including the second order terms (second
degree polynomial)

, 2
Ai' = a(Ty-T)) + b (T, =T 2)

divide both sides of the equation by (TO~T1), then

Ai
= a+ b (T +T;)
To'Tl o 1
TO+T
Where ’1‘1 = > and it is defined as the

first order optimum temperature (theoretically).
From the equation of the straight line through

. % *
the two points (f(To+ Ty ), (To-!- T;7)) and
(E(To+ T, ), (T + T;*¥)) of equal intervals, the
constants b and a are

(A1) (Ai')
S - B3
(T1-T1*%) To-T)

b = S Sk
Tl - Tl

and

(A1)

= - + *
a W b(TO Tl )

* koK
where Tl <T1<T1 . Then,

45



Derive the constants K, and S, then obtain
Y = % from
. ‘ 2 2

Ai''s K(T,-T,) + S(T;"-T,")

divide both sides of the equation by (TI'TZ) ,

then
(Ai”) = K+ S (T, +T
T,-T> (T +T9
172
. T +T2 _
where T1 = _%_.._.. , .and TZ- constant. From

the equation of the straight line through the two
points (£(T{™ T, (T;™+T,) and (£(T**+T,,
(T1*~?-k+ Tz)) of equal intervals, the constants K

and S are:

(Ai') (Ai')
B - B3
) T *F-T, T,"-T,
= T F%- T~
and
(Ai') %
= - +
K W S(T1 T))

where Tl* < Tl < Tl**. Then,

Derive the constants § by linear interpolation

from

46



z
P = 1+ 2Ty

and

Ar
D D S —
(AT)r, '

T +1T, '
-—0-2--4- , AT =T**.T,", and

ek b

Ar = ry -r1 .

where T1

4, Obtain the correction factor K, from the formula

defined in the equation (4.11)

Y B 2
b= o (T -Tp)

5. Obtain the exact optimum flash temperature from

the following formula given by equation (4.12),

1 1 2
(Tl) = "2'.: (T0+T2) + 'é" (Y+ﬁ) (TO‘TZ)

opt.

6. Return to step 1 and repeat for -another case,

otherwise stop.

This procedure has been programmed and the experi-
mental program and numerical examples for 31 practical
cases and their results are given:in Appendix I,

In the determination of the temperature optima for a
single -flash power cycle using these two methods, almost the
same final results are obtained with very little disagreement,

For example, in the case of a geothermal power plant operating

47
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on the basis of thermal water at temperature T = 260°C, the
optimum flash temperature in this case by the analytical method
of second order approximation technique is about 153°C with a
correction factor (M) given by equation (4.11) of about 1.9 °C,
while the result obtained for this case by the graphical method

gives a value of 155°C,

V. ANALYTICAL METHOD: FIRST ORDER
APPROXIMATION FOR DOUBLE-FLASH
PROCESSES

The unifying theme in the remainder of this chapter is the
use of the first approximation to obtain the optimum operation flash
temperatures in the first and second stages of a double-flash power
cycle as shown in Figure 5. The procedure for determining the
optimum operational conditions for this problem may become rather
tedious since we are dealing with two variables, the flash tempera-
ture T, in the first stage, and the flash temperature T, in the second
stage. However, the general approach is the same as when only one
variable is involved, The total exergy per unit mass of the
reservoir fluid is-a function of two variables T; and T, i.e.,

Ep =f(T1,,T2) (4.13)

where the subscript T refers to the term '"total"". The relation-
ship represented in equation (4.13) corresponds to the exergy

performed by the two stages, hence
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Xl X2
E_ = — ) + (1- —
= U)X 7 (4.14)
2
X1 = the dryness fraction in the first stage
Xl
-g—--~ = the exergy performed by the first stage
1
X
(I-Xl)(gz) = the exergy performed by the second stage
2
X2 = the dryness fraction in the second stage

For the first stage:

L MR
X, ) (Ai") (A",
g, 860 T
or
Xl _ CoKo(To‘Tl)(TI-TB) 4
; - 860 r ’ (4.15)
1 1
where:

COK = constants or parameters
o

T3 = the condensate temperature, and it is constant,’C
T, = the flash temperature of the first stage, °C
T, = the reservoir temperature, °C

For the second stage:

)% ) (l-Xl)(Ai')Z(Ai”)Z

A-X)E) = —wo T,
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or
X (1-X_ (C.K_NT_ -T_}NT. -T.)
(1-X,) =9 = L 186(1) rl 2 2z 3 (4.16)
g2 2
where:

C,.K. = constants or parameters

TZ- = the flash temperature of the second stage, ° C

‘Therefore, from equations {4,15) and 14.16), we get

r CQKO(TO-TI)(TI-TB) (l—Xl)(ClKl(Tl_TZ)(TZ_T?))
B © | (@.an

+
860 r 860 r,

{
)
i Equation (4.17) shows the effect of the variables T1 and TZ on the

,total exergy performed by the double-flash processes. If this quantity

+E_| defined in equation (4.17) is to be a maximum, then the partial

T

derivatives with respect to T1 and I‘Z must be equal to zero. First,

I let us, to the first approximation, assume that (l-Xl) =1, COKO

‘ClKl = CK, and r)=r,=r, then we have
. - CK(TO-TI)(TI-TZ) o CK(Tl-TZ)(TZ-T3)] e 18)
T 860 1 ( 860 7 -

At the optimum conditions the partial derivatives of equation (4.18)

must be equal to zero.

oE

T CK
= - + + ‘ - =
5T, ~ 860 r (T -2T +Ty)+ (T,-T3) = 0
and -
OFE
T CK: . B
9T = 8oy (T1-2T,+ T3 =0
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Solving simultaneously for the optimum values of T, and Tz,

1
1 - 4,
Tropt. = 3 (2 T5=T3) (£.19)

1
Toopt. = 3 (2T3+ T) (4.20)

defined in equations (4.19) and (4. 20)

The quantities T1 and T2

‘represent the approximate first order temperature optima. In order
ito obtain more exact optima for Tl and Tz, further investigation

' must be carried on. We introduce equation (4.18) in the following

:form
C K C.K r
E_= 22 |(T -T )(T.-T_#(1-X) = — (T.-T_}(T.-T.)|. (421)
T 860r o "1 71773 "M CK r ) B2l it T
1 o o 2
If we let
! C K r
1 1
: A= (1-X)) =% T ’
o o 2

then equation (4.21) becomes

.] C K
: E o o

T~ 860, [(To‘Tl)(Tl-T3)+(T1-T2)(T?_-T3)A]. (4,22)

- Where A is a correction factor, which is approximately constant.
Again, at the optimum conditions the partial derivatives of the

quantity E_| defined in equation (4.22] must be equal to zero;

T

BET coKo

8T, 860 r

1 [ (TO-ZT1 +T3) +A(T2-T3)] = 0
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| OF,, C.X,
; — - + =0 .
BT, 860 1, [(A(Tl eT,+T,) ] 0

Ll

. Solving simultaneously for the optimum T1 and TZ’
1
= —— +(2- (4,23
Tloth 1A (ZTO (2 A)T3) 4 )
T - L (T +(3-A)T.) (4.24)
2opt.  4-A ‘o T3 :

The quantities T1 and T2 defined in equations (4, 23) and
(4.24) are more exact optimum flash temperatures for a double-

flash geothermal power plant operating on the basis of thermal water
‘from a liquid phase reservoir,
VI. NUMERICAL CALCULATIONS LEADING TO THE
OPTIMUM FLASH TEMPERATURES FOR
DOUBLE-FLASH POWER CYCLE
Numerical calculations have been carried out with the help of the
%f’irst order iterated linear interpolation method. We have relied on the i-s
%diagram and saturated steam tables (by temperatures) (29) in order
‘to obtain the data necessary for such calculations. In this case, we
are in a position to summarize the procedure of calculation as
follows:
1. For the first stage, obtain an approximate value of

the constants Co’ and K0 from
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i! = -
(Ai )1 CO(TO Tl)
where

(Ai")
C = !

o (T,-Ty)

And
(8it) = K (T;-T3)y
where
A‘H
c - (Ai )1
o T.-T.°

1 3

Where T, is an approximate optimum flash tempera -

1

ture of the first stage, and ']Z‘3 is the condensate

temperature which is a constant.

In the second stage, obtain also, an appropriate

value of the constants C, and K, from

(Aatf),

where

. . (Aif),
1 (TI-TZ)Z

and

(8iM), = K (T,-T

1 1

= C(T-TY,

3)2
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where

(Ain)
K, = 2

1 (TZ‘T3)2

Where 'I‘2 is an approximate optimum flash tempera-
ture in the second stage, and it is defined by equa-
tion (4.20j. T3 is the condensate temperature which
is a constant.

Obtain the correction factor A, by the formula

C.K r

171 1
A= (1-X) =g T
o o 2
and
(ALY
X, = 1 o
1 ri

Where r, and r, are the latent heats of evaporation
for the working fluid in the first and second stages
respectively.

Calculate the exact temperature optima for the
first stage and second stage processes by using the

following formulas which have been defined by

equations {4.23) and (4.24),

1
z —— (2T + (2-
T10p1:. 4-A ( To ( A)T3)

and



5. Return to step 1 and repeat the procedure for other
cases and so on, otherwise stop.
The procedure has been programmed and the experimental
program and numerical examples for 10 different cases at

different temperatures are given in the Appendices,

55



CHAPTER V

ECONOMIC OPTIMIZATION FOR A GEOTHERMAL
HEATING SYSTEM

¥

In Chapter IV we considered a special kind of optimization
problem, one involving the finding of optimum operating tempera-
tures (flash temperatures) for a geothermal power plant of a single
and double flash process. In this chapter we consider an economic

optimization problem connected with heating systems as another

f important application of geothermal energy.

The current development in the utilization of geothermal
energy for industrial space heating is of economic importance where
this source of energy is available and can be produced at low cost,
In Iceland for example, the entire city of Reykjavik, with a popula-
tion of 90,000 peoplg, lives in houses heated by natural heat pro-
duced from various thermal areas at a cost ranging between

9

$1.0-2.0/Geal (Geal = Gigacalory = 10° cal) (11,12),

As indicated by Bodvarsson, Zoega, and Sigurdsson (11,

. 12,30), the general design of the heating systems in Reykjavik,

Iceland is based on the following unit operation process:
1. Geothermal water produced from the local resource

has a base temperature between 87°C and 142°C.
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2, Geothermal water is applied directly to household
radiators.
3. 85 percent of the district heating system supplies

thermal water at a temperature of 75 to 80° C through
a single-pipe system.
4. 15 percent is designed as a double-pipe return system
where the thermal water is circulated.
‘ 5. The total heating cost based on geothermal energy is
: approximately $4/G cal, and this is only about
60 percent of the heating cost based on oil (11).
Space heating using geothermal water also has been in
‘practice for many years in Boise, Idaho, U.S.A., and Klamath
Falls, Oregon, U.S.A. In New Zealand, major developments in

this aspect have been initiated (25).

I. GEOTHERMAL HEATING SYSTEM

In this study, the geothermal heating system considered is
one in which hot borehole water is pumped into a space at a fixed
temperature. The water provides heat by flowing through radiators,
convectors, or other suitable heat transfer devices. The system
discussed here has a water temperature =< 100°C and is classified
ﬂas a low temperature geothermal system., Simplified flow-diagram

for this type of geothermal heating system is shown in Figure 10.



Figurel0. Simplified sketch of a geothermal heating system.
(B=borehole), Tj)=inlet temperature, (T =outlet temperature,
(T-l='1nside temperature), (To=outside temperature), (AX=
thickness of insulation), and (HE= heat exchange).
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| The design of most heating systems of this type is based on

j‘i the assumption that the following variables are known:
1. Available mass flow of thermal water.
2. Inlet temperature of thermal water.,

! With this information, certain other process conditions have to be

, considered:

| 1. Heat transfer area, or in other words, the area of
|
heat exchanger.
!
2. Type and thickness of wall insulation.

II. SYSTEM OPTIMIZATION

An optimum economic design for a house-heating system
|operating on the basis of thermal water at low-temperature is based

on the conditions of least total cost., The problem involves the

i

|
‘bdetermination of these optimum conditions at which the sum of the

icapital and operating costs for such systems is a minimum.
In general, increased flow velocity of thermal water results
lin a larger heat transfer coefficient in the heat exchanger, and con-
sequently, less heat transfer area resulting in lower exchanger
‘; capital cost for a given rate of heat transfer. Also, an
fincreased temperature range utilization will lower the operating
cost but enhance the heat exchanger capital cost. On the other hand,

i
!increased thickness of insulation causes a decrease in heat loss
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;through the walls but greater insulating capital cost. The basic
. problem therefore, is to minimize the sum of the variable costs for

" this heating system and its operation.

The important variable costs are the cost of insulation

materials, the cost of the thermal fluid, and the cost of the heat

exchanger., The total cost, therefore, can be represented by the

following equation:

= + + .
CT rlcl AXA sz r363a (5.1)
| or
C C r.C a
T - 373
— T + + .
7 UEE ef Bat Y A (5.2)
‘ Where:
C'I‘
- = the total annual variable cost for the system,
2
$/year-m
C1 = the unit cost of insulation, $/m
(.'32 = the unit cost of thermal fluid, $/metric ton (mt)
C3 = the unit cost of heat exchanger installed, $/rnZ ,
(heating surface)
a = the surface area of the heat exchanger, m
A = the surface area of the space, m

r1 and r.2 = the annual interest rate

D
n
n

the thickness of insulation, m

m = the mass flow of thermal water, kg/sec
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The first step in the optimization procedure is to express an
equation (5.2) in terms of the fundamental variables a,m, and AX,
The following relationships for the rate of heat transfer on the total

area of the heat exchanger are

Q:a = ha (At) In.
or
-T V- -
0 - ma (Ty-T))-(Tp-T,)
3 T -T. (5.3)
In 1 i
TZ-Ti
Where:

Qa‘ = the rate of heat transfer on the total area of the
heat exchanger. The subscript a refers to the
area of heat exchanger.

h = the coefficient of heat transfer in the heat
exchanger, Watt/m% °C

(At)ln = the logarithmic mean temperature difference

'I‘1 = the inlet temperature of hot water to the system,
°C

TZ = the outlet temperature of the system, °C

T. = the inside room temperature (fixed), °C

The other significant factor affecting the optimum design of
the system is the heat provided by the fluid passing through the

heat exchanger. This is shown by the following relationships
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Qf = mS(Tl-Ti) (5.4)
Where:
Q. = the rate of heat loss by the fluid passing through
the exchanger. The subscript f refers to the hot

fluid,

S = the specific heat of fluid, Joul/kg-°C

Also, the rate at which heat flows out of the space, in other
words, the heat lost by the walls, depends on the inside temperature
Ti' outside temperature To’ and the insulating properties of the wall,
Floor, ceiling, cracks in the wall, windows, etc., in this
case are assumed as negligible. If the temperature difference
(Tis'To) is large, the rate at which heat is lost out of the space will
be correspondingly large. In fact, the rate at which heat lost through

the wall can be represented by the following relationship

AK (Ti-To)
T ——— 5.5
QW AX ( )
Where:
Qw = the rate of heat loss through the wall, and the
subscript w refers to the wall
K = the coefficient of thermal conductivity of the
insulating material, ;”—;%—g%
T = the outside temperature,’C
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Combining equations (5 .3)'and (5.5) and dropping the subscripts

of q, since Qa = Qw’ gives
TJ,:Ti
A - T =T
K (Ti To) In T2 Ti

a = - AKX (T‘I-TZ‘) , . (5.6)

Similarly, combine equations (5.4) and (5.5), gives

AK(T.-T )
i o

m = : (5.7)
AX S(T,-T,)

By substituting the quantities of a and m defined by equations (5.6)

and (5.7) in equation (5.2), the cost function becomes

Tl--’_[‘i
CT e axs TCZK(Ti'TQ) . r3C3K(Ti-TO)1n Tz'Ti 5.8
A 171 SAX (T1'T2) h AX (TI-TZ) ’ :
where:
T = a constant which is equal to 3.2 xlO7 2L ,
year
assuming the load factor Q is one year,
since 7 (time)= 3.2 x 107 Q.
Minimize equation (5, 8) with respect to &AX which gives
GT Tl--Ti
d —Xm TCZI< (Ti—To) 1‘3C3K(T1-T0)1n TZ-TI - o

7 Gy - S(AX)Z(T,-T,) - h (AXP (T, -T,)

and hence for a constant T‘2 ,
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T -T, 12
1 i
K(Ti'-TO) 'rCZ r?’C3 In Tz--Ti
(AX) = + . (5.9)
."opt. rlcl S(Tl-TZ) h (Tl-TZ)

Inserting this value into the cost function above, equation (5.8), and
compute the total cost as a function of single variable Tz. Do this

for several values of T and plot the values of C against T, in order

2 2

to find the minimum total cost for this system.

Numerical calculations leading to the optimum cost for this
geothermal heating system have been carried out applying the follow-
ing data:

The unit cost (Cl) of insulation material (fiber -glass) is
$10/cubic meter.

The unit cost (CZ) of the thermal fluid combined with the
pumping cost is assumed to be 2 to $0.05/metric ton.

The unit cost (C3) of heating surface area of the heat
exchanger (radiator) is $5.0/square meter.

The rate of interests (rl,r3) are assumed to be 10 percent
annually.

The overall coefficient of heat transfer (h), in the heat
exchanger is 10 watt/mz-°Ca

| The coefficient of thermal conductivity (K), of the insulation

material is 0,08 watt/m-°C.
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The specific heat (S) of the thermal fluid is 4200 Joule/kg-°C,
which is equal to 4.2 x 106 Joule/metric ton.

The inlet temperature of the fluid to the system is 100°C
and it is fixed.

The inside room temperature is 20°C, assumed fixed.

The outside room temperature is -10°C, also assumed
fixed.

The procedure of optimization for this system has been
progr:ammed and the experimental program and numerical examples
applying the above data for 12 different cases of temperature T‘2
(outlet temperature) are given in the Appendices. Figure ll pre-
vﬁsents the graphical method of the economical optima for this system
having a constant inlet temperature of hot water at 100°C. In this
case the minimum total annual cost is $0.2572 per meter square,
when the temperature T2 of the waste thermal water (outlet tem-
perature) is 28°C and an optimum thickness of insulation of the wall
is 0.126 meter.

The preceding analysis cl.early neglects a number of factors
that may have an influence on the economical optima of such a geo-

thermal heating system, such as cost of piping, cost of pumping

equipment, taxes, etc.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

The present investigation of optimality in geothermal engineer-

ing has led to the following conclusions and remarks:

1. In the case of single-flash cycle, results from both
the graphical (given in Table IV) and analytical methods
using first order approximation where the latent heat
of evaporation, rl(Tl), is assumed constant, indicate
essentially the same theoretical optimum flash tem-
perature. This shows that the first order linear
estimation was a valid assumption for the approxi-
mation,

2. The correction factor resulting from the second order
approximation improves the value of the optimum tem-
perature by about 1.5 percent, this is due to the
combined effect of the parameters Y and B, which
represent the inclusion of non-linear heat capacity
terms and temperature sensitive latent heat. There-
fore, higher-order approximation may be required
for obtaining higher values of correction factors which
lead probably to a more exact optimum flash tempera-

ture. Higher order correction factors would obviously
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marginally improve the accuracy of the results, but
with unnecessarily large effort. However, such an
effort might be the subject of a more in-depth study.

In the case of double-flash process, temperature
optima were obtained by the analytical method using a
first order approximation. This process provided the
main improvement over the single-flash as far as
power output is concerned., An additional improvement
in the optimization could be made by using a second
order approximation method for this type of power
plants.

From Figure 11 we can conclude that the minimum
annual cost for the space heating system is obtained

by keeping the outlet temperature T, at 28°C. Space
heating system is, therefore, heavily influenced by

the insulating cost, and the heating cost is by no means

a linear function of the insulation cost.
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APPENDIX 1 73

Computer Program for Singular Flash Power Cycle

NUMERICAL CALCULATION LEADING TO THE OPTIMUM FLASH
TEMPERATURE FOR SINGLE-FLASH POWER CYCLE
DIMENSION T0C30),T1¢(30),T2¢30),T3(3O
DIMENSION TA4(30),T5¢30),D1¢30),D2(30)
DIMENSION D3¢30),DA4(¢30).R1(30),DR(30)
DIMENSION ALPHA(30),8ANMMACJ0),VITACID)
DIMENSION CF(30),TOPCI0)

REAL K

PRINT,»"INPUT NO. OF VARIABLES"

INPUTN

PRINT,*INPUT CONSTANTS T3 + TS"
INPUT,T3(1),TS(1)

DO 1 I=2,N

T3ICII=T3(1)

1 TSCI)=TS(C1)

PRINT,*INPUT TO0,T1,T2,TA"

DO 2 I=1,N

2 INPUTLTOCI)>TICI)LTRCI)>TACI)
PRINT,*“INPUT D1,D2,D3,DA"

DO 3 I=1,N

3 INPUT,DIC1),D2¢I),D3C13,Da(1)
PRINT,*INPUT R1,DR"

DO 4 Isi,N

4 INPUT,RICI)H»DRCI)

DO 13 I=i,N

HO=TSCID*RICI)+DR(I)*TA(])
Hi=D2CI)/(TOCI)=-T2(1))

He=D1 C(IX/CTOCI)-TICI))
H3=D4(I)/7C(T2C1)=T3CI))
HAa=D3C1)/7CT1C1)=-T3CI))

HS5=T2(CI)=-T1C1)

H6=TOCI)+T1CI)

HT7=sT1CI)+T3<C1)

B=(Hl~H2)/HS

A=H2~-B*H6

S=(H3~-Ha)/HS

KaH4 ~S*H?

ALPHACI)=B/A

GAMMACI)aS/K

VITACI>=DR(1)/HO
CF{I)u((VITACI)*GAMMACI))I®((TOCI)~-T3C(1))**2))/8.0
H8=(TOCI>+T3CI))/72.0

13 TOP(1)=HB8+CF(I)

PRINT 61

61 FORMAT(//,1X,"SECOND ORDER APPROXIMATION FOR SINGLE
+ FLASH PROCESSES®",//)

PRINT 17

17 FORMAT(7X,2HT0,11X,SHALPHA, 10X,4HVITA,»9X, SHGAMMA)
PRINT 62

62 FORMAT(//)

DO 16 I=1,N

16 PRINT 27,TOCI1),ALPHACI)I,VITACI),GAMMACI)
27 FORMAT(1X,4(E14.3))

PRINT 62

PRINT 37

37 FORMAT(/,12X,2HCF, 11X, SHOPTIMUM T
PRINT 62

DO 26 I=]l,N

26 PRINT 47,CF(1),TOPC1)

47 FORMAT(1X,2(C(E14.3))

END



TO

«800E+02
«900E+02
«100E+03
+110E+03
+ 120E+03
«130E+03
+140E+03
«1S50E+03
+160E+03
+17CE+03
+180E+03
«190E+03
«200E+03
«210E+03
«220E+03
+230E+03
«240E+03
«250E+03
«260E+03
«270E+03
«280E+03
«290E+03
+«300E+03
«310E+03
«320E+03
«330E+03
«340E+03
+350E+03
«360E+03
«370E+03

SECOND ORDER APPROXIMATION FOR SINGLE FLASH PROCESSES

ALPHA

+808E-04
08432'04
«111E-03
«114E-03
«185E~-03
+153E-03
«117E-03
«216E-03
«264E-03
«222E-03
+«334E-03
«347E~-03
«383E-03
*464E~03
«398E~-03
’485E‘03
+50SE~-03
+538E-03
«657E-03
«720E-03

+867E~-03 -

0964E‘03
+108E~-02
«124E~-02
«148E-02
«18l1E~-02
0233E'02
«327E~-02
+546E~-02
+564E-01

VITA

+978E~03
«100E-02
«101E-02
«102E~-02
+«103E~02
«103E-02
«105E-02
+«105E=-02
«107E-02
«109E=-0Q2
*«109E-02
«113E~02
«113E-02
«113E=02
01162'02

+11SE=-02

«118E-02
«121E-02
*«122E-02
¢ 124E-02
«125E~-02
«128E~02
«130E-02
+132E-02
«135E-02
+137E-02
+«140E-02
«143E-02
«146E-02
*149E-02

GAMMA

-e499E~-02
~+439E~02
-+338E-02
~+317E-02
-+ 243E-02
~«232E~02
~«118E~02
- 179E-02
-+ 166E~02
=+217E-Q2
=+ 187E~0Q2
-« 189E-02
~«192E~02
-«193E-02
-+214E-02
=« 197E-02
-+ 184E~02
-+164E~02
=+« 156E~02
-+ 160E~02
-+ 156E~02
-+« 167E-02
-2 163E-02
-+ 158E-02
-+ 166E-02
-« 157E~02
-+ 157E-0Q2
-«157E=-02
~+150E-02
-+ 150E-02

CF

-+451E+00
-+678E+00
-+«T41E+00
-+968E+00
-+ 854E+00
-« 103E+01
-+136E+00
~+914E+00
=« 894E+00
~«195E+01
-+165E+01
-« 185E+01
-+ 220E+01
-+ 255E+01
~+355E+01
«e334E+01
-+ 298E+01
~+213E+01
-+ 186E+01
-+218E+01
-+200E+01
‘.2843*01
~+261E+01
=+215E+01
-+283E+01
-¢ 195E+01
~e 1 82E+01
-2 164E+0Q]
-4 72E+00
-+ 188E+00

OPTIMUM T

+645E+02
+693E+02
«TA3E+02
«790E+02
«841E+02
«890E+02
+949E+02
«991E+02
«104E+03
«108E+03
«113E+03
+118E+03
¢ 123E+03
«127E+03
«131E+03
+137E+03
+142E+03
+ 148E+03
+153E+03
«158E+03
«163E+03
«167E+03
«172E+03
«178E+03
+«182E+03
«188E+03
«193E+03
2 198E+063
+205E+03
+210E+03

¥L
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APPENDIX II
First Order Approximation for Double Flash Power Cycle

TEATDY
90 WiMERICAL CALCULATION LEADING TO THE OPTIMUM FLA&SH
O5CR&TEMPERATURES FOR DOUBLE FLASH POWER CYCLE

100 DIMENSION TOC10)5T3C10)>DP1(10)-DP2C10),DDP1C10)
110 DIMENSION DDP2C10)»RIC10)>R2C100,>T1C10)-T2C10)
120 DIMENSION COC10),K0C10),C1C109,K1C10)5,X1C¢10)

130 DIMENSION ACLI0)Y,TI0PTC10)Y,T2OPT(C10)

140 REAL KOsK1

150 PRINT 1 !

160 1 FORMATC(1X,"INPUT DATA DIMENSION N™)

170 INPUT.N

1#9 PRINT 2

190 2 FORMATC(1X,*INPUT DATA™)

200 DO 3 I=1,N ,

210 3 INPUT,TOCIY>T3CIYDPLICIN»DP2CIN»DDPICINSDDPRCINRICID
211&5R2C1)

220 DO 99 I=1,N

230 TICI)=(2.0%TOCII+T3(I))/3.0

240 T2CI)=(2+0#T3(II+TOCIID/3.0

250 COCII=DPLICII/C(TOCI)~TICI))

260 KOCID=DDPICI)/CTICI)~T3CI))

270 ClCId=DP2CIX/CT1C(I)-T2CI))

280 K1CIY=DDP2CIX/(TSCI>~T3CIY)

290 X1CIXY=DP1CIY/R1CID

300 ACIDI=CCLI=XICIII*CLCID*KICIDH#RICIIIZCCOCIIHKOCIIHR2CIND
310 TIOPTCID=(2%TOCI)+2%T3CI)~ACII*T3CIN)I/(4«0-ACI))
320 T20PTC(IN=(TOCII+3%T3CI)=T3CIY¥ACI)I/(4.0~ACI))
330 99 CONTINUE

340 PRINT 4

350 4 FORMATC(1Xs14X,2HTO,14X52HT1514%,2HTE,14X5,2KT3)
360 DO 5 I=1sN :

370 5 PRINT»TOCI)»TI1CI)»>T2CI)5T3CI)

380 6 FORMAT(1X»4(C1PE16+7))

390 PRINT 7

400 7 FORMATC(1Xs 14X, 2HCO5 14X, 2HKD»14Xs2HC 1, 1 4%, 2HK1)
410 DO 8 I=1,-N

420 8 PRINT 6sCOCIDSKOCIYsCICINLKICI)

430 PRINT 9

440 9 FORMAT(1X,14%X,2HA,11X,5HTIORPT, 11X, SHTR20PT)

450 DO 10 I=1,N

460 10 PRINT 115ACI)>TIOPTCI)»TROPTCI)

470 11 FORMAT(1X5>3CIPE1647))

480 STOP

430 END
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INPUT DATA DIMENSION N?10

ITnivgrl DQTA’80-UU:50-OU:10-02:9099,31°00118~00:557040:563t30
7110e00,50400520414520605562¢00531005545¢105557.40
71710 e00550e00530¢4853017591005484005532.405,551 30

P1700055000054130540+4251150056200055184605545.10
?2006005,504005524560550.865135005 784005504605 538.90
“289e00550005640705615 _+585155.00591.005,489.205532.40
70606 00,50e005 780205 72e505173¢005103+005472¢50552570
?290¢00550400593¢70583:905185.005115005454+005518.60
?320¢00550¢005112¢605952805200¢005125¢005433¢30551190
?350e005,506005139¢7051084305211+00513500,409.805504460

TO
£.0000000E+01
1.1000000E+02
1-4000000E+02

1.7000000E+02

PROGRAM STOP AT 480

2+«0000000E+02
2.3000000E+02
2+6000000E+02
2+9000000E+02
3.2000000E+02
3+5000000E+02

Cco
1.0020000E+00
1.0070000QE+0D0
1.0160000E+00
1.0325000E+00
1.0520000E+00
1.0783333E+00
1.1171429E+00
11712500E+400
1.2511111E+00
1.3970000E+00Q

Ay
1.1250912E+00
9.3758257E-01
9.5068511E-01
9.2402847E-01
S5«3715558E-01
B39107598E~-01
Be2802067E-01
TeT341080E-01
6«6627108E~01
5.3099532E~01

T1
7+0000000E+01
9.0000000E+01
1.1000000E+02
1.3000000E+02
1.5000000E+02
1.7000000E+02
1.9000000E+02
2.1000000E+02
23000000E+02
2.5000000E+02

KO
1.5500000E+00
1.550C000E+00
1¢5166667E+00
1.4375000E+00
1.3500000E+00
1.2916667E+00
1.2357143E+00
11562500E+00
1.1111111E+400
1.0550000E+00

TIOPT
T7.0870227E+01
Be9184858E+01
1.0902965£+0¢2
1.2802413E+082
1e4794817E+02
1.6579569E+02
1e8240944E+02
1e9876390LE+02
2.1198078FR+02
2e2296027E+02

T2
6.0000000E+01
7.0000000E+01
8+.0000000E+01
9.0000000E+01
1.0000000E+02
1.1000000E+02
1.2000000E+D2
1.3000000E+02
1.4000000E+02
1.5000000E+02

Cl
9.9900000E-01
1.0025000E+00
1.0056667E+00
1.0105000E+00
1.0172000E+00
1.0263333E+00
1.0357143E+00
1.0487500E+00
1.0644445E+00
1.0830000E+00

T20PT
6+0435113E+01
69592428E+01
79514827E+01
8.9012064E+01
98974083E+01
1.03789784FE+08
1.1620472E+02
1.2438195E+02
1.3095039E+02
1.3648014E+02

T3
5.0000000E+01
5.0000000E+01
5.0000000E+01
5.0000000E+01
5.0000000E+01
5.0000000E+01
5.0000000E+01
5.0000000E+01
5.0000000E+01
5.0000000E+01

Kl
1.8000000KE+00
1+5500000E+00
1+6000000E+00Q
1.5500000E+00
1.5600000E+00
1.5166667E+00
1+/4714286E+00
1.4375000E+00
1.3888889E+00
1+3500000E+00
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Numerical Calculation Leading to the Optimum Cost
for a Geothermal Heating System

READY

TAP

READY

g0C
95C
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
2560
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430

NUMERICAL CALCULATION LEADING TO THE OPTIMUM COST FOR A
GEOTHERMAL HEATING SYSTEM

DIMENSION T1<12)>T2<¢12),TINC12),TOUT(12)
DIMENSION RIC12),R3(12),C1(12),C2C¢12),C3C12)
DIMENSION H(12),K(12),5¢12),Db(12)

DIMENSION E(12),F(12),DELXC(12),CTC(12)

REAL X

PRINT,*INPUT NC. OF VARIABLES*"

INPUT,N ”

PRINT,*" INPUT CONSTANTS T1+TIN+TOUT+Ri+R3"

I=1

INPUT,TICI)LTINCLI)>TOUTCIDSRICIILRICD)

DO 1 I=2,N

TiCIY=T1IC(1)

TINCI)=TINCI)

TOUTCI)=TOUT(1)

R1(I)=R1(C1)

1 R3C1)>=R3(1)

PRINT» " INPUT CONSTANTS C1+C2+C3+H+K+5"

I=1

INPUTSC1CI)5C2CI)5C3C(I)»H(I)»K(I)»S(I)

DO 2 I=2,N

CiCIM=C1(1)

cacIir=Cca2(1>

C3C(1)=C3(1)

HCI)=H(1)

KC(I)=K(1)

2 S5(I)Y=5¢1)

PRINT, " INPUT T2*

PO 3 I=1,N

3 INPUT,T2(I)

Dpé 12 I=1,N

DC(I¥=R1C1X#C1CI)
ECI)=(3.2%C10%#7)#C2CII*KCIIS(TINCI)-TOUT(1))I/SC(I)
FCI)=CR3ICII*CICII*KC(II*CTINCI)=TOUTCI))II/HC(I)
DELXCI)=SQRT(C(ECII+FCID>*ALOGC(TICI)=TINCI))>/Z(T2¢I)-TINCD)

440&)))/(DCII*CTICIN-T2C1))3))

450

CTC1)=(DCI)*DELX(1))+ECI)/(DELXCI)*(TICI)=-T2CI))I+(FC(I)*

460&ALBG((T](I)-TIN(I))/(72(IS-TIN(I)))){(BELX(I)“(TI(I)sz
470&(C€1))) '

480
490
500
510
520
530
540
550
560
570
580
590
600
RUN

12 CONTINUE

PRINT 15

15 FORMAT(15Xs 2HD» 14X,2HE» 14X» 1HF)
DO 5 I=1,N

5 PRINTSDC(I),ECI)>FCD)

6 FORMAT(1X,»3(1PE16+7))

PRINT 7 .

7 FORMAT(1X,14X»2HT2, 14X, 4HDELX> 14X, 2HCT)
DO 8 I=1,N

8 PRINT,T2(I1)»DELXCI)»CTCI)

9 FORMAT(1X,3(1PE16+7))

STOP

END
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INPUT Né. OF VARIABLES?12
INPUT CONSTANTS T1+TIN+TOUT+R1+R32100¢05,20¢0,-10¢0,010,0410
INPUT CONSTANTS Cl+CQ+C3*H+K+S’16:090-05350091000:0008:4200000

INPUT T2722.0
?724.0 N
72640

?28.0

?230.0 o
?32.0

73440

?36+0

?238+0

?40.0

?42.0

?44.0

D»
1-6000000E+00
1.0000000E+00
1.0000000E+00
1-0000000E+0D
1<00000060E+00
1.9000000E+00
1-0000000E+00
1.0000000E+00
1-0600000E+00
1-0000000E+080
1 0000000E+00
1-0000000E+00

” T2
2.2000000E+01
2.4000000E+01
2.6000000E+01
2.8000000E+01
3.0000000E+01
3.2000000E+01
3-4000000E+01
3.6000000E+01
3+.8000000E+01
4<0000000E+01
4<2000000E+01
4.4000000E+01

-

E»
9«1428571E~-01
9+.1428571E-01
9.1428571E-01
9.1428571E-01
9.1428571E-01
9+1428571E~01
9+1428571E-01
9.1428571E~01
9.1428571E~061
9.1428571E-01
9.1428571E-01
9.1428571E~01

‘DELX

1.3189697E-01
12946111E-01
1-2866874E-01
1-2859259E-01
1:2894178E-01
152958872E-01
1:3046781E-01
173154243E-01
153279163E-01
1<3420389E-01

1<3577389E-01

153750081E-01

F
1.2000000E-01
1.2000006E~01
1.2600000E-01
1.2000000E-01
1.2000000E~01
1+20600000E~81
1+.2000000E-01
1+2000000E~01
1.2000000E~01
1+-2000000E-01
1.2000000E-01
1+2000000E-01

2+6379394E-01
2.5892222E-01
2.5733749E-01
2.5718518E-01
2.5788355E-01
2.5917745E~01
2+.6093562E-01
2.6308485E-01
2+6558326E-01
2.6840778E-01
2.7154778E-01
2.7500162E-01

PROGRAM STOP AT 590

USED
BYE
0000.99 CRU

+95 UNITS

6000.16 TCH 0003.25 KC



APPENDIX 1V

EXERGY

We now turn our attention to the concept of exergy or the

"specific availability as it is called in the American literature.

- It is a concept which has found increasing use in recent years.

The word exergy is a term used frequently in the German litera -

ture since 1956 to denote the utility of energy. This concept is

applicable in the analysis of complex thermodynamic system, and

it is a powerful tool in design and optimization studies (thermo-

economic) of such systems. Moreover, it is particularly useful

in geothermal engineering.

According to Bodvarsson (8), the exergy of a geothermal
fluid (thermal water) is defined as the maximum amount of
mechanical work which can be derived from its enthalpy at a
given environment temperature. At a fixed environment tem-

' perature, exergy is a state variable such as the other thermo-

dynamic properties like enthalpy and entropy.

I, EXERGY DERIVATION

The mathematical derivation of exergy is conveniently

introduced by the following model. Consider a unit mass of a

79
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geothermal fluid at a given uniform temperature 'I‘1 , an enthalpy

an entropy S the fluid is enclosed in a reservoir at a fixed

L 1’
depth and constant pressure P. Let the environment be at a lower

temperature T We will now compute the maximum amount of

X
mechanical work which can be generated from the enthalpy of
this mass of fluid by cooling it at a constant pressure to the
environmental temperature. In order to find the maximum work,
the substance will be connected with an ideal Carnot thermal
engine which is capable of operating at a variable input tempera-
ture T and a fixed end temperature TZ' On the basis of thermo-
dynamic principles (22), the amount of heat, dQ, given up by the

substance at a temperature T1 can, in a reversible Carnot cycle,

perform a maximum amount of work as the substance is cooled

from T + dT to T, which is

T

dE = dQ(1 --;i:—-) (1)

and

dQ

i

C dT (2)
p

is the amount of heat transferred from the substance at constant

pressure. Substituting for dQ its value into equation (1), we get

T2
= o —— 3
dE deT (1 T ) (3)



or

dE = C dT - C_ — dT 4
p p T (4)

an integration of equation (4) from T = T1 to T = TZ yields,

2 2 T2
E:[ CdT-J' CcC —dT (5)
T, P T. P
1 1
Since for T
2
Ai =J C dT (6)
T p
1

and for a reversible isobaric process

T
2
so-f Po
T P

1

therefore, by substitution in equation (5), we obtain

E, = A&l-T,AS (8)

the total work performed by the ideal engine as the substance
is cooled from T1 to T2 . This work is the exergy of the sub-

stance, and equation (8) can be expressed as

ElZ = 11-12- T2 (SI-SZ) (9)

where:

=
0

12 the exergy by cooling geothermal fluid from Tl to T2

pebe
i

the enthalpy of the fluid at T2
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S‘2 = the entropy of the fluid at T

2

Since the depth and the pressure of the geothermal mass
during the cooling process the kinetic and gravitational energy
remain constant. These two types of energy in general have no
practical interest in geothermal engineering.

Bodvarsson and Eggers (10) have computed tables for the
exergy of thermal water for variable Tq {liquid phase reservoir
te}rnperature) and for the practical cases of T2= 30°C, 40°C,
50°C and 100°C. These values of exergy are convenient for

geothermal engineering purposes and also for the design of power

cycles in geothermal power plants.

II. ILLUSTRATIVE EXAMPLE

The following example will illustrate the application of the
exergy concept in geothermal engineering. Consider a geothermal
power plant which is operated on the basis of thermal water at a
temperature of T = 260° C and environment temperature of
Té = 50°C. We will compute the exergy for the single and double
ﬁash cycles as shown in Figures 3 and 5 of Chapter III. In both
cases, the optimum flash temperatures T G = 155°C for single

1

flash cycle and (Tl)1 = 182°C (first stage), (TZ)Z =116°C

(second stage) of the double flash cycle are selected to maximize
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the work gbtained per unit mass of reservoir water. These
optimum temperatures are obtained by the analytical method on the
basis of first order approximation method considered in Chapter IV,
The results for the exergy flux in both cycles are given in Table I
and they were obtained by the following procedures:
1. The exergy values of reservoir water and waste
flash water are obtained from the exergy tables
computed by Bodvarsson and Eggers (10).
2, The exergy of flash steam is determined on the
basis of steam tables and i~-s diagram and by equa-
: tions (3.3) and (3.10) considered in Chapter III.
The steam is expanded isentropically in an idealized

process, thatis, S, = S

1 2°
3. Exergy loss in the cycle is; exergy loss = exergy of
reservoir water — (exergy of flash steam + exergy

of waste flash water).

4, The useful work at an efficiency (n = 65%) is com-
puted as such, useful work = (exergy of flash steam)
(n), where the efficiency of the cycle (percent of

exergy of reservoir water available) is

exergy of flash steam
c  exergy of reservoir water

X 100,
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PERFORMANCE OF SINGLE AND DOUBLE
FLASH CYCLES

Percent of
exergy of
reservoir water

(1) Temperature of reservoir water, T, 260°C
(2) Environment (condensing) tem-
perature, T, 50°C
(3) Exergy of reservoir water 60,3 ;V:h

Optimal Single Flash Cycle

(4) Flash temperature, T1 155°C
(5) Exergy of flash steam, viz. kwh
theoretical work of cycle 38.2—“-;{-—- 63.3
(6) Exergy of waste flash water 16.8 27.8
(7) Exergy loss in cycle 5.3 8.7
(8) Useful work at a mechanical
efficiency of 65% 24.8 41.4

Optimal Double Flash Cycle

(9) Flash temperatures, (T}); 182°C
| (T5) 116°C
1

(10) Exergy of flash steam from both

stages, viz, theoretical work

S — kwh
of cycle 47.5 77.6
mt

(11) Exergy of waste flash water

from second stage 7.1 11.7
(12) Exergy loss in cycle 5.7 9.4

(13) Useful work at a mechanical
efficiency of 65% 30.875 51,2
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Table I shows that the single flash cycle theoretically
utilizes 63.3 percent of the exergy available, indicating a good
efficiency. The double flash cycle reaches a figure of 77.6 per-
cent which is an increase by approximately 24.3 percent. The
improvement in efficiency for each additional flash stage de-

creases with increasing number of stages,
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