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INTRODUCTION

The Geothermal Training Programme of the United Nations University (UNU) has
operated in Iceland since 1979 with six month annual courses for professionals from
developing countries. The aim is to assist developing countries with significant
geothermal potential to build up groups of specialists that cover most aspects of
geothermal exploration and development. During 1979-2004, 318 scientists and
engineers from 39 countries have completed the six month courses. They have come
from Asia (44%), Africa (26%), Central America (14%), and Central and Eastern Europe
(16%). There is a steady flow of requests from all over the world for the six month
training and we can only meet a portion of the requests. Most of the trainees are awarded
UNU Fellowships financed by the UNU and the Government of Iceland.

Candidates for the six month specialized training must have at least a BSc degree and a
minimum of one year practical experience in geothermal work in their home countries
prior to the training. Many of our trainees have already completed their MSc or PhD
degrees when they come to Iceland, but several excellent students who have only BSc
degrees have made requests to come again to Iceland for a higher academic degree. In
1999, it was decided to start admitting UNU Fellows to continue their studies and study
for MSc degrees in geothermal science or engineering in co-operation with the University
of Iceland. An agreement to this effect was signed with the University of Iceland. The six
month studies at the UNU Geothermal Training Programme form a part of the graduate
programme.

It is a pleasure to introduce the eighth UNU Fellow to complete the MSc studies at the
University of Iceland under the co-operation agreement.

Mr. Purevsuren Dorj, MSc in Physical Engineering, of the Renewable Energy
Corporation of Mongolia, completed the six month specialized training at the UNU
Geothermal Training Programme in October 2001. His research report was entitled
“Design of small geothermal heating systems and power generators for rural consumers
in Mongolia”. After two years of geothermal research work and data collection in
Mongolia, he came back to Iceland for MSc studies at the Faculty of Engineering of the
University of Iceland in September 2003. In April 2005, he defended his MSc thesis
presented here, entitled “Thermoeconomic analysis of a new geothermal utilization CHP
plant in Tsetserleg, Mongolia”. His studies in Iceland were financed by a fellowship from
the Government of Iceland through the UNU Geothermal Training Programme. We
congratulate him on his achievements and wish him all the best for the future. We thank
the Faculty of Engineering of the University of Iceland for the co-operation, and his
supervisors for the dedication.

Finally, I would like to mention that the graphs and diagrams in Purevsuren’s MSc thesis
had to be printed in black and white. However, a colour version in a pdf format is
available for downloading on our website at page www.os.is/unugtp/yearbook/2005.

With warmest wishes from Iceland,
Ingvar B. Fridleifsson, director

United Nations University
Geothermal Training Programme
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ABSTRACT

A thermal design and thermoeconomic analysis of a combined heat and power (CHP)
production plant for Tsetserleg town, Mongolia, has been completed. The energy and
exergy analysis of the plant was studied based on the first and second laws of
thermodynamics.

The exergy analysis identifies the plant components with the highest thermodynamic
inefficiencies and the processes that cause them. Exergy destruction in the plant
represents not only thermodynamic inefficiency but also the opportunity to optimize
investment costs associated with the plant being analyzed. It is the objective of
thermoeconomic optimization to maximize the exergetic efficiencies of the plant
components and to minimize the levelized costs of the heat and electricity generated by
the CHP plant.

The main advantage of using the structural method of thermoeconomic optimization is
that the various components of the plant can be optimized on their own. The effect of the
interaction between a given component and the whole plant is taken into account by the
local unit costs of exergy fluxes or those exergy destructions.

Geothermal power plant projects are characterized by high initial capital costs including a
lifetime supply of fuel. The total capital investment (TCI) of the new CHP plant in
Tsetserleg has been evaluated to be 8.66 M USS$ with a 5 km long transmission pipeline,
or 12.41 M USS$ with a 20 km long transmission pipeline.

It is often difficult to allocate the costs of heat and electricity produced by a CHP plant. In
this case, exergy can be used as a basis. With the estimated direct cost of the Kalina PP,
the levelized unit cost of heat and electricity show that the CHP plant is economically
viable for development for a medium-temperature geothermal resource in Tsetserleg,
Mongolia.

Economic analysis shows that CO, offset can affect the feasibility of the project.

Geothermal energy will benefit all of Tsetserleg. With its introduction, Tsetserleg will be
the first clean and environmentally friendly town in Mongolia. It would serve 18,136
people who would live without GHG, breathing clean air, and living and enjoying
comfortable working conditions.
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1. INTRODUCTION

Today humanity uses two main sources for heat and power generation, conventional non-renewable
resources such as fossil fuel, and renewable energy resources. In Mongolia, virtually all heat and
power comes from coal (bituminous and lignite). The consequence is that the country now has one of
the highest greenhouse gas (GHG) emissions per capita and GHG emissions per $GDP in the world
(Improved Urban Stoves, 2000). The government of Mongolia is actively supporting projects to
alleviate the GHG effect through the use of renewable energy sources, natural gas, energy
saving/efficiency and forest conservation.

The pre-feasibility study "Geothermal Project in Tsetserleg, Mongolia" concludes that there are
significant indications that geothermal energy can be economically developed in Erdenebulgan soum
(Tsetserleg province centre), which is in the Khangai geothermal area (site of the main geothermal
activity), and several other towns in the area (Eliasson et al., 2004). But the study only treated the
heating aspect of geothermal utilization. In the present work, power generation from a local
geothermal resource and its coexistence with a heating system is treated.

Geothermal energy is an important energy resource whose exploration has relatively insignificant
environmental impact. The main factor determining the potential use of a particular geothermal
resource is the reservoir temperature as summarised in the Lindal diagram (Gudmundsson et al.,
1985). The Lindal diagram indicates geothermal water temperature of 80°C is convenient for space
heating. Power generation mainly takes place in conventional steam turbines that require fluids at
temperatures of at least 150 °C. The second law of thermodynamics binds the conversion efficiency of
medium temperature (100-150 °C) heat into power. Generating power from this temperature range of
geothermal fluids has made considerable progress due to improvements made in binary fluid
technology.

Nowadays, engineers prefer a Kalina cycle rather than an Organic Rankine Cycle (ORC), because it is
thermodynamically superior or equal to the ORC (Valdimarsson, 2003a). Its working fluid is
technically well known and widely used and a novel approach to increasing efficiency. The Kalina
Cycle offered up to 29% more net power output than ORC proposals (Mlcak, 2001). Also, the
superiority of the “Kalina” technology with regard to effectiveness and cost was demonstrated and
proven in the M.Sc. thesis of Mr. Geir Thorolfsson (Thorolfsson, 2002).

The main objective of the present work is an assessment of plant economy and thermodynamic base-
case design and thermoeconomic optimum design of a Combined Heat Power (CHP) plant in
Tsetserleg, Mongolia, employing “Kalina” technology. The plant should utilise the local geothermal
energy to its greatest efficiency, while securing a heat and power supply and remaining within
acceptable cost levels.



2. PROCESS DATA
2.1 Proposed project site

The proposed project site, Tsetserleg, is a province centre of Arkhangai, one of 21 provinces, located
in the central part of Mongolia and 468 km east of Ulaanbaatar, the capital city (Figure 1). The number
of inhabitants is 18,136 (Statistical Booklet, 2000). The total number of households is 4,373; divided
into 2,565 living in conventional housing and 1,808 living in gers (primarily traditional felt tents, see
Dorj, 2001).

® Province c 1040

C H I N A Natural hot steam
ar o

Thermal hot spring area

Khangai geothermal area
FIGURE 1: Map of Mongolia and location of geothermal resources

Mongolia has rich geothermal resources but geothermal utilization is not widely developed. There are
43 hot springs (Figure 1), mainly distributed in the area of the central provinces, the Khangai
geothermal area. Today, the hot springs are used for bathing, health resorts (balneology) and a small
amount for greenhouses and building heating. The main incentives for developing geothermal
utilization in the rural areas of Mongolia will be to supply geothermal energy for heating, bathing,
power generation and industrial purposes. The Khangai geothermal area has such possibilities, along
with an important magisterial road between western and central Mongolia and is an area of great
tourist attraction (Mongolian Statistics Centre, 2001).

According to geological studies, Arkhangai province has seven hot springs (Figure 2) including (#21)
Tsenher, (#22) Tsagaan sum, (#23) Bor tal, (#24) Shivert, (#25) Gyalgar, (#26) Chuluut and (#27)
Noyon khangai. The locations and general features of the seven hot springs are summarized below in
Table 1.

Currently, no comprehensive investigation has been carried out in Mongolia regarding geothermal
resources or of possible energy uses (for heating, power, etc), but scientists have come to some
conclusions based on existing tectonic, geochemical, and hydrogeological data (regional geology, rock
sphere structure, hot spring study).

Interpretation of geochemical data from geothermal fluids of the five hot springs Noyon khangai,
Chuluut, Shivert, Tsenher and Tsagaan sum (Figure 2) was done by Gendenjamts (2003). The
subsurface temperatures of the specified five hot springs have been estimated by chemical geothermo-
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FIGURE 2: Hot springs and main faults in Arkhangai province
TABLE 1: The locations and general features of the seven hot springs

" Name of hot Latitude Longitude |Elevation,| Flowrate, | Mineral, [Temperature,

springs m kg/s mg/l °C
21({Tsenher 47°19°28”N | 101°39°00”E | 1860 10 239.9 86
22[Tsagaan Sum | 47°04°12°°N [102°04°48°’E| 1840 8 - 69
23[Bor tal 47°10°19°N | 101°36°58’E| 1880 4.5 258.9 52
24|Shivert 47°39°49”N | 101°30°54”E | 1710 4 24.8 55
25|Gyalgar 47°11°19”N [101°32°54°E| 1900 1 221.6 52
26|Chuluut 47°50’N 100°15°E 2190 2.5 250.5 44
27INoyonkhangai 47°45’N 99°25’E 2370 6 - 36




metry. Chalcedony, quartz, Na-K, and Na-K-Ca geothermometer temperatures were calculated. The
Na-K geothermometer gave very high and sometimes unrealistic temperatures for all hot springs,
whereas results for the Na-K-Ca geothermometer indicate that this empirical geothermometer appears
to be applicable for low-temperature waters. The quartz geothermometer temperatures were realistic
for hot springs in this area compared to estimated mineral-equilibrium temperatures. But the
chalcedony geothermometer provided the most reliable temperatures with predicted subsurface
temperature values ranging from 69 to 123°C.

The silica-enthalpy warm spring mixing model handles non-boiled and boiled mixed waters separately
with mixing occurring after boiling. The boiling hot spring waters indicate enthalpies from 908 to
1142 kJ/kg for the hot water component or reservoir temperature 212-261°C. This indicates reservoir
temperatures may be sufficient for power production.

The calcite saturation indices and the Ryznar stability indices of the specified five hot springs of the
Khangai geothermal area show that there is no scaling tendency (Gendenjamts, 2003). The values for
hot spring water vary, but fall in the ‘no calcite scaling’ range.

According to the heat flow study of Mongolia, based on 32 stations, the Khangai area has the highest
heat flow, 110 mW/m?, and a geothermal gradient of 45-80°C/km (Ministry of Agriculture and
Industry of Mongolia, 1999; Dorofeeva, 1992).

Recently, a proposal for the assessment of the Shivert hot spring area was done by Burentsagaan
(2004). The Shivert area is characterized by active tectonic faults. Hot springs are found on the
surface, probably in conjunction with the interaction of different fault zones. A preliminary evaluation
of temperature data from six exploration wells indicates a clear upflow of 80-100°C water along a
high-permeability vertical fracture zone (Burentsagaan, 2004). Finally, he concludes in his analysis
that the Shivert area is believed to have considerable potential, but further exploration and consequent
assessment is needed before successful utilization can start.

2.2 Brief description on the pre-feasibility study of a geothermal project in Tsetserleg, Mongolia

The study describes firstly a small geothermal pilot project for the Shivert hot spring area utilizing
existing geothermal wells. However, the main focus of the report was on the possibilities of
constructing a geothermal heating system for Tsetserleg province centre. The Tsetserleg geothermal
pilot project would cover the heating demand of the consumers listed in Table 2. It should be noted
that these consumers are only a part of all Tsetserleg heat consumers. A summary of the consumers’
heat consumption through the whole year is listed in Table 2 (assuming seven months’ operation).

According to Table 2 the geothermal heating system would provide heat energy of 94,505 GJ per year.
The geothermal heating system would be composed of two different types of heating equipment,
radiators and floor coil heating. The radiator heating system would provide heat for the existing DH
systems and the IBC consumers. Other consumers would be supplied by floor coil heating systems. In
the floor coil heating system, the low-temperature hot water is circulated through piping embedded in
the concrete floor of the buildings. Its advantages are utility of low-temperature water, silent
operation, no air movement, and no effect on humidity.

It can be seen from Table 2 that a total reduction of 23,615 tons/year CO, emission or 14,870 tons/year
of coal would be achieved for selected consumers. For a period of 20 years the reduction in CO,
emission due to the utilization of geothermal energy would be 472,297 tons CO, emission (or 297,400
tons coal). A rough estimate of 400,000 GJ/year heat consumption is needed for extension of the
geothermal DH system to the rest of the Tsetserleg households (1708 gers and 2465 conventional
housings). Total CO, emission in Tsetserleg due to coal burning for heating, based on the pre-



feasibility study estimation, is 51,621 tons per year. Annual coal consumption and CO, emission for

all heating consumers in Tsetserleg is listed in Table 3.

TABLE 2: Tsetserleg geothermal pilot project; heat consumption, reduced coal and CO, emissions for

selected consumers per year

Heat Reduced coal | CO, emission
Heat consumers Area, | Volume, | consumption, | consumption, reduction,
m’ m’ Gl/year tons/year tons/year

Existing DH system
consumers (20% ? 135,600 62,117 9,120 14,483
increase)
Individual boiler ? 45,200 20,706 3,040 4,828
consumers (IBC)
Experimental
connection of 100 7,630 14,700 4,758 1,000 1,588
gers and 100
individual houses
Additional 171
private households
(plots in new 10,260 | 25,650 6,924 1,710 2,716
housing
development)
Total 221,150 94,505 14,870 23,615

TABLE 3: Present annual coal consumption and CO, emission in Tsetserleg

Heating system Number | Coal consumption, Cost, US$ CO, emission,
tons tons
DH company 8 7,600 304,000 12,069
Individual boilers - 3,040 121,600 4,828
Gers 1,808 9,040 361,600 14,356
Houses 2,565 12,825 513,000 20,367
Total 32,505 1,300,200 51,621

In the study, different financial scenarios were developed and the feasibility of the project was
demonstrated. The summary of the result of the scenarios indicate the following:

o If wells far from Tsetserleg (20 km) are to be utilized, then the wells must be inexpensive and
the DH system size must be large, at least considerably larger (maybe 4 times) than 94,505 GJ
per year.

o [f the wells are close to Tsetserleg (5 km) then average cost of the wells would suffice if the
DH system is large. If the DH system is small then the wells must be of low cost.

e Re-injection could easily destroy the feasibility of the project. The cost assumed for re-
injection wells may, however, be too high in the assumptions. It should be noted that
geothermal water characteristics, with respect to pollution, is a deciding factor here.

2.3 Proposed new CHP plant

The CHP plant under consideration consists of a heat and power generation Kalina power plant
(Kalina PP) and a heat distribution District Heating (DH) system. A block diagram of the CHP plant is
shown in Figure 3 and a dashed line distinguishes the Kalina PP and the DH system.



The Kalina PP uses an ammonia-water mixture as a working fluid. The mixture circulates in a closed
Kalina cycle. The composition of the mixture is not constant at all states of the cycle. The Kalina cycle
is basically a Rankine cycle with additional distillation and absorption units. It is heated by geothermal
water and cooled by cooling water. The main components of the power plant consist of a conventional

steam turbine, separator, vaporizer, HT recuperator and LT recuperator, condenser heat exchangers
and a feed pump, as shown in Figure 3.

Kalina PP
Geothermal site Vaporizer 3 . Streams
.......................... Turbine/generator
1w, 2 = (Geothermal water
Separator Basic mixture
2‘.’v —— Enriched vapour
14 s — . — .. Lean liquid
i Throttle 7 Cooling water
() i ><q- + -Q Mixer
Downhole C D I T8
pump Net : =6 1
pump ! 1
o ! ! sink
. HT recuperator LT recuperator
Production
well
__________________________ 2c
11 10 1
JORN, Vdlt=S
/
Feed Condenser Water
pump pump
DH system
Storage tank.
ANAN
= =
1 1 1
3w 4w Sw To sewage
Radiator heating system Floor heating system Y or reinjection

FIGURE 3: A block diagram of the CHP plant in Tsetserleg

Among the degrees of freedom in the design of the CHP plant in Figure 3 are: (a) ammonia-water
fraction, (b) DH supply geothermal water temperature, (c) pressure on the high-pressure side, and (d)
pressure on the low-pressure side. The design of such a CHP plant is complicated further by the size of
the heat exchangers in the Kalina PP and by heat supply to the DH system when peak load occurs
during the coldest periods of the year. The boundary conditions for the plant are the geothermal water
and the cooling water flowrates. They can be changed by using additional wells.

Both direct and indirect geothermal heating systems are applicable for the design. The selection of the
geothermal heating system is more dependent on geothermal fluid corrosion and scaling problems. It
means that if the chemical composition of the geothermal fluid permits, direct use in the heating
system is preferred. In Figure 3 the DH system is illustrated as a direct geothermal heating system. But
both heating system types should be considered.

The main feature of the Kalina cycle is to utilize excess heat for power production when geothermal
water temperature is over 80°C. According to Icelandic experience, 80°C hot water is ideal for a
geothermal DH system. The Kalina PP on the block diagram shown in Figure 3 is based on the Kalina
Cycle System 34 (KCS34) license, which is applicable for low-temperature geothermal plants. This is
the same flow scheme as in the Husavik Power Plant in Northern Iceland. Its commercial operation
started in the year 2000. If further information is required, readers should consult Mklac (2001) and
Maack and Valdimarsson (2002).



An assumption used for the Kalina PP location is that it should be located close to Tsetserleg (not an
area close to the explored geothermal resources). The main advantage is to minimise the cost of power
transmission lines. The geothermal water transmission pipeline would benefit both the DH system and
the Kalina PP. The transmission pipeline cost will be accounted for in the DH system expenses.

2.4 Resources and software used for analysis

Calculations involving the thermodynamic properties of fluids (geothermal water, ammonia-water
mixture, and cooling water) and the thermodynamic design of the CHP plant equipment were
performed as described in Sections 2 and 5 of the Cengel textbook (Cengel, 1994), and Section 10 of
the Holman textbook (Holman, 2002).

The CHP plant thermoeconomic analysis and evaluation and thermoeconomic optimization involving
an exergy method were performed as described in Section 7 of the Cengel textbook, Sections 2 and 6
of the Kotas textbook (Kotas, 1985) and Sections 7-9 of the Bejan textbook (Bejan et al., 1996).

The Engineering Equation Solver (EES) software (F-Chart Software, 2004) was used to perform the
fluids’ thermodynamic property calculations and to run the models for each operating condition; the
code for the program is available in Appendix A.

The EES software thermodynamic property functions implemented the steam tables such that any
thermodynamic property could be obtained from a built-in function call in terms of any two other
properties. Read further details on the EES software in Appendix D.

2.5 Streams in the CHP plant

In a Kalina PP three different types of streams are presented. Figure 3 illustrates those streams and the
flow direction in the system components.

A hot water stream (a bold fine line on the left side of Figure 3) in the CHP plant will be supplied from
geothermal production wells. According to the pre-feasibility study, a total capacity of the production
wells was assumed 80 kg/s.

The basic ammonia-water stream (a fine line in Figure 3 is vaporized in the vaporizer and then
separated into a saturated (or enriched) vapour ammonia-water mixture stream (a fine line after the
separator in Figure 3) and a saturated (or lean) liquid ammonia-water mixture stream (a short-dashed
line in Figure 3) in the separator. The basic stream reappears when the saturated liquid stream is
cooled in the HT recuperator and throttled in the throttle valve, and then mixed with the saturated
vapour stream passed through the turbine. After that the basic stream is cooled in the LT recuperator
and condensed in the condenser. The condensed basic stream is pressurized before re-entering the LT
and HT recuperators. Here the basic stream returns to its initial state and the processes are repeated.

A cold water stream (a bold line on right side of Figure 3) cools the basic stream in the condenser and
is circulated by a special pump.

A geothermal water stream is the only utility throughout the DH system. The geothermal water is
transmitted from the geothermal site through a transmission pipeline, and flows into a storage tank.
Then it is distributed by distribution pipelines to the heat consumers where it flows through the
consumers’ heat radiators and floor coils, and cools down to a temperature of 30°C.

The plant design requires exact data for the thermodynamic properties of the ammonia-water mixture
at the inlet and outlet state of the components. To define a thermodynamic system completely, one
must specify temperature, pressure and the concentration of all components in the system. However, if



the system is at equilibrium, some of the variables are interrelated, as demonstrated by the Gibbs
Phase Rule, and it is only necessary to define the independent variables in order to completely
describe the system. According to Weast (1982) the Gibbs phase rule is given by:

IV=C-PH+2

where PH and C stand for the number of phases and chemical components in the system and IV is the
number of independent variables.

In the Kalina cycle the phase equilibrium of ammonia and water components involves two phases
(liquid and vapour) in equilibrium. According to the Gibbs phase rule, a two-component (C=2) and
two-phase (PH=2) system has two independent variables such as temperature and pressure. For a
single-component (C=1) (in our case geothermal and cooling water) and two-phase (PH=2) system,
one independent intensive variable needs to be specified (IV=1).

2.6 Thermal design of the CHP plant

The thermodynamic design for the CHP plant has been established in EES software. A code for this
software is available in Appendix A.

The following plant operating parameters for the Kalina PP design in EES software are used from Dorj
(2001):

Xomix =0.87 Fraction of ammonia-water mixture - [%]
Pjign =30 Pressure on the high pressure side - [bar]
Py, =50 Pressure on the low pressure side - [bar]
Thign  =120+273.1 Geothermal water inflow temperature - [K]
Tiow =80+273.1 Geothermal water outflow temperature - [K]
n,, =80 Geothermal water flowrate - [kg/s]

n =175 Turbine isentropic efficiency - [%]

My =50 Pump isentropic efficiency - [%]

The following operating parameters are used for the DH system design:

Toppty = Tiow DH supply geothermal water temperature — [K]
Ts,,  =30+273.1 Exiting geothermal water temperature from DH — [K]
m Geothermal water flowrate, same as Kalina PP

The following simplifying assumptions have been made:

1. All pressure losses are neglected
2. All heat transfer losses are neglected

The calculation software involves the following procedures.

1. Give input parameters of the geothermal water and the ammonia-water mixture (operating
parameters)

2. Solve the mass balance equations at the inlet and outlet states of the plant components

Solve the energy balance equations for the plant components

4. Call the statement “CALL NH3H2O(Code,In1,In2,In3:T,P,x,h,s,u,v,q)” to define eight

output values at the outlet state of plant components

Define a specific exergy of each stream

6. Define a time rate of exergy associated with each stream

W
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7. Estimate the size of components using their related methods
8. Estimate component cost using their related sizes, heat and power capacities

The data listed in Table 4 was created by the thermodynamic design model when running it in EES

software and it will be used for the CHP plant analysis in the following sections. The state numbers
are related to the block diagram in Figure 3.

TABLE 4: Mass flowrate, temperature, and pressure data for the CHP plant

Mass
State Substance Phase flowrate, Pressure, | Temperature,
kg/s bars K
1 Ammonia-water mixture liquid 12.35 30 327.1
2 Ammonia-water mixture | two phase 12.35 30 390.1
3 Ammonia-water mixture | sat. vapour 9.87 30 390.1
4 Ammonia-water mixture | sat. liquid 2.48 30 390.1
5 Ammonia-water mixture vapour 9.87 5 316.1
6 Ammonia-water mixture liquid 2.48 30 315.8
7 Ammonia-water mixture liquid 12.35 5 315.5
8 Ammonia-water mixture | two phase 12.35 5 315.8
9 Ammonia-water mixture | two phase 12.35 5 300.8
10 | Ammonia-water mixture liquid 12.35 5 280.7
11 | Ammonia-water mixture liquid 12.35 30 281.9
12 | Ammonia-water mixture liquid 12.35 30 312.8
lIc | Cooling water liquid 218 - 278.1
2c¢ | Cooling water liquid 218 - 290.8
1w | Geothermal water liquid 80 - 393.1
2w | Geothermal water liquid 80 - 353.1

The result of the CHP plant thermal design has been presented in a flow diagram in Figure 4 and by
the solutions in Appendix B. Ascending ordered numbers illustrated on the diagram are the inlet and
outlet states of each component. The diagram includes more numerical values, such as the fraction of
the ammonia-water mixture, the saturated vapour ammonia-water mixture and the saturated liquid
ammonia-water mixture, respectively. Furthermore, values of the energy and exergy associated with
the streams have been evaluated at the above specified points. In the following section, more details on
the energy and exergy analyses of the CHP plant are given.

Figures 5-8 show T-h, T-Q, T-e and T- Ex diagrams for the ammonia-water mixture of the Kalina
cycle and also for geothermal and cooling water, built up from the temperature data in Table 4, and
enthalpy (h), heat rate (Q), specific exergy (e) and exergy rate ( £x ) data in Table 5. In the diagrams

a downward arrow notes that a stream is undergoing a cooling process. On the other hand an upward
arrow notes that a stream is undergoing a heating process. There is no enthalpy difference between
states 6 and 7, so these states have been shown by a point in the diagrams.
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FIGURE 4: Thermodynamic design of the CHP plant

TABLE 5: h, Q ,eand Ex associated with the streams in the Kalina PP

Enthalpy, Heat rate, Specific exergy, | Exergy rate,
State kJ/kg kW kl/kg kW
1 164 2025 22 275
2 1257 15533 264 3265
3 1498 14786 281 2770
4 301 747 87 216
5 1300 12837 24 239
6 -47 -116 14 34
7 -47 -116 11 28
8 1030 12721 44 545
9 884 10921 29 364
10 -59 -728 0 1
11 -52 -638 4 47
12 94 1162 13 162
Iw 504 40285 79 6322
2w 335 26777 36 2882
Ic 21 4541 0 0
2c 74 16189 1 259
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400 , . . : ; : . : .
380F 1%

360r

340% 2y

320¢

Temperature, [K]

300¢

280r

0 10000 20000 30000 40000
Heat rate, [kW]

FIGURE 6: T- Q diagram of the Kalina cycle

The plots in Figures 7 and 8 show that the specific exergy and exergy rate associated with ammonia-
water mixture in state 8 have increased during the mixing process. This is a consequence of the same
environmental conditions applied to the exergy calculation of the different streams (basic, saturated
vapour and liquid ammonia-water mixture). Possible different environment conditions may be selected
for the saturated vapour and liquid streams than for the basic mixture stream.
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Figures 9-12 show the temperature profiles of the boiling, condensing and heat addition processes
inside the heat exchangers, respectively. The ammonia-water mixture boiling curve shown in Figure 9
closely matches the variable temperature drop of the geothermal water. Here about 79.9 percent of the
ammonia-water mixture is vaporized in the vaporizer. This partial vaporization also helps to decrease
the area between the two curves, thereby increasing plant efficiency. The temperature profile in Figure
10 shows the ammonia-water mixture condenses over a variable temperature range. Its exit
temperature from the condenser is below the cooling water exit temperature. It allows a lower turbine
back pressure without excessive coolant flow. In the Kalina cycle, the recuperators preheat the feed
ammonia-water mixture prior to vaporizer, making possible both higher power conversion efficiency
and a higher geothermal water temperature leaving the power plant for use in DH.
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FIGURE 8: T- Ex diagram of the Kalina cycle
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3. ENERGY AND EXERGY ANALYSES
3.1 Streams

The Kalina PP uses an ammonia-water mixture as a working fluid. The fraction and flowrate of the
ammonia-water mixture can be the design variables. These can be defined by mass and heat balance of
the mixture as follows (also see Equations in line 67-68 in Appendix A):

m,. X, = X5+ 1y, X, 1

mix”Y mix vapour

M hy = 11,0, hs + 100, 2

mix vapour

Here the subscripts vapour and lig denote saturated vapour ammonia-water mixture in state 3 and
saturated liquid ammonia-water mixture in state 4 (Figure 3). Mass flowrate of the mixture, 71, can

be calculated from the heat balance of the vaporizer (see Equation in line 52 in Appendix A). The left-
hand side of this equation represents the hot side stream in the vaporizer, i.e. the geothermal water,
and its flowrate is fixed. The geothermal water’s thermodynamic properties at input and output states
of the vaporizer are defined easily from the two known properties of temperature and quality (see
Functions in lines 37-40 in Appendix A).

See more details on nomenclature at the end of the thesis.

3.2 Energy analysis

Here the energy utility of the CHP plant is described. The energy analysis is based on the conservation
principle of the first law of thermodynamics. Finally, a Sankey diagram representation of the energy
flows in the CHP plant is drawn.

From the thermodynamic design shown in Figure 4, the energy balance for the Kalina PP (when stray
heat transfers to the environment ), is not accounted for) is:

QIN = Powerturb - Powerpump + Qcond = Powerout + Qcond 3

The heat delivered into the Kalina PP is used for net power generation ( Power, ) and the rest is

rejected in the condenser. The heat amount delivered from the geothermal water is determined by:

Oy =m,(h, —h,,) 4
Also, for the condenser, O, the heat rejected by cooling water is:
Qcond = mmix (h8 - h9) 5
The turbine power production rate or the actual turbine work (Cengel, 1994) is:
P Owerturb =P Owerisentropicnturb 6a
h, —h
nturb = ——= 6b
h3 - th

where h;and /s are the enthalpy values at the exit state for actual and isentropic processes,
respectively.

Similarly, pump power is defined as:
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Power = Powerp 7a

pump ump ,isentropic ’ 77 pump

Power

pump isentropic

= VlO ) (Phigh - f)low) 7b

where v, is the volume of the ammonia-water mixture at the inlet state of the pump in state 10.

The energy conversion efficiency for a heat engine operating cyclically between two thermal energy
reservoirs is (Kotas, 1985):

/4
n = LN ]
O

where W, is the power delivered to the network and Q,, is the corresponding heat transfer to the

engine per cycle.

The efficiency of the CHP plant under consideration also known as the first law of thermal efficiency,
is:

P
n[,lﬂW = Oweraut = 13 * 8%

IN

The highest conversion efficiency of the Kalina PP, the Carnot efficiency, is given by:

T. -T
77Carnot = M = 293% 9

high

According to Valdimarsson (2003b), the Carnot efficiency should not be used as a reference for a
geothermal utilization CHP plant. The maximum obtainable efficiency of a geothermal application is
defined by:

Ex IN — Ex Lo — Ex cond Lo
n[,law,max - .

Q]N

Here Ex ;v 18 the time rate of the exergy associated with geothermal water, Ex , and Ean 4., are the

=23.5% 10

exergy loss rates from the vaporizer and the condenser. See Section 3.3 for more detailed definition of
the energy.

The usable supply of heat into the DH system by the geothermal water is estimated as:
Qusable = mwcp (tk(T}ow) - tk(T‘S,w)) 11

where #k(T) is the EES function for the conversion of degree Celsius (°C) to Kelvin (K). ¢, is specific

heat at constant pressure and is defined as the energy required to raise the temperature of a unit mass
of a substance by one degree (Cengel, 1994). The expression for the specific heat at constant pressure

¢, can be given as:
h
¢, = (8_) 12
oT »

Energy flow through the CHP plant has been calculated (Appendix A) and the values are listed in
Table 6.
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A comprehensive graphic representation of the energy flow in the plant is given by a Sankey diagram.
In the Sankey diagram the width of all fluxes is exactly fitted to the magnitude of energy in the stream.
The Sankey diagram for the CHP plant is shown in Figure 13, which was drawn based on data listed in
Tables 5 and 6.

TABLE 6: Energy utility of the CHP plant

Energy Utility Amount | Unit %
Kalina PP
Heat input (usable heat >80°C)* 13.50 | MWt 87.0
Total feed back 2.03 | MWt 13.0
HT recuperator heat utility 0.86 | MWt 6
LT recuperator heat utility 1.80 | MWt 11
Heat rejected by Condenser 11.65 | MWt 75
Turbine power output 1.95 | MWe 13
Pump power 0.09 | MWe 1
Net power output 1.86 | MWe 12
DH system
Heat input (usable heat >30°C)** 16.74 | MWt | 100.00
* - estimation based on 120°C geothermal water cooled down to 80°C

** - estimation based on 80°C geothermal water cooled down to 30°C
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FIGURE 13: A Sankey diagram for the CHP plant
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3.3 Exergy analysis

An exergy analysis of the CHP plant is presented here, starting with the basic concepts of exergy and
continued with the essential underlying concept of the state of environment. Furthermore, exergy
destruction and loss in the components of the plant is discussed. Finally, a Grassman diagram for the
CHP plant is made, representing the exergy flows and the exergy destruction and loss rates in the
components. The importance of exergy analysis is to understand the nature of exergy destruction and
how to minimize it in a design process.

A definition of “exergy” is the useful work potential (or the maximum possible work) of a system
when it undergoes a reversible process from a specified initial state to a state of its environment (Bejan
et al., 1996). Due to the irreversibility (exergy destruction) of thermal processes, the work obtained is
always less than the maximum work. Hence, by analyzing work loss within a plant, imperfections can
be pinpointed and quantified, and possible improvements suggested. Also, different sorts of energy
can be directly compared in exergetic terms. A Grassmann diagram, on which the width of a flow line
is determined by its exergy value, is used to illustrate the exergy flow across a plant.

The environmental state is a restricted equilibrium, where conditions of thermal equilibrium between
the system and the environment are satisfied. The state of restricted equilibrium with the environment
will be referred to as the environmental state. The Kalina PP will be supplied by cooling water with a
temperature of 5°C. Thus, the environmental state of this plant is selected as the 5°C environmental
temperature.

The heat delivered by a component of an open system is equal to a specific physical exergy associated
with the temperature and pressure of a stream of matter (Bejan et al., 1996). Herein, the open system is
a properly selected region in space. Both mass and energy can cross the boundary of a control volume.
Thus:

e, =(h —hy)—T,(s;, —5,) 13

where e, is the k-th stream’s specific physical exergy. The subscript O refers to the environmental state
of the process. Thus, the physical exergy of the stream equals the specific physical exergy of the
stream multiplied by the stream flowrate as follows:

Exk = nie, 14
A component at steady state, an exergy rate balance for the component can be defined as the time rate
of exergy transfer at the input and output ( £x r ) of the plant component, equal to the sum of the

desired product, the component’s exergy destruction and loss (Bejan et al., 1996):
ExF’k :ExD,k +ExLa’k +ExP,k 15

The product represents the desired result produced by the component. The fuel represents the
resources used to generate the product.

According to an assumption by Bejan (1996), exergy destruction, £x p Inside a plant occurs through

heat transfer and friction. Exergy loss, Ex o4 Occurs when stream flows from the plant to the outside

and is not of use to any other component. For each component of the Kalina PP, the value of the
exergy destruction rate can be obtained from the exergy rate balance, Equation 15. It should be noted
that there are two streams flowing from the plant to the outside. These are the geothermal water stream
from the vaporizer and the cooling water stream from the condenser. The time rate of exergy
associated with the streams, and the exergy destructions and losses in the Kalina PP have been
estimated (Appendix A); the values are listed in Table 7.
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The first law of efficiency alone is not a realistic measure of the performance of plant, thus the second
law of efficiency needs to be defined as the ratio of the exergy recovered (or the desired product) to
the exergy supplied to the Kalina PP (Cengel, 1994):

Power,,;

. . =58.5% 16
Ex, —Ex,, —Ex

M jaw =
cond ,Lo

A Grassman diagram is a graphical method for describing the exergy flows and their destruction and
loss magnitudes in a plant. Figure 14 shows the Grassman diagram for the Kalina PP and was drawn
based on the data in Table 7. In Figure 14, a triangle marked by a wide downward diagonal indicates
exergy destruction in the components and a rectangle marked by a wide downward diagonal indicates
exergy loss from the plant. In the diagram the width of each flux (stream) is exactly fitted to the
magnitude of exergy in the stream. Wide arrows in the diagram show the flow directions of the
streams. Initially, the Kalina cycle starts with a mixture flux being heated up when it flows as a cold
fluid through the vaporizer and into the separator. The geothermal water enters as a hot fluid in the
vaporizer and it delivers a certain amount of exergy to the Kalina PP for power generation; the rest is
directed to the DH system.
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FIGURE 14: A Grassman diagram of exergy rates in the Kalina PP
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TABLE 7: Estimated time rate of exergy associated with streams in the Kalina PP and destructions
and losses in the components

Time rate of exergy Notation in EES | Unit, kW %

In the geothermal water Exmy 6322.0 | 100.0
Loss from the vaporizer Ex;, 2882.0 45.6
Added into the vaporizer EXqq 3440.0 54.4
In the mixture before the vaporizer EXyap. v 275.2 7.4
In the mixture after the vaporizer Exyap.our 3265.0 87.9
Rise by the vaporizer EXyap rise 2990.0 80.5
Destruction in the vaporizer EXyap 450.8 12.1
In the saturated vapour after separator EXvapour 2788.0 75.0
In the saturated liquid after separator Exjig 2154 5.8
Destruction in the separator EXep0 261.3 7.0
Turbine generator Exum 1949.0 52.5
In the saturated vapour after the turbine EXiurb.on 256.9 6.9
Destruction in the turbine Exubp 581.9 15.7
In the saturated liquid after HT recuperator Exuriigour 33.5 0.9
Add by the HT recuperator Exyriigadd 181.9 4.9
In the feed mixture before HT recuperator Exuyry 162.3 4.4
In the feed mixture after HT recuperator Exprour 275.2 7.4
Rise by the HT recuperator EXyr vise 112.9 3.0
Destruction in the HT recuperator Exyrp 69.0 1.9
In the saturated vapour after the throttle EXurote.ount 26.8 0.7
Destruction in the throttle EXiyottie.n 6.6 0.2
In the mixture after the mixer EX picer 545.0 14.7
Add by the mixer EX piver add 261.3 7.0
Add by the LT recuperator EX; 7044 181.4 4.9
Rise in the feed mixture by the LT recuperator | Exir e 115.5 3.1
In the mixture after LT recuperator Exirour 363.5 9.8
Destruction in the LT recuperator Ex;rp 65.9 1.8
In the mixture after the condenser EX.ona out 1.5 0.0
Destruction in the condenser EXonap 102.9 2.8
Loss from the condenser EXcondLo 259.2 7.0
Add by the condenser EXcond.add 362.1 9.7
In the cooling water before the condenser Ex.. v 0.0 0.0
In the cooling water after the condenser Ex.., our 259.2 7.0
Rise in the cooling water EXxep rise 259.2 7.0
In the feed mixture after the pump EXpump.our 46.9 1.3
Add in the feed mixture by the pump EXpymp.add 45.4 1.2
Destruction in the pump EXpump.p 44.4 1.2
Pump power Poweryymp 89.73 2.4
Total exergy destruction EXpioml 1582.8

Total exergy loss Ex1o, o1l 3141.0
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4. COMPONENT SIZING AND COST ESTIMATION
4.1 Heat exchanger sizing

The size of principal components (heat exchangers, turbine and pump) can be estimated based on the
base-case design of the Kalina PP. Basically, the heat exchanger size can be calculated using two
different methods, the Log Mean Temperature Difference (LMTD) and the Effectiveness Number of
Transfer Unit (NTU) methods (Holman, 2002).

4.1.1 The log mean temperature difference method

For a heat exchanger, the total heat transfer rate per unit time q can be expressed in the following form
(Holman, 2002):

(Thz _Tcz)_(Tm _Tc‘l)
ln[(ThZ -T.,) T, _Tcl)]

q =UAAT, =UA- 17

where U is the overall heat transfer coefficient, A is the surface area for heat transfer consistent with
the definition of U, and AT, is the suitable mean temperature difference across the heat exchanger.

The two parameters 7,, and 7}, are the outlet and inlet temperatures of the hot side fluid of the heat

exchanger, respectively. The other parameters, 7, and 7, are the inlet and outlet temperatures of the
cold side fluid of the heat exchanger.

The grouping of terms in the main square brackets in Equation 17 is called the log mean temperature
difference (LMTD) or, in other words, the suitable mean temperature difference across the heat
exchanger. The size of the heat exchanger can be defined from the relationship in Equation 17.

The HT and LT recuperator sizes can also be estimated by the LMTD method (see Equations in lines
100-101 and Equations in lines 118-119 in Appendix A).

4.1.2 Effectiveness of the NTU method

The other method for estimating principal component sizes is heat transfer analysis by Effectiveness
NTU (Holman, 2002). In general, the number of transfer units (NTU) notes the grouping of terms

UA/C,,, , where C . , the heat capacity of the heating fluid, equals the fluid mass flowrate
multiplied by the specific heat capacity or 7 c, .

When the inlet and outlet temperatures for a given heat exchanger are to be calculated, the analysis
frequently involves an iterative procedure because of the logarithmic function in MTD. According to
Holman (2002) the definition of heat exchanger effectiveness is given as:

actual _heat _transfer 18

Effectiveness = € = - -
max imum _ possible heat transfer

In the case of the vaporizer, the actual heat transfer is computed for the counter-flow heat exchanger,
or:

QIN = mw(hlw - h2w) = mmzx(hZ - hl)
and the maximum possible heat transfer for the vaporizer is calculated as:

Qmax = mmixcmix (tk(]—;ugh) - ]11)
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where ¢, 1is the specific heat of the mixture.

Similar equations are used for the actual and maximum possible heat transfer estimates of the
condenser.

The NTU relationships for counter-flow heat exchangers presented in Table 10-4 in Holman (2002),
are valid for our case:

U=t _mE=ly 19
(C-1) Ce—1

where C represents C . /C C,_. is the heat capacity of the cooling fluid which equals the fluid

max ? max

mass flowrate multiplied by the specific heat capacityri,c,, and C,, is the heat capacity of the

heating fluid which equals 71 .c, .

This approach was applied for the vaporizer and condenser size estimates (see Equations in line 55-64
and Equations in line 129-137 in Appendix A).

The Overall Heat Transfer Coefficient-U

The determination of U is often tedious and needs data not yet available in the preliminary stages of
the design. Therefore, typical values of U are useful for quickly estimating the required surface area.
Thus, the overall heat transfer coefficient is used as a typical value for U=1 kW/m’ K to estimate the
sizes of the HT and LT recuperators. Values 0.9 and 1.1 kW/m® K were used for size estimation of the
vaporizer and the condenser. The value for the vaporizer is the lowest one, for a steam outside and
liquid inside the tubes heat exchanger, when it runs under forced circulation. The value for the
condenser is based on ammonia outside and cooling water inside the tubes.

Estimated heat transfer surface area of the heat exchangers in the Kalina PP are listed in Table 8.

TABLE 8: Estimated sizes of four heat exchangers

Components Size, m”
Condenser 1,923
HT recuperator 44
LT recuperator 208
Vaporizer 1,410
Total 3,585

4.2 Estimation of total capital investment
4.2.1 Estimates of purchased equipment

Estimating the cost of purchased equipment (including spare parts and components) is the first step in
any detailed cost estimation. Two good approaches can be used for cost estimation. The best cost
estimates for purchased equipment can be obtained directly through vendors’ quotations. The second
approach is using cost values from past purchase orders, and quotations from experienced professional
cost estimators. Here, the second approach was used for cost estimation of the Kalina PP components.

Four heat exchangers are used. In estimation of the purchased equipment cost of the heat exchangers,
the base cost C, =588 US$ per square metre of heat transfer surface area was used. Thus:
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Coguipmens = Co *(size _of _equipment)” 20
where the exponent 7 is a constant decimal number, in our case 0.8; and size of equipment stands for
the heat transfer surface area of the heat exchanger. The heat exchangers’ heat transfer surface areas
are available in Table 8. Using these data the costs of the heat exchangers have been estimated by the

relationship in Equation 20 and are presented in Table 9.

TABLE 9: Estimated costs of heat exchangers

Components Cost, US$
Vaporizer 194,385
HT recuperator 12,095
LT recuperator 42,021
Condenser 249,167

Similarly, the cost for other principal component (the turbine and pump) purchased equipment has
been estimated. In this case, the power capacity of each component was applied instead of the heat
transfer area, or:

C =C, -(power _capacity)" 21

equipment

where the base cost, C,, for the pump is 1120 US$/kW, and for the turbine 4405 US$/kW. The

exponents 0.8 and 0.7 were used for size estimation of the pump and turbine. Estimated values of
purchased equipment cost of the turbine and the pump are listed in Table 10.

TABLE 10: Capacity and cost of the turbine and pump

Components | Capacity Unit Cost, US$
Turbine 1,949.0 kW 856,144
Pump 89.7 kW 462,127

So, the total purchased equipment costs for the Kalina PP is 1,815,939 USS$ including the heat
exchangers.

4.2.2 Total capital investment

The total capital investment (TCI) of the Kalina PP and the DH system (transmission piping cost and
renovation expenses), respectively, has been estimated. The assumptions and method used for the TCI
were adopted from Bejan (1996). The total capital investment of the Kalina PP estimated by those
assumptions and methods is summarized in Table 11.

In Section 4.2.1, the purchased equipment costs were estimated. The direct costs of the remaining
components and indirect costs are estimated using the factors shown in parentheses.
An assumption used for the allowance of funds used during construction (AFUDC) is:

LRD + AFUDC =0.15- FCI

where LRD is the cost of licensing, research and development and is obtained by:

LRD =150- Power

turb

According to Bejan (1996) the plant-facilities investment is the difference between fixed-capital
investment and land costs. This gives 2,098,318 US$ (rate start 2005 Dollars).
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The total non-depreciable and depreciable capital investments and the total net capital investment for
the Kalina PP were calculated and are listed in Table 12.

TABLE 11: Estimate of total capital investment for the CHP plant
(all costs are expressed in US dollars at the rate start in 2005)

I Fixed capital investment
A. Direct costs (DC)
1 Onsite costs
Purchased equipment costs

- Vaporizer 194,385
- HT Recuperator 12,095
- LT Recuperator 42,021
- Condenser 249,167
- Ordinary steam turbine 856,144
- Pump 462,127
Total purchased-equipment cost (PEC) 1,815,939
Piping (10% of PEC) 181,594
Total onsite costs 1,997,533
2 Offsite costs
Land 18,159
Total offsite costs 18,159
Total direct costs 2,015,692
B. Indirect costs
Contingency (5% of the above sum) 100,785
Total indirect costs 100,785
Fixed capital investment (FCI) 2,116,477
IT Other outlays
A. Startup costs (Section 4.2.3) 54,181
B. Working capital (Section 4.2.3) 47,288
C. Cost of licensing, research and development (assumption) 292,406
Allowance for funds used during construction
D. (assumption) 25,066
Total other outlays 418,941
Total capital investment 2,535,418

TABLE 12: Expenditures of the Kalina PP, in US$

Cost of land (01/01/2007) 19,826
Escalated PFI (6/30/2007) 2,357,670
Startup costs (6/30/2008) 64,530
Working capital (12/31/2008) 57,986
Cost of licensing, research and development (01/01/2007) 319,113
Total net outlay 2,819,126
Total AFUDC 29,853
Total capital investment (TCI) 2,848,979
Total nondepreciable capital investment (TNDCI) 77,813
Total depreciable capital invetment 2,771,166
Total net capital investment 2,848,979

Hence, the direct capital cost of the Kalina PP as calculated TCI in Table 12 per power production
rate, is 1,462 US$/kW.
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4.2.3 Fuel, operating and maintenance (O&M) costs

Fuel costs and variable operating costs can easily be calculated from the flow diagrams. When the
flow of a stream or of a utility is known, simply multiply the flow by its unit cost and its average total
time of operation per year. Thus, the contribution of the flow to total annual costs can be obtained.

Operating and maintenance (O&M) costs can be divided into fixed and variable costs. The fixed O&M
costs are composed of costs for operating labour, maintenance labour, maintenance materials,
overhead, administration and support, distribution and marketing, research and development, and so
forth. The variable operating costs consist of the costs for operating supplies other than fuel cost.

Geothermal water cost
In the CHP plant the geothermal water is assumed as a fuel. The direct cost of the geothermal

exploration work, C.,, 0ma =2,066,000 USS, can be estimated based on the direct cost, 1000

US$/kW. According to the World Bank Group (2004), the direct cost for typical low-temperature
geothermal resource exploration work varies between 400 and 1000 US$/kW. It includes a preliminary
geological survey based on aerial photos or a remote sensing scan, detailed geological and/or
geochemical surveys, geophysical surveying and/or shallow thermal gradient well drilling, drilling of
test well(s) and well testing, and reservoir modelling.

The levelized specific cost of the geothermal water, ¢ ,, [US$/kg], is determined as:

__ " geothermal ’ CRF o)
Cr sp,L .
mwt()p

where CRF is the capital recovery factor (see Section 5.1) and #,, is the operating time in a year

(t,, =8040-3600 seconds per year).

Thus, the numerical value of ¢, , has been calculated as 0.0001048 USS$/kg or 10.48 US ¢/ton. The
annual levelized cost of the geothermal water is then 242,666 USS$ (entry 8 of Table 13).

O&M cost

The annual fixed and variable O&M costs are estimated here and summarised in Table 13. The
following assumptions were used for the annual fixed and variable O&M cost estimation. The average
capacity factor for the CHP plant is estimated as 87.5%, which means that the system will operate at
full load for 8,040 h (entry 1 of Table 13) out of the total available 8760 h per year. There are assumed
5 labour positions (entry 2 of Table 13) required for operation and maintenance at an average labour
rate of 5 US$/h (entry 3 of Table 13). The average number of working hours per labour position is
2,080 h per year (entry 4 of Table 13). Thus, the annual direct labour cost is 52,000 US$. Based on
these numbers, the annual fixed O&M costs are estimated to be 104,000 US$. The annual variable
O&M costs at full capacity are estimated to be 9,360 USS (entries 6 and 7 of Table 13).

TABLE 13: Summary of the annual fixed and variable O&M cost

Item Cost Unit
1 | Operating time 8,040 h
2 | Labour positions 5
3 | Average labour rate 5| US$/h
4 | Working hours 2,080 h
5 | Direct labour cost 52,000 | US$/year
6 | Annual fixed O&M cost 104,000 | USS$/year
7 | Annual variable O&M cost 9,360 | US$/year
8 | Fuel Cost 242,666 | US$/year
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The levelized annual O&M cost is calculated from Equation 23:

k(1—k")

C, oerr = Cown -CELF = Cypg, - .CRF 23

rn

1+

where k = and 7, is the constant rate of change, the annual nominal escalation rate of 6%. The

eff

.\ 7
Iy 18 the effective rate of return, gy = [1 + —] —1, with i the interest rate, 10 % (expressed in the
) ) p

Equation, as a fraction, not percentage), and p is the return times per year, in this case once a year.

Thus, the levelized annual O&M cost is calculated to be 208,594 USS.

Finally, the O&M cost of the geothermal field is assumed as a tenth of the annual levelized cost of the
geothermal water, or:

CL,O&M,geothermal = Cgeathermal ’ CRF ' 01 = 24’267 US$

Start-up and working capital costs

Start-up costs (SUC) for a CHP plant are defined as the sum of the following unescalated costs (Bejan
et al., 1996): (a) one month of fixed O&M costs, (b) one month of variable operating costs calculated
at full load, (c) one week of full-load geothermal water, and (d) 2% of the plant facilities investment.
Thus,

104,000 N (9,360-0.875) N 148,985
12 12

or after escalation to the middle of 2008, SUC=64,530 US$ (mid-2008 dollars).

SUC =

+0.02-2,098,318 = 54,181 US$

Similarly, working capital (WC) is the sum of the unescalated expenses representing 2 months of
geothermal water cost at full load and 3 months of labour costs plus a contingency of 25% of the total
of the above two items:

148,985 N 52,000
6

or after escalation to the end of 2008, WC=57,986 US$ (end-2008 dollars).

wcC :{ ]1.25 =47,288 US$

4.2.4 DH system expenses

All expenses of the DH system were estimated in the pre-feasibility study (Eliasson et al., 2004). Thus,
it is unnecessary to re-evaluate those expenses. Instead, available data from the pre-feasibility study
are used (see section on “Economic analysis included costs’ of DH renovation and transmission
pipeline” in Appendix C).

The total capital investment (TCI) of the Kalina PP, the direct cost of geothermal exploration work
and DH system expenses have been estimated in preceding subsections. The TCI of the CHP plant is
the sum of these expenses. It should be noted that the DH system has two alternatives on the distance
between Tsetserleg centre and the geothermal exploration site. So, the TCI of the CHP plant is 8.66 M
USS$ with a 5 km long transmission pipeline, or 12.41 M US$ with a 20 km long transmission pipeline.
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5. THERMOECONOMIC ANALYSIS AND EVALUATION

Thermoeconomics is the discipline which combines the concept of the Exergy method with economic
analysis. In the CHP plant thermoeconomics were used for exergy-added cost minimization. In the
preceding sections exergy destructions (inefficiencies) of the Kalina PP were evaluated. In practice
there is often a need to know how much exergy destructions cost. Knowledge of these costs is useful
for improving the cost effectiveness of the plant by reducing the costs of the final product produced by
the plant. In addition, it is also applicable for a plant that has more then one product.

5.1 Exergy costing

In the Kalina PP, operating at steady-state, there exist a number of entering and exiting ammonia-
water mixture streams as well as both heat and work interactions with the surroundings. Associated
with the transfer of these mixture streams are the energy and exergy transfers into and out of the
components and exergy destructions caused by irreversibilities within the plant. Since exergy
measures the true thermodynamic value of such effects, it is meaningful to use exergy as a basis for
assigning costs in the plant.

The costs associated with the time rate of exergy of the geothermal water while entering and exiting
the vaporizer, and the time rate of exergy of the power production from the turbine generator can be
estimated according to the following equations:

C[N = CE,INExlN =Cp (mweuv) 24a
COUT =Cpu v ExOUT = Cpu Nt (mweDH,lN) 24b
Cturb = cturbExturb 24C

where ¢y, ¢py v and ¢, denote average costs per unit of exergy in US$/GJ.

turb

The unit costs of exergy associated with geothermal water and power production are evaluated in
Section 5.1.3. Exergy costs involve cost balances usually formulated separately for each component.
The cost balance applied to the k-th component and the whole system is treated and discussed in the
following sections.

5.1.1 Cost balance in the plant

Assume the plant to be a black box, with input and output flows drawn as shown.

CF CPo
—> C, —C>

w
EE—

Z ¢y
—> —>

l CL()

FIGURE 15: Block diagram of a black box equivalent to a power plant
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In Figure 15 C Pos CW and C o represent power, work and heat (products) cost flows all with unit

[$/s]. C  means fuel cost flow and Z stands for capital cost flow in the same unit [$/s]. The latter is
the sum of investment ( Z ;) and O&M (Z onr ) COSts.

The input cost flow to the plant is the sum of the fuel (C ) and capital cost flows (Z). The output
cost flow from the plant is the sum of the products (C p) cost flow. The plant is not an ideal machine,
therefore it should include some inside destruction (C p ) and outflow of loss (C 1, ) cost flows. So, the

cost balance for the overall plant (subscript tot) operating at steady-state is formulated as:

C =C +7 25a

P,tot Fiot CL,toz
or in terms of the fuel and product cost rates

cpbx, =c.Ex, —c, Ex,, +Z . +Z e 25b
Here no cost term is directly associated with exergy destruction. The cost associated with exergy
destruction in a component is a hidden cost, but a very important one, that can be revealed only

through a thermoeconomic analysis (see Section 5.1.3).

The following simplifying assumptions have been made for exergy costing of the heat and power
produced from the Kalina PP:

1. All pressure losses are neglected
2. All heat transfer losses are neglected
3. Power input to auxiliary equipment is neglected.

The Kalina PP is designed and its operating parameters evaluated in the previous sections. Using these
data and the above assumptions, the following quantities were evaluated (also see Appendices A and
O):

Turbine power:

Power,,, =1949 kW
Mass flowrate of the ammonia-water mixture from the mass balance:
m,. =12.35 kg/s
Exergy input rate:
Ex, =m, -e, =80-79.03=67322 kW
Steam exergy rate:

Ex =2,770 kW

vapour

Capital-recovery factor (CRF):

. .M,
4= leﬁ»(1+leﬁ-) ’

= =0T
(+leff) -

where the period is N, = 20years .
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5.1.2 Cost balance in the component

Similar to Equation 25, the cost balance for each principal component can be written as:

Coy=Cr,—C+Z, 26a
or in terms of the fuel and product cost rates
CpiExp, = cF,kExlN,k - CLo,kExLo,k + (ZCI,k + ZO&M,k) 26b

where the subscript k denotes the k-th component of the Kalina PP. Before the above equation is
solved, it is necessary to calculate the values of the Z . term and the cost associated with exergy loss

appearing in the cost balances. The cost associated with exergy loss is calculated in Section 5.1.3.
According to Kotas (1985), the capital investment rate, Z 1. » Of k-th component is calculated as:

_CRF-C,, )

L

Clk
The purchased equipment cost C, for the components is given in Tables 9-10. Thus, the values Z crk
for each component can be calculated (see Equations in line 8-13 in Appendix C) and escalation to the

middle of 2007 is presented in Table 14:

TABLE 14: Capital investment rate of the principal components

Component Zow, '107, US$/s
Vaporizer 0.9
Condenser 1.1
HT recuperator 0.1
LT recuperator 0.2
Turbine 3.9
Pump 2.1

Similarly, the O&M cost rate, Z ogu i » Of k-th component can be calculated from the following
equation:
B CRF-C, ey C,
ORI t PEC

op

28

The results of the calculations of the escalated Z osy i (s€e Equations in line 25-30 in Appendix C)

are presented in Table 15 for each principal component.

TABLE 15: O&M cost rate of the principal components

Component Zosmk '107°, US$/s
Vaporizer 0.09
Condenser 0.12
HT recuperator 0.01
LT recuperator 0.02
Turbine 0.40
Pump 0.22
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5.1.3 Cost of exergy destruction and loss

In the cost balance formulated for a plant (Equation 25b) and a component (Equation 26b), there are
no cost terms associated with exergy destruction. The effect of exergy destruction can be demonstrated

by combining Equations 15 and 26b (when Ex £ 18 eliminated):

cP,kExP,k = CF,kExP,k + (CFExLo,k - CLo,k )+ (ZC[,k + ZO&M,k )+ CFExD,k 29a
or (when Ex p 18 eliminated)

Cpi ExF,k = CF,kExF,k + (CpExLo,k - CLo,k )+ (ZCI,k + ZO&M,k )+ CpExD,k 29b

Hence, in costing exergy destruction it is assumed the cost associated with exergy destruction in the k-
th component equals the exergy destruction rate on the k-th component multiplied by the unit cost of
the product (in this case electricity) or fuel (in this case, geothermal water) as follows:

Cpy =CpiExp, (when Ex,, fixed)or C,, =cp Ex,, (when Ex,, fixed) 30

For the Kalina PP plant, the right hand side equation is preferred, because the geothermal water
resource is restricted. Hence, the cost of the exergy destruction rates in the components can be
calculated (see Equations in line 53-60 in Appendix C). The values are listed in Table 16.

TABLE 16: Cost of exergy destruction in the principal components of the Kalina PP

Component Cp, -107, US$/s
Turbine 5.1
LT recuperator 2.6
HT Recuperator 23
Vaporizer 2.3
Condenser 0.5
Pump 0.2

There are two loss streams flowing from the vaporizer and the condenser. The exergy loss stream of
the condenser is finally charged to the natural environment. The simplest approach to costing this
exergy loss associated with the condenser is to set

C =0

Lo,cond

Another exergy loss stream of the vaporizer is used for heating. Thus, the cost of this stream is
estimated differently than the above approach as follows:

C, = CE.pH,IN E,

where ¢,y 1s the levelized unit cost of exergy associated with the loss stream of the vaporizer; its

numerical value has been evaluated in Section 5.1.3.
5.1.4 Unitary cost of exergy

The levelized unit cost of exergy associated with geothermal water in the Kalina PP or the vaporizer
has been estimated (see Equation in line 44 in Appendix C) and its numerical value is:

_CraplL

Coy === 1.326x10°° US$/kJ = 0.5 US ¢/kWh

1w
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Similarly, the levelized unit cost of exergy associated with geothermal water in the DH system (or
with the exergy loss stream from the vaporizer) is:

Cr .
=2 — 2 909x107° USS/kJ =1 US ¢/kWh

2w

Cg pH,IN

The levelized unit cost of exergy transfer associated with power production of the turbine generator
has also been calculated as:

Ch oy = 8.185x107° US$/kI = 2.4 US ¢/kWh

Finally, the cost rates and the levelized unit costs associated with each stream in the Kalina PP have
been calculated (see Equations 69-85 in Appendix C) and the results are given in Table 17.

TABLE 17: The levelized cost rate and unit cost of exergy in the Kalina PP

Stream No. Exergy rate, Levelized Levelized cost
Ex, kW cost rate, C, per exergy unit,
1107, US$/s ¢, US$/GJ
1 275.1 9.3 33.8
2 3265.0 16.5 5.1
3 2770.0 14 5.1
4 216.3 1.1 5.1
5 239.1 1.2 5.1
6 344 0.2 5.1
7 27.8 0.1 5.1
8 544.9 2.8 5.1
9 363.5 1.8 5.1
10 1.4 0.0 5.1
11 46.8 3.0 63.3
12 162.3 6.3 39.0
lc 0.0 0.0 0.0
2c 0.0 0.0 0.0
lw 6322 8.4 1.3
2w 2882 8.4 2.9
Power prod. 1949.0 17.1 8.8

5.2 Thermoeconomic evaluation

A detailed thermoeconomic evaluation of the base-case design of the Kalina PP should be based on the
following variables, calculated for each system component:

e Exergetic efficiency, &

o Exergy destruction and loss ratio, ¥, «, ¥, «

e Relative cost difference, 7

e Exergoeconomic factor, f

5.2.1 Exergetic efficiency
Exergetic efficiency is a parameter for evaluating the thermodynamic performance of a system.

Exergetic efficiency provides a true measure of performance of an energy system from a
thermodynamic viewpoint.
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Exergetic efficiency £ of the overall plant is the ratio between product and fuel (Bejan et al., 1996):

oL =1_ExD.+ExL0
Ex, Ex,

31

Exergetic efficiency of the plant components can be estimated in a similar way. Its values have been
estimated in lines 86-95 in Appendix C and are listed in order of descending value in Table 18.
Exergetic efficiency for the Kalina PP can be calculated as the percentage of the time rate of exergy
associated with the geothermal water supplied to the plant that is recovered in the power product of the
plant, identifying the product of Kalina PP as the net power generated.

TABLE 18: Exergetic efficiencies of components and overall plant

Component Exergetic efficiency, €, %
Separator 92.00
Vaporizer 86.90
Throttle 80.19
Turbine 77.01
Condenser 71.58
LT recuperator 63.65
HT recuperator 62.05
Pump 50.54
Plant 28.25

5.2.2 Exergy destruction and loss ratio

The values of the time rates of exergy destruction Ex p (Table 7) provide thermodynamic measures of
a plant’s inefficiencies. Related to these measures the exergy destruction ratio y , . can be calculated.

The time rate of exergy destruction in plant components can be compared to the time rate of exergy
associated with geothermal water provided to the overall plant, £x > giving the exergy destruction

ratio:

B Exp,

32

Yok = &
Ex,,

The exergy loss ratio is defined similarly, by comparing exergy loss to exergy of fuel provided to the

overall plant:

Ex
_ Lo,k 33

Ex,,

The exergy destruction and loss ratio of the Kalina PP components were estimated by Equations 32-33
(see Equations in lines 96-107 in Appendix C) and their values are listed in Table 19. As illustrated by
the data in Table 19, the reduction in overall efficiency caused by exergy destruction and loss can be

expressed as: &, =1— Yy, = > v, =1-0.2404-0.4771 =0.2825.
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TABLE 19: Exergy destruction and loss ratio of the components

Component Exergy destruction ratio, yp, %
Vaporizer 6.85
Seperator 3.97
Turbine 8.84
HT recuperator 1.05
Throttle 0.10
LT recuperator 1.00
Condenser 1.56
Pump 0.67
Total destruction 24.04

Exergy loss ratio, yro, %
Vaporizer 43.78
Condenser 3.94
Total loss 47.71

5.2.3 Relative cost difference and exergoeconomic factor

The relative cost difference represents the relative increase in the average cost per exergy unit between
fuel and product of the component. The relative cost difference 7, for the k-th component is defined

by:
_ Cry (ExD,k + ExLo,k )+ (ZCI,k + ZO&M,k)

I 34

CrilXp,

As Equation 34 indicates, the cost sources in a component may be grouped in two categories. The first
consists of exergy destruction and exergy loss, while the second category consists of non-exergy-
related costs (capital investment and O&M expenses).

In evaluating the performance of a component, it is important to know the relative significance of each
category. This is provided by the exergoeconomic factor f, defined for component k by:

(ZCI,k +ZO&M,k)

=— - - - 35
(ZCI,k +Zogn i )+ Cri (ExD,k + ExLo,k)

T

All the parameters in the above two equations were defined in the preceding sections. Thus, the
relative cost difference and the exergoeconomic factor for the principal components can also be
defined. Those values have been calculated by the equations in lines 109-120 in Appendix C. The
results are listed in descending numerical order in Tables 20-21.

TABLE 20: Relative cost difference of the principal components

Component Relative cost difference, 1y
Condenser 406.7
Pump 6.6
Vaporizer 1.2
Turbine 0.7
HT Recuperator 0.3
LT recuperator 0.2
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TABLE 21: Exergoeconomic factor of the principal components

Component Exergoeconomic factor, f, %
Pump 85.6
Turbine 59.4
Condenser 40.6
LT recuperator 38.7
Vaporizer 18.1
HT Recuperator 14.8

5.2.4 Improvement procedures

To improve the cost effectiveness of the Kalina PP the following procedures can be used:
1. Rank the principal components in descending order according to Z , + C pi - The following

list shows the values:

Component Zi+Cp, 107, US$/s
Turbine 9.4
Vaporizer 3.2
LT recuperator 2.8
Pump 2.5
HT recuperator 24
Condenser 1.8

Improvement should start with design changes on the turbine, vaporizer and LT recuperator,
because the estimated values of Z x T C p for these components are high.

2. From Table 21, it can be seen that the value of the exergoeconomic factor of the pump and
turbine are within reasonable limits, with typical values for pumps above 70% and between 35
and 75% for turbines, respectively. This indicates that the designs for the pump and turbine
are good. Values are typically lower than 55% for the heat exchangers. The low value of the
exergoeconomic factor calculated for the HT recuperator and vaporizer suggest that cost
savings in the entire plant must be achieved by improving the efficiency of these heat
exchangers (reducing the exergy destruction) even if the capital investment cost for these
components may increase.
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6. THERMOECONOMIC OPTIMIZATION

The main purpose of thermoeconomic optimization is to achieve, within a given system structure, a
balance between the expenditure on capital costs and the exergy costs which will lead to a minimum
cost of the plant product.

The different components in the Kalina PP can be categorised as:

1. “Ready made” components selected from a manufacturer’s catalogue, such as pumps,
turbines, etc.
2. Components specially designed, or “tailor-made” for the plant, e.g. heat exchangers, etc.

The geometric parameters of the “ready made” components may be assumed to have been optimised
by the manufacturer. At the thermoeconomic stage of optimization, the plant designer needs only to
select a component which fits the technical specifications and whose capital cost is justified by its
thermodynamic efficiency. The second type of component is convenient for thermoeconomic
optimization, to optimize the particular component size to fit a range of components at different prices.

The advantage of using the exergy method of thermoeconomic optimization is that the various
elements of the plant can be optimized on their own, the effect of the interaction between the given
element and the whole plant being taken into account by local unit costs of exergy fluxes or those of
exergy losses.

The structural method of thermoeconomic optimization

The purpose of the structural method of thermoeconomic optimization is to determine for a selected
component the capital cost corresponding to the minimum annual operating cost of the plant and to the
minimum unit cost of the product.

The concept of coefficient of structural bond (CSB) is useful in investigating the structure of a system,
and in thermoeconomic optimization of components of a plant (Kotas, 1985). CSB is defined as:

ol
Gk . — [(.71111 3 6
’ a]k X;=var

where [, is the time rate of irreversibility (a sum of exergy destruction and loss) of the plant, /, the

time rate of irreversibility of the k-th component of the plant, and x; the parameter of the system

which produces the changes.

Estimation of CSB for the heat exchangers in the CHP plant

The most direct method for estimation of CSB is to calculate and plot values of /,,, and /, for a
number of values ofx;, and determine the CSB from the slope of the plotted curve. The parameter
which produces changes for the plant is the pressure on the high-pressure side P, . The magnitude of

Phigh varies between 22.7 and 31.7 bars with a 1 bar interval. Figure 16 shows a plot of / , against

tota,

1 . (time rate of irreversibility of the vaporizer, HT and LT recuperators and condenser) for

varying B, .
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FIGURE 16: Determination of CSB for the vaporizer, HT and LT recuperators and condenser, with
P, variable

From the slope of the line the determined value of CSB for the vaporizeriso_ , 0.9. It is in the range

vap >
ofo,,, <1, which means that reduction in input to the system is less than reduction in the
irreversibility (or exergy destruction and loss) of the vaporizer. Clearly, here the reduction in the
irreversibility rate is accompanied by an increase in the irreversibility rates in other components of the
plant. The determined value of CSB for the HT recuperator o -10.4 is in the range of & <0.

recup ? recup
This indicates that when the irreversibility rate in the recuperator decreases, it increases in other plant
elements by a greater amount. This for both the vaporizer and the HT recuperator, is inefficient

optimization.

=23,
respectively. Clearly, any reduction in the irreversibility rate of the LT recuperator and the condenser
gives 3.8 and 2.3 times greater reduction in the irreversibility rate of the plant. The change in
P, improves not only the LT recuperator and the condenser but, owing to the bonds between them,

The determined values of CSB for the LT recuperator is o, =3.8 and for the condenser, o

cond

other elements. Therefore, it is particularly advantageous to optimize both the LT recuperator and the
condenser because of the potentially favourable impact on overall plant efficiency.

LT recuperator size optimisation

The pressure on the high pressure side (P, ) is the correct design parameter for variation, because it

igh
is related both to exergy destruction and capital cost, and the structural method of thermodynamic
optimization is applicable. The optimization aims at determining the capital cost of the LT recuperator
corresponding to the minimum annual operating cost of the plant for a given plant output (Kotas,

1985). Optimum conditions can be expressed as:

(aExLT,D ] ___CRF C,r
opr

aPhigh top CLT Juc aPhigh
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where ¢, is the local unit cost of exergy destruction of the LT recuperator, which gives an
indication of the thermoeconomic non-equivalence of exergy destruction in different system

components, and is defined as:

CRF
Crrme =CewOrr + Sy 38
op

All parameters in Equation 38 are known except for the capital cost coefficient ¢,,. The

coefficient {, , gives a measure of the changes in the capital costs of the components (other than the

LT recuperator). The capital cost coefficient of the LT recuperator is:

éf _ 6C"ap + aCVHT + 6C aCcond aCPW”p
‘" ®Ex,, ©oEx,, ©0Ex,, OFEx,, OEx,,

turb
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A graphic determination of optimum Py, for the LT recuperator is used (Figure 17). Plots of the
derivatives on both sides of Equation 37 against the variable parameter P, give an intersection

(Figure 17). The x-axis value at the intersection defines the optimum B, ,pr =31.3 bars.
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FIGURE 17: Graphic determination of the optimum Py;g, of the Kalina PP

Hence, the optimum size of the LT recuperator is 338 m* and the optimum capital cost is:

Coropr = 588-338"% = 62,044 US$

Other component optimum sizes and their related costs can be determined, when the obtained value of
the optimum high pressure P, opr = 31.3 bars is used as the operating parameter to run the

thermodynamic design in EES software. The diagram in Figure 18 shows the result of the
thermoeconomic optimum design of the Kalina PP.

The installed capacity of a new CHP plant in Tsetserleg has been estimated as 1.98 MWe power and
16.7 MWt heat, assuming a geothermal water flowrate of 80 kg/s with temperature 120°C. Its annual
power production would be 54,728 GJ/year and heat production 484,533 GJ/year.

A base-case design and thermal optimum design of the Kalina PP have been completed. A comparison
of their TCI, efficiencies and other main parameters is listed in Table 22.
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FIGURE 18: A diagram showing the thermoeconomic optimum design of the Kalina PP

From the comparison it can be seen that in the thermal optimum design the unit costs of heat have
increased by 0.01 US ¢ per kWh. But the unit cost of electricity has decreased more than the above
costs by 0.2 US ¢ per kWh. The cost of geothermal exploration work and the TCI have increased
slightly, because the total purchased-equipment cost increased due to the increase of the size of the
heat exchangers.

All the exergoeconomic factors of the principal components have a higher value in the optimum
design than in the base-case design. The exergoeconomic factor of the LH recuperator, for example,
shows the greatest improvement, or 14.8%. The total exergy destruction and loss rates of the plant
decreased by 32 kW after optimization. A major advantage of thermoeconomic optimization is that the
net power output increased by 31 kW with geothermal water inlet and outlet conditions fixed as the
same as in the base-case design.

One of the benefits of thermoeconomic optimization of the Kalina PP can be revealed by the monetary

values. Consumers at Tsetserleg could save 30,407 US$ per year in decreased electricity cost. It is
expected that savings will increase by 608,145 USS$ over the next 20 years.
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TABLE 22: A comparison of the base-case and optimum designs

Item Base-case | Thermoeconomic
design optimum design

Unit cost of the geothermal water, US ¢/kWh 0.5 0.5
Unit cost of the heat, US ¢/kWh 1.0 1.0
Unit cost of the power, US ¢/kWh 3.2 3.0
Cost of the geothermal exploration work, US$ 2,066,000 2,106,000
Total purchased equipment cost US$ 1,816,000 1,855,000
Total capital investment, US$ 2,849,000 2,910,000
Exergetic efficiency of the vaporizer, % 87 88
Exergetic efficiency of the HT recuperator, % 62 62.5
Exergetic efficiency of the LT recuperator, % 64 67
Exergetic efficiency of the turbine, % 77 77
Exergetic efficiency of the condenser, % 72 65
Exergetic efficiency of the pump, % 50 50
Exergetic efficiency of the Kalina PP, % 28 29
The first law of efficiency, % 13.8 14.0
The second law of efficiency, % 58.5 58.9
Exergy destruction rate of HT recuperator, kW 69.0 72.7
Exergy destruction rate of LT recuperator, kW 66.0 56.9
Total exergy destruction and loss rate, kW 4724 4692
Exergoeconomic factor of the pump, % 85.6 85.5
Exergoeconomic factor of the turbine, % 59.4 60.4
Exergoeconomic factor of the vaporizer, % 18.1 18.1
Exergoeconomic factor of the condenser, % 40.6 42.8
Exergoeconomic factor of the HT recuperator, % 14.8 15.7
Exergoeconomic factor of the LT recuperator, % 38.7 53.5
Net power output, kW 1860 1891
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7. SENSITIVITY ANALYSIS

The geothermal water reservoir temperature and flowrate can affect the component size and the direct
investment cost of the Kalina PP. They can also influence the heat and power production yields and
the specific costs.

Exploration of the geothermal water reservoir temperature will show either low or high temperatures.
The turbine power output yield increases constantly with respect to an increase in reservoir
temperature (with the flowrate fixed at design condition) and similarly the flowrate (when the
temperature is fixed at design condition) as shown in the plots in Figures 19 and 20. If the desired
turbine power output is 3.3 MWe, the necessary conditions are either a reservoir temperature of 150°C
or a flowrate of 140 kg/s.
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FIGURE 19: Power output vs. geothermal water temperature with geothermal water flowrate of 80
kg/s

The direct cost of geothermal exploration work can affect the unit cost of heat and power production
of the CHP plant. This cost can vary from a few hundred dollars to a few thousand dollars per kW
depending on the quality of the geothermal resource. As mentioned in Section 4.2.3 the direct cost for
typical low-temperature geothermal resource exploration work can vary between 400 and 1000
US$/kW. In the case of the CHP plant in Tsetserleg, the unit cost of products has been evaluated based
on the direct cost ranging from half the typical low value of 400 US$/kW to a double high value of
2000 US$/kW. The graph in Figure 21 shows the direct cost of geothermal exploration work versus
the levelized unit cost of CHP plant products and the specific cost of geothermal water. The levelized
unit costs of electricity generated from the CHP plant has highest value 10.7 US$/GJ (or 3.8 US
¢/kWh) when direct cost reaches the highest value of 2000 US$/kW, still within acceptable electricity
cost limits for Tsetserleg consumers. At present Tsetserleg receives power from the Central Energy
System and its tariff is the same for residential consumers and industries and entities, 58.64
MNT/kWh (or 4.8 US ¢/kWh).
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FIGURE 20: Power output vs. geothermal water flowrate with geothermal water temperature 120 °C
at Kalina PP inlet state

3.5 T CEIN
~°~CE,DH,IN

“5CE turb

(%)
—

2.5¢

1.5+

design condition\

0.5

The levelized unit cost, [US ¢/kWh]
o

0 1 . I 1 . 1 .
400 800 1200 1600 2000

A direct cost for a geothermal exploration, [US$/kW]

FIGURE 21: The effect of direct cost of geothermal exploration work on the unit costs of geothermal
water, heat and power production

The graph shown in Figure 22 demonstrates the unit cost of heat has no relationship with geothermal
water flowrate, whereas the unit cost of electricity decreases when geothermal water flowrate
increases.

Figure 23 shows the levelized unit cost dependence on geothermal water temperature. The plots show
a linear relationship between temperature and the unit costs of geothermal water and heat. Both costs
increase together with geothermal water temperature increase. The unit cost of electricity has a
quadratic relationship with the geothermal water temperature and is lower at higher temperature.
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FIGURE 23: Geothermal water temperature affect on the unit costs of geothermal water, heat and
power productions

Efficiencies of the first and second laws of thermodynamics for the CHP process can be determined as
the electrical power generation efficiency (Valdimarsson, 2003b). All the heat contained in geothermal
water is considered a by-product, and does not enter the efficiency calculation. For the CHP process
under consideration, these efficiencies have been estimated in lines 168 and 170 in Appendix A and
their values are 14.0% and 58.9%. Here it should be noted that geothermal water temperature of 120°C
and plant operate at optimum high side pressure Py, =31.3 bars are assumed in the calculations.

The geothermal water temperature’s influence on the efficiencies of the CHP process can be seen from

the plot in Figure 24. The first law of efficiency varies between 12 and 15% during temperature
increase, whereas the second law of efficiency increases from 54% to 65%. The first law maximum,
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Carnot and the plant exergetic efficiencies are also shown in Figure 24. Exergetic efficiency of the
plant increases more than the others.
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FIGURE 24: Different types of efficiency of the CHP plant vs. geothermal water resource temperature
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8. ECONOMIC FEASIBILITY

Several possible scenarios have been investigated in order to make a preliminary estimation of the
feasibility of the CHP plant. Two main factors were taken into account, the distance between
Tsetserleg and the geothermal exploration site and the TAX value.

Alternatives for distance (same as previously discussed in Section 4.2.4):
1. Not accounted (meaning that the geothermal water would be looked for within the
Tsetserleg area);
2. 5 km from Tsetserleg;
3. 20 km from Tsetserleg.

Alternatives for TAX:
1. TAX not included;
2. TAX included.

Two financial analysis methods are used, the Net Present Value (NPV) and the Internal Rate of Return
(IRR) for appraisal of the investment project. The NPV method discounts all expected cash flow to the
present. The discount rate used here is 10%. The IRR is the discount rate that makes the NPV of the
investment equal to zero. If the IRR equals or exceeds the minimum desired rate of return the project
can be accepted, otherwise not. The IRR represents the profitability of the project.

8.1 Carbon dioxide (CO,) credit

As mentioned in Section 2.2 coal is an important source of heat in Tsetserleg. The combustion of coal,
however, adds a significant amount of carbon dioxide (CO,) to the atmosphere per unit of heat energy.
In the CHP plant, carbon dioxide reductions were estimated according to Hong and Slatick (1994) as
0.091 ton of carbon dioxide emitted to the atmosphere per GJ heat energy produced by sub-
bituminous. Related to this reduction, yearly CO, payback was estimated as 3 US$ per ton of CO,
reduction (see Equations in lines 185-192 in Appendix C).

NPV and IRR were calculated for all alternatives in lines 173-184 and 193-204 in Appendix C both
with the addition of CO, payback, and not.

Figure 25 shows the NPV dependence on the geothermal water flowrate. The graphs in this figure
show a linear relationship between NPV and flowrate. The different alternatives of NPV are marked
in the same way as in Figure 27. The figure demonstrates that the minimum geothermal water flowrate
is 115 kg/s for a positive NPV excluding CO, payback and, therefore, the Tsetserleg project can only
be feasible above this point. The minimum geothermal water flowrate is 70 kg/s for a positive NPV
when CO, payback is included in the project.

The graphs in Figure 26 show the quadratic relationship between NPV and water temperature. It can
be seen from the graphs that the minimum geothermal water temperature is 135 °C for a positive NPV,
which means that the Tsetserleg project can only be feasible above this point. The minimum
geothermal water temperature is 112 °C for a positive NPV when CO, payback is included.

Table 23 shows the results of an analysis on the NPV and IRR, and presents several different
scenarios. With CO, payback excluded, alternatives 22 and 32 are not feasible with a negative
NPV@10%. But with CO, payback, all alternatives are feasible. Finally, the table shows that CO,
credit has a positive effect on all alternatives.
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FIGURE 25: The relationship between NPVs and flowrate with geothermal water temperature of 120
°C
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FIGURE 26: The relationship between NPVs and geothermal water temperature with flowrate of 80

kg/s
TABLE 23: NPV and IRR for the different scenarios
Scenario = 11 12 21 22 31 32
NPV@10% 9.1 3.5 5.3 -0.25 5.3 -1.7 M US$
IRR 33.4% 19.6% 18.4% 9.5% 15.9% 7.8%
NPVco,@10% 11.9 6.3 8.1 2.6 8.1 1 M US$
IRRco2 40.2% 26.6% 22.5% 14.2% | 18.9% 11.2%

The relationships plotted in Figure 27 demonstrate the optimum value, 0.87, for the fraction of
ammonia-water mixture.
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9. ENVIRONMENTAL ASPECTS

Geothermal energy provides significant environmental benefits such as a small footprint (Table 24)
and low CO, emissions (Figure 28). However local impacts must be identified and dealt with
(Bronicki, 2004).

TABLE 24: Land area occupied by power plant adopted from Bronicki (2004)

Technology Land area
(m2 per GWh/year for 30 year)
Geothermal 404
Wind (land with turbines and roads) 1,335
Photovoltaics 3,237
Solar thermal 3,561
Coal (including open pit mining) 3,642
FUEL TYPE
I Gosthormal: Bnary or Combined Cycls

Geothermal- Stcam]

Nalwral gas -
Gas burbine

Coal

0 0.25 0.5 0.7 L0 125 1.3

kg 0, per kWh

FIGURE 28: CO, emissions adopted from Bronicki (2004)

According to the pre-feasibility study, after implementation of the proposed project it is expected that
CO, emission will have decreased by 472,297 tons and the burning of coal by 297,400 tons for the
next 20 years in Tsetserleg. If more geothermal resources were discovered, possible extension of
geothermal heating system would become available for the rest of the households, of which 2,465 live
in conventional houses and 1,708 live in Gers. It would further decrease CO, emission (and coal
consumption), by an estimated 662,708 tons (and 417,300 tons coal) for 20 years. The whole
Tsetserleg CO, reduction potential is then 1,135,005 tons for 20 years.

Geothermal energy will benefit the whole of Tsetserleg. Tsetserleg will be the first clean and
environmentally friendly town of Mongolia. It will serve 18,136 people who will live without GHG,

breathe clean air, and live and enjoy comfortable working conditions.

Similar geothermal utilization in other neighbouring province centres such as Bayankhongor,
Arvaikheer, and Uliastai (Figure 1) within the Khangai area would make a reduction of 170,251 tons
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CO, emission possible (and consumption of 107,205 tons of coal) per year. CO, emission reduction
for 20 years for the three centres would then amount to 3,405,015 tons (and 2,144,100 tons of coal).

The power potential of the new geothermal CHP plant could reach 55,000 Gl/year, leading also to
decreased CO, emissions due to less coal burning in the CHP plant, but that is immaterial to this study.
At present power is supplied to Tsetserleg by the Central Energy System, with no CO, reduction in
Tsetserleg.

Finally, it should be noted that an Environmental Impact Assessment of the new geothermal CHP
plant needs to be done before the project starts.
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10. CONCLUSIONS AND RECOMMENDATIONS

The installed capacity of a new geothermal utilization CHP plant in Tsetserleg could reach 1.9 MWe
power and 16.7 MWt heat production assuming a geothermal water inlet flowrate of 80 kg/s and
temperature of 120°C. Its annual production of electricity could be 54,728 GJ/year and of the heat
484,533 Gl/year. According to the pre-feasibility study (Eliasson et al, 2004), heat consumption of all
Tsetserleg consumers is estimated to be 400,000 GJ/year. The estimated 484,533 GlJ/year of heat
production from the new CHP plant would be enough for all Tsetserleg heat consumers. It should be
noted that the CHP plant is expected to operate together with a peak load boiler during the coldest
period of the year.

The total capital investment (TCI) of the CHP plant has been estimated to be 8.66 M US$ (with a 5 km
transmission pipeline), or 12.41 M USS$ (with a 20 km transmission pipeline).

The direct capital cost of the Kalina PP in Tsetserleg 1,462 US$/kW is determined in Section 4.2.2 and
shows that it is within the international average cost for small geothermal power generation plants (<5
MW), usually in the range of 1200-2800 US$/kW.

The structural method of thermoeconomic optimisation is applicable for a complex such as Kalina PP.
The optimum heat transfer area of the LT recuperator is determined to be greater than that of a base-
case design. The advantages of thermoeconomic optimization appear in the unit power cost being 0.2
US ¢/kWh lower and all the exergoeconomic factors for the principal components being higher than
for the base-case design. The total exergy destruction rate of the plant also decreases 32 kW and the
net power output increases by 31 kW for fixed inlet and outlet geothermal water.

The first and second laws of thermal efficiencies for the CHP plant were estimated to be 14.0% and
58.88%, respectively, when the plant operates at an optimum high- pressure Py;;,=31.3 bar. The second
law of efficiency of the CHP plant is 65.07 % for a geothermal water supply at a temperature of 150
°C. Similarly, greater power output is 4.5 MW at a geothermal water flowrate of 200 kg/s and a
temperature of 120°C.

The direct cost for a typical low-temperature geothermal resource exploration work varies between
400 and 1000 US$/kW (The World Bank Group, 2004). From the sensitivity analysis, it can be seen
that the levelized unit cost of electricity generated from the CHP plant has highest value 10.7 US$/GJ
(or 3.8 US ¢/kWh) when direct costs reach the highest value of 2000 US$/kW (two times higher than
1000 US$/kW). Still it remain within acceptable heat cost for Tsetserleg consumers. At present
Tsetserleg receives power from the Central Energy System and its tariff is 4.8 US ¢/kWh.

The current heat energy cost from the Tsetserleg DH company is 6.31 US$/GJ, based on water heat
energy (GJ) at the boiler station wall (Eliasson et al., 2004). The levelized unit cost of heat is
estimated to be 3.85 US$/GJ for a 5 km long transmission pipeline, or 4.76 US$/GJ for a 20 km long
transmission pipeline, respectively. Both are still lower than present costs.

It can be seen from the plots shown in Figures 25 and 26 that a minimum geothermal water
temperature of 135 °C and flowrate 115 kg/s are necessary to reach a positive NPV when CO,
payback is excluded in the project. But a lower temperature of 112°C and flowrate of 70 kg/s is
acceptable for a positive NPV when CO, payback is included in the project.

In the economic analysis of the CHP plant two main factors were considered, the distance from the
geothermal field to Tsetserleg centre and the tax value. NPV and IRR were used for to appraise the
investment of the Tsetserleg project for all alternatives with and without CO, payback. In the case of
no CO, payback, two alternatives are not feasible. But with CO, payback, all the calculated
alternatives are feasible.

The initial screening of a possible geothermal project in Tsetserleg, Mongolia has now been
completed. Based on this study, harnessing of the geothermal resources surrounding of Tsetserleg is
recommended. May it facilitate economical, long-term environmental and social benefits.
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NOMENCLATURE
A Area, m’
Cp Specific heat at constant pressure, kJ/kg K
Cy Unit cost of exergy, US$/kJ
CE o Unit cost of exergy per kilowatt hour, US ¢/kWh
C.,C, Heat capacity of a cold and hot stream, kW/K
C Cost, US$
e Specific exergy, kl/kg
eff Effectiveness
Ex Exergy rate, kW
f Exergoeconomic factor
h Enthalpy, kJ/kg
H Total enthalpy, kW
Ly Effective rate of return
m mass
m Mass flowrate, kg/s
N, Operating year
P Pressure, bar
q Vapour mass fraction
0 Total heat transfer, kJ
Q Heat transfer rate, kW
r Relative cost difference
r, Nominal escalation rate
R, Heat capacity ratio
s Entropy, kJ/kg K
t Tax
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Lo Operating time, s

Lrour Working time, h

T Temperature, K

u specific internal energy, kJ/kg

U Overall heat transfer coefficient, kW/m? K
v Specific volume, m’/kg

X Ammonia mass fraction

Y Exergy destruction rate

Z Capital investment rate

Greek letters

o} Coefficient of structural bond

g Exergetic efficiency

4 Capital cost coefficient

M1 taw First law of efficiency

M1t daw Second law of efficiency

T max. I daow Maximum first law of efficiency

1 carmor Carnot efficiency

Subscripts

act Actual

add Added value

c Cold fluid in heat exchanger or cooling process
cond Condenser

D Destruction

eff Effectiveness

es Escalated

IN Inlet conditions

h Hot fluid in heat exchanger or heating process
high High-temperature or high-pressure substance
k k-th component

L Levelized

Lo Loss

lig Liquid

low Low-temperature or low-pressure substance
max Maximum

mix Ammonia-water mixture

our Outlet conditions

p Constant pressure

rise Increased value

s Isentropic

sat Saturated

sep Separator

tot Total

turb Turbine

vap Vaporizer

w Geothermal water

cw Cooling water

0 Environmental state

1-12 State
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Superscripts

(dot) Quantity per unit time
° (circle) Standard reference state

Abbreviations used in text

AFUDC Allowance for funds used during construction
CELF Capital escalation levelization factor

CcCGW Cost of geothermal water

CRF Capital recovery factor

FCI Fixed capital investment

HEN Heat exchanger network

HT High temperature recuperator

IRR Internal rate of return

LMTD Log means temperature difference

LRD cost of licensing, research and development
LT Low temperature recuperator

NPV Net present value

NTU Number of transfer unit

o&M Operating and Maintenance

PEC Purchased equipment cost

PFI Plant facility investment

SUC Start-up cost

TAX Tax payment

TCI Total capital investment

WC Working capital

Currency Equivalents

(as of 25 Jan 2005)

Mongolian Currency Unit — togrog (MNT)

US $1.00 = MNT1,207

MNT1.00 = $0.000828

In this thesis, the rate $1.00=MNT1,207 has been used.

Notes

(1) In this report, "US$" refers to US dollars
(i1) In this report, “US ¢” refers to US cents
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APPENDIX A: THERMODYNAMIC BASE-CASE DESIGN

Equations

function tk(7) Convertion of °C to K

thk:=T+273.1

end

function ex(h, s) Specific exergy of saturated ammonia-water vapour and liquid (liq)

ho :==h (WATER, T = 278.1, z = 0)

so := s (WATER, T = 278.1, z = 0)

Ty = 278.1
ex:=(h—hy—Tp- (s — %))

end

function eni (Tmiz, h, s)  Specific exergy of ammonia-water mixture (mix.)

Tp:=278.1

By :=4.557

call NH3H20 (1237 T07 P07 Tmiz TO) PO) Zo, hOa 80, Uo, Vo, qO)

ho = h,()
Sp = 8y
emiz :=h —ho — T - (s — 89)

end

function Exiz (Mumizy Tmiz, By S)
Ty := 278.1

Py :=4.557

Time rate of exergy associated with ammonia-water mix.

call NH3H20 (123, Ty, Po, Tmiz : To, Po, o, ho, So, o, Vo, o)

hg = ho
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So = So (23)

Expmig := Mmig - (h — ho — Tp - (s — s0)) 24)
end (25)
Input variables:
Zmiz = 0.87  Fraction of ammonia-water mix., design variable - [%] (26)
Prign = 30  High-pressure level on the high pressure side, design variable - [bar] 27)
Piow =5 Low-pressure level on the low pressure side, design variable -[bar] (28)
Thigh = 120  °C - Geothermal water inflow temperature: constrain - [K] (29)
Tiow =80  °C - Geothermal water outflow temperature: constrain - [K] 30)
my, = 80  Geothermal water flowrate: control parameter - [kg/s] 3D
Twry = 0.75  Turbine isentropic efficiency - [%] (32)
Tpump = 0.5 Pump isentropic efficiency - [%] 33)
U =1.0 The heat transfer coefficient of the HT and LT recuperators - [kW/m? K] (34)
Uyap = 0.9  The heat transfer coefficient of the vaporizer - [kW/m? K] (35)
Usmmonia,cona = 1.1 The heat transfer coefficient of the ammonia condenser - [kW/m? K] (36)
Vaporizer:

b1y =h (Water, T = tk(Thign), £ =0)  Enthalpy of the geothermal water at state 1w - [kI/kg] (37)
s1u = 8 (Water, T = tk(Thigr), € =0)  Entrophy of the geothermal water at state 1w - [kJ/kg K](38)
haw = h (Water, T = tk(T}os), # = 0)  Enthalpy of the geothermal water at state 2w - [kl/kg] (39)

sow = s(Water, T = tk(T}o,), £ =0) Entrophy of the geothermal water at state 2w - [kJ/kg K}(40)

e1w = eX(h1y, 51)  Specific exergy of the geothermal water at state 1w - [kJ/kg] 41)
Eziy = My - €1,  Exergy associated with the geothermal water at state 1w - [kW] “42)
2w = eX(haw, S2)  Specific exergy of the geothermal water at state 2w- [kJ/kg] 43)
Ezp,=1h, ey Exergy loss from the vaporizer - [kW] (44)
Ez,4 = Ex;y — Ezy, Exergy input to the Kalina PP - [KW] (45)

call NH3H20 (2347 Phigh; Tz hsta,rt : Tl, P17 Zy, hl, 81, Ui, V1, ql) Mix. at state 1 (46)
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call NH3H20 (123, tk(Thigh — 3), Phigh, Tmiz : Ty Pa, T2, ho, S3, U2, v2, g2)  Mix. at state 2(47)
€1 = €miz (Tmiz, M1, $1)  Specific exergy of the mix. at state 1 - [kJ/kg] (48)
€2 = €miz (Tmiz, ho, S2)  Specific exergy of the mix. at state 2- [kJ/kg] (49)
EZyap N = ExXmiz (Mimizy, Tmiz, b1, s1)  Exergy associated with the mix. at state 1 - [kW] (50)

E%ap,OUT = EXpmiz (Mimiz, Tmiz, ho, s2) Exergy associated with the mix. at state 2 - [kW]  (51)

My * (hw — Row) = Mmie - (he — h1)  Heat balance of the vaporizer, mgot m:, calculated (52)
E':cmp,,nise = E:va,OUT - Emvap, v Exergy rise in the feed mix. - [kW] 53)
E':z;wp, b = EZogq — Ezwp,rise Exergy destruction in the vaporiser - [kW] 54)
hlw - h'2w - .

= Specific heat capacity of the geothermal water - [kl/kg K] (55)
P (K (Thigh) — k(Tw)) 000 pacty &
Cw =Ty - ¢y Heat capacity of the geothermal water - [kW/K] (56)

hy — by . . .
Cpmiz = (Tz——T1) Specific heat capacity of the mix. &7))
Chiz = Mimig * Cpmiz  Heat capacity of the mix. (58)
QIN = Ty - (P1w — haw)  Heat input to the Kalina PP - [kW] (59
Qmaz = Crmiz - (tk(Thign) —T1)  Maximum heat exchange (60)
€vap,eff = QIN / Qmam The effectiveness ratio of the vaporizer (61)
R vep = Cmiz/C  Heat capacity ratio Cmin/Cnaz (62)
1 .
NTU,qp = 1 “In (1 ~ €vap,efs - Rewap) / (1 — €vapess)) NTU for the vaporizer (63)
- dLilcwap
Avap = NTU,qp - % Heat transfer area of the vaporizer (64)
vap

Separator:
call NH3H20 (128, tk(Thigh — 3), Phigh, 1.0 : T, Ps, x3, h3, s3, u3, vs, gs) (65)

Saturated (sat.) vapour properties at state 3
call NH3H20 (128, tk(Thigh - 3), Phigha 0.0: T4, P4, Ty, h4, S84, U4, V4, Q4) (66)

Sat. liquid (liq.) at state 4
Mniz * Tmiz = Myapour * T3 + Tiiq - T4 Mass balance in the separator ©7)

Mz * By = Myapour + s + Tysq - hy  Heat balance in the separator (68)
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€3 = emis (T3, h3, s3)  Specific exergy of the sat. vapour at state 3 - [kl/kg] (69)
€4 = emiz (T4, ha, 54)  Specific exergy of the sat. liq. at state 4 - [kJ/kg] (70)

Exvapour = EXpmiz (Muyapour, T3, h3, s3)  Exergy associated with the sat. vapour at state 3 - [kW](71)

E’whq = EXmiq (Thusq, T4, ha, s4) Exergy associated with the sat. lig. at state 4 - [kKW] (72)
Ezsep, D= vaap,OUT - Emvap(m - Ezuq Exergy destruction in the separator - [kW] (73)
Turbine:

Poweryy,;, = Powery,ss - s The actual turbine power - [kW] 74)
Poweryurp,s = Muyapour - (hs — hs5)  The isentropic turbine power - [kW] (75)

h3 - htu'rb,e ff

Nturd = The adiabatic efficiency of turbine (76)
(h'3 - hs,s)

call NH3H20 (235’ Plorwa T3, S3: Ts,5a Ps,57 Ts,5, hs,57 8,5, Usgs, VUs,5, QS,S) (77)

Sat. vapour after isentropic turbine

call NH3H20 (234, Pinw, 3, huursess : Ts, Ps, 5, hs, 5, us, vs, gs) (78)

Sat. vapour after actual turbine

€5 = emiz (Ts, s, s5)  Specific exergy of the sat. vapour at state 5 - [kJ/kg] (79)

Ea:mb,OUT = EXmiz (Moapour, Ts, hs, s5)  Exergy associated with the sat. vapour at state 5 - [kW1(80)

Ezmb = Powery,,;, Exergy transfer associated with turbine work - [kW] (81)
E:cmb, D= Exmp,m — Ezyyy — E'xturb,OUT Exergy destruction in the turbine - [kW] (82)
HT Recuperator:

Q HT,IN = Myiq - (ha — he)  Heat transfer rate of the sat. lig. - [kW] (83)
Q HT,0UT = Mmiz * (Rstars — h12)  Heat transfer rate of the feed mix. - [kW] (84)
Tiig - (R4 — he) = Thmig - (Rstars — h12) ~ Heat balance in the HT recuperator (85)
Tar = 312.8 Tyr=T[8]-3 Supposed temperature at state 12 - [K] (86)
Tyq=Tur +3 Supposed temperature at state 6 - [K] 87
call NH3H20 (123, Tyq, Phigh, %4 : Ts, Ps, xs, he, ss, Us, Us, ¢6) Mix. at state 6 (88)

call NH3H20 (123, THT, Phigha Tz * le, P]z, Z12, h12, S12, U12, V12, Q12) Mix. at state 12(89)

€6 = €miz (T4, M6, S¢)  Specific exergy of the mix. at state 6 - [kJ/kg] (90)
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Ez HTlig,0UT = EXmig (Thuiq, T4, he, S¢)  Exergy associated with the mix. at state 6 - [kW]
€12 = €miz (T12, h12, 812)  Specific exergy of the mix. at state 12 - [k)/kg]

Expt,in = EXmis (Tumig, 12, h1g, s12)  Exergy associated with the mix. at state 12 - [kW]
EéUHT,OUT = E%ap,m

Ez HT lig,add = Ezliq —Ez arugour Exergy added by the mix. - [kW]

Ez HT,rise = E':rHT,OUT — E;:vHT, v Exergy rise in the feed mix - [kW]

Ex HT,D = EvaT,ziq,add —Ez HT,rise EXergy destruction in the HT recuperator - [kW]

hy — he

Cplig = 77—~ Specific heat capacity of the mix. - [kJ/kg K]
’ (Ty — Té)

—h
Cp,HT,c = u Specific heat capacity of the feed mix. - [kJ/kg K]
(T, — Thy)

(Ty — ) — (Ts — T1a)

LMIDur = o O~ 1) ] T = Ta))

QurIn

(U-LMTDam) - [m2
(U - LMTDyr) Heat transfer area calculated- [m?]

AHT =

Throttle:

call NH3H20 (234, Piow, %4, he : Ty, Py, T7, hy, s7, uz, v7, ¢7)  Mix. at state 7

€7 = €miz (T7, h7, 87)  Specific exergy of the mix. at state 7 - [kJ/kg]

Exthmttle,OUT = EXpig (uiq, 7, b7, s7)  Exergy associated with the mix at state 7 - [kW]
E'xthmme, p=Ez HT liq,OUT — Exthrottle70UT Exergy destruction in the throttle - [kW]
Mixer:

Mz * Pmizer = Twapour * Pi5 + Tyiq - hy  Heat balance in the mixer

Mimiz * Tmizer = Myapour * L5 + Tyiq - Ty  Mass balance in the mixer

call NH3H20 (234, Pow, Tmizer; Pmicer : Ts, Ps, Ts, hg, Ss, us, vs, gs) Mix. at state 8
€8 = emiz (Ts, hs, s3)  Specific exergy of the mix. at state 8 - [kJ/kg]

EZmizer = Exmiz (Thmiz, s, hs, ss)  Exergy associated with the mix. at state 8 - [kW]

EZmiver,add = ETmizer — Eturs ouT — Exiprotieour  Exergy added by the mixer - [kW]

58

on
92)
93)
(94)
95)
(96)

o7

98)

99

(100)

(101)

(102)
(103)
(104)

(105)

(106)
(107)
(108)
(109)
(110)

(111)



LT Recuperator:

call NH3H20 (234, Pow, Tmiz, he 1 Ty, Py, g, hg, S9, Uug, Vg, QQ) Mix. at state 9 (112)
hs — hg . . .
CpLTh = 77—~  Specific heat capacity of the mix. - [ki/kg K] (113)
) ’ (TS — Tg)
hi2 — hn . . .
CpLTc = 77—~ Specific heat capacity of the feed mix. - [kJ/kg K] (114)
(Tia — T1)
QLT,IN = (hmiger — Pc) - imi; ~ Heat transfer rate of the mix. - [kW] (115)
Qrrovr = (M2 — (h11)) - Thmi;  Heat transfer rate of the feed mix. - [kW] (116)
(h12 = h11) - Mumiz = (Pmizer — he) - Mimiz ~ Heat balance of the LT recuperator 117
(TS - T12) - (Tg - Tu)
IMTD;r = (118)
T I (T — Tro) / (Te — Tn))
Apr = ———M— Heat transfer area calculated - [m?] (119)
(U-LMTDyr)
€9 = emiz (Tg, hg, Sg)  Specific exergy of the mix. at state 9 - [kJ/kg] (120)

Ez LT,0UT = EXmiz (Mmiz, T9, hg, s9)  Exergy associated with the mix. at state 9 - [kKW] (121)

Ez LT.add = EZpizer — BEx rrour Exergy added by the mix. - [kW] (122)
EZrrrise = Exurin — Expumpour ExXergy rise in the feed mix. - [kW] (123)
Ex LT,D = EmLT’add - Ex LTrise EXergy destruction in the LT recuperator - [kW] (124)
Condenser:

Tuow = tk(5)  Cooling water inlet temperature, design variable - [K] (125)
Tenigh = Tog — 10 Cooling water outlet temperature, design variable - [K] (126)
Qeona = (hg — h1o) - umiz  Heat loss through the condenser - [kW] 127
Moy = Qoon The cooling water flowrate [kg/s] (128)

((Tchigh - Tclow) : Cp,co'nd,c)

hcw,OUT - hcw,IN

Cp,cond,c = Specific heat capacity of the cooling water (129)
(Tenigh — Teiow)
_ hg—hye . . .
Cpeondh = 7e——  Specific heat capacity of mix. [ki/kg K] (130)
(To — Tho)
Ceonde = Mew * Cpeond,c  Heat capacity of the cooling water - [kW/K] (131)
Ceondh = Mmiz * Cpcond,n,  Heat capacity of the mix. - [kW/K] (132)
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Qma:l:,cond = Ceondh * (To — Teiowy) ~ Maximum heat exchange in the condenser (133)

€cond,eff = Qcond/ Qmaz:,cond Condenser effectiveness (134)
R cond = Ceond,n/Ceond,c  Heat capacity ratio Cpin/Cmax ' (135)
1
NTUcond = m . 111 ((1 — Econd’eff . Rc,cond) / (1 - econd,eff)) (136)
C,CON
Acond = NTUcond * Ceond,h/Usmmeoniacona  Heat transfer area - [m?] (137

call NH3H20 (238, Piow, Tmiz, 0.0 : To, Pio, Z10, h10, S10, U10, V10, qm) Mix. at state 10(138)
€10 = €miz (T10, P10, S10)  Specific exergy of the mix. at state 10 - [kJ/kg] (139)

E:z;amd,OUT = EXmiz (Mimiz, T10, h10, S10) Exergy associated with the mix. at state 10 - [kW](140)

EZeondadd = Ex1r.00r — EZeondour (141)
E"xc,md, p= E'xmd,add - E%w,m‘se Exergy destruction in the condenser - [kW] (142)
Ewmd, Lo = E'accw,mg Exergy loss from the condenser - [kW] (143)

hew v =h (Water, T' = Tyo, £ =0) Enthalpy of the cooling water at state 1c- [kJ/kg] (144)
Sew,in = 8 (Water, T = Tyoy,, £ =0)  Entropy of the cooling water at state 1c- [kJ/kg K] (145)
hew,our = h (Water, T = Tehign, = 0)  Enthalpy of the cooling water at state 2c- [kJ/kg]  (146)
Sew,our = s (Water, T = Tipiqn, © =0)  Entropy of the cooling water at state 2c- [kJ/kg K] (147)
ecw,IN = €X(Pew IN, Sewin) Specific exergy of the cooling water at state 1c - [ki/kg K] (148)

ecw,0uT = eX(hew,0uT, Sewour) Specific exergy of the cooling water at state 2c - [kJ/kg K]  (149)

E'accw, IN = Mew - €cw,iny  EXxergy associated with the cooling water at state 1c - (kW] (150)
Ecccw,OUT = Tew * €cwour EXergy associated with the cooling water at state 2c - [kW] (151)
E':zcw,n-se = E'zcw,OUT — E’wm, i~ Exergy rise in the cooling water - [kW] (152)
Pump:

Powerpymp = PoWerpymp s /Mpump  The actual pump power - [kW] (153)
Powerpump,s = Woump,s * Mimiz (154)
Wopump,s = V10 * (Phigh — Piow) - 100  The specific isentropic pump power (155)
Woump = Wyump,s/Mpump ~ The specific actual pump power (156)
hpump = h1o + meﬁp The enthalpy value at the exit state for actual process (157)
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call NH3H20 (234, Phigh, Tmizs hpu.mp : T, P, 211, b, S11, Y11, Vi1, qu) Mix. at state 11(158)

€11 = €miz (T11, M1, S11)  Specific exergy of the mix. at state 11 - [kJ/kg] (159)
Ezpump,OUT = EXmiz (Mimiz, 11, h11, S11)  Exergy associated with the mix. at state 11 - [kW](160)
Expump,add = E'xpump,OUT - Eﬂvmd,ovT Exergy added by the pump - (kW] (161)
Expump, p = Powerpymp — Exmmp,add Exergy destruction in the pump - [kW] (162)

Total exergy destruction rate in the Kalina PP:

EZD total = E%ap,o+E$sep,D+E~’Cturb,D+E$HT,D+E$LT,D+E$thrott1e,D+E$pump,D+E$cmd,D(163)

Total exergy loss rate from in the Kalina PP:

EwLo,total = Exp, + Ewmd,Lo (164)
Exergy balance of the Kalina PP:

EziN+ETmizer,ada=POWetour+EZ D totar+ ET Lo total

Energy balance of the Kalina PP:

Qiv=Poweroyr+Qcond

Net power production rate:

Poweroyr = Powery,s — Poweryymp (165)

Total heat transfer area of the heat exchangers:

Aot = Avap + Aar + AL + Acona (166)
Efficiencies:

NCarnot = %’W;)ﬂ(@ Carnot efficiency with temperature 5°C cooling water (167)
Nriaw = Poweroyr/Qin  The first law of thermal efficiency (168)

Exin — Expo— Excond,Lo

N1 law,maz = a The first law of maximum thermal efficiency (169)
IN
Milow = 7= Po.werOUT' The second law of thermal efficiency (170)
(ExIN - EmLo - Ewcond,Lo)
Usable heat into the DH system:
Ts, = tk(30) The geothermal water temperature at state Sw [K] a7
hsw = h (Water, T = Ty,,, £ =0) The enthalpy of the geothermal water at state Sw [kJ/kg K](172)
Tsupply = tk(Tiowy)  Supply water temperature to the DH (173)
how — h . .
Cpusable = _tw o ow Specific heat capacity of the geothermal water at state S - [kJ/kg K](174)
(Tsupply - TSw)
Qusable = Ty * Cpusavie - (Touppty — Tsy)  Usable heat above 30 °C - [kW] (175)
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APPENDIX B: SOLUTION OF THE BASE-CASE DESIGN

Acong = 1923 [m?]

Atot = 3584 [mz]

Ceond,n = 578.7 kW /K]
Cp,cond,n = 46.84 [kJ /kg-K]
Cp,LT,c = 4.711 [kJ /kg-K]
Cp,usable = 4.185 [kJ/kg-K]
€condeff = 0.8849

Ni1,law = 0.5846

Npump = 0.5

EZcond,ada = 362.1 [kW]
Ezcongour = 1.498 [kW]
Excw,rise = 259.2 [kW]
E:-'L'HT,]N =162.3 [kW]
Ezprour = 275.2 [kW]
Ezyg = 215.4 [kW]
Ez11000 = 181.4 [kW]
Exprrise = 115.5 [kW]
Ezsepp = 261.3 [kW]
Exyyrp = 1949 kW]

Ej xvapour = 2788 [kW]
E-Tvap,OUT = 3265 [kW]
€2y = 36.03 [kJ/kg]

h1w = 503.6 [kJ/kg]

he = 884 [kJ/kg]

hmi:cer = 1030 [kJ/kg]
hturb,eff = 1300

ey = 218.2 [kg/s]
muapour =9.873 [kg/S]
NTU,op = 5.916
Powerpymp s = 44.86 [kW)|
Phigh = 30 [bar]

Qur,iv = 863.2 kW]
Qrr,v = 1800 [kW]
Qmax,cornd = 13163 [kW]
R yop = 0.635

Sew, N = 0.0755

Tenigh = 290.8 [K]

Tur = 312.8 [K]

Tsupply = 353.1 [K]

Upap = 0.9 [kW/m?-K]
Tmiz = 0.87 [%)]

Agr = 43.81 [m?]

Aygp = 1410 [m?]

Crniz = 214.5 [kW/K]
Cp,HT,c = 4.882 [kJ /kg-K]
cp,rrh = 9.744 [kJ /kg-K]
Cpw = 4.221 [kJ /kg-K]
€vapeff = 0.9545

M law = 0.1377

Nturb = 0.75

Ezconap = 102.9 kW]
ijcw,uv =1.920 x 1077 kW]
Ej'z'D,total = 1583 [kW]
EmHT,liq,aM = 181.9 [kW]
Exprrise = 112.9 kW]
Exp, = 2882 [kW]
Ezprp = 65.95 kW]
ijmizer = 545 [kW]
Ezpump,p = 44.38 [kW]
EZihrottie,0 = 6.628 [kW]
EZrp,p = 581.9 [kW]
ijuap,D = 450.8 [kW]
EZyap,rise = 2990 [kW]
€cw,in = 8.798 x 10710 [kJ /kg]
haw = 334.7 [kJ /kg]
hew, v = 20.81 [kJ /kg]
Ppump = —51.64 [kJ/kg]
LMTDgr = 19.7 [K]

Thyig = 2.481 [kg/s]

1y = 80 [kg/s]
Poweroyr = 1860 [kW]
Powery,, = 1949 [kW]
Pioy = 5 [bar]

Qur0ur = 863.2 [kW]
Qrrovr = 1800 [kW]
Qusable = 16740 [kW]

S1w = 1.527 [k /kg-K]
Sew,our = 0.2632

Tyow = 278.1 [K]

Tyiq = 315.8 [K]
U=1[kW/m?K]
Wpump =17.263

Tmizer = 0.87 {%]
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Apr = 207.8 [m?]
Coonde = 913.8 [kW/K]
Cp,cond,c = 4.188 [kJ /kg-K]
Cplig = 4.682
Cpymiz = 17.36 [kJ /kg-K]
Cw = 337.7 kW/K]
Ncarnot = 0.2925
n{,law,ma:c = 0.2355
Exoga = 3440 kW]
EZconaro = 259.2 kW]
EZeyw0vr = 259.2 [kW]
Ezprp = 69.04 [kW]
Ezpriiqour = 33.45 (kW]
Ez;y = 6322 [kW)]
Epopora = 3141 [kW]
Ezprour = 363.6 [kW]
ijmime'r,add = 261.3 [kW]
EZpump,our = 46.85 kW]
Exrotsie,ovr = 26.83 kW]
Exwurovr = 256.9 kW]
E:E'uap,IN =275.2 [kW}
e1w = 79.03 [kJ/kg]
eqw,our = 1.188 [kJ/kg]
hsw = 125.5 [kJ/ke]
hewour = 74.2 [kJ /kg]
Pstars = 163.9 [kJ/kg]
LMTDyr = 8.664 [K]
Mimiz = 12.35 [kg/s]
NTUco'nd = 3.655
Powerpump = 8973 [kW]
Poweryy s = 2599 [kW]
Qoona = 11648 [kW]
Qv = 13508 [kW]
Qmam = 14151 [kW]
Recona = 0.6332
S2u = 1.075 [kJ /kg-K]
Ty, = 303.1 [K]
Thign = 120 [C]
Tiow = 80 [C]
Uammonia,cond =11 [kW/mz-K]
Wpump,s = 3.631



APPENDIX C: ECONOMIC MODEL

Equations

Levelised cost of components:

Cloap = (588) + (Ayap)”®  Cost of the vaporizer - [US$]

Cgr = (588) - (AHT)O'8 Cost of the HT recuperator - [US$]
Crr = (588) - (A LT)0'8 Cost of the LT recuperator - [US$]
Coong = (588) - (Acona)®®  Cost of the condenser - [US$]
Cpump = (1120) - (PowerOUT)o‘8 Cost of the pump - [US$]
Churp = (4405) - (PowerOUT)O‘7 Cost of the turbine - [US$]

PECpta1 = (Cyap + Ceond + Crr + Crr + Cpump + Crure)  Total purchased equipment cost

Capital investment rate for the major components per second:

Zyap = (CRF[top) - Coap - (1 +15,)>  Capital investment rate of the vaporizer - [US$/s]

Zyurs = (CRF/ top) - Crurs - (1 + rn)2 Capital investment rate of the turbine - [US$/s]

Zir = (CRF[top) - Crr- (1 + rn)2 Capital investment rate of the LT recuperator - [US$/s]
Zyr = (CRF/t,) - Cyr - (1 +1,)°  Capital investment rate of the HT recuperator - [US$/s]

Zoomd = (CRF[to) - Copna - (1 +75,)°  Capital investment rate of the condenser - [US$/s]

Zmp = (CRF[tp) * Couamp - (1 +75,)°  Capital investment rate of the condenser - [US$/s]

Operating and Maintenance (O&M) cost of CHP plant:

CL,08:M,geothermal = CL geothermat - 0.1  O&M cost of th geothermal field
O&M cost rate of the major components of the Kalina PP:

TNabour = O  Labour positions 5 persons

Salary =5  Average labor rate - [US$/h]

twork = 2080  Working hours per year

Clabour = Migbour - Salary -ty Direct labour cost

Cog M, fized = Clabour + 2 Fixed O&M cost
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Cotm variavie = Coum,fized - 0.09  Variable O&M cost (20)

CGW = cpep L * top - T,  Geothermal water cost in the whole year - [US$] @21
Cosm = Cogm,fized + Coumvariasie  The annual O&M cost - [US$] (22)
Cr.osn = Cogn - (1+0.05)>® - CELF  The levelised annual O$M cost - [US$] (23)

Crpr0em = 450000 O&M cost of the DH, data used from the pre-feasibility study - [US$] (24)

CRF - CL,O&M : C'va,p/ P Ectotal

ZO&M,vap = : O&M cost rate of the vaporiser - [US$/s] (25)
op
Z 0t turs = CRF - CL’O&Mt' Crurt/PECiotal 8\ cost rate of the turbine - [US$/s] (26)
op
ZogMHT = CRF - CL’O&Mt  Onr/PECiotal O&M cost rate of the HT recuperator - [US$/s]  (27)
op
Zosmor = CRF - CL’O&A’;  Crr/PECiosa O&M cost rate of the LT recuperator - [US$/s]  (28)
op
Z0&M.cond = CRF - Cy, ’O&Mt Coond/PECuota O&M cost rate of the condenser - [US$/s] (29)
op
. RF - .
Z08Mpump = CRF - Croum . Cpump/ PECuotat O&M cost rate of the pump - [US$/s] (30)
op
Exergy costing:
.e -1 .e Ny .
CRF = leff ( T szf ) Capital recovery factor (CRF) 31
((1 + Zeff) v— 1)
N, =20 Perod of repayment [year] 32)
teff = 0.10  Effective rate of return - [%] (33)
top = 8040 - 3600 Time of operating plant per year - [s] 34

Cy,base = 1000  Direct cost for a low-temperature geothermal resource exploration work - [US$/kW](35)
Cieothermal = Copase - PoWeruyy - (1 +15)"  Cost of the geothermal exploration work - [US$]  (36)
CLgeothermat = Cgeothermat - CRF ~ The levelized cost of the geothermal water - [US$/year] (€Y))
Py geothermat = CL geothermai/ CELF ~ Payment at the beginning of the first year - [$] (38)

CRF -k - (l—kNv)

CELF =
(1-k)

Constant-escalation levelization factor 39
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1+7r,

= ——— kecoefficient (40)
(1 +dess)
r, = 0.06 Nominal escalation rate 41
ChepL = g_(%ﬁg;"“‘+";'l The levelized specific cost of the geothermal water - [US$/kg] 42)
w " Lop

Ceothermal,sp = CF,sp,.-1000-100  The levelised specific cost of the geothermal water -[US c/tonne](43)
CEIN = Crspr/€1w The levelised unit cost of exergy to the Kalina PP - [US$/kJ] (44)
CE,DH,IN = CFsp,L/€2w The levelised unit cost of exergy to the DH system - [US$/KI] 45)
CEwater, ;v = 0 The levelised unit cost of exergy of the cooling water at the inlet - [US$/KI] (46)

CEwater,ovr =0  The levelised unit cost of exergy of the cooling water at the outlet - [US$/KI] 47)
The cost rate balance of the major components in the Kalina PP
CB vap* ETvap,0uT —CE,HT* ETvapIN = CEIN" (El‘vap,OUT - Efﬂvap,m) + Zap+ ZO&M,vap+OD,vap(48)

Zury + ZO&M,turb + CE,vap * Ewturb,D
Poweryy»

(49)

CE,turb = CEwap T
ceur-Exur,ovr—ceor- ETHTIN = CBaap* (ExHT,OUT - ExHT,m) + Zur+ Zogm,ar+Cp,ar(50)
e 17 BT, IN—CE pump* BT pump,0UT = CE pap’ (ExHT,IN - E-’Dpump,OUT) +Z1r+Zogm,rr+Cp,rr(51)
CE,pump : Empump,OUT - cE‘,vap ° Ezcond,OUT = CE,turb" Ewp’ump,OUT + Zpump + ZO&M,pump + CD,pump(52)

The cost rate of components’ exergy destruction per hour:

C’D,Uap = CE,ap ° E.xwp, p The cost rate of the vaporiser exergy destruction - [US$/s] (53)
Cp.sep = CEwap - ETspp  The cost rate of the seperator exergy destruction - [US$/s] 54)
C’D,turb = CE,turb * Exturb, p The cost rate of the turbine exergy destruction - [US$/s] (55)

CD,HT = CE,HT* Ex ur.p The cost rate of the HT recuperator exergy destruction - [US$/s] (56)

C"D, LT = CE,LT * Ezx rr,p The cost rate of the LT recuperator exergy destruction - [US$/s] &7))
Cp,throttte = CBvap - ETthrotte,p  The cost rate of the throttle exergy destruction - [US$/s] (58)
C’D,md = CE,vap * E'acamd’ p The cost rate of the condenser exergy destruction - [US$/s] (59)
C’D,me = CE,yap * E‘:cpump, p The cost rate of the pump exergy destruction - [US$/s] (60)
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Unit cost of exergy rate:

ce,inkwh = Cg,1n+100-3600  associated with the geothermal water to the Kalina PP - [USc/kWh](61)
¢g,pH,INkwh = Cg,pH,iN+100-3600  associated with the geothermal water to the DH system - [USc/kWh](62)
CE,vap,kWh = CEap - 100 - 3600  associated with the mix. from the vaporizer - [USc/kWh] (63)

CE turbkWh = CE,turb - 1003600  associated with the power output from the turbine - [USc/kWh](64)
cg,uTkwh = cg,ur - 100 - 3600  associated with the mix. from the HT recuperator - [USc/kWh] (65)
ce,LT,wh = Ce,7 + 100 - 3600 associated with the mix. from the LT recuperator - [USc/kWh] (66)
CE,water,kWh = CE,uwater,ouT-100-3600  associated with the cooling water from the condenser - [USc/kWh](67)

CE pump,kWh = CEpump + 100 - 3600  associated with the mix. from the pump - [USc/kWh] (68)

Levelized cost rates - [US$/s]

C1 = cgur - EZoapin (69)
C2 = CBvap * ETvapour (70)
C3 = CBuap * Euapour a1
C1 = cBap - Euig 72)
Cs = ¢Bap - ETHT10,00T (73)
Cs = CBvap  ESoursour (74)
Cr = cBvap * ETthrottie,ovt (75)
Cs = CBvap - Emizer (76)
Cs = CBvap - Exrr00T an
Cro = CE,vap * Examd,OUT (78)
Cu1 = B pump - ETpump, 00T (79)
012 =CE,LT * EIL‘HT,IN (80)
Cie = CE water,IN * ETew 1N 81)
Coe = CE,water,OUT * Eib‘cw,OUT (82)
Crw = cein - Exin (83)
Cow = cupuin - B, 84)
Crurb = CE turt - PoweTes (85)
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Thermoeconomic evaluation

Exergetic efficiency
€yvap = vaap,rise/Exadd

€sep — 1- Ewsep,D/El'vap,OUT

Powery,p

€turb = 3 0
Ezvapwr - Extm‘b,OUT

enr = Exurrise/ EXHT lig 0dd
€throttie = 1 — ETthrottie, 0/ ETHT ligoUT

Ezx mizer

Emizer =

(E-Tth'rottle,OUT + Eﬂ?turb,OUT)
err = Exprise/ EXLT,0dd

Exc’w,OUT

€cond = r -
(ECIJLT,OUT — Excond,OUT)

Expump,OUT - Emco'n.d,OUT
Powerpump

€pump =

Poweroyr

€ = — 0
plant
E ZIN Exmia:er,add

Exergy destruction ratio

v, . Exvap,D
vap,D — 3 .
Ez;ny + Ewmixer,add
Y. . Ea:sep,D
sep,D — 5 g
Ezin + E.’L’mizer,add
Y, _ Emturb,D
turb,D — v
Ex;y + Eil;mizer,add
Y, _ Exgrp
HT,D = — ;
ExIN + Ewmizer,add
Yo — Ezirp
IT.D = = :
Exiy + Exmi:cer,add
Y. _ Emco'nd,D
cond,D —

ExIN + Exmizer,add
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El'th'rottle,D
ExIN + E-’L'mi:cer,add

Y;hrottle,D =

. EIpump,D
Ezxin + Exmimer,add

}/pump, D

YD totat = Yoap,0 + Ysep,0 + Yeurs,p + Yur,0 + Yi7,0 + Yeona, 0 + Yinrottie,0 + Ypump,D

Exergy loss ratio

Y. Ezxp,
vap,Lo = 5 :
ExIN + Exmizer,add
Y. __ Ex cond,Lo
cond,Lo —

EmIN + Emmize’r,add
YLo‘total = Yvap,Lo + Yco'n,d,Lo
Yiest =1— €plant — YD,total - YLo,total

Relative cost difference

CE,IN * (Ezvap,D + EwLo) + Zvap + ZO&M,vap

Tvap = :
CE,IN * ETyapouT
r _ CE,vap * Ezturb,D + Zturb + ZO&M,tu’rb
turb — y
cEvap * (POWErtury + ETnupnour)
- CEwap * ETuT,D + ZHT + ZoS M HT
HT — 0 0
CE,vap (EHCHT,OUT + E'xHT,h'q,OUT)
por . CEwap” Ezprp+ Zrr + Zogm,it
LT = : -
CE,vap * (EQTLT,OUT + E:z:HT,IN)
CE,vap * (Excond,Lo + Emcond,D) + Zeona + ZO&M,cond
Teond = g
CEvap * E-Toond,OUT
_ CE turb * Ezpump,D + Zpump + ZO&M,pump
Tpump = -

CE,turb * E Zpump,0UT

Exergoeconomic factor

_ Zvap + ZO&M,vap
fvap —_ - 0 0
Z’uap + ZO&M,vap + CE|IN * (Ex'uap,D + ExLo)

Zyurb + Z0&M,turb

ft'u,rb == 0 :
Zurb + ZO&M,turb + CEvap Exturb,D
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ZHT + ZO&M,HT

far = = - .

Zyr + ZogMHT + CEvap - ETHT,D
f Zyr + Zogm,LT

LT = 0 0 0
Zyr + Zogm,iT + CEwap - ExrT D
_ Zpump + ZO&M,pump
Joump = = : ;
Zp'u,mp + ZO&M,pump + CEturb Expump,D
Zcond + ZO&M,cOfnd

fcond = =

Zeond + ZO&M,cand + CE,vap ° (Emmd,D + Emcond,Lo)

Rank by 7.” p .m++C'D,,- ponent

Z&Clyp = Zvap + ZO&M,vap + C.'D,vap
Z&Curs = Ziurs + Zosat,urs + Cb gurd
Z&Cur = Zuyr + ZO&M,HT + C’D,HT
Z&Crr = Zyp + ZO&M,LT + CD,LT
Z&Coond = Zeond + Zo&M,wnd + C'D,amd
Z&Cpump = Zipump + Zosspump + Cb pumy

Economic analysis:

Fixed capital investment:

TDC = PEC;ota1 + Cpiping + Clana  Total direct cost of the project - [US$]
Cland = (PECitq; - 0.01)  Assumed cost for the land rent - [US$]

Cland,es = Clana - (1 + rﬂ)l‘5 Its escalated value - [US$]

Chiping = 0.1 - PEC4,  Piping cost - [US$]

Chiping,es = Cpiping - (1 +15)°  Escalated piping cost - [US$]

TIDC = TDC-0.05 Total indirect cost of the project 5% of the TDC

FCI =TIDC + TDC Fixed capital investment - [US$]

Cppr = FCI — Cjgnq  Plant Facility Investment - [US$]

Cpries = Cppr- (1+7,)°  Escalated PFI - [US$]

Other outlays:
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Startup cost (SUC)

SUC = Coum,fized/12 + Cosm,variabie/ 12 + Po geothermat /52 + Cprr - 0.02 [US§] (136)
SUC,, = SUC- (1+7,)® Escalated SUC - [US$] (137)
Working capital (WC)

WC = (P, goothermat/6 + Ciabour/4) - 1.25 [US$) (138)
WC., = WC- (1 +7,)*°  Escalated WC - [US$] (139)

Cost of lisensing, research and development

LRD = (150) - Poweryy, [US$] (140)

LRD,, = LRD - (1+7,)"®  Escalated LRD - [US$] (141)

Allowance for funds used during construction

AFUDC = FCI -0.15 — LRD [US$] (142)

AFUDC,, = AFUDC - (1 +1,,)®  Escalated AFUDC - [US$] (143)

Total capital investment

TCI = Cprres + Clandes + SUCes + WCes + LRDs + AFUDC,,  TCI cost of Kalina PP - [US$](144)
Cpiant = TCI/ Power,,, Direct capital cost of Kalina PP per installed kW capacity - [US$/kW](145)
TClon,depreciabie = Cland,es + WCes  Total nondepreciable capital investment - [US$] (146)

TClyepreciabie = TCI — TClyon deprecianie  Total depreciable capital investment - [US$] (147)

Total revenue estimation

Cusable = (cE, DHIN - Qusable * top) Total revenue from the usable heat or by product - [US$] (148)
Qseliabie = Qusaue . %’; Total sellable heat in a whole year - [GJ] (149)
Cen,electricity = CE,turb,kwh - Poweroyr - 8040/100  Total revenue from the electricity - [US$] (150)
Power spnuaiy = Poweroyr - 1%"—6 Annual power production - [GJ] (151)

Cincome = usuble+cen,electricity_CL,O&M _CL,O&M,geoth,ermal Year ly income of the CHP plant - [US$](152)
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Taxation

t =0.40 Mongolian top income tax rate 40 percent (153)

TAX = Cincome -t Tax payment (154)

Income after tax payment

Cincome,rax = Cincome — TAX  Total income after tax paid (155)

Economic analysis including costs’ of DH renovation and transmission pipeline:

Chrans pipe,s = 250000 - 5 300 mm diameter transmission pipeline cost 250000 USD/km (156)
Ctrans,pipe,zo = 250000 . 20 (157)
CpH renovation = 2400000  An assumption, [US$] (158)

Cpa,s = Cirans pipe,5+CDH,renovation 5 km piping and distribution pipiline renovation expenses(159)
CpH,20 = Chrans,pipe,20+CDH,renovation 20 km piping and distribution pipeline renovation expenses(160)
TCloups = TCI + Cyeothermar + Cprs  TCI of the CHP plant with 5 km transmission pipeline(161)
TCloupao = TCIH+-CoeothermatCprz0  TCI of the CHP plant with 20 km transmission pipeline(162)
Zpus = (CRF/t,) - Cpuyp  Capital investment rate for the DH system - [US$/s] (163)
Zpr20 = (CRF[typ) - Cpaao  Capital investment rate for the DH system - [US$/s] (164)
CE,DH,5 = CE,DHIN + ZpH,5/ Qusable The unit cost of heat with 5 km transmission pipeline  (165)
Cusable,DH,5 = CE,D H,S-Qusable-top Revenue from heat consumers with 5 km transmission pipeline(166)
CE,DH,20 = CE,DH,IN + ZDH20/ Qusable The unit cost of heat with 20 km transmission pipeline (167)

Cusable,DH,20 = CE,DH,20"Qusable-top  Revenue from heat consumers with 20 km transmission pipeline(168)

TAXphs5 = Cincome,DH,5 * (169)
Cincome,DH,;5 = Cusabie,DH,5 + Cen,electricity — CrL,0&m — CL,0&M,geothermal — CL,DH,0E&M (170)
TAXpH 20 = Cincome,nH,20 * t 171
Cincome,DH20 = Cusabie,DH,20 + Cen,etectricity — CL,0&M — CL,0&M geothermat — CL,DH,08M (172)
NPV and IRR analysis:

NPV = =TCI — Cyeothermat + Cincome/ CRF a73)

Cincome — Tax

NPV. = —TCI — Ceotherma
TAX geoth 1+ CRF

(174)
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NPVs = —TClcups + Cincome,pn,5/ CRF

NPVy, = —TClcupao + Cincome,nH,20/ CRF

Cincome,pH,;5 — TAXpp 5

NPVraxs = —TClcups + CRF

Cincome,pH,20 — TAXDH 20

NPVraxo0 = —TClcupgo +

CRF
TCI + Cyeothermal = Cincome
geothermai ((IRR'(1+IRR)NV)/((1+IRR)N"—1))
Cz’ncorme — TAX
TCI + Cgeothermal - (IRRTM; . (1 + IRRTam)Ny) / ((1 + IRRTM)N”’ — 1)
TCIC’HP,S = Cincome,DH,5

(IRRs- (1 +IRRs)™) / (1 + IRRs)™ — 1)

C'mcome,DH ,20

TCI, =
CHP2 (IRRay - (1 + IRRx)™) / (1 + IRR)™ — 1)
TClosps = Cincome,pt,5 — TAXpH 5
" (IRRsgar - (1+ IRRs7ar)™) / (1 + IRBs7as)™ — 1)
TClompay = Cincome,pH,20 — TAXDH1 20
’ (I RRyo1az - (1+1 RRzo,Taz)N”) / (( 1+ IRRayre0)" — 1)
CO, credit:

Q subbitiminous = 18.4  Energy content of sub-bituminous - [GJ/ton]

Thoiter = 0.4 Boiler efficiency

Qsellable
(qubln’timz’nous : nboiler)

Msubbitiminous =

dea.rly,subbitiminorus = Mgybbitiminous * qubb'itiminous

Yearly reduction of sub-bituminous - [ton]

Yearly energy content of sub-bituminous

CO3heat = 0.091  Tons of CO, per GJ heat energy produced by the sub-bituminous

COZ,reductitm = COz,heat : dearly,subln’timinous Yeaﬂy reduction of COZ

CO2 payback =3  CO7 fund payback per ton of CO, - [US$/ton]

CCO,Z,payback = CO2,reductz'¢m : COZ,paybaclc Yeaﬂy COZ PaybaCk - [US$]

NPV and IRR with CO, payback

C :
NPVCO’2 =-TCI - Cgeothermal + CO 2 payback T Cincome

CRF
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(175)
(176)

177)

(178)

(179)

(180)

(181)

(182)

(183)

(184)

(185)
(186)

(187)

(188)
(189)
(190)
(191)

(192)

(193)



C +C; — Tax
NP VTAX,CO,Z = —TCI - Cgeothermal + 0.2 payback neome (194)

CRF
NPV c02 = ~TCl— Coutherma — G+ “C0komback + Jineme, D13 (195)
NPVy,c0,2 = —TCI — Cyeothermat — CpH,20 + Cco’z’mymk(;f Income,DFL20 (196)
NPVr4x,5,002 = ~TCl ~ Cyuthermas — Cips + SC02omtocs ¥ Omeomepits = prs ——(17)

CCO 2,payback + Ci'ncome DH,20 — TAXpH 20
3 &9, b k) 1 198
CRF (198)

NPVrax20002 = —TCI — Cgeothermal — CpH,20 +

CCO,2,payback + Cz'ncome (199)

TCI + C, eothermal =
seotrmt = ([RRoog - (1+ IRRcoa)™) / (1 + IRRco2)™ — 1)

CCO,Z,payba,ck + Oz’ncome — TAX

TCI+ C, eothe | = (200)

oo (IRRruscoz2 - (1 + IRRraco2)™) / (1 + IRRres,c02)™ —1)
CCO 2 back + Cincome DH,5

TCI + Cyeothermal + CpH,s = —— == (201)

geothermel TP T (IRRs o - (1 + IRRsc02)™) / (1 + IRRs o)™ — 1)
Cco0,2,payback + Cincome, DH,20

TCI + Cyeothermal + CpH,20 = —— — (202)

geothermel TP T (IRRy 002+ (1 + IRRmc02)™) / (1 + IRRac02)™ 1)
CCO,2,pa;yback + Cincmne,DH,S - TAXDH,5 (203)

TCI+Cgeothermal+CDH,5 =
(I RRsrascop - (1+1 RRs,Tax,co,z)N”) / ((1 + IRRs 1asc02)™ — 1)

Cco,2,payback + Cincome,nH,20 — TAXDH 20 204)
\

TCIH-CyeothermartCpr,20 =
e (IRRxrasco2- (1+1 RRyras,c02)™) / ((1 + IRRy 1asco2)™" — 1)
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APPENDIX D: INTRODUCTION OF THE EES SOFTWARE

The NH3H20O procedure provides the thermodynamic properties of ammonia-water mixtures in
subcooled, saturated and superheated conditions. The procedure is called from EES by the statement:

CALL NH3H20(Code,In1,In2,In3: T,P,x,h,s,u,v,q)

The 4 parameters to the left of the colon are inputs to the procedure; the eight values to the right are
outputs whose values are set by the NH3H20O procedure. The NH3H2O routine operates in SI units
with T=[K], P=[bar], x=[ammonia mass fraction], h=[kJ/kg], s=[kJ/kg-K], u=[kJ/kg], v=[m’/kg], and
g=[vapour mass fraction].

Code is a 3 digit integer indicating which of the 8 possible properties are provided as input values. For
example, a Code value of 123 indicates that the values of properties 1, 2, and 3 are provided in inputs
Inl, In2, and In3, respectively. The property numbers correspond to their positions in the outputs.
Properties 1, 2, and 3 are thus temperature (T), pressure (P), and ammonia mass fraction (x).
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