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ABSTRACT

Single stage absorption chillers (water/lithium bromide) can operate using low grade heat,
thus single stage absorption chillers can operate using low temperature geothermal
resources. An EES computer model was writterafsingle stage l@sorption chiller based

on overall heat transfer coefficients, mass flows, salt balances, energy balances and other
assumptions. The single stage model was calibrated with well known and available data
from US and Japanese manufactsirdihe system was cemered to work in hot and
humid climats like those inAbu Dhabi and Shanghai. The results show that when cooling
water is 28°C hot the initial and annual total cost is high. However, as cooling water
temperature decreasdbe initial and annual totalost decreases sharply (when cooling
water is at 20°C the reduction is around 35%heftotal annual cost). The results shaw

great influence of cold and hot water on the performance and total annual cost of
absorption chilles.

The second part othe computer model contains a Total Equivalent Warming Impact
(TEWI) analysis. TEWI considers both the direct refrigerant effactd the primary
energy impact on equivalent carbon dioxide gC€missios. Competing technologies are
vapoui compression and gas ags. The results show some recommendatitors
absorption system diversification to reduce the Total Equivalent Warming Impact. The
resultsalsoshow that absorption hot water chillers have the lowest contribution to Global
Warming (TEWI).



PREFACE

Geothermal is a renewable source of energy which holds abundant eBergle stage
absorption chillers (water/lithium bromide) can operate using low grade heat, thus single
stage absorption chillers can operate using low temperature geothermal resooeces. T
results showhe great influence of cold and hot water on the performance and total annual
cost of absorption chiller The results show some recommendationsbsorption system
diversification to reduce the Total Equivalent Warming Impact. The s=sgh show that
absorption hot water chillers have the lowest contribution to Global Warming (TEWI).
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ifélf you can wait and not be tired by
Or being lied about, don't deal in lies,
Or being hated, don't give way to hating,
And yet don't look too good, nor talk too wise:

If you can dream andnot make dreams your master;
If you can think and not make thoughts your aim;
If you can meet with Triumph and Disaster
And treat those two impostors just the
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Everything should be as simple as it is,
but not simpler.
0 Albert Einstein (1879L955).

A mathematical theory is not to be catesied complete
until you have made it so clear that you can explain it
to the first man whom you meet on the street.

3 David Hilbert (18621943)
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1 INTRODUCTION

The purpose of this preliminary project is to examine a current single effect absorption
chiller unit and determinghe circumstances under which the absorption technology is
most appltable and most environmentally friendly (beneficial to the local and global
environment).

The first phase of the project involves designing a single effect absorption chiller unit. The
performance characteristics of the single effect cycle are examined¢hayging
(optimizing) the low enthalpy hot water flow, the cooling water flow, temperature and
some flow agreements of the cooling and heat sources. Low temperature water which
drives theneat comes frora geothermal production well.

The second phase dfé project involves computing a total equivalent warming impact
(TEWI). To emphasize great influence on TEWI, the absorption technology is compared to
the classical cooling technologiesjch asvapour compression cycle, whi@re widely
available.

1.1 Why Absorption Technology

Space cooling may be accomplished from geothermal energy by an absorption cycle. The
cooling effect is achieved through the use of two working fluids under two pressure levels,
and some certain quantity of heat input, instead of etetinput as inthewidespread and

more familiar vapour compression cycle. Each afsthtechnologies accomplish the
removal of heat througthe evaporation ofa refrigerant (working fluid) at low pressure

and the rejection of gained heat through the cosalgon of the refrigerant at a higher
pressure. The major difference betwéamabsorption and vapour compression cycle is the
way in which pressure levels are created. The vapour compression cycle employs a
mechanical compressor (electricity is the ohgvforce) to create the pressure differences
necessary to circulate the refrigerant. In the absorption system, a secondary fluid or
absorbent is used to circulate the refrigerant. In the ABS machirgemechanical
compressor is replaced laythermal compessor (absorber, solution heat exchanger, and
generator).

The standard vapour compression cycle contains a condenser, evaporator, throttling
(expansion) valve, and a compressor. Figure 1, shows components and flow directions in
the standard vapour compséon cycle.
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Figure. 1 Vapour- Compression Cooling (Refrigeration) Cycle.

An absorption cooling (refrigeration) cycle contains a generator, an absorber, a solution
heat exchanger, an expansion valve and a pump insteag@chanical compressor.

The generator might be a shell and tube heat exchanger, which spraysd€ak LiBri

H,O solution above the heating tubes. The main aim of this procedure is to boil off
secondary fluid (working fluid water). The weak LiBf H,O solution surrounds a bundle

of tubes which carry either steam or hot water (geothermal brine in this case). Hot water is
required to boil off the weak LiBi H,O solution. The solution boils, sending the
refrigerant vapour upward into the condenggrad leaving behind concentrated lithium
bromide solution 4). The concentrated LiBr H,O strong solution moves down to the
solution heat exchanget)( where it is cooled by the weak solutidi (3). The refrigerant
vapour reaches the condens@y); the vapour migrates through mist eliminators to the
condenser tube bundle. The refrigerant vapour condenses on the tubes. The heat is
removed by cooling watedb i 16) which moves through the inside of the tubes. As the
refrigerant condenses, it colleasthe bottom of the condens@).(The refrigerant liquid
moves down to the evaporator by passing thro@)ylhg refrigerant expansion valvé)(

The &pansion valve is the boundary betwelahigh pressure level (condenser side) and
low pressure levelevaporator side)At point 9 the water stream is split into strearfa
(water) and strear@b (steam). Strearfl is almost sub cooled water, however it has great
influence onthe COP of the chiller unit, due to smaller mass flow to the evaporator. In the
evaporator 9a) refrigerant is sprayed over the evaporator tube bundle. Die gxtreme
vacuum of the evaporator (e.goWP= 0,9 kPa, absolute pressure), the refrigerant liquid
boils at low temperatures depending on pressure (5,4 °C in the cas&kB&@J9 creating

the refrigerant effect. As the refrigerant vapour migrates to the absorber from the
evaporator 10), the strong lithium bromide solution from the solution heat exchagper (
sprayed over the top of the absorber tube bundle. The sti@ngi H,O solution plus



refrigerant vapour, creates the extreme vacuum in the absorber (low pressure side). During
the mixing some quantity of heat is generated, heat is removed by the cooling water. In
most cases the cooling water comes faboooling bwer. Now diluted weak LiBri H,O

solution flows down to the solution pump)(The cycle is now completed and the whole
process begins once agairhe figure below shows components and flow directions in the
lithium bromide absorption cycle.
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Figure 2 Scheme of the singlestage absorption chiller.

The ability ofthe absorption unit to work depends dre type of working fluid which is
used. The desirable properties of ideal working fluids are hiffinity between the
absorbent and the refrigerant (LiBr angd), and a low heat of mixing (in the absorber).
Lithium bromide hasn advantage as an absorbent because it is essentially valatile,
resulting in the cycle design that avoids the need fectifier. Water hsanadvantage as
an absorbent because it does not crystallize.

In an absorption cycle, water vapour from the evapordi@ri¢ absorbed by the LiBir

H,O solution in the absorber. Due to that mixing it is possible to pump weak LHBO

liquid solutin instead of vapour (which enters the absorber from the evaporator). The
pumping of a liquid solution is much less eneifggonsuming tharthe compression of
vapour. Absorption technology uses the heat (genetkldr.l2) as a driving force instead

of electrical power. The strong LiBr H,O solution under high pressure is sent to the
generator (desorbeB) to boil off the water vapour that was absorbedHgstrong LiBri

H,O solution in the absorbefhe figure below showshe simplified scheme of a Sjte T

effect absorption chiller.
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Figure 3 Cooling (Chilling) Cycle Schematic(SANYO Electrical Air Conditioning CO.,
Ltd,).

The chiller unit is dividednto two regionsbased orpressure levelThe hgh pressure
region containsthe generator, condenser, and solution heat exchaigerlow pressure
area contains an evaporator and absorblee. efrigeration expansion valve, pump and
solution expansion valve are boundariethichiller unit. The solution heat exchangeash
a significant role in the reductiaf the quantity of heat input at the generator.

A refrigeration heat exchanger can be used as well, but due to small inane@&¥ and
high increasgof initial cost (cost of heat exchanger) this solution is ridely introduced.
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Absorption units are widely available for commercial purposes in two basic configurations.
For applications above 0 °C, the cycle uses lithium bromide as the absorbevdtands

the refrigerant (mostly air conditioning applications). For applications below(/&a@ri
ammonia cyclpammonia is the refrigerant and water is the absorbent.

The figure below describes the main difference in COP values between singleuatel do
stage LiBr absorption chillers.
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Figure 5 LiBr-H,O single and double effect cycle performance(Mary H. Dickson 2005).

1.2 History and Status of Absorption Technology

Absorption technology with water/lithium bromide satut has been widely used sinte

1950s when the technology was developed by several manufacturers in the United States.
Absorption machines based awater/lithium bromide solution are typically configured as
water chillers for ahconditioning systemsn large buildings. Absorption units are



available in sizes ranging from 10 (35, 2 kW) to 1500 ton (5, 28 MW). In this case, 1 ton is
aunit of refrigeration capacity and is equal tod3 BTU/hr = 3,517 kW.

Before the 1970s fossil fuels were cheap amdely available, thus electricity was also
inexpensive and energy consumption was not a concern when operating a chiller. During
this period an equal number of absorption and electric centrifugal shillere sold
(Plazak, 1996).

In the 1970s, a steadpdrease in energy costs caused the absorption chiller industry to
examine the efficiency of their units. The double and triple effect units were developed to
increase the COP, and therefore their share in the market increased. The oil embargo
increased therice of fossil fuels more dramatically than electric energy prices and thus
overnight killed the domestic absorption market. The absorption market has recovered to
its pre 1973 levels (Plazak, 1996). Howewbte increase of fossil fuel prices is poséiv

from a geothermal energy standpoint because then geothermal energy becomes
competitive.
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Figure 6 Production of ABS units 19881996 (ABS guideline, New Building Institute,
1998)

The 1980s saw decreasing psad natual gas and a steady increase in electrical rates.
This resulted in the growth of the newly developed single and multi stage-fitieelct
absorption units in the middle to late 1980s. A d#feéed unit is onen which natural gas

is combusted in the geraor instead of using the gas to create steam or hot water. The
growth was also a result of the gas and electric utility initiatives, which supported
programs for gas cooling in the summer to keep the supply of natural gas constant
throughout the whole ye&. The phase out of CFC based refrigerants used in electric
centrifugal chillers also helped boost the diketd market (Plazak, 1996).

The Montreal Protocol on Substances that Deplete the Ozone Layer classifie$ Efeon

and Freori 12 as Annex A gbstances and bans their production and consumption as of
1996. Al t hough CFCb6s wuse is now forbidden,
Global Warming much more than absorption chillers powered by geothermal brine.
Geothermal energy enenvironmetally friendly and sustainable energy source.



Absorption technology is currently experiencing a resurgence of interest from end users,
who need an independent and clean technology. The current single effect market is
relatively small but stable and is ds& applications where low grade heat is available.
The current market for single stage absorption chillers is around half of the total absorption
chillers market. The current size of the absorption market is the result of a decline which
was driven by plitical decisions in the early 1970s (ass mentioned before) to limit
usage of natural gas due to expected supply shortfalls, which never happenia but
absorption industry was damaged extensively. The three manufacturers of absorption
equipment sawhieir business dry up and production of absorption machines was reduced
to less than 10% dafs earlier productiorievels Companies were forced to reassign staff
and relocate resources. In the meantime, the Japanese absorption indusigyel@sng
extranely well due to local domestic demand and product innovation (Keith E. Herold,
1995).

1.3 Applications

Ideal candidates for absorption applications are those where the (electric) peak demand
charge is high. Since cooling is generally the primary cause gb spikes (peaks) in an

i ndustry and buildingdés electric | oad pro:
alternatives that may reduce this peAksorption cooling units powered by geothermal

heat may reduce or flatten the electric peaksinalugdd s el ect r i c THeoad «ct
absorption cooling application should be used to retheelectric load into the building.

A hybrid system seems to lam extremely beneficial solution. Hybrid means that most of
the cooling demand is covered by @wsorption unit, and only some small (sharp) part of
cooling demand is covered by an electric centrifugal chiller. This type of application may
greatly reducehe total electric load into the cooling facilitie¥he pofitability of such
applications stnogly depends on the local electricity, heat (geothermal water), and cooling
(condenser) water prices. In summary, good applications for absorption chillers have the
following characteristics:

- High energy demand,

- Simultaneous need for air conditioning arghting (heating and/or tap water),
- High energy flow into the building,

From an environmental and economical standpoint the beneficial applications for
absorption units are when prices of electricity are relatively high, electrical energy load is
high anda geothermal (or other renewable) heat source is available. The most suitable
places for absorption chillers are:

- District cooling and heating networks,

- Schools, hospitals and other public utilities,

- High residential buildings, hotels

Currentlythereseens to be a need to develop absorption machines which will be able to
work with hot water temperatures in the ramg&5 °C 1 90 °C (low grade heat sources),
therefore the most suitable absorption machines are single and half stage units.




1.4 Standard and Ratings

Currently, (2008) there is no st#tleral standard or norm that regulates absorption
cooling systems. Therefore, there are several metrics, which are used to define absorption
chiller efficiency, like:

-  COP

- IPLV

- APLV

Coefficient of Performancei COP

COP is widely used in many types of comparisonsckveometimes might give distorted
facts, data or point of view. Eheforeit is beneficial to distinguish site COP and resource
COP.

Chiller . Sourcel toi Site
Type Site COP factor Resource CORP
Electric 2,007 6,10 0,27 0,547 1,65
Absorption | 0,657 1,20 0,91 0,591 1,10
Tablel Effectiveness of Chiller Units (ABS guideline, New Building Institute, 1998).
COPABS = L
QG + PWOTk (141)
COR, - -
comp (142)

CORk is equal to the COP of chiller type, multiplied by (SoiltogSite factor)the

efficiency ofthe conversionof primaty energy to the secondary energy form (e.g. coal to
electricity). DitoeSi tt @ ¢ ae a the gase dfhaabsomtenn

chiller, there is no significant differenceinCgPs of el ectri c and abso

In fact absorption cooling machines do not have high COP values, nevertheless these
machines have relatively high Resource COP.

An important numbemithe case of absorption machines is the coefficient of performance
(COP). COP of these units is defined as refrigeration (cooling, chilling) capacity divided
by the driving heat input and power required for running the solution pump. The typical
range ofCOP in absorption machines is between 0,7 (single effect) < COP < 1,2 (double
stage).

Integrated Part Load Valuei IPLV

Integrated Part Load Value (IPLV) is another measurement of chiller efficiency. IPLC is

an industry standard for calculation of an anr@@P based on a typical load profile and

the part load characteristics of chillers. It was originally conceived as a part of
ANSI/ASHRAE Standard 90.1 (Standard for Energy Efficient Design of New Non
residential and Higlh Rise Residential BuildingsABS guideline, New Building Institute,

1998 i n response to a need for directly <co



method assumes that the chiller operates at a specific part load for a specific number of
hours during the year. According to the doling equation:

1
IPLV =817 039 033 01 (1.4.3)
+ + +
A B C D

The figure below provides the proper assumptions and appropriate values for the equation
(1.4.3)

Chiller Load Chiller Water Returr] Symbol from| Part LoadHours
(Load factor) 1 . h : 0
(%] emperature [°C] | the equation [%0]
100 29,44 (85,00 °F) A 17
75 26,03 (78,85 °F) B 39
50 22,50 (72,50 °F) C 33
25 19,03 (66,25 °F] D 11

Table 2 IPLV Calculation Assumptions (ABS guideline, New Building Institute, 1998).

COP ratings A, B, C an® at each part load condition are obtained from the chiller
manufacturer and should be delivered from the actual chiller tests and surveys. Note that
the calculation allows for a 1, 36 9C1, 41 °C (2, 5 °F) drop in the entering cooling water
temperatureevery 10% reduction in the cooling load. A lower entering cooling water
temperature corresponds to part load cooling demand that results from a drop in ambient
temperature.

Although 1T PLV is a wuseful way to compare
probably does not represent whole and variable operating condifions for applications
where cooling load is not significantly affected by ambient temperaiomditions this
estimation should provide reliable results. Chiller performance shoulchdaelled to

actual building load profiles tailored to sigpecific ambient conditions.

Load factor

Load factoris the ratio of the average load over a designated period of time to the peak
load occurring during that period. Ambietémperature and airumidity have great
influence on load factor.

The load factor value increases with increasing ambient temperature values. Therefore as
the load factor becomes greater, the more economically feasible is the absorption
technology application.

Applied Part Load Valuei APLV

The Applied Part Load Value, APLV is calculated using the same IPLV formula, except
that actual chilled and condenser water temperatures and flow rates are used. The
advantage of using the APLV over the IPLV is that this rating gives marerae
approximation of actual operating conditions. The disadvantage is the additional
performance data that needs to be collected.



1.5 Manufacturers

Cention

Cention Corporation is a manufacturer of absorption chillers located in Korea with US
representationFor overa quarter ofa century since its foundation, Cention has been a
market leader of the air conditioning equipment industry in Korea by introducing high
technology and consistent research & development.

The Cention absorption chiller/heater is dnvgy LNG, LPG or natural gas, so it gives off

no sulfur dioxide or smoke, and very little NOx. The unit can function as both a cooler and

a heater, so it takes up less installation area than other separate chilling and heating units.
Moreover, the Centiombsorption chiller/heater uses about 7% less energy compared to
conventional machines, as it uses parallel flow technology, is compact in size, and has a
high temperature generator located at the bottom of the unit. The Cention absorption
chiller/heater ca be adapted to geothermal hot water or steam. However, Cention
absorption chiller/heater machines are beytmscope of this study due tieir high
temperature generator.

Sanyo

Sanyo is one of the leading brands in the absorption cooling technologyndin focus of

the company in business is based on the t
contributing to the protection of the global environment, SANYO's full hop of
absorption chillers is suited to a wide range of space applisaiwh al® creates clean

and comfortable living environments. SANYO has successfully developed absorption
chillers with capacities of up to@0 U.S RT (Refrigeration ton) while at the same time
minimizing growth in weight and volume of the unit, thus realizingpriovements in

energy savings and space efficiency.

Condenser

Absorber

Chilled water\
outlet \

inlet
Control Panel

\ Cooling water \ \ Pump

Figure 7 SANYO, singlestage hot water chiller unit (SANYO Electrical Air Conditioning
CO., Ltd.)
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Yazaki

A Yazaki absorption chiller/heater, using water as the refrigeragt, t oday ods best
air conditioning for protecting the environment and reducing the cost of energy. Bouble
effect cycles and advanced technology ensure high performance and long term reliability.
With over 100 000 units operating worldwide, Yazakiai leading supplier of ne@FC

based space cooling. Capacities of 30 through 100 tons are available to either cool or heat
installations such as schools, offices, hospitals, industrial facilities, and hotels.

Chillers manufactured by Yakazi are availabbe purchase globally, but they will only
warranty the product in Japan (Rober A. Zogg, 2005). Yakazi ships 2 to 3 units per month
within Japan. They have received inquiries from many other countries, especially Europe.
They use a new LiBr working solutipnvhich may be their patented LiBr/LiCI/LINO
solution.

York

Formerly known as Hitachi, the line is now manufacturethsUnited State by York
International in Huston, Texas. This is the only large tonnage manufacturing ptast in
US since 1992. Urstup to 600 tons are completely jgpackaged and shipped ready to
work. Large units require someiaite assembly. Single stage absorber units are the older
design but are smaller and cheaper than two stdfjgbhe heat source is relatively
inexpensive am available the single stage makes seB&ggle stage unitthatare used in

coi generation and waste heat applications, also mightafygicable in geothermal
solutions The $ze range is 120 1 377 tons. York units can cool down chilled water to 7,
22 °C.
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2 GEOTHERMAL ENERGY AS A DRIVING FORCE

2.1 Introduction, World Energy Consumption

With the increase in world population, industrialization and improvement in the standard
of living, there has been a continuous increasthéconsumption of energy. Thus the
main aim became to fin@ cost effective brm of energy that neither affecglobal
warming nor threatesnationalenergy security, therefore geothermal energy has become a
significant player.

In recent years, the increase in energy consumption hasabéeast as intensive as the
population explosion.The fgure below shows an estimawf the wor | d 6 s ener
consumption, growth of population and energy production over past years.

World population and energy
consumption 1950 - 2010
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Figure 8 World population and energy comaption (H. Gupta, S. Roy, 2007).
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Therewas atremendous 50% jump in world energy consumption betwesyears 1980

2003, mostly due to around 40% increase in world population, as well as due to
worldwide improvemerst to the standard of living in botldeveloping and developed
countries. According to papers published by the United States Census Bureau the world
population is currently around 30000000 and it is expected to reach around
10000000000 in 205%H. Gupta, S. Roy, 2007A ton of coal eqwalent (TCE), is equal

to 29, 3076 GJ.

2.2 Geothermal Energy 7 an Alternative

Geothermal energynlike fossil fuelsis considered to be a relatively clean and renewable
energy source. It is a relatively diffuse resourdbe amount of heat which flows thugh
the eartho6s ¥ jpulds/geardor @ cpmmatisen anoOnt of heat which
reaches the earth from the sun is equal to 5°2jddles/year.

The wuse of the Earthos heat as an energy
electricity was geerated for the first time from geothermal steam at Larderello, italy
1904. The technology spread rather slowly around the world during the first half of
twentieth century. At the beginning of the second half of twentieth century, interest was
developirg in other parts of the world, especially in New Zealand, the United States of
America, Japan and Iceland, where geothermal power plants were built in 1958, 1960,
1961 and 1969. Electricity production is not the only application for geothermal energy
Hot geothermal water began to be used for lésgale district heating systems in Iceland

in 1930.The cevelopment of geothermal energy resulted worldwide maximum growth

rate of ~ 22, 5 % between 1980 and 1990, and ~ 16, 7 % in next decadg. M
developmat efforts in utilizing geothermal heat sousdeave been made recent years

(H. Gupta, S. Roy, 2007)

Geothermal resources vary widely from one location to another, depending on the
temperature and depth of the reservoir, the type of aockthechemisry and abundance
of ground water. Geothermal resources are usually classified into three categories:

¢ high enthalpy resources (liquid and vapour reservoirs at temp. above208C°C),
¢ medium enthalpy resources (at temperatareund 100 180 °C),
¢ low enthalpy resources (at temperasibelow 100 °C),

The term enthalpy is used duethe nature of water, because temperature alone does not
describe sufficiently the useful energy content of water arsdsteam.

The wide spectrum of geothermal energy limagions is given on the Lindal diagram
(Figure 9) below.
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Evaporation of high concentration solutions, arrmonia ASB
Digestion in paper pulp, Eraft

Heavy water by H25 process

Fish roeal and timber drying

Alrmnnia by Bayers process

Food canning, drying farm products at high rate
Evaporation it sugar refining

Balts extraction by evaporation and crystallization
Desalination, double effect ABS

Drying & curing light agpregate cernernt slabs

Dirying of organic materials, seaweed, grass, vegetables, Wool washing & drying
Drying of fish stock, intense de - icing

District heating

Refrigeration (NH3) & Cooling (LiBr)

Anirmal tusbandry, greerhouse space & hotbed heating

Mashrootn growing

Swirnrning pools, biodegradation, fermentation, Soil warming

Warrn water for year - round mining in cold climates, de - icing

Acquaculture

Figure 9 Modified Lindal diagram (R. DiPippo, 2008).

From here orthesiswill focus on a lowenthalpy application where hot geothermal brine
can be utilized as driving force in absorption (water/lithium bromide) machines to
producea cooling effect by usinglow grade heat source. Moreover, absorption machines
do not utilizethe whole enthalpy carried by hot water, thus water can be used in district
heating gstems.

2.3 Types of Geothermal Systems

A geothermal heat source could be simply defined as a reservoir bémesuinface ofthe

Earth. Energy extracted from suehgeothermal reservoir can haaecompetitive price
compared with other forms of energy, amdild also be useful for electricity generation or
other applications. A geothermal reservoir can contain heat in solid rock as well as in the
brine that fils the fractures and pore spaces within the rothe estimation of a
geothermal reservoir is made the basis of geological and geophysical data such as:

- Depth, thickness and extent of geothermal aquifers

- Properties of rock formations

- Salinity and geochemistry of geothermal brine

- Temperature, porosity and permeability of rock formation (Rummel and
Kappelmeyer, 1993)

Natural aquifers are often porous rocks that can store brine. Porosity refers to the cavities
present in the rock, whereas the ability to transmit water is known as permeability. A
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geothermal aquifemust be able to sustain a flow of geoth®l fluid, so even highly
porous rock will only be suitable agjeothermal aquifer if the pores are interconnected.

A geothermal resource is distinct from a geothermal reserve, which refers to the part of a
resource that can be extracted economicallyr@sent price level. Reserves are confirmed

on the basis of detailed reservoir datasets obtained by deep drilling into potential resource
areas. Therefore, the main factors in estimating reserves are the costs of drilling and the
quality of available datan subsurface rock formations (Harsh Gupta, 2007).

Radioactive decay of lorAgved isotopes, particularly those of potassium, uranium and
thorium, continuously generates heat within the Earth. The amount of radioactive elements
present in the rocks releasenough heat to account for a major portion (typically, 60% for
continental crust) of the total heat fl ow o

Heat is lost from the Eart hoS$Insnostareassthis at a
heat r eac h eusfacd im adiffiisa stateh making it uneconomical to exploit this

vast heat resource. It is believed that heat transfer below the lithosphere is mostly by
convection and in the lithosphere by conduction. Rocks are relatively poor conductors of

heat (Hark Gupta, 2007).

In some specified geological circumstances heat may be locally transferred within a few
kil ometres of the Earthoés surface through
rocks. The magma has temperatures in the neighbourhood of 108@d°@teracts with

the neassurface rocks, causing surface manifestations of geothermal activity such as the
hot springs, geysers and fumaroles. Under certain suitable geological conditions, the heat
becomes trapped, forming heat reservoirs. In such ,aedtes drilling a few hundred
meters, temperatures of the order of 20800 °C are found and the regions could be
suitable for harnessing the geothermal energy. The major producing geothermal fields of
the world exploit such situations.

Geothermal systesncan be dividedccording to théollowing types:

- vapour dominated,
- hot water,

- geopressured,

- hot dry rock (HDR),
- magma,

Due to thescopeof this project only hot water geothermal system will be briefly described.

2.3.1 Hot Water Geothermal Systems

In hot watergeothermal fields, watdr convection currents carry the heat from the deep
source to the shallow reservoir. The bottom of the convective cell may be heated through
conduction from hot rocks. The geology of hot geothermal fields is quite similar tof that o
an ordinary ground water system. Typically hot water geothermal resevagirfrom 60

i 100 °C and they occur at depths ranging from 58000 m.

Within the reservoir, convection currents of hot water are set up providing a good heat
exchange, andche temperature difference between the top and bottom of the reservoir is
not very significant. A variety of rocks have been found to constitute good reservoirs. At
Wairakei (New Zealand), it is pumiceous and breccia and tuff, and at Cerro Prieto
(Mexico), it is deltaic sandsA good reservoir could alstwe formed at geological
unconformities and formation boundaries.
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An impermeable cap rock or a cap rock with low permeability, overlying the reservoir is
necessary to prevent the escape of the hot resetvms through convection. The heat

loss through conduction is not prevented by the cap rock. However, the amount of heat
conducted is significantly smaller thahe amount ofheat which could be lost by
convection heat and mass transfer.

Depending upon #n temperature, chemistry and structure of the reservoir, hot water
systems have been divided into several subtypes, which are briefly described below.

- System characterized by low (5C) to medium temperatures (15€) and
producing water with a chemicabmposition to the regional surface and shallow
ground waters,

- Systems characterized by the presence of partlymeteoric water. Such systems
usually occur in deep sedimentary basins,

- Systems characterized by the presence of brine of very high salihgychemistry
can vary considerably from one field to another,

- Systems characterized by the presence of natural cap rocks. Geothermal fields at
Cerro Prieto and Salton Sea (California) have cap rocks constituted by fine
grained, lowpermeability sedimest

- Systems characterized by the creation of their own sedding cap rocks. These
cap rocks are formed throughe chemical alteration and deposition of sediments
nea the surface where the temperature decreases suddenly. Wairakei and
Yellowstone Park artypical examplefH. Gupta, S. Roy, 2007)

Figure 10 isthe schematic representation afhoti water field and the reference curve
represerdthe variation of the boiling point of the pure water with depth.
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Figure 10 Temperature variations in hat water geothermal syste(Hl. Gupta, S. Roy,
2007).
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2.4 Direct Use of Geothermal Energy

In the direct use sector, the potential of geothermal energy is veryftarggace cooling

and heating, and water heating. In developed cmsptaround 35% of total primary

energy consumption is used in buildingheEur opean Uni onds commit
green house gas emisssdyy 20% by the year 2020 opens a huge potential for geothermal
applications. However, the largest potentiappes to be in China. Owing to geological
conditions, there are widespread Tdemperature geothermal resources in many provinces

of China. Geothermal resources are already widely used in China for space heating and
cooling.

Country China  Sweden US Turkey Iceland Japan World
Total

Direct Use| 12604,6 10000,8 8678,2 6900,5 6806,1 2861,6 75924,9
(2005)

Unit GWh Thermal

Table 3 Direct use of geothermal energZHina Renewable Energy and Sustainable
Development Report, 2008

In early January 2008 thé*35eothermal Heat Pump Technology Utilization Conference
was held in Beijing. At the conference it was learned that through September 2007 the
Beijing area already ldaconstructed 497 water source geothermal heat pump projects,
which cumulatively hae an installed coverage area of 10,52 million square meters of
heating capacity, moreover these projects are growing pEca of150%/year (China
Renewable Energy and Sustainable Development Report, 2008).

2.5 Electricity Production

Following the necessary exploratory works, production wells are drilled into a geothermal
reservoir. Typically, in a large scale commercial operation, a production well could be as
deep as 3,000 m or more. The production well enables the highly pressutiseatdroto

rise up from the reservoir under its own force (in many cases water has to be pumped to the
surface). Depending on the type of power station, steam and/or hot water is then piped
from the production well directly to the power station. The teatpee and conditions of

the geothermal reservoir determine which type of electricity generation technology is used.
There are three common types of geothermal electricity generation technology:

Dry steam power plants are fed directly from geothermal steaservoirs with
temperatures of more than 220. In this system, steam that has risen to the surface is
piped straight to the power plant where it is then directed into a turbine, spinning the
generator and therefore producing electricity.

Flash steam poer plants use a geothermal reservoir with water of temperatures greater
than 180°C. This very hot water flows up through wells in the ground under its own
pressure. As the water flewpward the pressure decreases and some of the hot water
flashes (i.e. bils) to steam. The flashed steam is then separated from the remaining water
and fed directly into a turbine that is connected avishaftto the generator to generate
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electricity. It is also possible to flash the remaining hot water to produce low gressur
steam (dual flash) which may also be used in electricity production or process heating.

Binary cycle power plants can operate on water and/or steam over a wide range of
temperatures (typically 110 to 18C) and geothermal reservoir conditions. In someary

cycle stations hot water delivered via its production well(s) is first flashed into steam to
rotate a primary turbine/generator unit. Following this initial generation process, the heat
from the separated hot water and/or low pressure steam isaibed & secondary fluid,

which is usually a hydrocarbon fluid (e.g. liquid pentane) with a lower boiling point. The
secondary fluid is vaporised in a heat exchanger and the vapour is used to turn a secondary
(binary) turbine to generate electricity. Thapour is then condensed and pumped back to

the heat exchanger in a closed cycle.

Typically, the cooled geothermal water that is not evaporated through the cooling towers
from each power station type is eitherimgected back into the geothermal resenfodm

whichit was extracted, or discharged to nearby surface water (and in some cases onto land)
after beingtreated. In some cases, prior teimgection or discharge of the cooled water,
there is the opportunity to+gse this water for direct use purpss

2.6 Possible Hurdles

Exploitation of any type of energy brings differentssgftproblems. Water which has been

in contact with rock for thousands or even milBoof years contains dissolved minerals.

Hot water tends to be more reactive and aggressase ¢bld water. Geothermal waters
may often contain around one percent of dissolved solids. Usually these could be
carbonates, sulphates, chlorides and/or dissolved ,stheaamount of whictbecomes
significant where waters have been in contact with aidkigh temperatures (around 200

°C and above). Thusne canoftenmeet brineswhich is the name for geothermal waters.
Dissolved gases are common as well, especially at higher temperatures and liquid/vapour
reservoirs or vapour dominated reservoirs. €utty available techniques can significantly
lessen the negative impact of minerals carried by the bieegeverthis has to be taken

into consideration durinthedesign stage of the power plant, district heating system or any
other application which es the geothermal brine. With correct research and design, these
contaminations can be handled and disposed of without operational or environmental
difficulty. If such threats are ignored during the research and design stage, the entire
(piping, heat exchagers) system can easily fail within a matter of months.

There are at least a few objectives that a geothermal exploration pnomrstaccomplish
in orderto be successful:

Locate exactlyhe geothermal reservoir beneath the surface,
Define the chemicatomposition, origin and properties thie geothermal fluid,

Estimate the volume of the reservoir and its type, temperature, flow and pressure of the
fluid, permeability of the formation,

Predict the nature dhe geothermal fluid in the reservdiris it going to bea onephase or
two-phase mixture,

Forecast (estimate) thkeliverability of the geothermal reservoir,

If some ofthe above mentioned research was neglected or misapplied it sut in
some serious consequences like:
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The geothermal reservorran be depleted when more hot water or steam is withdrawn than
can be naturally recharged (natural water inflow) or artificialiynjected bya reinjection

well. Thus it is important to predict and expltiite geothermal reservoir in sustainable
way, beause once it is fully depleted, it yneke centuries to recharge sueleservoir,

Gas emissions can be unpleasant or even damgeHydrogen sulphide in high
concentration is dangaus andcarbon dioxide or other toxic emissions can occur during
theexploitation of geothermal wells,

Geothermal brines often hawe high content of dissolved solids, minerals or toxic
substances, thus harmfilile impact of brine and its minerals on the piping system, heat
exchangersand cooling tower ought to be properlgstimated duringhe research and
design stagéH. Gupta, S. Roy, 200y)

2.7 The Benefits of Geothermal Energy

When properly developed and managed, geothermal energy systems are clean, abundant,
and reliable sourseof renewable energyThe wse of geothermiaenergy sources for
electricity generation of direct use eliminatbs need forthe exploitation and utilization

of noni renewable and more harmful resources. Installed geothermal electricity generation
capacity worldwide is equivalent to the output ofcaind ten nuclear power plants7(

TWh/a of electricity (Bertani, 2005), and 76 TWh/a for direct use (Lund et al., 200t&))
utilization of geothermal energy does not require any type of neoewable fuel; it is

selfi sufficient technology. Moreover gthermal energy is not dependent on climatic
variations. Geothermal energyasenewable energy source helps to redbegeliance on
imported crude oil or other fossil figel

The use of geothermal energy conservesi rerewable fossil fuels and mitigatehe

carbon dioxide emissions, which would have been produced by a conventional power plant
producing an equivalent amount of electricitihe uilization of geothermal resources is

not land intensiveit is quitethe contrarywhen comparedo conventionapower plants.
Geothermal power plants and district systems are reliable, as they can operate 24h/day
comparedto wind, solar or tidal power plants (stations). Small gigeothermal power
plants, heat pumps, absorption chillemsddistrict systems powed by geothermal energy

can be installed in remote areas, thus piiagcelectricity, heat and/or cold (thermal
comfort).
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3 ONGOING MARKETS

3.1 Overview

This chapter is partially based on the ARe

(July 14, 2004) b\ational Energy Management Institute.

Recently tight and unstable oil and natural gas markets have generated extremely high (40
150 $/barrel, Jan 2009 or 140150%/barrel Jul 2008) levels of crude oil and petroleum
product prices. Continued increasesiices and decreasing resources of fossil fuels are
expected, reflecting tightness in suppliestf@next years. Electricity prices are rather less
volatile than natural gas or crude oil prices; regardielestricity price aregoing to rise
duringthe next yearsTherefore now isthe proper time to develop and spread absorption
cooling technology powered by geothermal heat, as a cost, energy efficient and
environmentally friendly method for providy thermal comfort tgp e o plives. 0 s

The history of water/lithium bromide absorption chiller development suggests that
developing sucta product for light commercial (highresidential buildings) applications
are technically and economically feasible (sometimes it requires specified conditions).

The key rigslie in whether prominent and capable manufacturers will consider the market
potential to be sufficient to justify development sastd whether product costs can be low
enough to appeal to the market.

3.2 Current Markets

United States

The United Statess a unique and valuable example of developing HVAC markethén

US there ar@anestimated 120 million singiéamily homes. Almost 20 million, or 17%, of
these homes were addedtin the past 10 years. As the housing stock grows, so does the
number of intlled HVAC units. As the number of HVAC units grows, so does the
number of absorption chiller units.

Demand in the US for heating, ventilation and air conditioning (HVAC) equipment is
forecast to increase 3.2 percent per year to $16.8 billion in 201dandds will be
primarily driven by strong gains in non residential construction, along with ongoing
growth in the residential replacement market. Although gains will be restrained by
projected declines in new single unit housing completions between 2608ah, nearly
three quarters of HVAC demand is attributable to replacem@ntsvth in the replacement
sector will benefit fronrising interest in more enerqgy efficiemilding systems driven by
rising energy pricesspurring the replacement of older HZAequipmentwith newer
models. Changingeqgulations regarding minimum_efficiency requiremefais many of
these systems will also affect sales of HVAC equipment.

In 2006, electric powered HVAC systems accounted for 82 percent of US sales value and
naturd gasburning systems accounted for 16 percent of sales. Systems operating on
geothermal energy will post the strongest gains, albeit from a very small base.
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Unitary air conditioners will remain the largest segment in the cooling equipment industry,
accounting for more than 70 percent of total demand in 2@tsorptive liquid chilling
systemsare expected to post the strongest gains through 2011 as industrial and commercial
construction rebounds over the forecast period (The Freedonia Group, 2007).

China

In 2000, the percentage of the population living in cities and towns was 36,1% in China,
which means that about 457 million people lived in cities and to8mesngharanked first,

with more than 88% of its citizens living in the urban area. In 2000, ¢pelation of
Shanghai had reached 16,7 million but the land area of Shanghai is only 6340,5 km
Therefore, the population density in the downtown area is very higp to 53326
people/kni. The pefcapita gross living area was 15,5 (m 2003), which wa still at a

low level if one considers global standards, thus it was predicted that about 5,7 Hillion m
of residential buildings will need to be constructag 2008. That means dramatically
expansion of HVAC market.

Rapid growth of room air conditioner production in China
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Figure 11 Rapid growth of room air conditioner production in |China (Based on: China
Statistical Yearbook, 2003)

China has been the fastest growing major nation for the past 25 years. Rapid gribvth of
Chinese economy, industry and living standards caasettreasan theHVAC market in
China. The HVAC market has been growing the fastesthaarea of the Yangtze River
and the Yellow River, mostly due to very hot sumsraerd very cold wintex Some of the
large cities in China, like Beijing and Shanghave begun to build district heating and
cooling systerato cope with the cyt $energy crisis and pollution problems.
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3.3 Existing Models and Applications

Mo st of the worldds LiBr absorption manuf a

and China) andhe US, as is much of the LiBr absorption chiller development work.
Published LiBr absorption development efforts have taken place in the US, Japan and
Europe.An Existing application of doubieffect absorption chillercan be foundat a
hospital inBrookyn, New York. Absorption chillex provide 280 tons of cooling capacity
(985, 6 kW). The chiller operates on steam created by naturéfirgdsboilers. The
Thermax unit hasa high 1,25 coefficient of performance (COP) value. The unit generates
chilled wae r to air buil ding air conditioning
electricity demand during peak sumiitate periods. The chiller provides cold for @@

ft* (14630,4 n3).

Figure 12 Double- effect steam fired absorption chiller.

Appendix A containsa Summary of Published Past LiBr Development Efforts

3.4 Climate Considerations

In many applications, such as in solar energy technology, space cooling techaadogy
heating and cooling applications an accuratmalic database is required. In the current
project the accuracy of ambient air temperature (dry bulb temperature) and humidity are
crucial. Preferable conditions for humans and machines to work are:

- Temperature between 181 25°C
- Relative humidity belw 50%.

If the environment within a building is too cold or too warm, with respect to this
temperature band, then occupants soon will feel uncomfortable. Due to lower thermal
comfort machines could be less productive and occupants may even become ill.
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