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ABSTRACT

The present study undertakes an energy and exergy anaysis
of the Salihli geothermal district heating system (SGDHS)
in Manisa, Turkey. In the anaysis, actual system data
obtained on 1 February 2004 directly from the system are
used to assess the district heating system performance,
through energy and exergy efficiencies. Energy and exergy
losses within SGDHS are determined and compared (for a
dead state temperature of 0°C). It is found that the exergy
losses in the system are essentially due to the fluid flow and
take place in the pumps and heat exchangers, as well as the
exergy losses of the therma water (e.g., geothermal fluid)
and the natural direct discharge of the system. As a resullt,
the total exergy losses account for 1.72% in pumps, 16.47%
in the discharge and 23.62% in heat exchangers, based on
the total exergy input to the entire SGDHS. The overal
energy and exergy efficiencies of the system are found to be
53.73% and 58.20%, respectively. In addition, the
efficiencies of the system elements are studied to evauate
the individual performances and performance improvement
possibilities.

1. INTRODUCTION

Exergy analysis has been accepted as a powerful tool for
system analysis, design and performance assessment of
energy systems, e.g. Moran (1982), Kotas (1985), Bejan
(1998), Szargut et al. (1998), Dincer (2002), Hasan et dl.
(2002), and Rosen and Dincer (2003).

In order to caculate exergy, the environment must be
specified. Because of the lack of thermodynamic
equilibrium in the surrounding nature, only its common
components can be used for the abovementioned purpose.
The ability of an energy carrier to do work expresses the
general ability to be converted into other kinds of energy,
and therefore exergy can be used not only to analyze the
process of power plants and of other mechanical machines,
but also to investigate technological process. An engineer
designing a system is expected to aim for the highest
possible technical efficiency at a minimum cost under the
prevailing technical, economic and legal conditions, but
adso with regard to ethical, ecological and social
consequences. Exergy appears to be an effective instrument
to achieve all or some these objectives.

The studies conducted on the exergy andysis of
geotherma systems may be divided into four groups,
namely (a) general exergetic studies (Badvarsson and
Eggers, 1972; Lee, 2001), (b) exergy analysis of geothermal
power plants based on actual data (DiPippo and Marcille,
1984; DiPippo, 1994; Kanoglu and Cengel, 1999; Kanoglu,

2002; Cerci, 2003), (c) exergetic evauation of geothermal
fields in terms of their electric power potential (Quijano,
2000; Koroneous et a., 2004), and (d) exergy analysis of
geothermal district heating systems, which has recently
been performed by the authors (Ozgener et a., 2004a,b).

In the present study, the authors aim to conduct an energy
and exergy analysis for the assessment and modeling of the
entire geothermal district heating system and its essentia
components for performance evaluation and comparison
PUrpOSES.

2. SYSTEM DESCRIPTION

The Salihli geothermal field is about 7 km far from the
town Sdlihli (about 55 km far from the city Manisa, located
in the western part of Turkey) and is abounded with
considerably rich geothermal resources. It has a maximal
yield of 0.087 m%s at an average reservoir temperature of
95°C, with a minima capacity of 838 MW. The SGDHS
was initially designed for a capacity to cover 20,000
residences equivalence. Of these, 2400 residences
equivaence are heated by geothermal energy as of February
2004. The outdoor and indoor design temperatures for the
system are 4°C and 22°C, respectively (Ozgener et d.,
20044).

Figure 1 illustrates a schematic of the SGDHS, where two
hospitals and official buildings heated by geothermal
energy were aso included. The SGDHS consists mainly of
three cycles, such as. (&) energy production cycle
(geothermal well loop and geothermal heating center loop),
(b) energy distribution cycle (district heating distribution
network) and (c) energy consumption cycle (building
substations)

At the beginning of 2004, there were seven wells ranging in
depth from 70 to 262 m in the SGDHS. Of these, five wells
were in operation at the date studied and two wells (K5 and
K6) were out of operation. Four wells (designated as K2,
K3, K4, and K7) and one well (K1) are production and
balneology wells, respectively. The well head temperatures
of the production wells vary from 56 °C to 115°C, while the
volumetric flow rates of the wells range from 0.002 to 0.02
m®/s. Geothermal fluid is sent to the primary plate type heat
exchanger (between the geothermal fluid and the district
heating water) and is cooled to about 44°C, as its heat is
transferred to the district heating water.

The geothermal fluid (7) is discharged via natural direct
discharge, no recharge to Sdihli geotherma field
production, but reinjection studies are expected to be
completed in the near future. The temperatures obtained
during the operation of the SGDHS are, on average,
96/44°C for the district heating distribution network and
62/43°C for the building circuit. By using the control valves
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for flow rate and temperature at the building main station,
the needed amount of water is sent to each housing unit and
the heat balance of the system is achieved. Geothermal
fluid, collected from the four production wells at an average
well heat temperature of about 96°C, is pumped to the inlet
of the heat exchanger mixing tank later a main collector
(from four production wells) with a total mass flow rate of
about 47.62 kg/s. The geothermal fluid of intermingling
molecules of different species through molecular diffusion
was neglected in this study. As a result, not only
irreversibility of the mixing tank was assumed equal to zero
but also heat losses from the tank and main collector pipe
line (5-6) through the mixing process were neglected based
on the earlier works (e.g., Ozgener et al., 2004a).

3. ANALYSIS

In the anadlyses, both energy and exergy models are
employed. To provide an efficient and effective use of
energy, it is essentia to consider the quality and quantity of
the energy used to achieve a given objective. In this regard,
the first law of thermodynamics deals with the quantity of
energy and asserts that energy cannot be created or
destroyed whereas, the second law of thermodynamics
deals with the quality of energy i.e, it is concerned with the
quality of energy to cause change, degradation of energy
during a process, entropy generation and the lost
opportunities to do work. More specificaly, the first law of
thermodynamics is concerned only with the magnitude of
energy with no regard to its quality; on the other hand the
second law of thermodynamics asserts that energy has
quality aswell as quality. By qudlity, it means the ability or
work potential of a certain energy source having certain
amount of energy to cause change, i.e., the amount of
energy which can be extracted as useful work which is
termed as exergy. (Dincer and Rosen, 1999; Rosen and
Dincer, 2001). For a steady-state, steady-flow process, the
three balance equations, namely mass, energy and exergy
balance equations, are employed to find the heat input, the
rate of exergy decrease, the rate of irreversibility, and the
energy and exergy efficiencies, as listed in Table 1. The
thermodynamic properties of water are obtained from the
general thermodynamic tables and software.

For the overal geotherma system, the mass balance
equation is written as follows:

n
2~y =0 ®
i=1

where m,\,m is the total mass flow rate at wellhead, m, is

the flow rate of the reinjected geofluid and ry is the
mass flow rate of the natural direct discharge.

The geothermal brine energy and exergy inputs from the

production field are calculated using the following
equations:

I;:brine = rﬁw(hbrine - hO) 2

I;:xbrine = r:nw[(hbrine - hO)_TO(Sbrine - 50)] (3)

The exergy lossed (destructions) in the heat exchanger,
pump and the system itself are cal culated as follows:

I.EXHE,dest = I.Exin - EXout ©)

Exd&st,purrp :Wpump - (Exout - Exin) )

EXdeﬂ,waem = z EXdest,HE + z Exdest pump (6)
The energy efficiency of the SGDHS is calculated from

_ Busetu HE

Nsystem = (1

Ebr ine

The exergy efficiency of a heat exchanger is determined by
the increase in the exergy of the cold stream divided by the
decrease in the exergy of the hot stream on a rate basis as
follows:

_ Meoig (Weold out ~Veold.in)

€HE -
Mot (V/hot,in ~Vhot,out )

)

The exergy efficiency of the SGDHS is calculated from one
of the following equations:

Exuseful HE
Eqstem = —= " — (%)
¥ Exbrine
_ Exdeﬂ,wslem + EXnaIural discharged
Egystem = 1— -
Exbrine
The exergy efficiencies and exergy destructions for the

entire system and its major components are cal culated using
the above equations and are listed in Table 1.

(9b)

4. RESULTSAND DISCUSSION

In this study, the restricted dead state was taken to be the
reference environment at which the temperature and the
atmospheric pressure are 0°C and 101.325 kPa,
respectively. The exergy rate results given in Table 2
indicate that it is observed through analysis that the
exergy destructions in the system particularly take place
as the exergy of the fluid lost in the natura direct
discharge of the system, the heat exchanger, and the
pumps accounting for 23.62%, 16.47%, and 1.72%,
respectively, of the total exergy input to the SGDHS as
shown in Figure 2. Both energy and exergy efficiencies of
the overall SGDHS are determined to be 53.73% and
58.20%, respectively.

The total energy input value is obtained to be 18426.52 kW
for the day on 1 February 2004 (Ozgener et a., 2004a). The
corresponding reference state (dead state) temperature is
0°C. In conjunction with this, the total exergy input value
isfound to be 2771.16 kW for the same day.

It isimportant to note that in the geothermal district heating
systems, the temperature difference between the geothermal
resource and the supply temperature of the district heating
distribution network plays a key role in terms of exergy
loss. In fact, the district heating supply temperature is
determined after the optimization calculation. In this
calculation, it should be taken into account that increasing
the supply temperature will result in a reduction of
investment cost for the distribution system and the electrical
energy required for pumping stations, while it causes an
increase of heat losses in the distribution network. Unless
there is a gpecific reason, the district hesating supply
temperature should be higher in order to increase the exergy
efficiency of the heat exchangers and hence the entire
system.



5. CONCLUSIONS

The following main conclusions may be drawn from the
present study:

a) The vaues for energy and exergy efficiency for
SGDHS are found to be 53.73% and 58.20%,
respectively. In comparison with other local district
heating systems (e.g., Balcova geothermal district
heating system), the present system has higher energy
and exergy efficiencies while its geothermal resources
are categorized as low-quality geothermal resources.
This is in fact due to the smaller amount of exergy
destructions within system components and in the
systemin general.

b) Currently, reinjection is not applied in the SGDHS and
is planned in the near future.  After this is
implemented, it will result in smaller amount of heat
losses which will make the system more efficient.

c) Actual thermal data taken from geothermal district
heating present a valuable database and source for
further and future studies.

d) The data and analysis results are expected to be
beneficia to the researchers and engineers working in
the area of geothermal district heating systems.

NOMENCLATURE

energy rate (kW)
exergy rate (kW)

exergy (kJ)
specific enthalpy (kJ/kg)

irreversibility (exergy destruction) rate
(kw)

mass flow rate (kg/s)

pressure (kPa)

heat transfer (thermal energy) rate

specific entropy (kJ/kgK)
entropy rate (kW/K)

work rate, power (kW)
temperature (°C or K)

s nex0TvTI — = . m-
B Uy

Greek letters

n energy (first law) efficiency (%)

£ exergy (exergetic or second law)
efficiency (%)

74 flow exergy (kJ/kg)

Subscripts

d natura direct discharge

dest destroyed

e electricity

gen generation

HE heat exchanger

in inlet

k location

out outlet

tot total

w well-head

Superscripts

CH chemica

KN kinetic

PH physical

PT potential
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Figure 1: A schematic of the Salihli GDHS
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Figure2: Exergy flow diagram in the percentages of brine



Table 1: The general balance equationsfor the system.
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Itnecr)n Title Equations Remarks
The generd
I M ass balance Zmn :Zm‘)m mass balance
equation
Il | Energy balance Ein = Eout
The genera
energy baance
: . Y . equation pressed
Q+Zmin Pin _W+Zmout Nout asthetotal
energy input
equal to the total
energy output
o : : Therate of net
Q = Qnet,in = Qin - Qout heat input
VERYY W\ The rate of net
W =Whet,out =Wour =Win work output
111 | Exergy balance Ex= ExX*" + EXN + EX7T + EXH gfhg ts?/glerixefgy
The specific
=(h—hy)-Tyls—
w=( 0)—Tols— o) exergy
I.Exbrine = r:nw[(hbrine - ho)— TO(Sbrine —So )] The exergy rate
E Xpeat — E Xpork + E Xmass,in — E Xmass,out = E Xdest
EXin — EXout = EXqest The genera
exergy baance
v Destruction  or
irreversibilty 2[1__JQk W+Zm Vin— Zm Vout = Exdest
L . The exergy
I = EXgest =ToSgen destroyed or the
irreversibility
_ Eoutput The energy
B Einput efficiency
\% Efficiencies
_ Boutpur The exergy
Exinp it efficiency
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Table 2: Exergy destruction and exer gy efficiencies for one representative unit of the SGDHS.

Exergy Utilized Heat transfer rate or Exergy Energy
Item Component destruction rate power installed power efficiency efficiency
no (kw) (kw) (%) (%)
(kw)
1 Heat exchanger 456.3 10226.83 43961.38 77.95 -
2 K4 well pump 21.28 24.75 55 14.02 65- 80
3 K2 well pump 1251 20.25 45 38.22 65 - 80
4 K3 well pump 4.76 20.25 45 76.49 65 - 80
5 K7 well pump - - - - -
6 Salihli booster pump 6.2 55 675 88.73 65- 80
7 Salihli circulation 2.88 1125 537 97.44 65 - 80
pump
8 Heat exchanger and 503.93 10468.52 45520.58 - -
pumps
9 Overal system? 1158.44 1612.72 45520.58 58.20 53.73

#Based on the exergy (or energy) input to thermal water and water




