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Rankine cycle (ORC) and the TEGs are then determined. It was found that the
power output of the TEGs increases with the rise in temperature of the
reinjected geothermal brine, but the net power of the ORC decreases. For the
maximum net power output of the ORC, which is 217.6 kW, TEGs are able to
produce 43.42 W for the temperature difference of 41.98°C that corresponds to
this status. Therefore, TEGs must be used with lower power outputs to achieve
more energy production from this hybrid energy system. For the high inlet
temperature values of cooling water, the net power of the ORC decreases, and
the power output of the TEGs also goes down. TEGs are able to produce
84.29 W for the temperature difference of 60.6°C for the ORC's maximum net
power output of 260 kW. Therefore, it is clear that using TEGs in the power
plant for low inlet temperature values of cooling water can be considered. In
conclusion, this study demonstrates that waste thermal energy in reinjected
geothermal brine can be harvested through TEGs, and this energy could be
used to feed the electrical equipment of the power plant with low energy con-
sumptions such as lighting, sensors, instrumentation, and control systems.
However, TEGs should be used carefully, since they may affect the overall per-
formance of the geothermal power plant.
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1 | INTRODUCTION

In recent years, global warming, fluctuations in oil prices,
and political crises in different regions where there are
fossil fuel reserves have increased the interest in alterna-
tive energy sources. Global warming is expected to reach
1.5°C by 2052 if current industrial activities continue."
This situation also makes the ongoing trend toward alter-
native energy sources unavoidable. Although it is
believed that, with the COVID-19 global pandemic,
energy consumption on a worlwide scale will decrease by
2%, it will also be inevitable that increases in industrial
production will bring a rise in energy consumption
values when pandemic conditions are over. Within this
context, the ongoing efforts to diversify energy produc-
tion sources and to get rid of the dependence on fossil
fuels will enter a new acceleration era.

The popularization of alternative energy sources coin-
cides with the increase in studies on space and the after-
math of the oil crisis of the 1970s. During this period,
intensive research activities were carried out on energy
sources such as solar, wind, geothermal, biomass, and
hydrogen. Geothermal energy is known to have a special
importance among the existing energy production
sources. It is used in various sectors such as thermal
health, greenhouses, residential heating, and the food
industry, as well as in the production of electrical energy.
The total installed power of geothermal power plants
around the world, which was 8686 MW in 2005, reached
13 900 MW by the end of 2019.* In geothermal power
plants, the annual global electricity production, which
was 52 TWh by 2000, is expected to reach 282 TWh in the
year 2030.”

The power conversion efficiency of geothermal power
plants varies between 10% and 17%.° For this reason,
many studies are carried out to increase the efficiency of
the geothermal power conversion process. It is seen that
the conducted studies have focused on the installation of
hybrid systems. Habibollahzade et al.” have established a
solar chimney/geothermal system to increase efficiency,
thereby increasing the electrical energy production effi-
ciency compared to traditional systems, but achieved a
serious decrease in electricity generation costs. Hu et al.?
showed that when geothermal power plants are operated
as hybrid with solar systems, they are less affected by the
temperature changes and reservoir reductions that may
occur at the plant site, so they can be operated more effi-
ciently. Ozturk and Dincer’ studied a combined cycle
geothermal power plant model that produces hydrogen
for blending into natural gas to increase energy and
exergy efficiencies (with the developed model, energy
and exergy efficiencies were obtained as 46.8% and 77.9%,
respectively). Heidarnejad et al.'® investigated a biomass

assisted geothermal power plant that also produces fresh
water. The aim of that study is to increase the efficiency
of geothermal power plants with low enthalpy by inte-
grating biomass power plants.

Organic Rankine cycle (ORC) enables electricity gen-
eration from geothermal sources without the need for
high temperature values.'' In ORC, organic working
fluid is used in geothermal power plant.'? There is a heat
exchanger in the system and this unit is used to perform
the evaporation stages (preheating, vaporization, and
superheating).’® In the system, the low temperature
(<350°C)** geothermal fluid transfers its thermal energy
through the heat exchanger to the organic cycle fluid that
can switch to the vapor phase at low temperatures. Thus,
electrical energy can be generated from geothermal reser-
voirs at low temperatures. The ORC system, which is
considered to be a highly efficient system in the produc-
tion of electrical energy from heat at low temperatures, is
a preferred system with its advantages such as flexibility,
safety, and low installation cost.'***

Geothermal power plants with low temperature/effi-
ciency values have been supported with various energy
generation systems in order to operate them more effi-
ciently. In addition to biomass, solar energy, and hydro-
gen energy, there is another power generation system to
increase the efficiency of geothermal power plants. It is
called thermoelectric generator (TEG). Essentially, waste
heat energy from geothermal power plants can be reused
for energy generation using TEGs integrated to the geo-
thermal power plant. Waste heat energy is contained in
the geothermal fluid, which is sent to the reinjection well
after it is used in the production of electrical energy in
the geothermal power plant. TEGs are semiconductor
devices and generate electrical energy with temperature
difference between their two surfaces. TEGs produce
electrical energy from waste heat according to the
Seebeck effect.'® One of the most important advantages
of TEGs is that they do not have moving parts.'”*® This
situation facilitates the integration of TEGs into geother-
mal power plants by reducing operating-maintenance
costs.

There are many studies on recovering waste heat
from different thermal applications by using TEGs. How-
ever, only few of them are about integration of TEGs to
geothermal power plants. Actually, geothermal fluid has
still some thermal energy before going to the condenser
and the reinjection wells. Therefore, the possibilities of
using this waste thermal energy should be considered to
increase the performance of the geothermal power plants.
Niu et al.'’ investigated potential of using TEGs for low-
temperature waste heat recovery. They were able to gen-
erate 146.5 W with 56 TEGs and a temperature difference
between sources of 120°C. Suter et al.>° optimized a 1 kW
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thermoelectric stack by simulating different operating
parameters and stack geometries considering a 100°C
gradient. A heat transfer model coupling conduction
through the thermo-element legs with convection to and
from the boundary plates was developed by using compu-
tational fluid dynamics (CFD) software. Liu et al.** built
a system composed by 96 TEGs that generated 160 W
with a temperature difference of 80°C. They estimated
that this prototype could reach 500 W with a temperature
difference of 200°C. Ahiska and Mamur®>** designed a
portable TEG of 100 W for low geothermal temperatures.
For 67°C temperature difference, the maximum power of
20 TEGs was obtained to be 41.6 W and the conversion
efficiency was calculated to be 3.9%. Gholamian et al.**
studied of two different scenarios of using TEGs in geo-
thermal power plants: (i) to employ TEGs for waste heat
recovery and (ii) to use TEGs for hydrogen production.
The scenarios were modelled and compared from the
viewpoints of thermodynamics and exergoeconomics.
They obtained that exergy efficiency of the proposed con-
figurations (i) and (ii) was higher than that of the basic
ORC by 21.9% and 12.7%, respectively. Also, they men-
tioned that configuration (i) had the lowest specific prod-
uct cost. Khanmohammadi et al®>> proposed an
integrated geothermal system-based organic Rankine
flash cycle with proton exchange membrane fuel cell and
TEGs. They modelled the integrated system thermody-
namically and compared its results with the conventional
system. They found that with using TEGs increases the
first and second law efficiencies by 2.7% and 2.8%, respec-
tively. Catalan et al.?® proposed a prototype that utilizes
TEGs to generate electrical energy from geothermal
sources in shallow hot dry rocky fields. The developed
two-phase closed thermosiphon prototype, which
includes two TEGs, generates 3.29 W of electrical energy
per generator for a temperature difference of 180°C. The
study offers loop thermosiphons as a good alternative for
generating electrical energy from such geothermal fields
due to the low thermal resistance of the system and no
auxiliary energy consumption need. Catalan et al.*’
designed a system that could be an alternative to tradi-
tional geothermal power plants. The proposed system is
an energy generation model involving the use of TEGs
and heat exchangers together in shallow hot dry rock
fields. The designed system was tested in two different
prototypes at two different sites. The results obtained that
681.53 MWh of electricity can be produced annually in
the geothermal field where the study is carried out with
the proposed environmentally friendly model. Neamtu
et al.?® proposed a low-power electric generation system
with a maximum power point tracker and a Li-ion bat-
tery module for electric backup systems. In that system,
the TEGs generate electrical energy from the geothermal
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brine used for house heating. The simulation results rev-
ealed that the proposed model is particularly useful for
systems with low power demand, such as security and
monitoring systems. Volcanic formations are one of the
most important geothermal energy sources. From this
point, Catalan et al.*® designed a TEG-based system to
meet the energy needs of systems that monitor the activ-
ity in volcanic formations. The designed system gener-
ated electrical power between 0.32 and 0.33 W per TEG
in the reservoir with a temperature range of 69-86°C.
Ding et al.** considered TEGs as a potential alternative
for the development of geothermal energy. As a result of
their simulation-based study, 136 kW of electrical power
was obtained from the TEG for 130°C of geothermal
fluid. As a result of the study, it has been shown that the
flow rate and temperature of the geothermal fluid have a
significant effect on the TEG output power.

All these studies in the literature point out the advan-
tages of using TEGs in geothermal fields. Unlike the others,
in this study, integration of TEGs to a geothermal power
plant based on ORC is proposed and investigated. TEG
hybrid system model is designed using 48 TEGs. This
model is designed to be integrated and usable in a real geo-
thermal power plant in its current form, as well as experi-
mentally experiencing such systems in a laboratory
environment. Moreover, the effects of utilizing TEGs on
power output of the geothermal power plant are found out.

In this study, it is planned to investigate recovering
waste heat from the geothermal power plant by using
TEGs. Therefore, the main objectives of the study can be
summarized as below:

« To obtain optimized layout configuration of TEGs con-
nected in series and parallel.

« To achieve electrical characteristics and performance
of TEGs for various flow rates and temperature
differences.

« To find out the effects of utilizing TEGs on power out-
put of the geothermal power plant by extending the
obtained results from the model and experiments to
the real operating data of the geothermal power plant.

For this purpose, an integrated TEG-geothermal power
plant is modelled by Matlab & Simulink software, and
also an experimental setup is designed. The obtained
results from the simulation and the experimental setup
are applied to the real-time data of the geothermal power
plant installed in Denizli, Turkey. Parametric energy ana-
lyses of the geothermal power plant and the hybrid sys-
tem are done to find out the performance outputs of the
geothermal power plant and TEGs. Moreover, integration
of TEGs to the geothermal power plant is discussed in
terms of its effect on the net power output.
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2 | MATERIALS AND METHODS

2.1 | Description of the binary cycle
geothermal power plant

General view of the binary cycle geothermal power
plant in Denizli, Turkey and its schematic layout are
given in Figures 1 and 2, respectively. The binary cycle
geothermal power plant works with ORC technology. It
consists of a reverse osmosis system, a cooling water pool,
cooling towers, a high voltage switchgear cabinet, a
400 kKVA transformer cabinet for internal consumers,
cooling water pipelines, a step-up transformer, geother-
mal fluid pipelines, and turbine generator modules.

The geothermal power plant produces electrical
energy from geothermal brine with the temperature of
nearly 104°C supplied by the production well. In the

geothermal power plant, instead of high pressure steam,
a hydrofluorocarbon-based organic working fluid (sec-
ondary fluid) containing the chemical compound R245fa
(1,1,1,3,3-pentafluoropropane) is used. There is only one
production well in the power plant area and the depth of
the well is 2400 m. From the production well, approxi-
mately 60 kg/s of geothermal fluid can be taken.

Three Pratt & Whitney Pure Cycle 280 modules (tur-
bine generator), each capable of producing 280 kW gross
and 260 kW net power, are used to generate electrical
energy from the geothermal fluid. The main specifica-
tions of the module are presented in Table 1.

The module applies to low temperature (80-160°C)
waste heat recovery and power generation, improving the
efficiency of energy utilization, and promoting energy
conservation and emissions reduction. It has an evapora-
tor, a turbine generator, a condenser, a pump, and an

General view of the
31,32

FIGURE 1
geothermal power plant
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Schematic layout of
the geothermal power plant
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electronic control system. Structure of the module is
given in Figure 3. The power plant output voltage
is 400 V/50 Hz AC. Electrical energy of 400 V/50 Hz AC
generated in the power plant is increased to 31 500 V
voltage level with a 1250 kVA step-up transformer. This
transformer feeds the national electricity grid. A 400 kVA
transformer is used to feed electrical consumers of the
power plant. It is a step-down transformer and reduces
31 500-400 V AC voltage level. Thus, the electrical energy
generated in the power plant is sent to the national
electricity grid.

As seen in Figure 2, in the binary cycle geothermal
power plant, the geothermal fluid coming from the produc-
tion well through pipelines (1) to the Pure Cycle 280 mod-
ule passes through the evaporator unit (2) and transfers its
heat to the organic working fluid (3). The organic working
fluid with the superheated-vapor state (4) enables the
turbine-generator group to generate electrical energy. After
this process, the geothermal fluid used in electrical energy

TABLE 1 Main specifications of Pratt & Whitney Pure Cycle
280 module®*
Properties Value
Working fluid R245fa
Maximum rated gross power, kW 280
Maximum rated net power, kW 260
Turbine type Radial inflow
Generator type Induction
Power factor (lagging) >0.95
Hot liquid resource temperature range, °C 80-160

Electror
Control
System

" Working Fluid Pump

FIGURE 3  Structure of the Pure Cycle 280 module
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production is sent to the reinjection well (2) for sustainable
energy production. Meanwhile, organic working fluid is
sent to the condenser unit (5). The cooling water supplied
from the cooling towers which fed by a water pool passes
through the condenser (7, 8) and condenses the organic
fluid to the liquid state (6). Organic fluid liquefied in the
condenser is transferred to the evaporator by the pump. In
this way, the closed loop energy generation process con-
tinues repeatedly.*

2.2 | Thermodynamic modelling of the
geothermal power plant

Some data are obtained from the geothermal binary cycle
power plant in Denizli, Turkey. However, thermody-
namic state properties of the ORC cycle working with
R245fa are not totally known. Therefore, they should be
calculated based on the measured data and several
assumptions.

The mass balance for any control volume at steady-
state condition is obtained as Equation (1):

Zminzzmom (1)

Based on the first law of the Thermodynamics, energy
analysis of any control volume can be expressed by
Equation (2):

ZEin - ZEout (2)

Energy analysis and mass balance equations can be
applied on each component of the geothermal power
plant.

Temperature-specific entropy (T-s) and temperature-
heat transfer diagrams (T-Q) for the evaporator and the
condenser, which are heat exchangers, can be useful for
calculating the thermodynamic state properties.
Figure 4 shows T-s and T-Q diagrams for the binary
cycle geothermal power plant. In the T-s diagram
(Figure 4A), the upper line represents the behaviour of
the geothermal brine while the lower line represents the
behaviour of the working fluid. It is obviously seen in
the T-Q diagram (Figure 4B) for evaporator that R245fa
as compressed fluid in the preheating stage, increases its
temperature, and reaches its saturated liquid. Consider-
ing the working fluid as a pure substance, once it is
heated beyond this point, its temperature remains con-
stant in the evaporation and becomes saturated steam.
The minimum difference between the temperature of
the geothermal fluid and the working fluid is known as
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FIGURE 4 A, Temperature-
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pinch point for the evaporator, shown as ATy, cy. On the
other hand, for condenser, R245fa firstly cools down to
its saturated steam state in the desaturation stage and
then becomes saturated liquid state. The minimum dif-
ference between the temperature of R245fa and water is
called as pinch point for the condenser, presented as
ATpp,con-

For the evaporator, the pinch point temperature and
the energy analysis are as below:

Topev=Tas+ATppey (3)
MRoasta X (h4 - h4f) = ey X MGB X (hl - hpp,ev) (4)

Higausta X (Mg — h3) = €ey X Tigp X (Mppev —h2) — (5)

Similarly, for the condenser, the pinch point tempera-
ture and the energy analysis are calculated as below:

Tppcon =Te6 — ATpp,con (6)
MR24sfa X (hS - h6g) = €con X Mcw X (h8 - hpp,con) (7)

mR245fa X (h6g - hé) = Econ X mCW X (hpp,con - h7> (8)

2.3 | The experimental setup

In this study, an experimental setup is designed to investi-
gate how to apply TEGs to geothermal power plants, the
stages of generating electrical energy from waste geother-
mal fluid, and design procedures for such systems. A gen-
eral view of the setup is given in Figure 5. It can be
automatically commissioned by the operator through the
Programmable Logic Controller (PLC)-Based Monitoring
and Control System (PMCS). Also, according to the values
entered by the operator, the fluid temperatures (cold line
and hot line) and line pressures in the system can be moni-
tored and adjusted. Data acquisition from the experimental
setup is done by the pressure and temperature sensors in
the system. First, the data obtained from the sensors come
to the analogue modules of the PMCS and then these
received data are evaluated by the PLC unit. The experi-
mental setup consists of nine main parts including TEGs,
circulation pumps, PMCS, expansion tank, cooler, accumu-
lation tanks, sensors/valves, water lines, and copper pro-
files, as shown in Figure 5. Water lines connect the main
system parts each other and valves are used to adjust the
flow of water. The detailed view and list of the main com-
ponents of the experimental setup are given in Figure 6
and Table 2, respectively.
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IPLC-Based Monitoring and

Control System
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B
& .
[
PPLC-Based and Control System]
Hot Water Cold Water
PT100 Accumulation Tank Accumulation Tank
Temperature
Sensor
PT100
Expansion Tank Temperature o~
™ Sensor -
i & ‘ =
< Analogue
Analogue Pressure
Pressure Meter
Meter h -
= & e’
I Hot Water Data Terminals
~ Meter
G=" ) I I
= =
& ™
2 || e
?:a I =
= L I_ Hot Water Inlet Line I - ;
5 \- =
[
L2 Al Thermoelectric  PT100 =
% T:a I Analogue Generator Temperature Pressure Analogue %
2 EIERNELY Thermometer Sensor L. Transmitter Thermometer | =
= . S =
o » A o)
2 <]
=i N (3]
7 &
in, I ) A ]
\\- " / (]
I K '
s ) '
& Cold Water
' ', Copper Profiles Meter
PT100 Pressure PT100 Thermocouple PT100 Pressure
Hot Water Temperature Transmitter Temperature Thermoelectric Temperature Transmitter
Circulation Sensor k=M Sensor Cold Water  Generator Sensor
Pump . Circulation
Pressure Pump
Transmitter Analogue
Thermometer
v Cold Water Return Line X))
A

FIGURE 6 The detailed view of the experimental setup

Cold water passes through the profiles located in the
upper and lower parts of the copper profile group shown
in three separate blocks in Figure 6. Hot water passes

through the copper profile in the middle of the profile
group. Here, the copper profiles are produced in the form
of closed boxes for transferring the temperature of the
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TABLE 2

Device type in Figure 6
TEG

PLC-Based Monitoring and
Control System (PMCS)

Hot water accumulation tank

Cold water accumulation
tank

Copper profile

Condenser

Expansion tank

Hot water circulation pump

Cold water circulation pump

HEKIM anp CETIN

Main components of the experimental setup

Device model

Kryotherm TGM-199-1.4-0.8

OEM

Unmak UAT-100 (100 L, with a heater)
Unmak UAT-100 (100 L)

OEM

Azak Ltd.-1 HP-2.350 kcal-2100 kPa
Wates-50 L-1000 kPa

LEO LRP25-60/130
LEO LRP25-60/130

Number of
Device function devices
To generate DC electricity from 48
temperature difference
Control and data acquisition 1
To store and heat water 1
To store cold water 1
To make a thermal difference between 3
two surfaces of a TEG
To cool the water 1
To prevent excessive pressure in the hot 1
water system
To circulate hot water in hot water lines 1
To circulate cold water in cold water 1

Elimko RT02-1P06-5-2wire Class: B
(Length: 5 cm, Diameter: 6 mm)

PT100 temperature sensor
(6 mm)

PT100 temperature sensor

(9 mm) (Length: 16 cm, Diameter: 9 mm)

Elimko E-MI04-1 K20-6-K10-SS-TZ
(Length: 6 cm, Diameter: 2 mm)

Atek BCT-110-4B-V-G1/4-C-S30
(0-400 kPa)

Apator Powogaz JS-130-10-01-NK
(0.1-130°C)

Maddalena SpA DS TRP (0.1-30°C)

Thermocouple (K-type)

Pressure transmitter

Hot water meter

Cold water meter

Pakkens 0-120°C
Pakkens 0-1000 kPa

Analogue thermometer

Analogue pressure meter

Water line OEM
Valve OEM

Elimko RT02-1 K09-16-2wire Class: B

lines

To measure temperatures of water lines 4

To measure indoor temperatures of 2
accumulation tanks

To measure temperatures of hot and 3
cold surfaces of TEG system

To measure pressures of water lines 4
To measure water use in hot water lines 1
To measure water use in cold water 1

lines

To monitor temperatures of water lines 2

To monitor pressures of accumulation 2
tanks

To carry hot and cold water 1

To adjust the water flow manually 2

Abbreviations: OEM, original Equipment Manufacturer; PLC, programmable logic controller; PMCS, based monitoring and control system; TEG,

thermoelectric generator.

water passing through them to the TEGs and providing
the desired temperature values on the hot and cold sur-
faces of the TEGs. Kryotherm TGM-199-1.4-0.8 model
TEGs are placed between copper profiles. Technical spec-
ifications of TEGs are introduced in Table 3. Forty-eight
TEGs are used in the system such that half of them are
between upper and middle copper profiles and the
remaining ones are between middle and lower copper
profiles.

Hot and cold water accumulation tanks, each with a
storage capacity of 100 L, are used to model the power
plant production wells and cooling system at a

geothermal power plant site, respectively. The hot water
accumulation tank depicted in Figure 6 represents the
production well in a real geothermal power plant. As
seen in Figure 6, in order to model the temperature of
the geothermal fluid in the production well, a heater is
integrated into the hot water accumulation tank. The
heater unit is a three-phase resistance heater, and its
electrical power is 10 kW. The heater can raise the tem-
perature of the water in the accumulation tank up to
100°C, which is required for TEGs used in this study. An
expansion tank was added to the experimental setup so
as to prevent the hot water system pressure from
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TABLE 3 Technical specification of Kryotherm TEG***
Parameter Requirement Value
Output Power (P,) @ Ty = 100°C, T, = 20°C 32W
Load Voltage (Ujpaq) @ Ty, = 100°C, T, = 20°C, for 2V
Ripad = Rac
Load Current (Ijgaq) @ Ty = 100°C, T, = 20°C, for 1.6 A
Rload = Rac
TEG Internal Resistance (R,.) @ working temperature of 100°C 1.25Q + 10%

Heat Resistance (Ry)

Maximum Efficiency (#7max)
for Ripaq = Rac 2.6%
Dimensions (W x L x H)

Maximum Working Temperature
(Tmax)

increasing excessively in Figure 6. The cold water accu-
mulation tank represents the cooling system of the geo-
thermal power plant. The temperature of the water in the
cold water accumulation tank can be reduced to +4°C by
using the condenser in Figure 6. The hot water and cold
water produced by this way are sent to the copper profiles
over the water lines by the circulation pumps shown in
Figure 6. The water passing through the copper profiles
transfers its heat to the profile. Copper profiles transfer
their heat to the hot and cold surfaces of TEGs, which
are located between copper profiles. TEGs, which have a
temperature difference between their two surfaces, thus
start to generate DC electrical energy.

Six PT100 temperature sensors are used to measure
the fluid temperatures in the experimental setup. Two of
them are used to measure the temperature of the water
inside the accumulation tanks, two of them for measur-
ing the water temperature at the inlet and outlet of the
hot water main line, and the remaining ones are to mea-
sure the water temperature at the inlet and outlet of the
cold water line. As seen in Figure 6, the temperature of
the water in the hot water inlet line entering the copper
profiles touched with the hot surfaces of the TEGs is
measured by the PT100 temperature sensor mounted at
the point where the line enters the copper profile. Simi-
larly, another PT100 is mounted on cold water return line
of the copper profiles in touch with the cold surfaces of
the TEGs, allowing the temperature of the water in this
line to be measured (Figure 6). Two analogue thermome-
ters are also used to monitor the temperature in the hot
and cold water lines. There are three separate K-type
thermocouples to measure the surface temperatures of
TEGs. As seen in Figure 6, the first one is used to mea-
sure the cold surface temperature of the TEGs between
the copper profiles located at the top and middle. The

With thermal paste application

Height tolerance up to +0.015 mm

0.57 K/W + 10%

@ working temperature of 100°C,

40 mm X 40 mm X 3.2 mm

With thermal paste application 200°C

second thermocouple is used to measure the hot surface
temperature of TEGs between the copper profiles at the
middle and bottom. The third thermocouple is used to
measure the cold surface temperature of TEGs between
the copper profiles at the middle and bottom.

The first of the four pressure transmitters in the
experimental setup is mounted to the section where
the hot water line enters the copper profiles, the second
one to the section where the cold water main line enters
the copper profiles, the third one to the section where the
hot water line comes out of the copper profiles, and the
last one to the section at the copper profile outlet of the
cold water main line. Thus, the pressure in the hot and
cold water lines is measured continuously.

The pressure in the water lines should not exceed
400 kPa for system safety. The PMCS in the experimental
setup monitors instant information from pressure trans-
mitters and disables the system in case the pressure rises
dangerously to the limit value. In addition, two analogue
pressure meters are installed at the water inlet of the
accumulation tanks to monitor system pressure by the
operator. Using the hot water meter included in the
experimental setup, the amount of water passing through
the hot water line can be measured. Similarly, a cold
water meter is installed on the cold water line. The ana-
logue values measured by both water meters can be seen
on the screens of the water meters in cubic meters.

As seen in Figure 6, data collected by all sensors in
the system enter data terminals. Data terminals are the
input terminals of the PMCS. The PMCS receives data
coming from all pressure and temperature sensors in the
system through its data converters. These received data
are evaluated online by the PLC. If necessary, the PMCS
intervenes in the system to adjust the pressure and
temperature.
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2.4 | Simulation of the
experimental setup

During the design stage of the experimental setup, first of
all, the number of TEGs to be used in the system and
their optimum connection type are determined. It is
aimed to convert the DC voltage to be produced by TEGs
into AC electrical energy by using an inverter. The
selected inverter has a power of 150 W in accordance
with the output power of the TEGs. The inverter output
voltage is 230 V/50 Hz. To simulate the system, a code
based on Matlab & Simulink is created. The technical
specifications (hot surface temperature, cold surface tem-
perature, TEG voltage, TEG current, etc.) of the
Kryotherm TEGs to be connected to this inverter are
entered in the data entry section of the Matlab &
Simulink-based software in Figure 7A. Data entered in
the data entry section can be followed numerically from
the data monitoring section (Figure 7B). The user can
design a TEG System with the values they will enter in
the boxes named series-connected TEGs and parallel-
connected TEGs in the data entry section. For the TEG
system with 150 W output power to be designed, on the
software interface, 12 and 4 numbers are entered in
the series-connected TEGs and parallel-connected TEGs
boxes, respectively. The number of TEGs connected in
series and parallel can be changed by the users, and then
the desired TEG system can be obtained. As it is seen in
Figure 7B, the efficiency of TEG system obtained by the
values entered to the simulation software is 2.44%. Since
each TEG has 2V DC output voltage according to
Table 3, the total voltage value of 12 TEGs connected in
series will be 24 V by Equation (9):

Upc—s =nteG X Upc-TEG 9)

However, this voltage value drops below 20 V when
an inverter is connected to the TEG system output termi-
nal. The line current of TEGs connected in series is 1.60
A. Four of these series branches are connected in parallel
in the system. Therefore, the total TEG system voltage is
24 V DC. In addition, the system output current is 6.40 A
by Equation (10):

Ipc-TtEGSYs = Mstring X IDc—TEG (10)

These voltage and current values are obtained in case
of a temperature difference of 80°C between the hot and
cold surfaces (for hot surface temperature T, = 100°C
and cold surface temperature T, = 20°C).>* According to
the number of series- and parallel-connected TEGs
entered to the software, the TEG system output voltage

calculated by the software is 19.95V DC. This value
appears voltageGENerator (V) in Figure 7B. Essentially,
the important point is that a TEG system can be designed
according to the power and the input voltage range of the
inverter. By changing the number of series- and parallel-
connected TEGs as desired, the user can create a configu-
ration suitable for the desired TEG system output voltage
and efficiency.

2.5 | Experiments

After determining the number and configuration of TEGs
to be used in the experimental setup, the stage of design-
ing the platforms where these TEGs will be placed has
been started. As shown in Table 3, the dimensions of the
TEGs are 40 mm x 40 mm x 3.2mm (W x L x H).
Therefore, the width of the platform on which TEGs will
be placed should also be at least 40 mm. To place the
TEGs, four of the L-type copper profiles are welded to
each other to obtain a copper box profile. There will be
three pieces of these copper box profiles in the system,
whose dimensions will be 80 mm x 1050 mm x 40 mm
(W x L x H). Accumulation tanks, each of which has a
storage capacity of 100 L, are used to store hot and cold
water that will pass through the copper profiles in the
experimental setup. The circulation of the water in
the accumulation tanks is made by two circulation
pumps (each with a power of 96 W). A circulation pump
can circulate 58 L of water per minute.*® To keep the
water temperature in the cold water accumulation tank
constant at 20°C, a condenser with a value of 2350 kcal is
used. To increase the temperature of 100 L (100 kg) of
water in the hot water accumulation tank from 20°C to
100°C, a resistance heater with the capacity of at least
9.30 kW is needed. Therefore, a resistance heater with a
power of 10 kW is chosen. To prevent the sudden pres-
sure increase that may occur in the system with the tem-
perature increase, a 50 L (1,000 kPa) expansion tank>’ is
used. Since the operating pressure value of the expansion
tank is 1000 kPa and the precharge pressure value is
400 kPa, the heater operation setting is made so that the
maximum pressure value (400 kPa) of the system is not
exceeded.

In the experimental setup, a total of six PT100 tem-
perature sensors of two different types with protection
sheath diameters of 6 mm and 9 mm are used for the
measurement of fluid temperatures in Figure 6. These
two types of sensors are used according to different
waterline diameters in the experimental setup. These sen-
sors are in the resistance thermometer class and give
resistance values with regard to the temperature changes,
in compliance with the DIN43760 standard.”® They can

85U8017 SUOWILLOD 8A1TER1D) 8|qeot [dde auy Aq peusAob e Sepie YO ‘8sh JO S9N 10j Aiq1T 8UIUO 481 UO (SUONIPUOD-PUB-SWIBIALI0D" A3 1WA eiq 18U JUO//SANY) SUONIPUOD pue SWis | 8y18es *[£202/20/8T] Uo AriqiTauliuo AjIm ‘AiseAlun sespinued Aq SyT/ Je/z00T 0T/I0p/w0d A8 M Ake.d1puluo//sdny wouj pepeojumod ‘ST ‘T20Z XyTT660T



HEKIM anp CETIN

(A)

(B)

FIGURE 7

work between —200°C and +850°C.*® Resistance ther-
mometers give more accurate values at low temperatures
than thermocouples.38 For this reason, this type of sensor
is preferred for temperature measurements. To monitor
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the fluid temperatures, two analog thermometers that
can measure between 0°C and 120°C are used in
Figure 6. Thermocouples are used to measure the surface
temperatures of TEGs between copper profiles in
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Figure 6. They have mineral insulation. Thermocouples
are preferred in demanding applications where long-term
temperature measurement is required due to their flexi-
ble structure.”® Mineral insulation (compressed high
purity metal-oxide powders) allows equipment measuring
wires and metal sheath to be isolated from each other.*
In this context, thermocouples, which are produced
according to DIN43710 and IEC60584 standards and can
measure up to 1200°C with a high degree of accuracy,*
are used to measure surface temperatures of TEGs. Four
pressure transmitters are used to measure hot and cold
water fluid pressures in the experimental setup in
Figure 6. The selected equipment is piezo-resistive, which
can measure up to the upper limit of 400 kPa pressure
value in the experimental setup. They can give output
voltages in range of 0-10 V DC.* In addition to these
pressure transmitters that can send data to the PLC, two
analogue pressure meters are shown in Figure 6, which
can measure between 0 and 1000 kPa, are also mounted
to observe analog values of pressures. To determine the
amount of water used in the experiments, two water
meters are installed to each of the hot and cold
water accumulation tank outlets. The water meter
installed to the hot water accumulation tank is a device
that can operate at water temperatures of 0.1°C-130°C
and can withstand 1600 kPa water pressure.*' The water
meter at the outlet of the cold water accumulation tank
has working temperature of 30°C and maximum pressure
strength of 1600 kPa.** Both devices are chosen as they
are capable of providing the maximum water pressure
(400 kPa) and maximum water temperature limits (100°C
for hot waterand 20°C for cold water) in the system.
Three cases with different mass flow rates (0.2, 0.3, and
0.4 kg/s) are considered in the study. In these cases, with
the values of 50°C (T, = 70°C and T. = 20°C), 60°C
(T, = 80°C and T. = 20°C), 70°C (T}, = 90°C and
T. = 20°C), and 80°C (T}, = 100°C and T, = 20°C) for the
temperature differences between hot and cold sides of
TEGs, experiments are conducted for 20 minutes with
almost constant ambient temperature of 22°C. In Fig-
ures 8 and 9, voltage and power output values for three
cases and the temperature differences are seen, respec-
tively. Values for 40°C and 90°C are formed by curve
fitting.

3 | RESULTS AND DISCUSSION

Some data for the real operating conditions are obtained
from the binary cycle geothermal power plant in Denizli,
Turkey. For the one module, measured properties of one
example for the operating condition at steady state are
presented in Table 4.
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FIGURE 8 Voltage output values for different mass flow rates
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FIGURE 9 Power output values for different mass flow rates

However, they are not enough to evaluate the overall
performance of the power plant for different conditions
for the reinjection temperature and the temperature of
cooling water output. For the geothermal-thermoelectric
hybrid power generation system, these temperature
values become very important to investigate the tempera-
ture differences between the hot and cold sides of TEGs
(AT) as well as the performance of the geothermal power
plant. In the analysis, geothermal brine is considered as
water. Engineering Equation Solver (EES) software is uti-
lized for the determination of the thermodynamic proper-
ties of the geothermal brine and the working fluid as
R245fa. Thermodynamic analysis for each component of
the plant and pinch point calculations for the evaporator
and condenser are written in EES, so that the parametric
analysis using the temperature of the reinjected geother-
mal brine (T,) and the inlet temperature of the cooling
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water (T,) as the independent parameters is conducted.
For the given example at the steady-state condition
above, thermodynamic state properties given in Table 5
are obtained especially for the ORC. Also, by validating
with the other real operating conditions and specifica-
tions of the module,*>** some other data of the ORC are
obtained as shown in Table 6. Effectiveness of the evapo-
rator and the condenser is assumed to be 0.92 and
1, respectively.** Also, efficiency of generator-alternator
couple connected to the turbine is assumed to be
0.96.>%

The inlet temperature of the cooling water (T,) to the
condenser mainly depends on ambient temperature.
Therefore, monthly ambient temperature values are
obtained from typical meteorological database of Photo-
voltaic Geographical Information System,* for the years
between 2006-2016 at the location of the power plant

TABLE 4 Measured properties of one example for the
operating condition at steady state

Properties Values
Inlet temperature of geothermal brine, T; (°C) 103.89

Reinjection temperature of geothermal brine, T, (°C) 72.2

Inlet pressure of geothermal brine, P; (kPa) 280
Reinjection pressure of geothermal brine, P, (kPa) 240
Mass flow rate of geothermal brine, riigg (kg.s‘l) 20
Inlet temperature of cooling water, T, (°C) 22
Outlet temperature of cooling water, T (°C) 32.8
Inlet pressure of cooling water, P, (kPa) 90
Outlet pressure of cooling water, Pg (kPa) 50
Mass flow rate of cooling water, riqy (kg.s™") 49.6
Evaporator pressure, P, (kPa) 735
Condenser pressure, P, (kPa) 216
Gross power, W gross (KW) 219
Net power, Woet (KW) 204
TABLE 5 Thermodynamic state properties of the power plant
Point no Fluid T (°C)
1 Geothermal brine 103.9 280
2 Geothermal brine 72.2 240
3 R245fa 35.98 735
4 R245fa 77.13 735
5 R245fa 45.99 216
6 R245fa 35.69 216
7 Water 22 90
8 Water 32.8 50

P (kPa)

N a T e WILEY_| 2

(37° 54’ 57" N/28° 52’ 48" E). Minimum and maximum
ambient temperature values are 6.08°C and 30.83°C in
January and July, respectively. Therefore, the inlet tem-
perature values of the cooling water (T5) are varied from
0°C to 40°C in the parametric analysis. In addition, T,
values are taken between 40°C and 103.89°C since the
temperature of the geothermal brine (T;) is assumed to
be constant at 103.89°C. The outlet temperature values of
the cooling water (Ty) are taken as above the inlet tem-
perature of the cooling water (T5).

Figures 10 and 11 show the variations of the parame-
ters with T, values from 40°C to 103.89°C while T,, Ty,
and mass flow rate of the geothermal brine are kept con-
stant at 22°C, 32.8°C, and 20 kg/s, respectively. As seen
in Figure 10, net power reaches its maximum at 63.98°C
with the value of 217.6 kW, and from this point, it is
decreasing with the increase in T, since thermal energy
input from geothermal source (Q,,) to the evaporator,
which is transferred thermal energy to R245fa, becomes
less. Also, corresponding evaporator and condenser pres-
sure values for the maximum net power are 596.6 and
216.8kPa, respectively. Although evaporator pressure
rises with T,, condenser pressure is almost the same due
to the constant T, value, 22°C.

In Figure 11, it is seen that mass flow rates of R245fa
and the cooling water decline with the increase in T..
Carnot and thermal efficiency values increase with the
higher T, because thermal energy input from geothermal
source (Q;,) and thermal energy output to the condenser
(Quu) are reducing simultaneously. For the maximum
net power from the ORC, mass flow rates of R245fa and
the cooling water are calculated to be 14.89 and 63.61 kg/
s, and also, Carnot and thermal efficiency values are
obtained to be 0.1477 and 0.0638, respectively.

Figures 12 and 13 represent the variations of the
parameters with the inlet temperature values of
the cooling water (T) from 0°C to 40°C while T,, T, and
mass flow rate of the geothermal brine are kept constant
at 103.89°C, 72°C, and 20 kg/s, respectively. In addition,

m (kg.s ) h (kIkg™) s(kIkg LK)
20 435.6 1.351

20 302.4 0.9816

11.53 247.3 1.161

11.53 459.8 1.778

11.53 440.8 1.788

11.53 246.7 1.16

49.6 92.28 0.3246

49.6 137.4 0.475
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TABLE 6 Calculated data of the ORC based on the
thermodynamic modelling

Properties Values
Pinch point temperature difference for the 3.7
evaporator, ATpp ey (°C)
Pinch point temperature difference for the 3.47
condenser, ATpp con (°C)
Isentropic efficiency of the turbine, 7t 0.85
Isentropic efficiency of the pump, #p 0.75
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cooling water and changes in efficiencies with the temperature of
reinjected geothermal brine

Tg is considered as 10°C higher than T,. As presented in
Figure 12, net power has its maximum value of 260 kW
at the minimum T, value. With increasing T, value, net
power is decreasing T, due to declining thermal energy
output from R245fa to the cooling water via the con-
denser. Also, this affects the condenser pressure by
increasing it, so the condenser pressure determines the
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FIGURE 13 Variations of mass flow rates of R245fa and the

cooling water and changes in efficiencies with the inlet
temperature of cooling water

outlet conditions (pressure and temperature) of the tur-
bine. Although the condenser pressure increases, net
power output of the ORC reduces. It has the maximum
value of 260 kW at 11.6°C of inlet temperature of cooling
water. It can be seen in Figure 13 that mass flow rates of
R245fa and the cooling water rise with the increase in T5.
However, Carnot and thermal efficiency values decrease
with the higher T,. For the maximum net power from
the ORC, mass flow rates of R245fa and the cooling water
have their minimum values, which are obtained to be
10.72 and 52.16 kg/s, respectively.

TEGs utilization in the geothermal binary power
plant is investigated by using the results obtained from
the experimental setup. From the point of view from the
heat transfer phenomena, it is very important to deter-
mine the temperature drops throughout the geothermal/
cooling water pipelines and surface temperatures on
hot/cold sides by considering the size of TEGs when they
have long and wide layout. However, in this study, only
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small power capacity of TEGs with the numbers of 48 is
used. Therefore, for the simplicity, temperature drops
throughout the geothermal/cooling water pipelines are
not taken into account, and surface temperatures on
hot/cold sides of TEGs are assumed to be constant along
the pipelines where TEGs are mounted. The variations of
TEGs power output values with the temperature
of reinjected geothermal brine (T,) and the inlet tempera-
ture values of the cooling water (T) are shown in Fig-
ures 14 and 15, respectively. The corresponding
temperature differences between hot and cold sides of
TEGs for these situations are also given in these figures.
As seen in Figure 14, power output of TEGs increasing
with the increase in T,. However, for the higher T, values
after its reaching the maximum value, net power of the
ORC reduces. For the maximum net power output of
ORC, which is 217.6 kW, TEGs are able to produce
4342 W for the temperature difference of 41.98°C

250 : : : : : —— 100
+Wnet AinEG —EAT
< 200 - =180
E -/
2 e
= .//
.= 150} {60
- —
T - 2
© /./ :
s 100 — . pd 40
= ./ -
= — _
S 50 o — o 120
.; - ——— Jr***x""”//xy
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40 50 60 70 80 9 100
T2 [°C]
FIGURE 14 Net power, power output of TEGs, and

temperature difference with the change of the inlet temperature of
reinjected geothermal brine

Woet (kW) and Wrgg (W)
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FIGURE 15 Net power, power output of TEGs, and

temperature difference with the change of the inlet temperature of
cooling water
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corresponding to this status. Therefore, for benefiting
more energy production from this hybrid energy system,
TEGs have to be used with lower power outputs.

In Figure 15, evaluation of power output of TEGs can
be seen with the change of T,. For the higher T, values,
net power of the ORC reduces, and also power output of
TEGs goes down. For the maximum net power output
of ORC, TEGs are able to produce 84.29 W for the tem-
perature difference of 60.6°C. Therefore, utilizing TEGs
in the power plant for the lower T, values can be consid-
ered. In conclusion, it is important to note that increased
numbers of TEGs and higher temperature differences do
not mean to get the higher net power output of the
hybrid energy system since TEGs impact on energy input
from geothermal brine (Qin) to ORC. Also, cold side tem-
perature of TEGs (inlet temperature of cooling water) is
limited to the condenser temperature which mainly
depends on ambient temperature. Therefore, utilization
of TEGs could have positive and negative effect on net
power output. A simultaneously design approach can be
considered for using TEGs in any waste heat recovery
system to get the optimum numbers/layout configuration
of TEGs.

4 | CONCLUSIONS

The aim of this study is to investigate the use of TEGs in
the geothermal power plant for recovering the waste heat
of reinjected geothermal brine. The main conclusions of
the study are listed as follows:

« The numbers of TEGs that are connected in series and
parallel were found to be 12 and 4, respectively, for the
optimized configuration of TEGs for maximum power
output and the relevant voltage stability using Matlab &
Simulink.

« From the experimental setup, which was designed for
the optimized configuration of TEGs, it was found that
it is possible to heat to electrical conversion efficiencies
of TEGs up to 2.44%.

o Three cases with different mass flow rates (0.2, 0.3,
and 0.4 kg/s) are considered in the study. In these
cases, it was found that higher mass flow rates and
temperature  differences increase the voltage
and power outputs with values of 50°C (T}, = 70°C and
T. = 20°C), 60°C (T, = 80°C and T. = 20°C), 70°C
(T, = 90°C and T, = 20°C), and 80°C (T}, = 100°C and
T. = 20°C) for the temperature differences between
the hot and cold sides of TEGs.

« However, in the real operating conditions of the geo-
thermal power plant, the TEGs should be used care-
fully to generate more efficient electrical energy from
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such a hybrid energy system. The parametric energy
analysis revealed that the power output of TEGs
increases with the rise in temperature of the reinjected
geothermal brine, but the net power of the ORC
decreases. For the maximum net power output of
ORC, which is 217.6 kW, TEGs are able to produce
43.42 W for the temperature difference of 41.98°C that
corresponds to this status. Moreover, for the high inlet
temperature values of cooling water, the net power of
the ORC decreases, and the power output of the TEGs
also goes down. TEGs are able to produce 84.29 W for
the temperature difference of 60.6°C for the ORC's
maximum net power output of 260 kW.

For the future work, an adaptive control system for
the variable load characteristics will be implemented in
the system to control the hot water flow rate, and the
response of the system can then be investigated. Also,
comprehensive energy, exergy, and thermoeconomic ana-
lyses of the system have been planned to determine the

inefficiencies and the improvement potential of
the hybrid system.
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NOMENCLATURE

Symbols

Ein energy inlet per unit time, kIs™?

Byt energy outlet per unit time, kJs™!

h specific enthalpy, kJ.kg™"

hpp.con specific enthalpy at pinch point of condenser,
klkg!

hpp,ev specific enthalpy at pinch point of evapora-
tor, kJ.kg !

hy specific enthalpy of geothermal brine,
kJkg™!

h, specific enthalpy of reinjected geothermal
brine, kJ.kg ™"

hs specific enthalpy of working fluid at the inlet
of evaporator, kl.kg

hy specific enthalpy of working fluid at the out-
let of evaporator, kl.kg ™"

hye specific enthalpy of saturated working fluid

at the outlet of evaporator, kJ.kg ™"

hs
he
heg
hy
hg

I DC-TEG
I DC-TEGS
Iload
MG
min
mout
mR245fa
mew
nstring
NtEG
P,

Py

P,

T,
Ts
Te

Ty
Ty

Ty
TmaX
Tpp,con
Topev
Upcs

UDC-TEG

specific enthalpy of working fluid at the out-
let of turbine, kl.kg ™"

specific enthalpy of working fluid at the out-
let of condenser, kJ.kg !

specific enthalpy of vaporized working fluid
at the outlet of condenser, kJ.kg™*

specific enthalpy of cooling water at the inlet
of condenser, kJ.kg ™"

specific enthalpy of cooling water at the out-
let of condenser, kJ.kg ™!

output current of a TEG, A

output current of a TEG system, A

load current, A

mass flow rate of geothermal brine, kg.s™
inlet mass flow rate, kg.s~"
outlet mass flow rate, kg.s™
mass flow rate of R245fa, kg.s™
mass flow rate of cooling water, kg.s ™"

string number in parallel connected

number of TEGs connected in series

output power, W

inlet pressure of geothermal brine, kPa
reinjection pressure of geothermal brine, kPa
inlet pressure of cooling water, kPa
outlet pressure of cooling water, kPa
condenser pressure, kPa

evaporator pressure, kPa

thermal energy input per unit time, kJ.s™
thermal energy output per unit time, kJ.s™
internal TEG resistance, Q

heat resistance, KW 1

specific entropy, kl.kg LK !

inlet temperature of geothermal brine,’C
reinjection temperature of geothermal
brine,°C

temperature of working fluid at the inlet of
evaporator,”C

temperature of working fluid at the outlet of
evaporator,”C

temperature of working fluid at the outlet of
turbine,°C

temperature of working fluid at the outlet of
condenser,°C

inlet temperature of cooling water, °C

outlet temperature of cooling water, °C

TEG cold side temperature,°C

TEG hot side temperature,’C

maximum working temperature,’C

pinch point temperature of condenser, °C
pinch point temperature of evaporator, °C
DC line voltage of TEGs connected in
series, V

DC voltage of a TEG, V

1

1
1

1
1
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Uload load voltage, V

ngss gross power, kW

W et net power, kW

Greek Symbols

Econ effectiveness of condenser

Eo effectiveness of evaporator

Nmax maximum efficiency, %

Np,s isentropic efficiency of the pump

NTs isentropic efficiency of the turbine

AT temperature difference, °C

ATppcon  pinch point temperature difference for the
condenser, °C

ATy, .,  pinch point temperature difference for the
evaporator, °C

Abbreviations

AC Alternative current

CFD Computational fluid dynamics

DC Direct current

EES Engineering Equation Solver

OEM  Original Equipment Manufacturer

ORC  Organic Rankine cycle

PLC Programmable Logic Controller

PMCS PLC-Based Monitoring and Control System

TEG Thermoelectric generator
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