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Geothermal Aided Power Generation (GAPG) technology is a geothermal hybrid power
system that geothermal energy has been integrated into the fossil fired plant to preheat the
feedwater, and displace the extraction steam of fossil fired plant. In such a power system,
the heat exchange process between extraction steam and geo-fluid occurs in a heat
exchange between. When the geo-fluid in the heat exchanger quench to lower
temperature for heat transfer purpose, silica scaling would occur in the heat exchanger
system. The performance of the GAPG plant would be influenced by the configuration of
the heat exchanger and silica scaling in the heat exchanger. For a GAPG plant, it has two
possible configurations for a heat exchanger system: series arrangement and parallel
arrangement. The different configuration also impacts on the technical performance of the
GAPG plant. The silica scaling in the heat exchanger system would harm the performance
of the GAPG plant. In this study, a GAPG power system from a 300 MW power plant is
used as a case study to understand the impact of displacement selections and heat
exchanger arrangement on the performance of the GAPG plant. It was found that there is
no silica scaling occurring in heat exchangers system if geo-fluid is used to displace to
high-grade extraction steam only. Furthermore, the Parallel arrangement is better than the
Series arrangement in terms of the additional power output. Moreover, the GAPG plant has
protentional to reduce carbon dioxide emissions by 13%.

Keywords: geothermal aided power generation, configuration, power system, silica scaling, displacement selection

INTRODUCTION

With rapid economic development, the consumption of electricity has supplied an increasing share
of the world’s total consumption of energy (Christina et al., 2020). Coal is the most widely used fuel to
produce electricity (Christina et al., 2020). However, with the increasing awareness of the negative
environment impacts from carbon dioxide, which is emission from coal fired power plants, the use of
other kinds of energy resources to produce electricity has become more attractive (Hargreaves and
Jones, 2020). Renewable resources, such as geothermal energy, solar energy and wind energy, are
receiving growing attention for the production of electricity purpose (Hargreaves and Jones, 2020).
However, some of the renewable energy resources such as solar and wind energy have the
disadvantage of being intermittent nature. Compared with other renewable energy such as solar
and wind energy, geothermal energy has the advantage of being non-intermittent.

For the low to medium temperature geothermal resources in the range of 90°C-300°C, from the
thermodynamic points of view, the thermal efficiency of a geothermal alone power plant is capped by
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the temperature of the geothermal fluid entering geothermal
power plants (Zhao et al., 2021). On the other hand, fossil fuel
power plants are presently still the backbone of electricity
production, which have relatively high thermal efficiency as
the combustion temperature is much higher (Seyfettin, 2021).
Therefore, a hybrid power plan is a practical way to efficiently use
geothermal energy and reduce emission from electricity
production (Hao et al., 2021).

The concept of a hybrid geothermal power plant was first
presented in the late 1970s by DiPippo (DiPippo et al., 1978). It
was pointed that there are three kinds of hybrid power systems
(Kingston Reynolds Thom and Allardice Ltd, 1980; DiPippo et al.,
1981). The first choice is integrating geothermal fluid into the
boiler for superheating, the second choice is using geothermal
fluid to preheating feedwater to the boiler, and the third choice is
to compound these two choices. Comparing these three choices,
DiPippo found that the second choice has the advantages of easy
control over than other two choices. In the present study, the
second choice is termed geothermal aided power generation
(GAPG) technology.

The GAPG technology is a method of integrating geothermal
energy into a conventional regenerative Rankine cycle (RRC)
power plant technology (Hao et al., 2021). In such a technology,
geothermal energy carried by the geothermal fluid is used to
displace extraction steam from the steam turbine by preheating
feedwater to the boiler. Therefore, the displaced extraction steam
is then can be expended further in the steam turbine. The GAPG
plant can be operated both for power-boosting and fuel-saving
purposes by adjusting the mass flow rate of feedwater entering the
boiler (Kolb, 1998).

The major thermodynamic advantage of the GAPG
technology is that the efficiency of geothermal to power
efficiency is no longer capped by the temperature of the
geothermal fluid, but the combustion temperature of the plant.
Thermodynamic analysis shows that the GAPG technology has
an overall improvement in the utilisation of low to medium
temperature geothermal resources (Khalifa, 1978; Khalifa et al.,
1978). Kestin et al. found that, for geothermal fluid at 200°C, a
GAPG plant can theoretically produce 4% more electricity than
the original RRC plant and 60% more work than a geothermal
alone power plant (Kestin et al., 1978). Buchta analysed a GAPG
plant modified from a 200 MW power plant, and geothermal
energy is used to displace extraction steam to low-pressure
feedwater heaters, it was found that even for the geothermal
fluid temperature at 90°C, the geothermal to power efficiency can
achieve to about 10% (Buchta, 2009; Buchta and Wawszczak,
2010). For a 500 MW power plant, GAPG technology can
increase electricity production by up to 19% (Zhou et al,
2014). However, it was found that the thermodynamic of the
GAPG plant over other kinds of geothermal alone power plant is
dependent on the distance between the geothermal well and RRC
power plant (Liu et al., 2016). Except thermodynamic advantages,
it was also pointed that GAPG plants have advantage of lower cost
of electricity than other kinds of geothermal alone power plants
(Battye et al., 2010; Borsukiewicz-Gozdur, 2010).

Besides geothermal resources, solar thermal energy can also be
used for preheating purpose, this kind of renewable preheating
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power system is termed as Solar Aided Power Generation (SAPG)
technology (Zhou et al., 2015). Previous studies found that this
kind of SAPG power system still has thermodynamic and
economic advantages over solar alone power plants (Zhao
et al., 2016a; Zhao et al, 2016b; Zhao et al., 2016¢c; Waqar
et al,, 2017; Zhang et al,, 2017; Zhang et al., 2019). However,
due to the intermittent nature of solar resources, a storage system
is needed for the SAPG system (Qin et al., 2017; Qin et al., 2018;
Qin et al., 2022). Compared with GAPG and SAPG plant system,
the GAPG power system can be operated without thermal storage
system, and can overcome the disadvantage of the intermittent
nature for the SAPG power system (Sudhakar et al., 2018; Kumar,
2019; Agyekum et al,, 2021a; Agyekum et al., 2021b).

In a GAPG plant, the additional power is not generated
directly from the geothermal heat but from displaced/saved
extraction steam. Therefore, displacement of extraction steam
at different stages leads to different technical benefit (Hao et al.,
2021). This means that the geothermal to power efficiencies of a
GAPG plant might be dependent on the displacement stage
selection. Previous studies pointed that there are two possible
heat exchanger arrangements for the GAPG plant, which were
series arrangement and parallel arrangement (Khalifa, 1978;
Khalifa et al, 1978). In the series arrangement, the heat
exchanger is arranged in series with the feedwater heater
system of the Rankine cycle power plant. In the parallel
arrangement, the heat exchanger is arranged in parallel with
the feedwater heater system of the Rankine cycle power plant. It
was found that series arrange had the advantages of being easy to
control. However, there is a lack of study on the performance of
the GAPG plant with different heat exchanger arrangements for a
given displacement selection.

In addition, a GAPG plant faces the specific problem of silica
scaling in heat exchangers, which would not be allowed for the
safe operation of the plant (Setiawan et al., 2019). In the GAPG
technology, with the geothermal fluid from (production) well
head for preheating purpose, the temperature of the geothermal
fluid would be dropped. Then, the dissolved silicon dioxide might
precipitate from the geothermal fluid, and the silica scaling would
then occur in the heat exchangers of the GAPG plant. The
precipitation rate of silicon dioxide is mainly dependent on
the geothermal fluid temperature and silica concentration in
the fluid. Therefore, when determining the displacement
selection, the potential silica scaling problem in the heat
exchangers must be considered.

In the present study, the silica scaling process in heat
exchangers with different displacement selections has been
considered for studying the impact of displacement selections
and heat exchanger arrangement on the performance of the
GAPG plant.

GEOTHERMAL AIDED POWER
GENERATION

Figure 1 presents a schematic diagram of a regenerative Rankine
cycle power plant. In such a power system, some steams are
extracted from the steam turbine through various stages to the
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FIGURE 1 | Schematic diagram of a typical 300 MW regenerative Rankine cycle power plant with seven feedwater heater (FWH) and one deaerator.

feedwater system of the power plant. In the feedwater heater
system, the extraction steam is used to preheat the feedwater of
the boiler. By doing this, the overall efficiency of the RRC power
plant could be increased but it would lead to a decrease in the net
power output per kilogram of the steam flow through the boiler.

The GAPG plant is based on the RRC power plant. In such a
plant, the geothermal energy carried by the geothermal fluid
enters a heat exchanger, also termed geo-preheater, sub-system to
displace extraction steam for feedwater preheating purpose. The
extraction steam replaced by geothermal energy, sometimes
termed as saved steam, could then expand further in the lower
stages of the steam turbine to generate (more) power. After the
feedwater of the RRC power plant is preheated by the geothermal
fluid, the geothermal fluid is sent back to the geothermal
(injection) well. In order to integrate geothermal energy into
the power plant, there are two kinds of arrangement for the heat
exchanger sub-system, ie. the parallel and the series
arrangements.

Figure 2 shows the schematic diagram of a GAPG plant with
the parallel heat exchanger arrangement. As shown in Figure 2, in
a parallel GAPG plant each high pressure FWHs of the RRC
power plant (FWH1 to FWHS3 in Figure 2) would potentially
have one geo-preheater to transfer of the geothermal heat to the
feedwater. Namely, each geo-preheater is in parallel with the
displaced FWH. The FWHs that could be displaced by
geothermal fluid depends on the geothermal fluid temperature.
If the temperature of the geothermal fluid can be used to displace
FWHI1 in Figure 2, the temperature of the geothermal fluid at
point G1 must be higher than the temperature of the feedwater at
point 1. In this arrangement, shown in Figure 2, the valves A to C
require to be adjusted according to the geothermal fluid flow rate
to make sure the feedwater temperatures at the exit of each FWH
remain unchanged.

Figure 3 shows the schematic diagram of the series
arrangement of the heat exchanger or geo heater arrangement.
As shown in Figure 3, in the series arrangement, there is only two
heat exchangers required to preheat feedwater. The geo-preheater
1 is used to displace FWH]1 to FWH3 (high pressure FWHs) and
the geo-preheater 2, if allowed, is used to displace FWH5 to
FWHS8 (low pressure FWHs). Similarly (to the parallel
arrangement), the Valves A-C, should be adjusted according
to the flow rate and the temperature of the geo-fluid at point
G1, to make sure the temperature of the feedwater at ws1 remain
unchanged.

In a GAPG plant, besides the temperature of geo-fluid, there is
another factor that would determine which stage of FWH cloud
be displaced, that is silica scaling. As the geothermal fluid
transfers heat (to feedwater) in geo-preheaters, its temperature
drops. When the temperature of geothermal fluid drops, the
dissolved silicon dioxide in the geothermal fluid would precipitate
from the fluid. the precipitation rate of silicon dioxide is a
function of the temperature and silica concentration of the
geothermal fluid (Bhuana et al., 2009) (Sudhakar et al., 2018).
The precipitation of the silicon dioxide would cause the silica
scaling in the heat exchanger and pipelines, which could not be
allowed to occur for the safe operation of the plant. Therefore,
determining or selecting the right FWH(s) to be displaced,
according to the temperature and SiO2 concentration of the
geo-fluid, would help to minimize/reduce silica scaling.

SIMULATION MODEL OF THE GAPG
PLANTS

To calculate the performance of the GAPG plant, a simulation
model has been developed. The simulation model consists of two

Frontiers in Energy Research | www.frontiersin.org

May 2022 | Volume 10 | Article 824421


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Zhou et al. Geothermal Hybrid Power Generation System

D
Valve D From
E F G H Condenser
Valve E Valve F Valve G Valve H
FWHS5 FWH6 FWH7 FWHS8
AR
wa|
To
Condenser
To Boiler A B C
1
Geo Geo Geo
Preheater Preheater Preheater
1 2 3
G1 G2
FIGURE 2 | Schematic diagram of parallel GAPG plant feedwater heater system.
From
Bih Valve D E F G H Condenser
Valve E Valve F Valve G Valve H
FWH5 FWH6 FWH7 FWHS8
oy
g
To
Condenser

To Boiler A

Geo
Preheater

G2

HTF

FIGURE 3 | Schematic diagram of Series GAPG plant feedwater heater system.
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TABLE 1 | Temperature functions of the rate constants for silica-water reactions
(Rimstidt and Barnes, 1980).

logk, = 1.174-2.028 x 10°T-4158/T

a, = -0.707, c, = —2598

parts. The first part is used to calculate the GAPG plant’s
technical performance, and the second part is used to simulate
the silica scaling process that occurred in the geo-preheater.

Simulation Model of GAPG Plant

For a GAPG plant, the simulation of the GAPG plant is actually
simulating the energy and mass balance of the FWH system, in
which the Matrix Method is often used (Huang et al., 2019). In
this paper, the Matrix Method is used to simulate the
extraction steam’s mass flow rate after
geothermal energy integration. Then, the power output of
steam turbine can be calculated by using new calculated
mass flow rate.

For a GAPG plant with 8 FWHs (including three high pressure
FWHs, one deaerator, and four low pressure FWHs), and
extraction steam to all high pressure FWHs has been displaced
by geothermal energy, the Matrix for FWH system can be
expressed as:

variations

7 |
ry gy . Tl el e e : Ya
: B
rs 13 qs Y
) Ye
Ta Ty T4 Gy . . T ¥p
YE
75 T T5 Ts (s
Yr
Te T6 Te Te te Go . - Ya
YH
;7 T; T; T; 7 V7 gy
Tg Tg Tg Tg rg rs rs (s
QGeo,l/mO T
QGeo,Z/mo T2
QGeo,S/mo 73
T
+ 0 =| * | (1)
0 LE
0 Te
0 77
0 T3

Where, g; (kJ/kg) is the decrease of extraction steam specific
enthalpy in the ith FWH; 1; (kJ/kg) is the increase of the
feedwater specific enthalpy in the ith FWH; r; (kJ/kg) is the
decrease of the drained steam specific enthalpy from the (i-1)"
FWH in the ith FWH; and y; is the each stages of extraction
steam mass flow rate. Qgeo,; (KJ/s) is the geothermal energy
input of ith FWH; ar}d rig (kg/s) is the boiler mass flow rate. The
QGeo is equal to ZQGeo,i‘

The extraction steam flow rates of each extraction steam at
each FWHs with various geothermal energy integration could be
calculated by Eq. 1.

Geothermal Hybrid Power Generation System

In a GAPG plant, the increased power output after geothermal
input can be termed as geothermal power output. Therefore, the
power efficiency for the whole GAPG plant can be given as:

AW
o= A 2
o QGea + QBoiler
Where AW, is the increased power output after geothermal
integration; and Qg,, is the geothermal energy input.

Prediction of the Silica Deposition

In a GAPG plant, the silicon dioxide becomes supersaturated as
the geo-fluid flows up and quenches to a lower temperature
(Chan, 1989). Polymerization happens when the concentration of
silica is supersaturated and polymerization proceeds to silica
(Gunnarsson and Arndrsson, 2005). The silica scaling takes
place in geothermal wells, well pipes, and heat exchanger in
the GAPG plant. In geothermal fluid, the rates of silica deposition
and polymerization is determined by the PH and salt
concentration of geothermal fluid, the residence time, and
temperature of geothermal fluid (Gunnarsson and Arnérsson,
2005). The rate of silica deposition can be controlled by adjusting
PH through the addition acid of by adding salt (Gunnarsson and
Arnérsson, 2005). However, adding salt might still have a
negative effect on the pipes of power system and environment
of geothermal wells. In the present paper, it is assumed that the
solubility of silicon dioxide is only controlled by the temperature
of the geothermal fluid and the silica scaling occurs in the heat
exchanger system of the GAPG system.

In order to optimise the displacement selections of the GAPG
plant with different silica concentrations, the net precipitation
rate of silicon dioxide should be calculated. The approaches taken
to calculate the silica precipitation and deposition rate of silicon
dioxide are quite complex and poorly understood (Brown and
Bacon, 2009). A simplified approach using experimental data
from Brown and Bacon is used in the present paper to calculate
the deposition rate of silicon dioxide.

The precipitation rate of silicon dioxide is mainly determined
by the kinetics of amorphous silica in the geothermal fluid. For a
geothermal fluid at temperatures ranging from 0 to 300°C, the
kinetics of amorphous silica precipitation have been determined
by the study of Rimstidt and Barnes (Rimstidt and Barnes, 1980).
The reversible reaction of silicon dioxide is shown as:

For this reversible reaction, H4SiO4 (aq) is the precipitation of
silicon dioxide. The net precipitation rate can be expressed as
(Bhuana et al., 2009):

r 1
rsio, = —k, (1 - Q/K) % 3)

Where the k, is the forward rate constant, K is the equilibrium
constant and Q is the activity quotient. The Q/K is the degree of
saturation (S).

Q is then calculated by

Q= aH4SiO4/( (4)

asio,) (aHZO)Z’
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TABLE 2 | Key parameters of case study power plant (300 MW subcritical power plants).

Points in Figure 1

Item Unit A B

Pressure Bar 54.41 34.62
Temperature °C 374.9 313.2
FWH outlet temperature °C 269 240.2
Drain steam temperature °C 245.9 203.8
Extraction flow rate ka/s 16.00 19.78

Outlet steam parameters of boiler, and Steam turbine

Item Unit Boiler Reheater
Pressure Bar 167 31.16
Temperature ‘C 537 537
Flow rate kg/s 241.5 205.8

(] D E F G H
15.76 7.56 4.86 1.87 0.632 0.226
430.4 326.3 276.5 174.9 85.9 61.6
198.2 169.1 146.1 113.7 83.1 58.8
174.7 165.4 119.3 88.8 64.4 40.2
9.70 14.73 10.42 9.44 7.34 7.37

HP turbine IP turbine LP turbine
34.62 4.77 0.052
312.8 276.5 33.6
225.6 170.9 146.8

TABLE 3 | Case study scenarios.

Scenario No Displaced FWHs

Scenario 1 Displacing extraction steam to FWH1 to FWH3
Scenario 2 Displacing extraction steam to FWH5 to FWH8
Scenario 3 Displacing extraction steam to FWH1 to FWH 8
Scenario 4 Displacing extraction steam to FWH5

Where, g; is the activity of species i. In the mathematical model, a; is
calculated as the silica concentration. As SiO, and H,O are present
as a solid and a liquid, then ag;o, and ap,o can be calculated as “1.”

Rimistidt and Barnes provide a method to calculate k, and K
as a function of the geothermal fluid temperature (Rimstidt and
Barnes, 1980). The forward rate constant k, and the equilibrium
constant are given by:

logK =a; + b, T+¢,/T, (5)
logk, = (a; +a,) + b, T+ (¢; + ) /T. 6)

Rimistidt and Barnes provide the a;, a,, by, ¢;, ¢, which is
shown in Table 1.

From Eq. 3 to Eq. 6, the net precipitation rate of silica with
various geothermal fluid temperature and silica concentration
can be expressed as follows:

’ . e ay, sio.
rSiOZZ 10(a1+az)+b1T+ T 1- 45104 -
1031+b1T+T

mol
Ls’

@)

By using Eq. 6, the silica scaling process in the heat exchanger
system of the GAPG plant can be simulated.

CASE STUDY

A GAPG plant, modified from a 300 MW subcritical RRC power
plant, was chosen to be the study case, which is shown in
Figure 1. The key parameters of the 300 MW power plant are
given in Table 2. As there is no existing GAPG plant, the
validation of the GAPG plant is based on the real operation data.

Case study power plant

Geo-fluid inlet temperature (°C) Geo-fluid outlet temperature (°C)

280 180
165 45
280 45
180 120

In this study, the simulated results of the Rankine cycle plant model
have been compared with real operated data with the case study
plant. The simulation results for the power output and mass flow rate
to the boiler without geothermal input are 303 MW and 241.5 kg/s,
while the real operation data are 300 MW and 245.8 kg/s. It can be
seen that the comparison results of the GAPG plant show further
agreement between the simulation model and reference data.

According to Figure 1, the 300 MW subcritical RRC power
plant has seven feedwater heaters and one deaerator. Four
different displacement scenarios have been evaluated in the
present study, which are given in Table 3.

In Scenario 1, extraction steam to FWH 1 to FWH 3 has been
displaced by the geothermal energy. In Scenario 2, the geo-fluid is
used to displace extraction steam to FWHS5 to FWHS. In Scenario
3, all FHWs s have been displaced by the geo-fluid. In Scenario 4, it
is assumed that the geothermal fluid from the Scenario 1 (180°C)
is used to displace extraction steam at points E only.

In the present study, the minimum temperature difference
required for heat transfer in heat exchangers is assumed to be
10°C. At the (production) well, silica is present as quartz, and the
concentration of silica in the reservoir ranges from 500 to
700 mg/kg SiO,, which is dependent on the temperature at the
well head (Fournier and Rowe, 1966).

RESULTS AND DISCUSSION

In this study, the silicon dioxide precipitation in the geo-
preheater system for four scenarios has been simulated. Based
on the simulation results, the displacement selection with
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FIGURE 5 | Variation of silicon dioxide precipitation rate in the heat
exchanger system/geo-preheater for Scenario 2.

minimum  silica scaling occurring would be selected. The
technical performance of the optimal displacement selection
with two heat exchanger arrangements has been compared.

Silicon Dioxide Precipitation in the

Geo-Preheater System

Figure 4 presents the variation of silicon dioxide precipitation
rate for scenario 1. It can be found from Figure 4 that
temperature at which silicon dioxide precipitation starts and
the temperature at which its rate reaches maximum depend
on the silicon dioxide concentration in the geothermal fluid.

Geothermal Hybrid Power Generation System
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FIGURE 6 | Precipitation rate as a function of temperature in the heat
exchanger system/geo-preheater for Scenario 3.
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FIGURE 7 | Precipitation rate as a function of temperature in the heat
exchanger system for Scenario 4.

When the silicon dioxide concentration is 700 mg/kg, the silicon
dioxide begins to precipitate at about 162°C, and the maximum
precipitation rate occurs at around 140°C. If the silicon dioxide
concentration was to 550 mg/kg, these two temperatures would
be 136 and 116°C, respectively. This trend provides a mechanism
to decrease the precipitation of silicon dioxide in the Geo-
preheater system.

For Scenario 1, the geo-fluid temperature at the inlet of the
heat exchangers for the 300 MW power plant is assumed to be
280°C, and that at the outlet is 180°C. Both temperatures i.e. 280°C
and 180°C are well above the precipitation starting temperature,
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FIGURE 8 | The power output of geothermal energy of two kinds of
GAPG plants with different geothermal fluid integration.
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according to Figure 4, even for the highest SiO2 concentration of
700 ppm. In other words, precipitation of silicon dioxide or silica
scaling would not occur in Scenario 1.

Figure 5 presents the variations of precipitation rate in the
Geo-preheater system of the GAPG plant for Scenario 2. For
Scenario 2, the geothermal inlet temperature is 155°C, and the
geothermal outlet temperature is 45°C. From Figure 5, it can be
found that when the geo-fluid with the concentration of silica at 650
and 700 mg/kg, silicon dioxide begins to precipitate from geo-fluid
when they enter the Geo-preheater system. When the concentrations
of silica are 550 and 600 mg/kg, about 90 and 80% of the Geo-
preheater system are susceptible to fouling by silicon dioxide. This
means that Scenario 2 is not suitable for the GAPG plant.

The variations of precipitation rate of silicon dioxide in the
Geo-preheater system for Scenario 3 is plotted in Figure 6. For
Scenario 3, the geothermal inlet and outlet temperatures are 280°C
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FIGURE 10 | Power output difference between two kinds of GAPG
plants with the same amount of geothermal integration.

and for 45°C. As can be seen in Figure 6, when the temperature
decreases to about 160°C, the geothermal fluid becomes saturated.
This means that about 50% of the heat exchanger system is
susceptible to fouling by silicon dioxide. This area is the heat
exchanger system parallel with low-pressure heat exchanger
system. This means that geothermal fluid with the concentration
of silica at 550-700 mg/kg is also not suitable for the GAPG plant.

Figure 7 presents the variation of silicon dioxide precipitation
rate in the heat exchanger system for Scenario 4. In this Scenario,
the geothermal temperature at the inlet is about 180°C, which is
higher than Scenario 2. However, it can be found that there is still
about 30-70% of the heat exchanger system is susceptible to
fouling by silicon dioxide for the concentration of silica ranging
from 550 to 700 mg/kg. This means that Scenario 4 is also not
suitable for the GAPG plant.

From Figure 4 to Figure 7, it can be concluded that the best
displacement option for the GAPG plant is geo-fluid used to displace
all high-pressure FWHs, due to the low silica scaling during the
preheating process. Therefore, the technical performance of the GAPG
plant with two structures for scenario 1 has been compared.

Comparison of Technical Performance of

the Series and Parallel Arrangement

Figure 8 shows the Extra power output of the steam turbine after
different geothermal fluid flow rate integration. Figure 8 shows
that when the FWH1 to FWH3 are fully displaced by geothermal
energy, the two kinds of GAPG plants have the same power
output. When the extraction steam from FWH]1 to FWH3 is fully
displaced by the geothermal energy, the extra output of steam
turbine is 38.9 MW for both of the GAPG plants. When the
extraction steam to all high pressure FWHs has been displaced,
the power output can be increased by 13%. This means that if the
GAPG plant has been operated for reducing boiler consumption.
It has protentional to reduce the 13% of carbon dioxide emissions.
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TABLE 4 | Hybrid efficiencies of two kinds of GAPG plant with different amount of geothermal energy integration.

Geothermal fluid flow rate (kg/s) 50 (%) 100 (%) 150 (%)
Parallel GAPG plant 46.3 46.1 45.8
Series GAPG plant 46.3 46.0 45.7

However, when the extraction steam from FWH1 to FWH3 is
partly displaced by the geothermal energy, the power output of
the Parallel GAPG plant is higher than the Series GAPG plant.
The reason is thought that in the Series GAPG plant, the lower
pressure FWH is displaced firstly, this leads to the lower power
output than the Parallel GAPG plant.

Figure 9 shows the power output percentage difference of two
kinds of GAPG arrangements. As shown in Figure 9, when 50 kg/
s geothermal fluid is integrated into two kinds of GAPG plant, the
extra output of the Parallel GAPG plant is 29.3% higher than the
Series GAPG plant. With the increase of geothermal fluid, the
power output difference percentage decrease with the amount of
geothermal energy integration.

Figure 10 shows the power output difference of two kinds of
the GAPG plant with different geothermal fluid input. Figure 10
indicates that when the flow rate of geothermal fluid is integrated
into two kinds of GAPG plant from 50 to 100 kg/s, the output
difference increases from 1.1 to 2.1 MW. After the geothermal
fluid flow rate is 100 kg/s, with the increase of geothermal fluid
flow rate, the output difference of two kinds of GAPG plant
decrease to 0.

Table 4 shows the hybrid efficiencies of two kinds of GAPG
plant with different geothermal energy integration. The hybrid
efficiency is defined as the total output of the steam turbine
divided by the boiler fuel consumption and geothermal input. As
shown by Table 4, with the same amount of geothermal thermal
energy input, the two kinds of GAPG plant have almost the same
hybrid efficiencies.

CONCLUSION

In a GAPG plant, geothermal fluid at different temperatures is
used to displace different grade extraction steam to different
stages of feedwater heater. Different displacement selections lead
to different technical performances. As the rate of silica
deposition is mainly dependent on the temperature of
geothermal fluid, adjusting displacement selections can be used
to control the silica scaling process that occurred in the heat
exchanger system. Also, there are two configurations for the
GAPG plant, Parallel, and Series configurations.

In this study, the silica scaling that occurred in the heat
exchanger system for different GAPG plant’s displacement

selections is  simulated to  optimise  displacement
selections. The technical performance for the optimal
displacement selections with two structures has been

200 (%) 250 (%) 300 (%) 350 (%) 400 (%) 428.7 (%)
45.6 45.4 451 44.9 44.7 44.6
45.5 45.2 45.0 44.9 447 44.6

compared. To achieve this aim, a 300 MW subcritical power
plant GAPG plant has been used as a case study. Four different
displacement selections are used as scenarios for assessment. The
results indicate that:

When extraction steam to all high pressure FWHs has been
displaced by geo-fluid, there is no silicon dioxide scaling occurred
for the GAPG plant. In other words, for scenario 1, there is no
energy loss caused by silica scaling with different silico dioxide
concentrations in the geothermal fluid.

When extraction steam to all low pressure FWHs has been
displaced by geo-fluid, it was found that there is at least 30% of
heat exchanger system is susceptible to fouling by silicon dioxide.

Considering the silicon dioxide scaling in the GAPG plant’s
heat exchanger system, displacement of extraction steam to all
high pressure FWHs is the best displacement selection for the
GAPG plant.

When geo-fluid is used to partly displace the extraction steam
of the power plant, the Parallel GAPG plant’s geothermal power
output is higher than that of the Series GAPG plant. When the
geo-fluid flow rate is 100 kg/s, there is a maximum power output
difference which is 2.1 MW. However, extraction steam has been
fully displaced by the geo-fluid, two kinds of GAPG plants have
the same geothermal output. Under this condition, the GAPG
plant has protentional to reduce the emissions of Rankine cycle
power plant by 13%.
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