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ABSTRACT

Effective geothermal power generation depends on two main elements: geothermal reservoir manage-
ment and maintenance of the power plant. Reservoir management consists of both the fluid production
and reinjection of brine to the underground. The management of wells is important to ensure the sus-
tainability of the reservoir. Thus, the flow rate control systems are essential to protect geothermal res-
ervoirs under long-term power production. The second issue is the daily change in electricity prices and
the load change process is complex because geothermal well controls are not flexible operations. The
well management thus requires control approaches, and fuzzy control can be one effective solution. In
this study, a fuzzy control system has been developed to control flow rates of the wells in Kizildere
geothermal field and its performance has been compared with the real data taken from the Kizildere
Power Plant. The results of comparison show that the fuzzy controllers achieved the target energy
production in 2 h instead of 5 h, compared to the real data. Based on the real data, the reinjection was
only able to stabilize at the end of the fourth hour and the process took only 2 h when using the fuzzy

controllers.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Geothermal power plants are power generation systems that
use geothermal fluids formed in the depths of the earth and are not
directly affected by meteorological conditions in the way that solar,
wind and hydropower systems are, thus differing them from other
power plants that use renewable sources. Based on the tempera-
tures and characteristics of geothermal reservoirs, geothermal
fluids can also be used for different purposes such as space heating
and cooling [1,2], combined heat and power (CHP) technology and
even cooling through trigeneration along with power generation
3—6 industrial and agricultural drying, balneology, cosmetics or
mineral recovery, which are classified as the direct applications
aside from power generation.

It is noted that geothermal power plants (GPP) are base load
electricity supplying systems and have higher capacity factors
(>80%) like other thermal power plants but less CO, emissions [7,8].
The total installed geothermal power capacity is around 16 GWe the
world, with Turkey estimated to produce around 10% of this by
2020 [9]. If the Covid-19 pandemic does not affect ongoing global
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https://doi.org/10.1016/j.energy.2020.118817
0360-5442/© 2020 Elsevier Ltd. All rights reserved.

geothermal power projects, the total installed capacity will exceed
17 GWe in 2021.

The majority of GPPs currently use the ORC, while the single
flash is the second most preferred technology for power production
around the world (Fig. 1a). The ORC is also widely used, while flash
cycle technologies are used at only a few geothermal fields, such as
Kizildere (Denizli city), Germencik (Aydin city) and Alasehir
(Manisa city), in Turkey (Fig. 1b; [10].

Although GPPs have some advantages compared to other re-
newables; there are also some challenges and risks during the in-
vestment and operation periods. The early stages of the
development of each geothermal power project have significant
financial risks (Fig. 2). During the geothermal resource exploration
phase of a project, detailed geological, geophysical and geochemical
investigation is required to find the possible geothermal capacities
in a license area (Fig. 2). The cost of drilling operations equals 42% of
total project costs for a geothermal power development project
[11], at around 2.9 million USD for well at 1500—2500-m depth in
Western Anatolia (Turkey; [12,13]. Deep geothermal drilling oper-
ations are complex and expensive enterprises, requiring strong
teamwork based around different areas of expertise. For this
reason, protection and sustainable operation of wells and reservoirs
in geothermal power plant investments will eliminate these
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Fig. 2. Development stages of a geothermal power project [14].

expensive well drilling operations or ensure their delay for a long
time.

Besides the investment period, after commissioning the power
plant, two main operations can be identified as critical to providing
sustainability at a geothermal power plant: geothermal reservoir
management and plant management [15]. Power plant manage-
ment requires continuous attention to all surface equipment,
including separator systems, turbine-generator systems, cooling
systems, condensers, cooling towers, re-injection pumps and
pipelines, to prevent in particular mineral scaling, corrosion and
other effects due to fluids. Although plant management is essential
to provide uninterrupted electricity production, reservoir man-
agement is the most critical application for high-temperature
reservoir systems. A sustainable geothermal reservoir model can
be provided by optimum geothermal fluid production and rein-
jection scenarios in a geothermal field.

Geothermal power systems generally need many production
wells based on the capacity of the turbine and require reinjection
wells to protect the environment from hot geothermal fluids and to
provide feeding geothermal reservoirs. It means that geothermal
well management is of high importance to long-term energy pro-
duction and ensures geothermal reservoir sustainability; optimum
production and effective reinjection are required. This manage-
ment is particularly necessary with flash and multi-flash and high
capacity ORC systems, all of which have well numbers that are
numerous and optimization can expand the geothermal reservoir
lifetime.

Nowadays, simultaneous continuous production and re-
injection well management can only be carried out by the instant
decision of a specialist in the geothermal power plant. Existing
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control systems such as PID only apply the decision made by the
expert at the moment, whereas geothermal systems are quite dy-
namic, and conditions in the wells can sometimes change rapidly,
sometimes necessitating a new well optimization. Noticing this
change and trying to re-optimize the system while avoiding an
energy drop is a complex and slow process from the current
perspective. A fuzzy control application will be used to minimize
energy loss by determining new optimization conditions more
quickly in reservoir conditions during the management of pro-
duction and reinjection wells in a geothermal field. Fuzzy logic is
one of the important control techniques to express human exper-
tise mathematically, and the expertise and experience of a
geothermal energy expert is transferred to fuzzy controllers here.

Fuzzy control systems have been used globally in various studies
since 1965 [16] and provides solutions in a variety of areas of daily
life [17]. Fuzzy control is an approach that allows the definition of
intermediate values between clear evaluations such as “true or
false,” and it is widely applied in a variety of engineering sciences
[14]. Although the application of artificial intelligence methods for
different purposes in geothermal systems has been started in
recent years, methods such as artificial neural networks, machine
learning can enable optimization in systems by using mostly his-
torical data [9,18—20]. The fuzzy control is a more suitable method
for decision mechanisms that will rapidly optimize the instanta-
neous changes in production and reinjection wells under dynamic
geothermal reservoir conditions. In the literature, the number of
studies that have used fuzzy applications in geothermal reservoirs
is quite limited; the current studies have been performed in low-
temperature systems or are studies of the optimization of chemi-
cal inhibitor injection and geothermal-based hybrid power plant
studies [21—24]. This study contributes to making well-flow opti-
mization in the geothermal field faster by reducing the energy loss
by noticing the changes in the geothermal power plants quickly due
to reservoirs or wells by fuzzy controllers, and this will be first for a
geothermal power system.

The aim of the study is to design a fuzzy control system to
provide effective reservoir management and sustainability of the
reservoirs in high-temperature geothermal systems. Long-term
geothermal power production must well designed geothermal
production and reinjection strategies, and it is generally difficult to
follow these strategies due to the large well numbers at geothermal
fields. Electricity prices also vary hourly in the energy market, and it
is more profitable for investors to produce and sell more energy
while electricity prices are high. In some countries, such as Turkey
with the Renewable Energy Support Mechanism (YEKDEM), the
government guarantees a certain period of time for the purchase of
electricity produced from renewable energy to promote renewable



ES. Tut Hakhdir

energy investments. At the end of this promotion period, GPP op-
erators must follow the hourly electricity prices as other power
plants in the country. Thus, energy production scenarios must be
changed due to new rules, and power generation must be adjusted.
This study may help the power plant operators.

In this study, a fuzzy control system is designed to optimize the
flow rates of wells required for optimum energy production by
using a human operator’s experiments. Fuzzy logic is used to
convert heuristic control rules expressed by a human operator into
an automatic control strategy [25]. For this reason, a fuzzy control
system is applied to control 8 production wells and 3 reinjection
wells with two scenarios based on the energy requirement. In the
first scenario, while optimization of production and reinjection
wells with fuzzy controllers is shown, in the second scenario, real
data taken from a geothermal power plant and the results of fuzzy
controllers are compared. The simulation results are presented in
this study.

2. Importance of sustainable development at geothermal
power systems

“Sustainability” can be considered to provide long-term energy
production without interruption at power generation. Each power
plant type may require specific operation and maintenance con-
ditions, but the common goal is to attain and remain at the targeted
energy production level for a long time [26]. Sustainability is an
important element of uninterrupted energy production at
geothermal power systems, because there are many thermody-
namic conditions that require continuous control during the power
production period. Ensuring sustainability in geothermal power
plants consists of two main stages: sustainability of geothermal
reservoirs and sustainability of the power plant. For reservoir
protection, well optimization, reinjection, reservoir pressure con-
trol and mineral scaling are critical parameters, while controlling
surface equipment and surface equipment—fluid interactions are
important to uninterrupted energy production and thus the sus-
tainability of the power plant.

2.1. Sustainability of geothermal reservoirs

Geothermal reservoirs can be classified as water-dominated or
steam-dominated, and both types of systems are suitable for elec-
tricity production in high-temperature geothermal systems. A
geothermal reservoir may be likened to a vehicle’s gas tank: As long
as there is fuel in the tank, the vehicle keeps running, and when
there is no fuel in the tank, it stops in a moment. Long-term
geothermal power generation also requires the continuous pro-
duction of geothermal fluids, and it can only apply an effective
production scenario at the beginning of the commissioning of the
plant (Fig. 3 [15]).

Geothermal reservoir systems are controlled by fractures and
cracks, and these fracture systems can be identified by some
models, such as the discrete fracture network (DFN), in the field of
reservoir engineering [27]. Natural water recharge has generally
not been enough by itself to feed the geothermal reservoir, and
reservoir performance, heat recovery, well distribution and
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reinjection are also critical parameters during the long power
production period [28]. In addition to the production phase, the
waste hot or condensed water must be injected to the reinjection
area after steam production to provide sustainability in water- or
steam-dominated reservoirs. At the first phase of the feasibility
study, during the assessment of geothermal reservoirs, the condi-
tions of production must be evaluated, as must the conditions of
reinjection. During the reinjection application, geothermal fluids
are exposed to a series of thermodynamic changes, such as tem-
perature and pressure, after the separation systems, so the appli-
cation must be controlled by hydrogeochemistry to understand the
changing of geothermal fluids in its path [29].

Resource and reservoir assessment methods have been exam-
ined based on the historical or single-point data for geothermal
fields [30,31]. Reservoir risk management may be classified as
exploration and management risks at geothermal reservoirs [28].

Akin et al. [32] point out that CO, emissions have rapidly
decreased, by between 7.81% and 19% per year, in both the Biiyiik
Menderes and Gediz Graben geothermal systems between 2019
and 2024 [32]. Although this appears to be good news for envi-
ronmental protection, it indicates that the reservoir pressures are
also tending to decrease in Western Anatolia (Fig. 4).

The reinjection of non-condensable gases into geothermal res-
ervoirs can be a good option to decrease greenhouse gas emissions
such as CO; and H3S, while protecting the reservoir pressure (Fig. 5)
and potentially increasing the permeability of the reservoir at
depth [31]. Some geothermal emission abatement methods that
may help to increase reservoir pressure after a long production
period in a geothermal field have been discussed by researchers.
Some of these researchers have tried to model absorbing H»S and
CO, by a packed absorption column in water under high-pressure
conditions [33]. The other approach is to mix non-condensable
gases and water at different proportions and send them to the
reinjection wells. Kaya and Zarrouk [31] point out that this
approach can work and increase reservoir pressure after 10 years of
steam production; however, increasing exploitation may affect
steam production. New approaches such as artificial neural net-
works have begun to be used for reinjection well placement and
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optimization since the beginning of the 2000s [18,34,35].

Geothermal mineral scaling is another problem that directly
affects fluid production in water-dominated reservoirs. The fluids
consist of highly mineralized hot water, steam and non-
condensable elements, and when total pressure is measured as
lower than Pgas + Piiguid, the boiling process begins, and some
minerals in the fluids after the release of dissolved gases such as
calcite and aluminosilicates precipitate in boreholes (Fig. 6 [10]).
Geothermal reservoirs have dynamic thermodynamic conditions
and require continuous hydrogeochemical monitoring, and to solve
mineral precipitation problems, chemical inhibition systems are
used in each wellhead in a geothermal field.

Finally, during the operation of geothermal wells, some casing
and pipes may be damaged due to the high-corrosion conditions,
which can also affect sustainable production in a geothermal field
[36].

2.2. Sustainability of geothermal power plants

A number of power technologies have been developed for
geothermal power production, such as the binary organic rankine
cycle (ORC), flash cycle, multi-flash and advanced (flash + binary)
systems, dry steam and hot dry rock (HDR) system based on
geothermal reservoir types for medium-high temperature systems
[37].

The sustainability of geothermal power plants generally de-
pends on steam quality and the harmony of geothermal fluid and
equipment, in addition to geothermal fluid production. Mineral
scaling due to the pressure and temperature of geothermal fluids
and corrosion due to high non-condensable gas effects are the main
operational problems for equipment at the power plant [10].

Steam quality is quite important to the performance of each
steam turbine system, and to increase steam quality, that is, to
obtain purer and drier steam, scrubber- or demister-type me-
chanical equipment has been used between each steam separator
and steam turbine-generator system [15]. High amounts of dry and
clean steam prevent small particles and bullet effects on the turbine
blades at high rpm conditions. Corrosion fatigue and stress
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corrosion failures are another probable problem at steam turbines
and require the monitoring of the turbine [38].

The NCG removal system is one of the important stages to
remove wet steam and NCG from the turbine by a compressor.
These gases and wet steam are sent to the condenser to increase
steam turbine performance. Spray wash applications have been
used to cool these gases in the cooling tower. There are two types of
cooling towers: air-cooled and water-cooled systems, the latter of
which require chemical treatment because of the dark, wet and
highly gassy conditions [15].

The material of the equipment used in a geothermal power
plant is essential for long-term energy production. The design
criteria of a geothermal power plant include the physical and
chemical characteristics of the steam, gas and water phases of
geothermal fluid. The non-condensable gas composition and the
concentration of gases such as H,S makes it extremely important to
select the correct material for each component of the power plant
to prevent corrosion effects.

Due to the continuous thermodynamic changes, different min-
eral precipitations can be also observed at each temperature and
pressure drop point in a geothermal power plant. Calcite scaling is
the dominant precipitation at production wells under gas release
depths, while silica scaling is dominant in re-injection lines due to
the drop in temperature values. Calcite and silica solubility are
inconsistent with the geothermal system and require chemical and
physical monitoring during the chemical inhibitor applications at
pressure and temperature drop points [10].

New heuristic optimization and control approaches have been
studied to increase the efficiency of geothermal power plants.
Various algorithms such as gravitational search [39], swarm and
generic algorithms [40,41] have started to be used for performance
analysis and the optimization of different geothermal power plants
aside from the chemical simulator; these include Aspen Plus to
model and simulate binary power plants [42].

3. Overview of The Kizildere geothermal field

In this study, the Kizildere geothermal field and Kizildere-1 GPP
were selected as the setting in which to apply a fuzzy control sys-
tem for well management in a simulation environment (Fig. 7).

The Kizildere geothermal field, located in Western Anatolia, was
the first high-temperature geothermal system discovered, in the
1960s, and it boasts a reservoir temperature of around 200 °C. The
geothermal field is located at the east edge of the Biiyiik Menderes
Graben, and the first geothermal power plant, Kizildere-I, was
installed as a single flash cycle with 17.8 MWeg;ss in 1984.

The Kizildere geothermal system is formed by highly fractured
zones due to the Aegean Extensional Zone and consists of a few

Fig. 6. Mineral precipitation at pipeline and stereoscopic enlargement of a scale sample (Photo: Kizildere-I geothermal field).
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Fig. 7. Kizildere-I single flash geothermal power plant in Western Anatolia.

reservoirs at depth [43].

After the privatization of the field, the investor company began
the rehabilitation and the capacity building studies in 2008. Be-
tween 2013 and 2018, the Kizildere-II GPP (80 MWeg;qss; 60 MWe
triple flash + 20 MWe ORC binary) and Kizildere-III GPP’s Unit-1
95 MW eg 055 (72 MWe triple flash type +23 MW e ORC binary)
and the Unit-2 73 MW egoss (50 MWe triple flash +23 MWe ORC
binary) were commissioned [10].

Kizildere-I produced electricity as the only plant in the field
between 1984 and 2013. After the commissioning of Kizildere-II, it
was integrated into the low-pressure separator system of Kizildere-
Il and the common re-injection application was started in the field.
The effective re-injection started after the completion of the
rehabilitation studies for Kizildere-I in 2010.

At a single flash system; geothermal fluid is transported to the
surface from the water-dominated reservoir by a production well
and reaches the separator to separate water and steam phases each
other. After the separation process, brine (waste hot water) is sent
to the reinjection well by a reinjection pump, while steam is sent to
the turbine-generator system. The steam is expanded through the
turbine down to the condenser and cooling tower system (Fig. 8).

In this study, data on the KD14, KD15, KD16, KD20, KD21, KD22,
R1 and R3 production wells and KD-1A, KD8, R2 reinjection wells
from March 2010 to March 2012 was used for the high-fidelity
simulation of the field. This data range was selected because it is
within the timeframe during which effective re-injection was
realized in the Kizildere geothermal field. The total production flow
rate changed between 953 tph and 1743 tph, and maximum

Separator

Energy 213 (2020) 118817

reinjection was realized around 900 tph in the field during the
selected operation period.

4. Methodology
4.1. Using fuzzy control systems

A fuzzy control system is a multi-valued logic that allows the
identification of intermediate values between typical evaluations
such as "yes or no" or "true or false." Fuzzy control systems can be
viewed in a number of ways: A fuzzy controller may be seen as a
non-linear controller represented by linguistic rules rather than
differential equations, or it can be seen as the application of a hu-
man expert’s control skill [44]. The main advantage of the system is
that it eliminates the function of the mathematical model found in
conventional controllers and replaces it with another that is based
on a number of smaller rules that usually only describe a small
portion of the system [14].

After the introduction of this control system by Zadeh in 1965,
various researchers have started to apply this approach to solve the
control problems experienced in various study areas. The first
industrial-scale fuzzy applications were to control cement kilns
[45] and to operate automatic container cranes [46]. Use of this
control approach became wider in engineering fields at the
beginning of the 1990s [47]. Fuzzy controllers have also been using
widely at renewable energy industry [48—51] and energy storage
systems [52] since the 2010s. Specific studies have also used fuzzy
controllers in direct [53,54] and indirect applications, such as scale
controllers and hybrid system controllers in geothermal energy
[21,24].

4.2. Fuzzy control of the production and injection well flow rates in
a geothermal field

Depending on the technology used in a geothermal power plant,
the process of generating energy from geothermal fluid to re-
injection underground can be complicated. Geothermal reservoir
management can be provided to control geothermal wells in a
geothermal field. Medium-high temperatures geothermal systems
have been widely used for power production, meaning that many
production and geothermal wells must be managed to reach long-
term energy production and sustainable geothermal reservoirs.
Geothermal power plants require requires many wells (sometimes
more than 20—30 wells) to provide steam and providing sustain-
ability of the all system is significant to reach constant energy

Cooling Tower

To coolers

Cooling

Water Pool

Fig. 8. Basic process flow diagram of a single flash geothermal power plant.
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production for a long time.

Each geothermal power project investment requires a compre-
hensive feasibility study, which includes different energy produc-
tion scenarios for the long production license periods. These
production scenarios include mathematical reservoir predictions;
however, geothermal system behaviors may change during the
production time, and some undefined reservoir characteristics
regarding production and reinjection interaction at depth or
external factors such as another geothermal power plant installa-
tion close to the existing power plant [43]. Deep geothermal res-
ervoirs are thus generally complex and dynamic systems and
sometimes even detailed geology, geochemistry and reservoir
studies cannot understand the unknown cases at the underground
conditions that directly affect the production scenarios. For unin-
terrupted geothermal power production, the fluid production and
reinjection application can be evaluated together, which is
extremely difficult field work given the number of wells in a
geothermal field [55]. If there are many production and geothermal
wells, the controlling and operating of a system will be hard by
manually in a geothermal field.

In addition, in finding the best production strategies for the
natural changes in geothermal reservoirs, another issue is to follow
hourly electricity prices in the market at the geothermal power
plant management side. Although there are special electric tariffs
from renewable energy sources such as YEKDEM in Turkey, these
are fixed-term regulations in most countries, and at the end of the
term, the company must follow hourly energy prices. Thus, each
geothermal operator company following both reservoir conditions
and electricity prices and geothermal power plants cannot reduce
the load suddenly to protect the well conditions in the systems. At
critical cases such as a power plant trip, first, excess steam must be
removed from the system before the turbine inlet to reduce energy
production, after which the flow rates of each well may be adjusted
fractionally by an operator to protect the overall system. However,
if there are borehole pumps at the production wells, the adjustment
of flow rates will be easier, and the system will adapt more rapidly.

It is difficult to obtain a mathematical model that describes the
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relation of geothermal reservoir characteristics and geothermal
flow rates because the system is nonlinear and has a many
dependent and independent variables. Fuzzy control replaces the
role of the mathematical model in conservative controllers and
substitutes it with another that is built from a number of smaller
rules that, in general, only describe a small section of the whole
system [56].

Fuzzy control systems can be used to adjust the flow rates of
both production and reinjection wells. This approach can help
control many wells and prevent new thermodynamic changes in
geothermal systems and can allow a more rapid response to
changing energy production conditions. In this study, two fuzzy
logic controller groups for production and reinjection wells are
designed to control the flow rates both production and reinjection
wells.

4.2.1. Fuzzy control of the geothermal production well flow rate

In this study, a total of eight fuzzy flow rate controllers for each
production well—KD14, KD15, KD16, KD20, KD21, KD22, R1 and
R3—were designed. The inputs of the controller are the steam flow
rate of the production well and required energy production; the
output has been the change of flow rate of the production well
(Fig. 9).

The fuzzy associative matrix, a set of rules to represent all
combinations of inputs, is illustrated in Table 2. The steam flow rate
of the production well and required energy production is charac-
terized by the following primary fuzzy sets: Very High (VHS), High
(HS), Medium (MS), Low (LS), Very Low (VLS), VHE, HE, ME, LE and
VLE (Table 1). The change of the production well flow rate is
characterized by the following primary fuzzy set: Very High (FH2),
High (FH1), Medium (M), Low (FL1) and Very Low (FL2).

The ranges of inputs and outputs are customized for each pro-
duction well using the reservoir characteristic features based on the
production well data of Kizildere-I1 GPP between March 2010 and
March 2012. Based on these data, a mathematical model was ob-
tained using the relation between the production well flow rate and
wellhead pressure. Output of the controller was ranged to limit the
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Fig. 9. Inputs and output of fuzzy production well flow rate controller.
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Fig. 10. Inputs and output of fuzzy reinjection well flow rate controller.
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Table 1
The fuzzy associative matrix for fuzzy production well flow rate controller.

Production Steam Flow Rate

VLS LS MS HS VHS
Required Energy Production  VLE FL2 FL2 FL1 FL1 FL1
LE FL1 FL1 FL1 FL1 FL1
ME M M M M M
HE FH1 FH1 FH1 FH1 FH1
VHE FH1 FH1 FH1 FH2  FH2

determined wellhead pressures based on the existing fluid pro-
duction application by the power plant management.

4.2.2. Fuzzy control of the reinjection well flow rate

In this study, a total of three fuzzy flow rate controllers for each
reinjection well—KD-1A, KD8 and R2—were designed. The inputs
of the controller were the wellhead pressure change rate of the
reinjection well and the wellhead pressure difference; the output
was the portion of the total reinjection flow rate (Fig. 10). The
wellhead pressure difference was calculated using the difference
between the maximum and actual wellhead pressure of a re-
injection well.

The fuzzy associative matrix is illustrated in Table 2. The well-
head pressure change rate of the reinjection well and the wellhead
pressure difference is characterized by the following primary fuzzy
sets: Very High (VHPCR), High (HPCR), Medium (MPCR), Low
(LPCR), Very Low (VLPCR), VHPD, HPD, MPD, LPD and VLPD
(Table 2). The change of the reinjection well flow rate is charac-
terized by the following primary fuzzy set: Very High (FH2), High
(FH1), Medium (M), Low (FL1) and Very Low (FL2).

The ranges of inputs and outputs were customized for each
reinjection well using their reservoir characteristic features based

Table 2
The fuzzy associative matrix for fuzzy reinjection well flow rate controller.
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on the production well data of Kizildere-I GPP between March 2010
and March 2012. Based on these data, a mathematical model was
obtained using the relation between the reinjection well flow rate
and wellhead pressure. One of the important criteria was to control
the reinjection maximum well pressure, because if the threshold
pressure is exceeded, the reinjection well cannot receive more
brine. Thus, the wellhead pressure was selected as an input of the
control system.

5. Simulations and results

In this study, a simulation model of a geothermal field was
revealed using Matlab/Simulink. Simulink is a visual programming
environment based on Matlab for the modeling, simulation and
study of dynamic systems in a multi-domain. The model contains
blocks, signals and notes on a background.

The simulation consists of three main parts: geothermal fluid
production, water-steam separation and reinjection of brine and
based on controlling of flow rates at production and reinjection
wells in a geothermal field (Fig. 11). The production and reinjection
available data of Kizildere-I GPP between March 2010 and March
2012 were taken as a basis for the high realism of the simulation.
This data range was chosen because it is within the timeframe
during which effective re-injection was realized in the Kizildere
geothermal field.

5.1. Simulation Scenario-I for controlling flow rates at production
and reinjection wells

5.1.1. Definition

Based on the selected simulation scenario, the total energy
production was increased from 10.70 MWe to 15 MWe, the
maximum energy production, and then reduced to 13 MWe after

Reinjection wellhead pressure change rate

VLPCR LPCR MPCR HPCR VHPCR
Well head pressure difference VLPD M FL1 FL1 FL1 FL1
LPD FH1 M FL1 FL1 FL1
MPD FH1 FH1 M FL1 FL1
HPD FH2 FH2 FH1 M FL1
VHPD FH2 FH2 FH1 FH1 M

»——» totalenergy

Fig. 11. The Matlab-Simulink block diagram of Kizildere-I geothermal power system.
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Table 3
Initial flow rates of the production wells in the simulation scenario.

Production Wells Initial Flow Rate (tph)

KD14 141
KD15 100
KD16 166
KD20 101
KD21 101
KD22 91

R1 131
R3 131

Table 4

Initial flow rate of the reinjection wells in the simulation scenario.

Reinjection Wells Initial Flow Rate (tph)

KD1A 237
KD8 237
R2 295

12 h in geothermal power due to reasons such as operational
problems in production wells or decreasing energy prices following
a few hours in the Turkish energy market. The system had eight
production and three re-injection wells to provide 15 MWe net
output between 2010 and 2012. The initial flow rates of the pro-
duction and re-injection wells in the scenario is presented in
Table 3 and Table 4.

5.1.2. Results

The model of the Kizildere-I GPP was implemented and a
simulation performed with the Matlab Simulink. The results are
shown in Fig. 12a and b, 13 and 14.

In the first part of the simulation scenario, while the total flow is
961 tph and the energy produced is 10.70 MWe, the plant operator
ordered that the load be increased to 15 MWee; capacity (Fig. 12a).
The fuzzy controllers of the production wells indicated that the
flow rate amounts should be increased using the steam flow rate
and required energy production as an input in an attempt to
maintain total energy production at 15 MWe (Fig. 12b). Based on
the simulation, at the end of the 3 h, the total production flow rate
increased to 1357 tph, and energy production reached the 15 MWe.
The flow variation in each production well is observed in Fig. 12a; a

Total Energy Production (MWe)

10.5

012345678 9101112131415161718192021222324
Time (hour)

(@)

Energy 213 (2020) 118817

decrease in the wellhead pressures with an increase in the flow in
the production wells can be observed in Fig. 12b, as expected.

At the same time, together with an increase in the total flow rate
at the production wells, the amount of fluid to be sent to the
reinjection wells also increased. In accordance with this increase,
fuzzy controllers of reinjection wells controlled the wellhead
pressures of each well and calculated the instantaneous well
reinjection flows, enforcing them to the system, as in Fig. 13a. In
Fig. 13b, parallel to the increase in the amount of brine, the change
in reinjection wellhead pressures can be observed. The wellhead
pressure in each reinjection well increased within the determined
limits and became stable after 3 h. Until the second order, the
system was in a steady state.

In the second part of the simulation scenario, the load was
decreased from 15MWe to 13 MWe after 12 h for specific opera-
tional reasons. The fuzzy controllers of the production and rein-
jection wells indicated that the flow rates should be decreased, as
they were supposed to be based on the simulation. After 2 h, total
energy production decreased to 13 MWe, and total production flow
decreased to 1170 tph (Fig. 12a and b). Based on the simulation
results, when the production flow rates increased, the wellhead
pressures of the production wells decreased, while the re-injection
wellhead pressures increased. The flow variation in each produc-
tion well can be observed in Fig. 13a. As the flow in the production
wells is reduced, wellhead pressures also increased, as expected
(Fig. 13b).

In parallel with the reduction of flow in production wells, the
amount of fluid to be sent to reinjection wells was reduced.
Accordingly, fuzzy controllers of reinjection wells controlled the
wellhead pressures of each well, calculating instantaneous well
reinjection flows and enforcing them to the system, as in Fig. 14a. In
Fig. 14b, changed wellhead pressure of reinjection wells are shown
in Fig. 14b. The wellhead pressure in each reinjection well
decreased within the determined limits and became stable after a
certain period of time.

The performance of the controller was sufficient and satisfied
the operational requirements. In particular, it provided more
effective flow rate control than conventional techniques, while also
helping reduce the response time to flow rate changes in the pro-
duction wells for energy production rates.

1400

1350

1300

1250

1200

1150

1100

1050

Total Production Flow Rate (tph)

1000

oso Ll L A S S S
012345678 9101112131415161718192021222324
Time (hour)

(b)

Fig. 12. a Total energy production results versus time. b. Total flow rates results versus time.
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Fig. 14. a Based on the energy production scenario, flow rate changes at each reinjection wells. b Based on the energy production scenario, wellhead pressure (WHP) changes at

each reinjection well.

Table 5

Initial flow rates of the production wells in the simulation scenario.

Production Wells

Initial Flow Rate (tph)

KD14 101
KD15 929

KD16 189
KD20 102
KD21 102
KD22 100
R1 206
R3 203

Table 6

Initial flow rate of the reinjection wells in the simulation scenario.

Reinjection Wells

Initial Flow Rate (tph)

KD1A
KD8
R2

371
92
536

5.2. Simulation Scenario-II

5.2.1. Definition

Scenario I was created to compare the performances of fuzzy

14.5 T T

@ -
o IS

Total Energy Production (MWe)
>

12.5

Real
Fuzzy Controller

Time (hour)

controllers developed within the scope of this study with the
operating decisions realized at the Kizildere geothermal power
plant.

Based on the existing operational data, the total energy pro-
duction was increased from 12.26 MWe to 14.30 MWe. The initial
flow rates of the production and re-injection wells in the scenario
presented are Tables 5 and 6.

5.2.2. Results of Scenario-II

The results are shown in Fig. 15a and b, 16 and 17.

According to the real data taken from the power plant, the en-
ergy production increased from 12.26 MWe to 14.30 MWe (Fig. 15a)
while the total flow increased from 1101 tph to 1291 tph, as shown
by the blue line in Fig. 15a.

Based on the real data, as seen in Fig. 15a, the realization of this
increase takes 5 h in the power plant. The total flow value required
for the same initial energy production conditions and the flow rate
values of each production well calculated by the fuzzy controllers
are shown by the red line in Figs. 15b and 16a. Based on the model,
the energy production increased to 13.6 MWe at the end of the first
hour and to 14.25 MWe at the end of the second hour with fuzzy
controllers. After 3 h, the energy production stabilized at 14.30
MWe and is shown by the red line at Fig. 15a. The results of Scenario
Il show that the fuzzy controllers achieved the targeted energy

1350 T T T T T T T T T T

Real
Fuzzy Controller

1300 [ 1

1250

1200

Total Production Flow Rate (tph)

1150

1100

Time (hour)

Fig. 15. a Total energy production results versus time. b Total flow rates results versus time.
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Fig. 16. a Based on the energy production scenario, flow rate changes at each production well. b Based on the energy production scenario, wellhead pressure (WHP) versus time at

each production well.

production in a shorter period of time compared to the real data
taken from the power plant, and at the same time, the production
wells performed efficiently considering the steam production flow
rates.

In the real data taken from the power plant, the flow rate

1

changes of the production wells were analyzed while increasing the
energy production in the power plant, and the flow rate change was
not preferred in some wells, such as KD-20, 22, 15, R3. In addition, it
was detected that changes in the KD14, KD16, and KD21 production
wells were made by increasing and decreasing the flow rates by the
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Fig.17. a Based on the energy production scenario, flow rate changes at each reinjection wells. b Based on the energy production scenario, wellhead pressure (WHP) changes at each

reinjection well.

trial-and-error method (Fig. 16a). This approach is likely to be the
result of a desire not to risk low-pressure wells in the field. How-
ever, the required energy increase can be achieved by increasing
the flow rates in all production wells by the fuzzy controllers that
control the flow of each production well and provide flow stability.

The increase in the flow in the production wells through fuzzy
controllers can be seen in red in Fig. 16a. The effect of trial and error
on the increase of flow rates in the real data is also observed in
WHP; rapid pressure drops may endanger in the production wells
(Fig. 16b).

In conjunction with the increase in flow in the production wells,
the amount of fluid to be sent to reinjection wells has increased in
both the real data and the fuzzy controller. Accordingly, the fuzzy
controllers of the reinjection wells control the wellhead pressures
of each well to adjust the flow rates. After calculating instantaneous
the flow rates and applying them to the system, as in Fig. 17a, it was
decided how much brine would be sent to which wells using the
WHP values of the reinjection wells. In this way, increasing the
WHPs of the reinjection wells was prevented, providing uninter-
rupted reinjection application in the field. In the real data, as with
the increase in the flow rates of production wells, the increase of
the reinjection flow rate was realized by trial and error. For
example, according to the real data, the flow of the R2 reinjection
well was increased to 640 tph after 2 h. After the reinjection at this
flow for one more hour, the flow rate had to be reduced after the
third hour because the WHP value increased above the determined
limit value for this well. In order to realize this flow reduction in
well R2, the flow rate of the KD-8 well had to be increased. In real
data, reinjection was only able to stabilize at the end of the fourth
hour (Fig. 17a and b) and the stabilization of the reinjection appli-
cation took only 2 h using the fuzzy controller.

6. Conclusion

Sustainability is essential for continuous energy production in
geothermal power plants. Unlike other renewable power plants,
energy production depends on the reservoir management and
power plant management at geothermal power plants. The reser-
voir management has a close relationship with production and
reinjection strategies and the long-term full capacity energy pro-
duction directly related to optimization and management of the

12

wells in a geothermal system. Geothermal reservoirs are so sensi-
tive to different production and reinjection strategies and
geothermal well characterization can be changed with these stra-
tegies in a geothermal system. At the same time, all geothermal
wells need to maintenance and it is no easy to predict the main-
tenance with the existing technology most of geothermal power
plants. In addition to the reservoir and the well management, day-
ahead electricity markets may also encourage the energy com-
panies to increase or reduce the energy production hourly or daily
period. However, changing the flow rates of production and rein-
jection wells by considering all environments, thermodynamic
conditions can be a complicated and slow process and it may
negatively affect to flow production in some geothermal produc-
tion wells. For these reasons, a new expert system approach such as
fuzzy control can help geothermal well management realize
effective energy production.

In the study, a fuzzy control system was developed to control
flow rates of the production, especially to determine the total en-
ergy production and reinjection wells in a geothermal field. A
model of the Kizildere-1 GPP was implemented using available data
on the production and reinjection wells from March 2010 to March
2012. A total of 8 fuzzy flow rate controllers for each production
well and 3 fuzzy flow rate controllers for each re-injection well
were designed. The simulation was performed in a scope of a real
world scenario with the Matlab Simulink. The performance of the
controllers was sufficiently good, satisfying the operational re-
quirements of a geothermal power plant. These controllers pro-
vided more effective flow rate control and the reduced response
time of changing total energy production in a day. The results of
scenario-II show that the fuzzy controllers achieved the target
energy production in a shorter period of time, in 2 h instead of 5 h,
compared to the real data taken from the power plant.

In the real power plant data, the flow rate changes of the pro-
duction wells were analyzed while increasing the energy produc-
tion, and it was observed that the flow rate change was not
preferred in some wells because of possible critical production
problems in these wells. Flow rate adjustment of some the pro-
duction wells was also seen to be made by the trial-and-error
method to prevent rapid pressure-drop effects in the wells. How-
ever, it is understood that the required energy increase can be
achieved by increasing the flow rates in all production wells by the
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fuzzy controllers that control the flow of each production well and
provide flow stability.

One other important result from the reinjection part is that
based on the real data, the reinjection was only able to stabilize at
the end of the fourth hour and the stabilization of reinjection
application took only 2 h when using the fuzzy controllers.
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