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ABSTRACT

The exploration and utilization of geothermal energy continues to gain prominence as the world seeks sustainable and renewable energy
sources. Within this context, the importance of comprehending flow zones and accurately estimating flow rates in geothermal reservoir
management cannot be overstated. Current wireline tools for measuring flow rates and constructing flow profiles within geothermal wells
often fall short due to the inability of their sensor and electronic components to meet the stringent temperature requirements, a particularly
challenging issue in high-temperature geothermal environments. This review delves into existing research and developments concerning
the use of Distributed Temperature Sensing for temperature measurement, flow zone identification, flow rate calculation, and flow
instability identification within geothermal reservoirs. The review aims to uncover insights into the capabilities and limitations of DTS
technology in the geothermal context, paving the way for future research and potential advancements in the field.

Temperature measurement through DTS is examined to achieve continuous and high-resolution temperature profiles in geothermal wells.
The review aims to assess the capabilities of DTS in capturing temperature variations within the geothermal wellbore, providing insights
into its potential for precise temperature monitoring and its implications for improved resource management. Furthermore, the review
delves into the literature to uncover instances where DT Shas been used for flow zone identification in geothermal reservoirs. By analyzing
temperature changes along wellbores, this application offers the potential to differentiate distinct flow zones, contributing to enhanced
reservoir characterization and optimized production strategies.

The study also explores the concept of DT S-based flow rate calculation, investigating the feasibility of estimating fluid flow velocities
and quantities using temperature data. A comprehensive examination of relevant research reveals insights into how DTS might streamline
reservoir management and enhance real-time decision-making processes within geothermal projects. By continuously monitoring
temperature variations, the paper assesses the role of DTS in promptly detecting flow instabilities, potentially leading to timely
interventions and improved overall well performance. Through a comprehensive analysis of relevant literature, this study aspires to
contribute to the ongoing exploration of DT Sapplications in geothermal wells, ultimately enhancing the efficiency of geothermal resource
utilization.

1. INTRODUCTION

With the rise in energy demand, the need for sustainable and environmentally friendly energy production increased significantly. While
huge investments are made to decarbonize the existing energy production from hydrocarbons, vast amounts of geothermal energy are
stored deep beneath the earth crust, distributed across the globe in igneous, sedimentary, and metamorphic rocks in favorable locations
(Blackwell et al., 2011; Khankishiyev et al., 2023). The efficient exploitation of these resources requires the application of state-of-the-
art technologies from exploration to production. The Distributed Temperature Sensing (DTS) has evolved as one of the few real-time well
monitoring technologies, mainly applied in oil wells (Brown & Hartog, 2002) to monitor reservoir dynamics, detect flow anomalies,
optimize well performance, and ensure well integrity by providing real-time temperature data along the wellbore. Coupled with the static
reservoir data and dynamic production data, DT Scan help identify the flow zones and estimate the flow contribution of multiple intervals
inside the wellbore.

Understanding the thermal properties of geothermal reservoirs stands as a pivotal element in shaping decisions and predictive modeling
for reservoir productivity (Patterson et al., 2017; Reinsch & Henninges, 2010). Temperature, as a key state indicator, exerts a direct
influence on production potential, guiding crucial determinations such as optimal well depths, casing lengths, and various op erational
factors. Moreover, comprehending alterations in pressures or water levels within wells across time aids in evaluating the hydraulic
interconnections among distinct reservoir sections. Temperature changes significantly impact various downhole processes, and the
monitoring of temperature has been a longstanding practice to assess the effectiveness of producing wells, analy ze water-injection profiles,
and diagnose the success of fracture operations. Despite its importance, downhole temperature measurements were often overlooked for
many years in favor of data obtained from advanced logging tools. The advent of fiber-optic technology has sparked renewed interest in
temperature measurement, marking a resurgence in its relevance and application.

The Distributed Temperature Sensor (DTS) technology uses fiber optic cable to continuously measure the temperature profile along the
medium covered by the cable (Bao et al., 1995). It is also available for temporary deployment for short-term investigations. Although
DTSis relatively new to the geothermal industry, it has been used for several decades to record and monitor changes in temperature for
multiple applications (Maughan et al., 2001). Distributed Temperature Sensing (DTS) typically operates based on similar principles to
those of an Optical Time-Domain Reflectometer (OTDR) (Juarez & Taylor, 2005). Laser light pulses generated at the surface by the DTS
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box are sent through the fiber optic cable. When the light travels through the cable, a physical phenomenon called Raman scattering occurs
(Williams et al., 2000). A part of this process is temperature dependent, thus enabling the measurement of the temperature from the light
signals coming back through the cable. The DTS technology has been under continuous development, increasing measurement accuracy
and reliability. Current standard specifications for DTS performance include (Bazzoet al., 2016; Chen, 2019; Soto et al., 2011):

e  Maximum Operating Range (150 km ?)

e  Temporal Temperature Resolution (0.1°C)
e  Spatial Temperature Resolution (0.01 °C)
e  Spatial Resolution (0.5m)

Distributed Temperature Sensing technology has emerged as a valuable tool in the oil and gas industry during the last decade due to its’
unique advantages over Production Logging Tool for not requiring any well intervention, providing real-time measurement without
interrupting production, flexible deployments in challenging environments and comparable cost of installation and data acquisition with
much less risk associated with it. The DTS technology does not provide many direct benefits without detailed interpretation other than
spatial temperature. For example, it can provide valuable information in the following applications after thorough analysis (Chen, 2019;
Nath et al., 2006; Soroush et al., 2021; Wang et al., 2008):

=  Permanent temperature logging: measuring changes in well temperature over time instead of periodic logging;
= Flow zoneidentification: determining different flow zones within the well based on temperature data;

= Flow metering: correlating distributed temperature data with flow rates in specific inflow regions;

= Water or steam breakthrough: identifying areas within the producing zone where water is entering the pipe;

= Gas-lift surveillance: monitoring the locations and rates of gas injection;

=  Flow assurance: detecting locations where condensates or other flow hindrances form in pipes;

= Leak detection: identifying locations where produced fluid is leaking out of the tubing.

In addition to multiple potential uses, the DTS cable can be utilized for Distributed Acoustic Sensing (DAS) as well (Johannessen et al.,
2012). The same optical fiber cable used for DTS can often support DAS functionality by changing the surface data transmitter and data
acquisition unit. This dual functionality provides the advantage of integrated temperature and acoustic sensing along the length of the
cable. It enables interchangeable or simultaneous monitoring of temperature variations and acoustic signals, offering a comprehensive
solution for various applications in fields such as oil and gas, geothermal, and environmental monitoring.

This research aims to understand DT Sdata interpretation and investigate potential areas of applicationin geothermal industry. The main
objective is to uncover the reservoir and well information that the temperature data directly or indirectly demonstrate. While DTS has
gained popularity inthe oil and gas sector over the last 15 years, this study adapts and expands its use to geothermal wells. By exploring
how temperature data relates to reservoir and well dynamics, the research aims to contribute valuable insights to the evolving field of
geothermal exploration and production technologies. The following section provides detailed background information on cable selection,
basics of DTS components and data acquisition. The applications section investigates the potential areas of DTS deploy ment in geothermal
wells with the theory of data interpretation. The real-world applications of DTSin geothermal wells will be reviewed in the case studies
section and future research directions will be outlined at the end of this paper.

2. TECHNICAL OVERVIEW OFDTS TECHNOLOGY

2.1 DTS Components

Distributed temperature sensors (DTS) utilize optical fibers to measure temperatures, offering a continuous temperature profile along the
fiber cable. These optoelectronic devices originated in the 1980s, witnessing substantial technological advancements and expanded
applications in subsequent decades (UKkil et al., 2012). DTS systems exhibit remarkable accuracy in temperature measurement, often
achieving precision within the range of +- 1°C at a resolution as fine as 0.01°C (Bazzoet al., 2016), with a spatial resolution of 0.5-1 m,
and covering measurement distances up to 150 km (Inaudi & Glisic, 2010).
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Figure 1. Schlumberger WellWatcher Neon system cable with optical fibers. (Brown, 2016)
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As Brown et al. (2004) described, a DTS system, in its simplest configuration, includes a strand of optical fiber (Figure 1), a laser light
source, an optical splitter, an optoelectronic signal-processing unit, and a display unit (Figure 2). The core of the fiber is extremely thin,
with a diameter ranging from 5 to 50 microns, and is enveloped by a protective layer of silica called cladding, characterized by a distinct
reflective index from the core (Figure 1). For the applications in the wells, the optical fiber extends from the control room through the
well head, descending along the tubing, traversing the reservoir segment, and looping back to the control room. Inside the control room,
a 10 ns light pulseis transmitted through the optical fiber via a laser (Bense et al., 2016). During its journey through the fiber, the light
encounters glass particles, causing scattering, and is then captured upon its return to the surface. Allowing ample time for the furthest
point's backscattered light to reach, this process is iterated to generate a spectrumbased on the captured backscattered light. The duration
taken by the backscattered light to return to the surface delineates the distance along the fiber where the scattering occurred, discreetly
arranged into intervals of approximately 1 meter to construct a spectrum for each segment (John et al., 2015).
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Figure 2. Schematic of the Distributedtemperature sensing (DTS) measurement (Brown, 2016)

2.2 Measurement Principles

The primary measuring principles revolve around the detection of light back-scattering, employing Rayleigh (Hartog, 1983), Raman
(Dakin et al., 1985), and Brillouin (Bao et al., 1994) principles. Raman backscatter occurs due to molecular vibration in the fiber, leading
tothe emission of photons with a wavelength shift from the incident light. The back-scattered light comprises three spectral components:
Ray leigh scattering with the wavelength of the laser source, the Stokes component with a higher wavelength where photons are generated,
and the Anti-Stokes components with a lower wavelength. Positively shifted Stokes backscatter remains temperature-independent,
whereas negatively shifted Anti-Stokes Raman backscatter is temperature-dependent.
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Figure 3. Example DTS temperature profiles vs depth at different days along the pilot hole compared to the freatimeter
equipped with a thermocouple (recreatedfrom Sommaetal. (2019))

The temperature is calculated based on the intensity ratio of Stokes to Anti-Stokes (Equation 1). As pulses weaken following scattering
loss, theaccuracy of calculated temperature depends on calibration and the stability of fiber loss (Shiota & Wada, 1992).
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where

T, = calculated temperature (K)

T} = reference temperature (K)

SLE = temperature sensitivity
(TTS/NTS), = anti-Stokes/Stokes ratio at the point of interest along the fiber
(TTS/NTS). = anti-Stokes/Stokes ratio in the reference coil

Analysis of the backscattered light includes determining its origin along the length of the fiber. Given that each input pulse has a duration
of 10 nanoseconds, the interval from which the backscattered light originated aligns directly with a specific one-meter segment of the
fiber. As aresult, temperature logs (Figure 3) can be created at one-meter intervals along the fiber's length using only the laser source, the
analyzer, and a reference temperature with the surface system (Drakeley et al., 2006).

2.3 Cable Selection for High-temperature Applications

In conventional hot geothermal wells, such as those observed in high-enthalpy regions like Iceland, operational temperatures can attain
levels within the range of 350—380°C (Lu, 2018). Current research endeavors are oriented towards asignificant enhancement in the energy
output from individual geothermal wells. This ambitious goal involves the extraction of geothermal fluids characterized by elevated
temperatures, with a target range of 550-600°C, originating from depths of approximately 4-5 km (Fridleifsson et al., 2017; Markusson
& Hauksson, 2015). Therefore, selecting the appropriate material for DTS cable demands careful consideration and thorough analysis of
materials in in-situ conditions since the materials can undergo changes in severe subsurface conditions, potentially introducing
inaccuracies in the collected data sourced from intrinsic or extrinsic energy losses in the optical fiber.

Some degrading issues arise from the presence of hydrogen around the optic fiber, resulting in modifications to the DTS material and
eventually, leading to incorrect measurements (Normann et al., 2001). The absorption occurs as H» diffuses into interstitial sites within
the silica network, impacting all silica-based glass fibers — whether single or multimode. This phenomenon involves a chemical reaction
between the diffused Hz and the glass constituents, resulting in the formation of hydroxyl (OH) groups (Williams et al., 2000). These
groups exhibit distinctive absorption bands, causing significant attenuation of transmitted light. The solubility of H2 in bulk silica follows
a linear relationship with pressure but diminishes with rising temperatures. Upon removal of external pressure and/or the H» source, the
H> diffuses out of the core, and over time, the light transmission characteristics are restored. The losses incurred from H» absorption are
reversible (Girard et al., 2013).
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Figure 4. Additional loss of Stokes signal (dB/km) vs. temperature for aluminium (a) andgold (b) fiber samples impacted by
heating and cooling cycles (Reinsch & Henninges, 2010)

In a specific experiment by Reinsch and Henninges (2010), it was determined that polyimide fibers outperformed metal-coated fibers,
which exhibited high attenuationvalues at low temperatures (Figure 4). Additionally, it was observed that polyimide fibers can function
effectively at temperatures reaching approximately 350°C which makes them more suitable candidates for high temperature geothermal
wells. In another study funded by the U.S. Department of Energy, Homa et al. (2018) found out that standard telecommunications grade
germanium-doped single and multimode fibers have demonstrated reliable performance up to temperatures of 1100°C, respectively, in
non-hydrogen environments and/or appropriately designed sensor applications. For environments involving hydrogen and moisture, it
was recommended to use pure silica core single-mode and low OH, large core step index multimode fiber, which have proven to be
reliable up totemperatures of 2000°C.
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3. APPLICATIONS OFDTS IN GEOTHERMAL WELLS

Upondrilling a well into superhot rock formations, the utilization of logging tools becomes imperative for in-depth investigation. These
tools serve multiple purposes, including assessing stresses on the rock, imaging fractures, surveying the angle and direction of the well,
and measuring critical parameters such as temperature, pressure, and flow rate. To facilitate these measurements, instrumentation
employing high-temperature stable electronics, encapsulated within an insulating barrel, has been developed (Bertani et al., 2018). This
technology can withstand very high temperatures for short durations (Petty et al., 2020). However, for extreme temperatures, innovative
approaches are necessary (Khankishiyev & Salehi, 2023; Konate et al., 2019), such as the integration of fiber optic sensors and cables
specifically engineered toendure the challenges introduced by very high temperatures. Application of the DT Stechnology in geothermal
wells offers numerous advantages such as improved reservoir characterization, fracture performance evaluation, identification of
fractured/permeable flow zones, injection and production flow modelling/monitoring, and detection of casing/tubing leaks and scale
formation.

3.1 Reservoir Characterization

Analyzing the temperature profile in geothermal wells is an initial phase in evaluating the thermal properties in the immediate vicinity of
the borehole. The thermal characterization of geothermal reservoirs holds paramount significance in decision-making and predictive
modeling of reservoir production potential (Kocabas, 2005). Temperature stands out as a crucial state variable within a reservoir, directly
impacting production potential and reservoir management. M oreover, comprehending variations in pressures or water levels in wells over
time aids in assessing hydraulic connectivity between different reservoir intervals (Pattersonetal., 2017).

To achieve a comprehensive geothermal reservoir characterization, integration of subsurface near-wellbore temperature data from DTS
and vertical seismic profiles from DAS data is preferable. This approach enables mapping of subsurface rock structures along with
subsurface temperature distribution (Chalari et al., 2019; Kasahara et al., 2023; Miller et al., 2018). If the fiber-optic cables are installed
in multiple wells in the same reservoir, continuous data acquisition and interpretation of DTS data can demonstrate the groundwater
dynamics and movement of the temperature front in real-time to help better manage the productionand injection strategies.

A thorough review of shallow borehole studies employing Distributed Temperature Sensing (DTS) systems to gain a deeper understanding
of borehole groundwater dynamics was conducted by Bense et al. (2016). In open boreholes, areas of fracture flow were identified using
DTSas a heat tracer through thermal dilution testing by Read et al. (2013) and Leaf et al. (2012). Fracture flow within boreholes under
natural-gradient conditions was determined by Coleman etal. (2015) using DTS.

In downhole applications for structural underground investigations and reservoir monitoring, Distributed Acoustic Sensing (DAS) has
been employed in previous publications (Barberan et al., 2012; Cox et al., 2012). Classical geophones in vertical seismic profiling can be
substituted by DAS, as demonstrated in several studies (Daley et al., 2013; G6tz et al., 2018; Hartog et al., 2014; Madsen et al., 2016).
Additionally, DAS shows promise in monitoring production zones (Naldrett et al., 2018; Williams et al., 2015) and assessing flow
characteristics (Bukhamsin & Horne, 2016). Lipus et al. (2021) provided a comprehensive review of DAS applications in wells.

Hydraulically active zones and fracture characteristics, as well as pressure profiles, can be identified in geothermal wells through DTS
measurements, as evidenced by several studies (Sakaguchi & Matsushima, 2000; Sharma et al., 1990; Smithpeter et al., 1999). Pursuing
similar objectives, DTS measurements were carried out in conjunction with cold water injections in a study conducted by Henninges et
al. (2005). Pattersonetal. (2017) illustrated the ability of DTS to capture spatiotemporal dynamics during borehole temperature recovery
following injection of a cold-water slug at Brady Geothermal Field in Nevada (Figure 5). The authors mentioned that the insights gained
from the DTS survey offered valuable conclusions for geothermal site operators, including the demonstration of hydraulically connected
injection and production wells, identification of heat transport primarily through conduction, and the application of a heat-transfer model
for estimating thermal diffusivity, providing essential information for reservoir modeling and sustainable resource management. Theraw
data collected during that project is available online at (Coleman, 2016).
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Figure 5. A 12-hourtime series collectedon 18 March 2016 at Brady Geothermal Field (Milleretal., 2018)

In a recent field application described in Schélderle et al. (2021), DTSand DAS technologies were permanently installed in a geothermal
well located in hydraulically active zones in the Upper Jurassic reservoir of the Bavarian Molasse Basin in Southern Germany. According
to the authors, the integration of the DTS data enabled an observation of the fractured intervals and dynamic change of thermal water
temperature in the reservoir, and it enhanced the flow zone characterization qualitatively as well as quantitatively. It was also emphasized
that thermal contraction and expansion of the fiber-optic cable took place during thermal cycles, necessitating the consideration of
thermal/mechanical stresses applied on the cable during sensor calibration and data acquisition.

5



Khankishiyev et al.

3.2 Flow Monitoring/Profiling

To determine the individual contribution of different zones in multizone completion types in the oil and gas industry, the Production
Logging Tool (PLT) has been employed along with other supplementary data such as temperature and density. However, the fragile
spinner flowmeter and electronic components of PLT tools do not meet the stringent temperature requirements of the geothermal wells,
leaving a number of questions unanswered when the wells are put into commission. The Distributed Temperature Sensor, on the other
hand, can help identify the individual flow zones by analyzing the temperature profiles along the production interval. Tests have
demonstrated that the temperature profile changes with continuous inflow of fluid from reservoir into the wellbore.

3.2.1. Model Description

The geothermal gradient of the formations around the wellbore plays an essential role in flow profiling models because heat loss tothe
surrounding formation through insulation, casing and cement will occur as the fluid/steam travels up the wellbore. The alteration in
temperature profiles within injector and producer wells serves as a valuable indicator of the connection between these wells through a
permeable or fractured medium. This information helps discern whether the injected fluid is successfully produced at the production well
or if it is lost to the formation. A more in-depth analysis, facilitated by multiphase flow simulators and finite-element thermal models,
allows for a detailed estimation of fluid and steam flow rates, as well as insights into zonal contributions.

Numerous papers within the literature (Horne & Shinohara, 1979; Ouyang & Aziz, 2000; Ramey Jr, 1962) have delved into the subject
of heat transfer between the wellbore and the surrounding formation forming the basis for more sophisticated solutions. Implementing a
numerical multiphase thermal wellbore model, Livescu et al. (2008) fully coupled it with a general-purpose reservoir simulator (Figure
6). Another contribution to wellbore modeling comes from Ouyang and Belanger (2006), who designed a numerical model developed for
interpreting Distributed Temperature Sensing (DTS) data and achieved the estimation of flowrate profiles by effectively solving an inverse
problem.
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and Flow Model Finite-Element Thermal Model
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Figure 6. Schlumberger Therma Simulation model components (Brown, 2016)

A mechanism that plays a crucial role in the model is the Joule-Thompson effect (Joule, 1856). It refers to the temperature alteration of a
fluid during expansion, specifically when there is a decrease in pressure in a steady flow process. This change occurs without any heat
transfer or work involvement, maintaining constant enthalpy. Such processes are commonly observed in “throttling” scenarios, such as
adiabatic flow through a porous plug or an expansion valve. (Steffensen & Smith, 1973). The temperature alteration, whether positive or
negative, is contingent upon the composition of the fluid. In numerous instances, gases tend to cool, while liquids experience heating
when subjected to a pressure drop. The Joule-Thomson coefficient (JTC) of hydrocarbon gas is influenced by factors such as composition,
pressure, and temperature, typically manifesting cooling effects within the range of 2 to over 20 °F per 1000 psi. In contrast, water
demonstrates a warming JTC of approximately 3°F per 1000 psi (Johnsonet al., 2006; Stauffer et al., 2014).

For conducting a flow allocation analysis, the flow model necessitates the inclusion of Distributed Temperature Sensing (DTS) data,
downhole pressure data, and surface flow rates. The simulator employs pressure-temperature wellbore and near-wellbore simulation,
incorporating error minimization techniques toalign field DTS and downhole pressure data with the response of flow rate and the Joule-
Thomson effect, across both depthand time domains. At each time step, the simulator utilizes geothermal temperature, individual layer
flow rates, and fluid temperature, accounting for the Joule-Thomson effect, to compute the temperature profile from the bottom to the
wellhead. Wang (2012) provided a comprehensive explanation, including mathematical formulations, detailing the construction of a
coupled wellbore/reservoir thermal model and the subsequent estimation of flowrate profiles based on temperature measurements. The
two main heat transfer and fluid flow equations sitting behind the models are given below (Brown et al., 2005; Johnson et al., 2006):
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where
T = Temperature (°F) ¢ = Compressibility (cm2/dyne)
P = Pressure (psia) k = Reservoir Permeability (mD)
t = Time (seconds) ¢ = Reservoir Porosity (fraction)
r = Radius (in) u = Viscosity (cp)

p = Density (g/cc)
*In the equations 2 and 3, e means effective, and g means gas

The thermal wellbore model outlined above necessitates both static and dynamic inputs for the simulation of transient wellbore
temperature profiles. Static inputs encompass factors such as the geothermal temperature profile, well deviation, completion equipment,
perforation depths, layer and reservoir properties, as well as the thermal properties of completion, rock, and fluid. Dynamic inputs involve
surface rates, wellhead pressure, downhole pressure, and Distributed Temperature Sensing (DTS) temperature data. In prediction mode,
zonal flow rates and formation temperature serve as inputs, while they function as matching parameters in analysis mode. Utilizing these
two key parameters enables the achievement of thermal and mass balances within the wellbore. A typical model workflow used in the
commercially available software applications is shownin Figure 7.
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Figure 7. A simple workflow schematic to perform the wellbore simulation with the actual data (recreated based on Johnson et
al. (2006))
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3.2.2 Sensitivity Analysis

Zonal Water Flow Rate Sensitivity Zonal Water Flow Rate Sensitivity Trend
200.00
1. Pressure . —+—8. Water Cut
o 7. Skin
2. Permeability &‘B' 150.00 6. kh/kv
= 5. D.Z. Thickness
3.GOR = "
o & 100.00 —e—4. Porosity
=]
2 4. Porosity ‘s :i SDR i
g g.;o 50.00 . Permeability
4 5.D.Z Thickness S ——1. Pressure
o [ 10% Increase 5
= 0.00
6. kh/kv [0 10% Decrease g’ln
: £
7. Skin g -50.00
]
8. Water Cut a
-100.00
-50.00 -30.00 -10.00 10.00 30.00 50.00 70.00 -30 -20 -10 0 10 20 30
Flow Rate Change, % Percentage Change of Sensitizing Variables, %

Figure 9. (Left) Zonal water flow rate sensitivity tornado chart and (Right) Sensitivity trendusing an oil well production data

Toevaluate the efficacy of the zonal flow rate estimation model, a two-week dataset comprising Distributed Temperature Sensing (DTS)
and other relevant input data from an oil production well was processed using the outlined workflow in Figure 7. The computed zonal
flow rates were found to align within an acceptable range when compared to Production Logging Tool (PLT) data (Figure 8),
acknowledging the inherent uncertainty associated with each input variable. Consequently, a sensitivity analysis was imperative to assess
the model's responsiveness to these uncertainties. The sensitivity analysis involved incrementally and decrementally adjusting the values
of individual input variables, gauging the resultant change in the model output. The findings revealed that reservoir pressure, permeability,
and water-cut emerged as thetop three parameters with the highest sensitivity concerning zonal water flow rate estimation in an oil well
(Figure 9, left). Notably, even a modest 10% alteration in reservoir pressure led to an approximately 50% change in zonal water flow rate,
showcasing an exponential impact (Figure 9, right). In contrast, for the remaining input variables, the impact exhibited a linear trend. This
sensitivity analysis underscored the critical importance of precise input variables in achieving reliable results from DTS flow rate
estimation models.

3.2 Flow Assurance

The presence of aggressive chemicals and high-velocity fluid flow in the geothermal wells cause corrosion and erosion of wellbore
materials, leading to casing and tubing leaks (Karlsdottir et al., 2019). Geothermal fluids often carry dissolved minerals that can precipitate
and deposit on wellbore surfaces and within the reservoir, resulting in scaling and reduced permeability (Klapper et al., 2019). Casing
leaks and scaling can impede fluid flow, decrease heat transfer efficiency, and lead to equipment failures. Therefore, detection of these
issues from temperature anomalies recorded by Distributed Temperature Sensing (DTS) represents a significant advancement in
geothermal well monitoring. By analyzing temperature variations along the wellbore, DTS systems can identify deviations indicative of
casing leaks or scale formation (Walker & Carr, 2003). Grosswig et al. (2019) and M cCarthy et al. (2020) reported the use of DTS and
DAS datato determine the location of casing leaks in real time during field applications. Casing leaks are often characterized by localized
temperature increases due to the influx of higher-temperature fluids from surrounding formations, or vice versa, high temperature fluid
leak from the tubing to behind the casing that can be captured by DTS and DAS (Figure 10). Conversely, scale formation typically
manifests as gradual temperature changes along the casing, reflecting reduced heat transfer efficiency. These temperature anomalies
provide valuable insights into the integrity of the well and enable proactive maintenance to mitigate potential issues, ensuring optimal
performance and longevity of geothermal assets (Al-Hussain et al., 2015; Mishraet al., 2017).
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4. FUTURE DIRECTIONS AND RESEARCH OPPORTUNITIES

= Future research projects in the application of DTS in geothermal wells could focus on the exploration of innovative flow
simulation techniques decreasing the concentrated sensitivity of the model on single input variable. These techniques aim to
refine the conversion of DTS data, enabling the extraction of more precise and individual flow rates in diverse scenarios.

= Despiteadvancements in fiber opticcable designs, ongoing research is essential to identify new materials capable of enduring
the challenging conditions within geothermal wells, including high pressure, high temperature, and hy drogen-rich environments.
This exploration is crucial for diminishing the thermal degradation of fiber cable and enhancing the effectiveness of DTS
applications in geothermal well monitoring.

=  Moreover, an area for future research involves the simultaneous utilization of DTS alongside information gathered from other
sensors. Integrating data from various sensors could enhance the precision of results. While DAS is currently employed
alongside DTS, there is room for the development and incorporation of additional sensors to further refine the combined data,
opening up new possibilities for comprehensive monitoring and analysis in geothermal well applications.

CONCLUSION

In conclusion, this review highlighted the pivotal role of Distributed Temperature Sensing (DTS) technology in advancing geothermal
reservoir management. The utilization of DTS provides continuous and high-resolution temperature profiles within geothermal wells,
offering valuable insights into temperature variations and their implications for resource management. The application of DTS for flow
zone identification proves instrumental in enhancing reservoir characterization, allowing for the differentiation of distinct flow zones and
contributing to optimized injection and production strategies.

Furthermore, the study delves into the potential of DTS-based flow rate calculation, exploring its feasibility in estimating fluid flow
velocities and quantities through temperature data. The insights gained from relevant research indicate the promising role of DTS in
streamlining reservoir management and facilitating real-time decision-making processes in geothermal projects. The detection of flow
instabilities through continuous temperature monitoring emerges as another significant contribution, potentially leading to timely
interventions and improved overall well performance.

The future research opportunities lie in innovative flow simulation techniques, aimed at decreasing the model's sensitivity to individual
input variables. Ongoing exploration of materials capable of enduring extreme conditions within geothermal wells, coupled with the
simultaneous utilization of DTS alongside other sensors, holds promise for refining the precision of results and opening up new avenues
for comprehensive monitoring and analysis in geothermal well applications.
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