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l. Introduction and Aims of the Study

Geothermal energy represents a critical component in the global renewable energy
portfolio, offering baseload power generation with minimal environmental impact
compared to conventional fossil fuels. As documented by Gutiérrez-Negrin
(2024), global installed capacity has demonstrated consistent growth, reaching
approximately 16.3 GW by 2023, an almost eightfold increase from the 2,110 MW
recorded in 1980 (Gutiérrez-Negrin, 2024). Despite this growth trajectory,
operational challenges—particularly scale formation—continue to constrain the
full utilization of geothermal resources worldwide, impacting both the technical
performance and economic viability of geothermal projects.

Scale formation—the precipitation of minerals within wells, pipelines, and
equipment—occurs when dissolved minerals exceed saturation limits due to
changes in pressure, temperature, and chemical composition as fluids move from
reservoir to surface conditions. This phenomenon substantially reduces
operational efficiency through multiple mechanisms: diminishing wellbore
diameter and flow capacity, decreasing heat transfer efficiency, and necessitating
costly interventions. As Zarrouk et al. (2014) documented, scaling in geothermal
heat exchangers can significantly reduce heat transfer efficiency, with even thin-
scale layers creating substantial performance degradation. Operational costs
escalate through higher energy consumption for pumping, increased chemical
treatment expenses, and more frequent mechanical cleaning operations (Gutiérrez-
Negrin, 2024).

The Indonesian archipelago, situated within the Pacific Ring of Fire at the
convergence of three major tectonic plates, possesses approximately 40% of the
world's geothermal potential with an estimated resource capacity of 28.5 GW
distributed across 331 identified locations (Mohammadzadeh Bina et al., 2018).
Despite this extraordinary endowment, Indonesia has developed only about 2.1
GW as of 2023, representing a utilization rate below 8% of the identified potential
(ESDM, 2023). This substantial development gap stems from multiple factors,
including regulatory challenges, financing constraints, and critically—persistent
operational issues related to scale management

This research focuses specifically on three geologically and operationally distinct
Indonesian geothermal fields that collectively represent the diversity of
geothermal systems in the country: Patuha, Salak, and Kamojang. According to
Sofyan et al. (2025), Kamojang manifests as a vapor-dominated system, while
Sofyan et al. (2024) characterize Salak as primarily liquid-dominated with two-
phase fluid (Sofyan et al., 2024). Rahayudin et al. (2020) classify Patuha as a
vapor-dominated hydrothermal system with acid sulfate waters, stating that
"volcano-hosted, vapor-dominated geothermal systems have great potential for
power generation, although to date, such systems discovered globally remain
limited in number (Rahayudin et al., 2020)."

The investigation centers on Well " X" in each field, providing detailed case studies
that illuminate scale formation processes under different thermodynamic and
chemical conditions. In Patuha, Well "X" exemplifies a steam-dominated well
with 98% dryness, where analysis confirmed the presence of calcite scaling
despite conditions traditionally considered resistant to such deposition (Sofyan,
2023). In Salak, Well "X" represents a water-dominated well with two-phase fluid,
experiencing amorphous silica scaling, particularly at the transition between the
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7" perforated liner and 133" production casing (Sofyan et al., 2024). In Kamojang,
Well "X" represents a vapor-dominated system where silica (quartz) and magnetite
(FesO4) scales were identified at 900.74 m depth within the 13%" production
casing (Sofyan et al., 2025).

Through systematic analysis of these three distinct geothermal environments, this
research establishes correlations between fluid flow patterns, scaling mechanisms,
and effective treatment planning methodologies. While liquid-dominated systems
have received extensive research attention regarding scale formation, vapor-
dominated systems, despite their significant presence in Indonesia's geothermal
landscape, have been comparatively neglected in scaling studies. This research
addresses this gap by comprehensively investigating scaling across both system
types, thereby enhancing understanding of the complex interplay between
thermodynamic conditions, fluid chemistry, and scale precipitation mechanisms.
The research specifically addresses several critical knowledge gaps: (1) the
relationship between fluid flow regimes and scale formation locations across
different system types; (2) the mechanisms of calcite scaling in high-dryness
vapor-dominated systems previously thought to be less susceptible to such scaling
(3) the influence of wellbore geometry transitions on localized scale formation; (4)
the economic optimization of scale treatment methodologies for specific field
conditions; and (5) the development of an integrated assessment framework that
combines hydrodynamic, thermodynamic, and geochemical parameters to
improve predictive capabilities for scale management.

Flow pattern characterization was conducted using the Hewitt-Robert method and
WellSim software simulations, which revealed annular flow patterns coinciding
with scale formation zones. Pressure-Temperature-Spinner (PTS) surveys
provided critical field data for identifying flashing zones, such as at 1458.27 m
depth in Patuha and 4600 ft depth in Salak, where pressure reductions triggered
mineral precipitation. The geochemical analysis included PHREEQC simulation,
Calcite Saturation Index (CSI) calculations and X-ray Diffraction (XRD) analysis
of scale samples, enabling precise mineral identification and formation mechanism
assessment.

The primary objectives of this dissertation are:

1. To investigate the mechanisms of scale formation across different
geothermal reservoir types (vapor-dominated and water-dominated) by
analyzing flow patterns, fluid dynamics, and geochemical conditions in the
Patuha, Salak, and Kamojang fields.

2. To develop an integrated methodological framework for accurate
identification and characterization of scale formation zones, utilizing flow
pattern classification, Pressure-Temperature-Spinner (PTS) data, well
integrity testing, and geochemical analysis.

3. To evaluate and compare scaling compositions—including calcite,
amorphous silica, and silica-magnetite—across diverse geothermal
environments and understand the influence of fluid properties, pressure-
temperature gradients, and well architecture.

4. To formulate a cost-effective and field-applicable treatment strategy by,
focusing on the broaching method in vapor-dominated systems, including
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detailed tool specification, operational procedures, and economic

feasibility analysis.
The findings from this research have yielded several significant scientific results,
including: (1) the direct relationship between annular flow regimes and scale
formation across all geothermal system types; (2) evidence that vapor-dominated
systems with high dryness experience significant calcite scaling through CO-
degassing mechanisms; (3) quantification of how wellbore geometry transitions
influence scale formation; and (4) development of a broaching method treatment
protocol for vapor-dominated systems that demonstrates a 93-96% cost reduction
(USD 42,690 versus USD 628,147-1,195,339 for conventional methods) with
projected payback periods of 3.3 months versus 4-10 years (Sofyan et al., 2025).

By addressing these objectives, this dissertation will improve both theoretical
understanding and practical management strategies for addressing one of the most
significant operational challenges in geothermal energy production, potentially
unlocking a greater portion of Indonesia's vast geothermal potential and
contributing to global renewable energy goals.

Il.  Applied Methods

This research employed a multi-methodological approach that integrated field data
analysis, laboratory testing, computational modeling, and economic assessment to
comprehensively investigate scaling phenomena across different Indonesian
geothermal environments. The methodology was structured to facilitate systematic
comparison between the three study sites—Patuha, Salak, and Kamojang—while
accommodating their distinctive characteristics as vapor-dominated, water-
dominated, and vapor-dominated systems, respectively.

Flow pattern characterization was conducted using the Hewitt-Robert method,
which calculates flow pattern coordinates based on dimensionless parameters
derived from field measurements. According to Sofyan, Wiharti, et al. (2023a),
this approach required "determining the cross-sectional area of the flow pipe in the
well X" followed by "determination of the coordinates of the flow pattern map"
through specific equations considering dryness, mass flow, and fluid densities. The
resulting coordinates were plotted on logarithmic graphs to identify specific flow
regimes, with the research finding that “the flow pattern formed along the casing
series of the well "X" starting from the casing slotted liner 10" to the surface is an
annular type flow pattern" (Sofyan, Wiharti, et al., 2023a). This analysis was
complemented by WellSim software simulations, which incorporated site-specific
thermodynamic properties to model fluid behavior under various operational
conditions, providing validation that enhanced confidence in flow regime
classifications.

Pressure-Temperature-Spinner (PTS) surveys provided critical field data for
model validation and identification of flashing zones. In Patuha, these surveys
revealed that "the flashing zone is at a depth of about 1458.27 m, because at that
depth there is a decrease in pressure from 135 bara to 44 bara due to a change in
diameter" (Sofyan, 2023). Similarly, at Salak, PTS data showed "a sudden change
in pressure and temperature at depths of 4600 ft to 4800 ft" with "a pressure drop
from 418.5 psig to 416.5 psig" (Sofyan et al., 2024). This precise localization of
phase transitions allowed for targeted investigation of the scale formation zones
and correlation with geological and engineering parameters.
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Geochemical characterization comprised multiple analytical techniques tailored to
the specific scale types encountered. For carbonate scales in Patuha, Calcite
Saturation Index (CSI) calculations were performed using the formula "CSI =
log(IAP/Ksp)" (Sofyan et al., 2024), yielding a value of 2.54 that definitively
indicated calcite scaling potential. Silica scaling potential was assessed through
the Silica Saturation Index, calculated as "SSI = (731/(4.52 - log SiO2)) - 273.15"
(Sofyan, 2023). In Kamojang, X-ray Diffraction (XRD) analysis of scale samples
employed "a Rigaku MiniFlex II (Cu Ka radiation, A = 1.5418 A, operating at 30
kV and 15 mA)" with patterns analyzed "using Jade® 9.0 software and the
Crystallography Open Database" (Sofyan et al., 2025). This comprehensive
approach enabled precise mineral identification and formation mechanism
assessment across different geothermal environments.

Well integrity testing incorporated multiple diagnostic methods to precisely locate
scale deposits. In Kamojang, go-devil operations employed "a 203.2 mm (8
inches) go-devil tool” followed by "a 63.5 mm (2.5 inches) sinker” to map scale
distribution through mechanical interaction (Sofyan et al., 2025). Physical samples
were collected using specialized sample catchers, with Kamojang operations
employing "a 139.7 mm (5.5 inches) sample catcher™ and "an 88.9 mm (3.5 inches)
sample catcher" to target specific depths (Sofyan et al., 2025). In Salak, the
impression block technique identified scaling through distinctive surface
markings, with tools becoming "stuck in the depth of 2,630-4,734 ft MD with a
white stamp trace™ (Sofyan et al., 2024). These complementary approaches
provided robust documentation of scale locations and physical characteristics.
For the comprehensive treatment planning methodology developed for the
Kamojang field, a systematic economic assessment framework was implemented.
This included comparative cost analysis between treatment options: "drilling
equipment (US$ 1,195,339), coiled tubing hole cleaning (US$ 866,181), bull
heading (US$ 628,147), and broaching (US$ 42,690)" (Sofyan et al., 2025). The
broaching method was subjected to detailed cost breakdown analysis incorporating
direct costs ("broaching tools ($5,000), slickline unit mobilization ($15,000), labor
($8,000), fluid circulation ($2,000)") and indirect costs (“well downtime
($12,690)") (Sofyan et al., 2025). Revenue projections were calculated
considering "a plant availability factor of 35%" and "steam price: USD 18.40/ton"
(Sofyan et al., 2025), enabling accurate payback period determination under field-
specific operational parameters.

I1l. New Scientific Results

Through the integration of field investigations, laboratory analyses, and
computational modeling, this dissertation has yielded several significant scientific
findings that advance both theoretical understanding and practical management of
geothermal scaling:

T1: Hydrodynamic Flow Regimes and Scale Formation Correlation with
Methodological Validation

I have identified annular flow as the primary regime associated with scale
formation in both Patuha (steam-dominated) and Salak (water-dominated)
systems. Critical flashing zones were precisely located at 1458.27 m (4784,35 ft)
depth (Patuha) and 1402.08 m (4600 ft) depth (Salak), where pressure reductions
initiate mineral precipitation. Both Hewitt-Robert manual calculations and
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WellSim computational simulations consistently confirmed this finding,
demonstrating that this flow pattern—characterized by liquid film on pipe walls
with central gas flow—creates favorable conditions for mineral deposition
regardless of reservoir type. This validated relationship provides specific
monitoring parameters for early scaling intervention.

T2: Vapor-Dominated System Scaling Mechanisms and Non-Condensable
Gas Influence

I foundthat vapor-dominated systems with 98% dryness remain susceptible to
scaling through specific mechanisms. In Patuha, CO: degassing increases Calcite
Saturation Index, promoting calcium carbonate precipitation despite limited water
content. In Kamojang, rapid pressure drops (>1.2 bar/min) trigger silica
deposition. Field measurements documented correlations between elevated non-
condensable gases (CO: up to 95.84%, H2S up to 3.25%), pressure reductions, and
scale formation. These mechanisms indicate that high-dryness systems require
specialized monitoring protocols focused on gas composition and pressure
transition zones.

T3: Wellbore Geometry Transitions and Quantified Scale Impact on
Production

I have quantifiedhow casing diameter changes between 7" perforated liner and
13%" production casing create localized flow disturbances that accelerate mineral
deposition. In Kamojang, measured scale thickness of 251.8 mm reduced the
effective wellbore diameter by 20%, resulting in 36% increased frictional pressure
loss. This constriction accounted for approximately 75% of the observed 2.1 bar
wellhead pressure decline despite only 8.9% mass flow reduction. These
measurements established direct relationships between geometry transitions, scale
accumulation, and production parameters, providing design criteria for new wells
and intervention thresholds for existing ones.

T4: Field-Specific Mineralogical Signatures and Redox-Controlled Scale
Composition

In my research, | determinedthe distinct scale mineralogy across fields: calcite in
Patuha, amorphous silica in Salak, and silica/quartz with magnetite in Kamojang.
XRD analysis of Kamojang samples revealed magnetite (FesO4) formation under
reducing conditions at depth (230°C, 26.5 bar), while surface PHREEQC
modeling predicted goethite/hematite under oxidizing conditions. This redox-
dependency demonstrates that accurate scale characterization requires downhole
sampling rather than surface analysis alone. These field-specific signatures enable
customized inhibition strategies targeting the actual mineralogical composition
present in each system.

T5: Dryness-Mineralogy Relationship and Silica Scaling Dynamics

My study demonstrated that system dryness alone does not determine scale
mineralogy. Kamojang and Patuha both exhibit 98% dryness, yet develop different
scale types: silica-magnetite in Kamojang versus calcite in Patuha. My research
further established that pressure reduction rates directly influence silica
morphology—rapid depressurization (>1.2 bar/min) produces crystalline quartz at
Kamojang (900.74 m depth), while slower pressure decline leads to amorphous
silica in Salak. These findings provide specific operational thresholds for
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predicting and potentially controlling scale morphology through pressure
management.

T6: Feedzone Contribution Influence on Scale Formation

My analysis of Patuha and Salak demonstrated that zones with highest fluid
contribution (e.g., 46% at 1,389-1,421 m in Patuha) directly correlate with
enhanced scale formation due to increased mass flux and flow turbulence. This
empirical relationship showed that scaling intensity can be predicted by mapping
feedzone distribution and contribution rates. The finding suggests that targeted
scale mitigation should focus on major feedzones rather than treating the entire
wellbore uniformly, potentially improving intervention efficiency and reducing
treatment volumes.

T7: Integrated Multi-Parameter Scaling Risk Assessment Framework

In my research, | developed a practical framework thatintegrats flow regime data,
pressure-temperature profiles, fluid chemistry, and production history to predict
scaling location and intensity. This approach addresses the multivariable nature of
scale formation more effectively than single-parameter methods. Testing across
multiple fields demonstrated improved predictive accuracy compared to
conventional techniques. The framework allows operators to identify high-risk
zones before production decline occurs, enabling preventive treatments at optimal
timing and targeted locations.

T8: Cost-Effective Broaching Method Treatment Protocol for Vapor-
Dominated Systems

I developed and validated in practice a modified broaching protocol for vapor-
dominated systems that achieved 93-96% cost reduction (USD 42,690 versus USD
628,147-1,195,339) compared to conventional methods. Economic analysis
showed payback periods of 3.3 months versus 4-10 years for traditional
approaches, while maintaining comparable scale removal effectiveness. The
optimized procedure addresses the specific mechanical and chemical requirements
of silica-magnetite scales in high-temperature environments, providing an
economically viable solution for maintaining well productivity
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