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ABSTRACT 

Amorphous silica scaling in geothermal power plants has historically caused 

operational challenges such as obstructing fluid flow and reducing heat transfer 

efficiency, thus, limiting the overall power production. Similar problems are 

encountered in Kenya, and in particular Olkaria, therefore urgent attention is needed to 

mitigate this problem. This study therefore, aims at investigating sustainable ways of 

mitigating the effects caused by the amorphous silica scales deposition in the steam 

pipes in well 37B. The specific objectives were to determine the chemical composition 

of the brine, dry steam and steam condensate, perform chemical analysis on the scale 

deposits, evaluate parameters that influence scales formation in the steam pipes, and 

demonstrate the effect of scaling on plant power output. To achieve this, brine and 

steam samples were collected from the well using standard methods for sampling two-

phase geothermal fluids and were chemically analyzed using titrimetric, spectroscopy 

and chromatography. Scale deposits were also collected from the separator U-seal, 

silencer, and turbine rotor for identification and structural characterization using X-ray 

diffraction (XRD) technique. The speciation computer code WATCH was used to 

evaluate processes that could influence the fluid composition and predictions for scale 

forming minerals. X-ray diffraction analysis revealed a broad diffraction peak at 23 

angstrom on the 2D-θ scale indicating that the scale was mainly amorphous silica. The 

temperature of the brine was found to control the scaling conditions, with pro grade 

solubility (solubility that decreases as temperature and pressure decreases and vice 

versa, such as for silicates) simulated from 350°C to 110°C. It was noted that 

amorphous silica deposition occurs in fluids characterized by a wide range of total silica 

concentrations (350-700 ppm), temperature below 100°C, pH (4.5-5.5), and total 

dissolved solids concentrations (30-50 ppm). Consequently, temperature and pressure 

decrease was a significant cause of scaling while pH decrease was the principal cause 

of scaling. It was noted that the deposition of total dissolved solids, silica and other 

solutes contained in the dry steam carryover on the turbine reduces number of 

revolutions per second of the blades, hence lowering efficiency of the turbine blades 

rotation and, as a result, reducing the power output of the plant. Furthermore, in order 

to increase the pH, there was a need of reinjecting the diluted mixture of the steam 

condensates of a pH< 2.5 and temperature >50°C from the power plants with the 

separated brine of a pH>8.0 and temperature >150°C into the wells, this was to increase 

the pH of the resultant mixture, and maintain temperature above the silica saturation 

temperature, thus, preventing deposition of the amorphous silica in the steam pipes. 

There was also a need to dispose of high temperature water (steam condensate) at 

temperatures above amorphous silica saturation (say above >100°C for Olkaria wells), 

by reinjecting it back into the wells, thus preventing deposition of the scales in the steam 

pipes. The findings of this study revealed that pH decrease was the main cause of 

amorphous silica scales deposition while temperature and pressure decrease were 

responsible for scaling in the steam pipes.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background and Motivation 

Fossil fuels have long been the world's main sources of energy, accounting for over 

80% of global primary energy consumption. Over time, there has been more 

understanding of the negative impacts of excessive fossil fuel burning on the 

environment due to greenhouse gas emissions (GHGs). As a result, there is increasing 

interest around the world in using renewable and environmentally friendly alternative 

energy sources. Nearly 1.6 billion people, or about a quarter of the global population, 

require modern energy services (Fridleifsson, 2011). However, recent events such as 

rising tensions in oil-rich countries and the resultant price volatility, growing energy 

regulations, environmental legislation, and limited resources, calls for a balanced 

energy mix and the most efficient use of available resources. These entails gaining a 

thorough understanding of energy resources, energy producing processes, and 

facilities, as well as developing detailed maintenance strategies to improve their 

performance and maximize resource use (World Energy Council, 2014). 

In Kenya, electricity is generated using a variety of energy sources ranging from hydro, 

geothermal, thermal, biomass, solar, and wind. National power consumption by mode 

is currently 826.3 MW hydro, 828.04 MW geothermal, 2 MW biomass, 52 MW solar, 

336.05 MW wind and 256 MW thermal (Ministry of Energy, 2018). It is evident that 

geothermal energy is one of the country's main energy sources. Exploration and 

infrastructure growth of geothermal power is being aggressively pursued with the 

global move towards clean, environmentally sustainable renewable energies. For 

example, geothermal energy has many advantages as geothermal energy appears as one 



2 

 

of the cleanest and most environmentally friendly sources compared to other energy 

sources such as coal, natural gas and even some renewable energy sources. Geothermal 

plants typically have small land footprints and low air pollution, geothermal power can 

also be generated as a renewable energy resource base load, which means that it 

operates 24 hours a day, 7 days a week, regardless of changing weather, providing a 

special, stable and continuous source of clean energy, and ultimately geothermal power 

generates employment and stimulates economic growth often in rural areas with high 

unemployment rates (Ministry of Energy, 2018). 

Geothermal energy is energy contained in intense heat which flows outward 

continuously from deep within the crust of the earth. This heat mainly originates in the 

core. The crust, the outer layer of the earth, and the decay of radioactive elements that 

are in all rocks produce some heat. In the form of fumaroles, hot springs and hot altered 

energy is manifested on the earth's surface. Wells are drilled at depths of 1-3 km to tap 

steam and water at high temperatures (250-350°C) and pressures (600-1200 psi) to 

extract this energy. The dry steam is extracted from the brine at the separator for 

electricity generation, and used to drive a turbine coupled to a generator to generate 

electricity. There is almost no emission of such environmental contaminants so there is 

no need to burn fuels like oil, coal and natural gas. Geothermal energy is renewable 

energy that is reusable and it`s use is expected to increase in the future to help prevent 

global warming. However, geothermal steam often contains large amounts of minerals 

and gases in various quantities, depending on the geological structure and hydrological 

status of the earth's crust, resulting in its thermodynamic properties being affected. 

These impurities often lead to numerous defects in wells and surface installations within 

which geothermal fluids flow, such as scaling or solid deposition (KenGen, 2011). 
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Scales are heavy coatings that occur as a result of super saturation of soluble minerals 

of primarily inorganic materials. It occurs as a result of geothermal water contact with 

rocks and deep boiling processes in the reservoir, resulting in supersaturated water due 

to mineral dissolution. Dissolution may be accelerated by temperature and sometimes 

it may deteriorate depending on the solute (Gunnarsson, Arnorsson, & Jakobsson, 

2015). Scaling of steam pipes caused by silica deposition is a worldwide issue in the 

geothermal industry and its primary effect is to limit the development of geothermal 

resources for the generation of electricity. Cleaning steam pipes and injection wells is 

costly undertaking, which generally raises power plant maintenance and operating 

costs, which has a direct impact on plant profitability. 

 

Figure 1.1: Shows sample of pipe with thickest silica scale deposit 

(Source: KenGen geochemistry laboratory, 2014) 
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Figure 1.2: Massive silica scales depositions at joints, elbows and valves 

(Source: KenGen geochemistry laboratory, 2014) 

 

Different types of geothermal fluids from different wells produce brine with varying 

chemical conditions, which can be found in different parts of the world. Even within a 

single field's wells, significant variances can be discovered. The chemistry of these 

various brines differs, and the differences are dependent on a variety of factors such as 

the geology of the resource, temperature, pressure, and water source. Steam and water 

ratios in brine can vary significantly depending on the resource. The scaling properties 

of brine and steam pose a challenge in geothermal operations (Gunnarsson, Arnorsson, 

& Jakobsson, 2015). 

For several decades, large-scale geothermal exploitation has been on-going in Kenya. 

The Olkaria power plant's first unit in Kenya was commissioned in 1986 and the second 

phase was commissioned in 2010. In recent years, the technology used to harness 

geothermal energy has improved a lot and steps have been taken to reduce the 

environmental impact of the use of geothermal energy, particularly by re-injecting used 

fluid into wells and direct drilling. Avoiding geothermal brine re-injection can result in 

a faster deterioration of reservoir pressure, which can therefore have a negative effect 

on the capacity of production wells. In the use of high-temperature geothermal fluids 
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for power generation, the key operational difficulties faced include the creation of 

different kinds of scales in production wells, surface equipment and injection wells. In 

the use of geothermal energy, the main problems emerge from the precipitation of solid 

scales from geothermal fluids. The scales trigger flow restrictions in certain situations, 

such as in boreholes, two-phase pipelines, separators and steam pipes. Scale formation 

also makes it difficult to close and open valves leading to leaks and also to deposit 

scales on turbine blades, resulting in a rise in turbine chest pressure (Corsi, 2011). 

Scaling in surface equipment typically results in the loss of capacity throughout the 

process for the steam pipes. In turn, this will reduce the geothermal plant's production. 

In addition, a shutdown might be necessary to clear the lines and equipment if the 

scaling is huge to allow the facility to operate at full capacity. If scaling is done on a 

regular basis, maintenance costs are increased and plant productivity is decreased 

(Villasenor, 2011). 

In hydrothermal areas, silica deposition occurs in several forms at various depths. These 

include quartz, cristobalite, chalcedony, and amorphous silica. Of these, the most stable 

type of silica is quartz and has the lowest solubility. Deep geothermal water is normally 

quartz-stable at the underlying reservoir temperature. Due to the slow rate of formation, 

deposition of quartz in wellbores and surface equipment is not a common issue 

(Tassew, 2001). Amorphous silica is however associated with changes in temperature 

of the geothermal water. This is where the extraction of steam and cooling of fluids 

takes place. In surface equipment such as pipelines, separators, turbine nozzles, heat 

exchangers and re-injection wells, the deposition of amorphous silica from 

supersaturated water is the most alarming scale when precipitated. In geothermal fields 

with high heat content, this problem is more severe as steam separation takes place. 
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Silica scale deposition from geothermal fluids may occur after super saturation occurs 

over periods of minutes or hours. This is why silica deposition has been observed in 

many geothermal facilities in the fluid-handling equipment (Villasenor, 2011). 

1.2 Statement of the Problem 

In geothermal power fields, silica scaling is a primary challenge and measures have to 

be put in place to reduce its impact on the power plant during generation due to this 

problem. The type of scaling that occurs in the equipment of the power plants depends 

solely on the geology of the steam field formation. Mineral scaling will result in the 

diameter of the steam pipes being decreased, which increases the pumping power 

needed for the pipes to transfer water. Scaling also increases the thermal resistance of 

the steam pipes, causing it to take more heat to boil water or more cooling to reduce 

water temperatures and also restricts fluid flow inside the decreasing plant efficiency 

of the steam field equipment due to increased energy costs and when scaling is 

repeatedly encountered, a shutdown may be required to clear the lines, thereby 

reducing plant capacity. This study has therefore been developed for the purpose of 

mitigating scaling impact on the steam pipes in the Olkaria power station due to the 

mineral deposition of a type of amorphous silica. It is tiresome and expensive to 

overhaul and physically extract silica from the affected auxiliary components and that 

is why this study aims to examine the root cause of scaling deposition in the steam 

pipes such that proper solutions are found and implemented to minimize operational 

costs and increase the performance of the power plant. 

1.3 Justification of the Study 

Mineral scaling is one of the common challenges facing geothermal power production 

at Kenya's Olkaria power stations. These modifications contribute to the deposition of 
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dissolved minerals as highly mineralized geothermal fluids are extracted and subjected 

to changes in temperature and pressure, creating scaling problems for pipelines and 

power plant equipment. In general, the scaling of the surface facility would result in the 

loss of capacity of the steam pipes and, in turn, the performance of the geothermal plant 

will be decreased. In addition, if the scaling is large, a shutdown might be necessary to 

clear the lines and equipment to allow maximum capacity operation of the facility and 

if scaling is often encountered, it raises maintenance costs. As the geothermal fluid 

flows from the production well, this fluid composition varies from solid particles to 

chemical compounds, all of which could impact the operation and the equipment. 

Therefore, there is a need to understand the root cause of the scaling or deposition of 

silica on steam pipes in order to evaluate and incorporate suitable solutions to increase 

the performance of the plant and minimize operating costs. 

1.4 Research Objectives 

1.4.1 The main research objective 

To investigate sustainable ways of mitigating problems caused by the impact of 

amorphous silica scaling on the steam pipes in the Olkaria geothermal power plant wells 

in Naivasha, Kenya. 

 

 

1.4.2 Specific objectives 

The specific objectives for the study were: 

i. To determine the chemical composition of the brine, dry steam and steam 

condensate of well 37B in Olkaria East production field. 



8 

 

ii.  To perform physico-chemical analysis on the scale deposits samples collected 

inside the two-phase fluid pipeline.  

iii. To identify parameters that influence scales formation in the steam pipes and 

plant equipment’s of well 37B. 

iv. To establish the effect of amorphous silica scaling deposition on plant power 

output. 

1.5 Scope of the Study 

This study was confined to the following areas; 

i. This research was limited to Olkaria geothermal East field. It is one of the seven 

fields of the greater Olkaria geothermal area. 

ii. Sampling of geothermal fluids was carried out at three different locations i.e. 

collection of the brine at the wellhead before steam extraction at the separator, 

dry steam at the turbine inlet, and steam condensate at the turbine exhaust. 

iii. Chemical analysis of the brine and steam samples 

iv. Sampling, analysis and characterization of the scale deposits 

1.6 Limitations of the Study 

Results analysis of the steam, brine and scales from this field may differ from other 

geothermal fields. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction to geothermal fluids 

Geothermal fluids refer to the liquid, steam and gas of geothermal energy. The state in 

which the fluid is in either liquid or vapor depends on the pressure and temperature. It 

is referred to as a two-phase flow when the fluid travels as a combination of fluid and 

vapor, i.e. gas and steam. The dissolved minerals are practically only present in the 

liquid phase, such as silica and salts. Another geothermal fluid portion is gas that is 

dissolved in the liquid phase, primarily carbon dioxide, hydrogen sulphide, hydrogen, 

nitrogen and methane. These gases are easily moved to the steam process immediately 

boiling starts, as the gas molecules tend to live in steam instead of water. The dissolved 

CO2 and H2S gases are weak acids and once boiling starts the acid gases exit the liquid 

phase to the steam phase and the liquid becomes more basic with a higher pH 

(Villasenor, 2011).  

Geothermal fluid chemistry depends on the type of geothermal reservoir, so the 

geothermal fluid composition varies from one geothermal reservoir to the other, and 

can differ within the same geothermal reservoir as well. These differences are due to 

temperature, gas content, heat source, type of rock, rock permeability, hydrothermal 

system age, and fluid source age variations (Barbier, 2012). 

Geothermal fluid encompasses geothermal liquid, steam, and gas, either alone or in 

combination. The pressure and temperature determine whether the fluid is in the state 

of liquid or vapour. Two-phase flow describes when a fluid travels as a mixture of liquid 

and vapor, such as gas and steam. Silica and salts, which are dissolved minerals, can 

only be found in liquid form. Gases, primarily carbon dioxide, are also present in 
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geothermal fluids and are dissolved in the liquid phase until the water boils. H2S, 

hydrogen, nitrogen, and methane are some of the other gases. Because gas molecules 

prefer to be in the steam phase, the gases are quickly transferred to it as they boil 

(Thorhallsson, 2012). 

Different concentrations of dissolved minerals and gases are carried by geothermal 

fluids. Geochemists are experts in this field, having discovered over twenty chemical 

species and chemical ratios that are influenced by temperature. Geothermometers are 

temperature indicators that are a vital tool in exploration because chemical analysis of 

fluids alone can predict reservoir temperature and deduce a plethora of other valuable 

information about what is going on in the reservoir. Because the geothermal fluid has 

been in the reservoir for a long time and has thus established equilibrium with the 

minerals in the reservoir rock, this is the case (Thorhallsson, 2012). 

Because most minerals, such as silica, are more soluble in hot water than in cold water, 

knowing the silica content in the water can tell us what the reservoir temperature is or 

has been. Because the fluid is saturated at reservoir temperature, any cooling will create 

super-saturation, resulting in the excess concentration precipitating. Mineral deposits 

generated in this manner are known to attach to pipes and other surfaces. Some 

minerals, like as calcite and calcium sulfate, are less soluble in water at higher 

temperatures, which is an advantage because it reduces the formation of such deposits 

when the fluid is utilized and cools down. Changes in the pH value have a similar 

impact on the chemical evolution of geothermal fluids as temperature and pressure do. 

This is due to the weak acidity of dissolved carbon dioxide and hydrogen sulphide 

gases. When boiling begins, acid gases leave the liquid and enter the steam phase, 

causing the liquid to become more basic, resulting in a higher pH. The overall effect of 
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cooling and steam separation is highly complex, and computer chemical modeling is 

required to keep track of the changes that occur (Thorhallsson, 2012). 

The solubility product for specific minerals can be determined using information on 

chemical activity and concentrations of chemical species to evaluate if the fluid is 

supersaturated with regard to particular minerals and thus likely to form scale. These 

calculations all presume equilibrium to be attained, and while this occurs quickly for 

many minerals, some minerals take longer to equilibrate. Slow rates can occasionally 

be exploited by forcing the fluid to flow quickly through the device. As a result, 

knowing the rate of the precipitation reaction is critical for fluid handling system 

design. To influence the rate of silica precipitation, for example, changing the pH of the 

fluid by adding acid or caustic is used. The precipitation of a highly supersaturated 

solution is slowed when acid is added. If you want to extract silica from an acidified, 

extremely supersaturated solution, you can add caustic, which will promote fast 

precipitation. 

2.2 Olkaria geothermal fluid characteristic 

Commentate lavas and their pyroclastic counterparts, ashes from Suswa and Longonot 

volcanoes, and small trachyte and basalts make up the geology of the greater Olkaria 

volcanic complex and its surface outcrops. The presence of basalt (Olkaria basalt) 

underneath the upper Olkaria volcanoes in the Eastern part of the geothermal field is 

suggested by well lithological logs. The Olkaria geothermal field's subsurface geology 

has been divided into six lithostratigraphic classes based on age, tectono-stratigraphy, 

and lithology. The proterozoic "basement" formations, pre-Mau volcanos, Mau Tuffs, 

Plateau Trachyte, Olkaria Basalts, and Upper Olkaria Volcanos are among the 

formations in chronological order from oldest to youngest (Omenda, 2010). 
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Figure 2.1: Geothermal fields within the greater Olkaria geothermal area 

(Source: KenGen geothermal fields map, 2014) 

The Olkaria fault, Gorge Farm faults, Suswa lineament, and Ol'Njorowa Gorge are 

among the structures contained in the greater Olkaria volcanic complex. The faults are 

visible in the Olkaria Central and Olkaria West fields, but not in the Olkaria Domes 

region, probably due to the thick pyroclastic cover. The oldest faults are the NW-SE 

and WNW-ESE faults, which are connected to the formation of the main Rift Valley 

(Opondo, 2010). Although a single phase occurs to the north of the Olkaria fault zone, 

the Olkaria geothermal system is characterized by a liquid-dominated reservoir. When 

the first deep wells were drilled in the Olkaria East field, a two-phase reservoir overlain 

by a vapor-dominated (steam) cap existed above the liquid reservoir (Karingithi, 2010). 

Except for samples from Olkaria West, which tend to spread along the H2O-CO2 axis, 

reservoir fluids from Olkaria show the highest H2O/CO2 ratio. Strong H2O/CO2 ratios, 

on the other hand, tend to represent lower temperature fluids tapped from the shallower 
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aquifers in the wells. This hypothesis is based on the fact that most wells discharging 

two-phase fluids have different solute temperatures specifically silica temperatures 

(Malimo, 2013). 

The content of N2 in Olkaria fluid samples tended to be significantly enriched. 

Preferential nitrogen loss during boiling could explain differences in N2 content, 

especially in wells with high heat flow and content. It's also possible that air 

contamination occurred during sampling and/or due to the presence of drilling fluids in 

the reservoir, which could explain the N2 - rich samples, particularly for the wells that 

have been subjected to discharge testing up until now. In geothermal fluids, however, 

there are other sources of N2. Analysis of well discharges has shown that wells have N2 

and Ar concentrations up to ten times higher than air saturated water (ASW) and 

concentrations as low as one tenth of ASW. Furthermore, experiments in Iceland have 

indicated that N2 comes from a source other than air-saturated water, potentially 

entrapped air bubbles, magmatic gas, or rotting organic matter, based on N2/Ar ratios 

(Giroud, 2012). 

In contrast to Menengai, Olkaria wells tend to be depleted in H2. Fluids from Menengai 

well MW-13 are the richest in H2, with CO2/H2 ratios of less than 6, whereas fluids 

from wells MW-03 and MW-01 are the poorest in H2, with CO2/H2 ratios of more than 

30 and 70, respectively. The majority of Olkaria well fluids, as well as the fluids from 

wells MW-04, MW-06, MW-09, MW-19, MW-12, and MW-20, have intermediate 

properties, with 6 ˂ CO2 /H2 ˂30. High H2 concentrations in the aquifer liquid are 

typically interpreted as suggesting the presence of vapor fraction in the initial reservoir 

fluid, which increases the sparingly water soluble H2 concentrations but not the more 

soluble CO2 and H2S concentrations (Arn`orsson, 2010). 
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As a result, the Menengai reservoir has a higher vapor fraction than the Olkaria 

reservoir. The concentrations of CH4 differ, with the majority of samples ranging 

between 40 and 1200 units of CO2/CH4. The presence of different redox conditions, 

temperature, pressure, and vapor/(vapor + liquid) mass ratio (referred to as y value) in 

the zones where gas equilibration is attained could explain variations in H2 and CH4 

contents from field to field and well to well. Since H2 and CH4 are minor components, 

chemical reactions are expected to affect them, particularly hydrogen, which is highly 

reactive, rather than methane, which is a “slow” species, especially at low temperatures. 

The concentrations of reactive gases H2S and H2 in the Olkaria reservoir fluids are 

typically preserved in local equilibrium with the pyrite-pyrhotite-magnetite mineral 

assemblage, according to studies. Furthermore, in most parts of the geothermal region, 

CO2 concentration is controlled by a near approach to local equilibrium with the 

Epidote-prehnite-calcite-quartz mineral assemblage, except in Domes and Olkaria 

West, where it is controlled by flux from the magma heat source. Furthermore, it was 

discovered that the mineral assemblage pyrite-pyrrhotite-magnetite regulates the 

concentrations of H2S and H2 in aquifer water (Karingithi, 2010). 

2.3 Olkaria East field production geothermal reservoir 

This reservoir produces two-phase mixture of steam and water in general proportion of 

85% steam and 15% water, making it ideal for electrical power generation. The 

geothermal reservoir is a liquid-dominated high-temperature type, with an average 

down-hole temperature between 230 °C and 260 °C (Wambugu, 2011). Magmatic 

intrusions situated at depths of about 5 to 8 km represent the heat source of the device. 

High chloride-bicarbonate waters with low pH and high gas content show fluid 

chemistry of 0.75 percent in steam by weight.  
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Deep in the well, boiling begins and the two-phase flow passes tangentially from the 

well through the pipeline to cyclone separators for separation at a pressure of about 6 

bars. As brine is pumped into 4 hot re-injection wells, the separated steam step passes 

through the steam pipeline network to the power station. The long water column is 

extracted by blowing it into a wellhead silencer after a long well shut-in, water then 

moves to a holding pod via an open channel until it is pumped to two cold-injection 

wells outside the production area. The well is then linked to the station with a steam 

pipeline.  

2.3.1 Olkaria East field production ternary diagram Cl-SO4-HCO3  

The classification of thermal water is based on the relative concentrations of the three 

major anions Cl-, SO4
2- and HCO3

- according to (Giggenbach W. F., 2012). After 

dissolving, chloride, which is a conservative ion in geothermal fluids, does not engage 

in reactions with rocks. After it has dissolved, chloride does not precipitate; its 

concentration is independent of the mineral equilibria that regulate the concentrations 

of the constituents forming the rock. Therefore, in geothermal studies, chloride is used 

as a tracer. One diagram for the classification of natural waters is the Cl-SO4-HCO3 

ternary diagram (Giggenbach W. F., 2012). Several forms of thermal water can be 

differentiated by using it i.e. mature waters, peripheral waters, volcanic waters, and 

steam-heated waters. An initial indication of blending relationships is given in the 

diagram. The chloride-rich waters are normally located near the upstream flow zones 

of geothermal systems according to (Giggenbach W. F., 2012). In the more elevated 

sections of a sector, high SO4
2- steam-heated waters are typically found. The degree of 

separation between the high chloride and bicarbonate water data points would show the 

relative degree of contact between the lower temperatures of the carbon dioxide charged 
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fluid and the bicarbonate ion concentrations that increase with the time and distance 

travelled underground. 

 

Figure 2.2: Olkaria East fluid classification 

(Source: KenGen field reservoir data) 
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2.4 Hypothetical background on scaling depositions 

In light of isotopic data, it is widely agreed that geothermal water is typically transient 

in nature. As the brilliant water soaks into the earth, it reacts with the hot host rock 

below, altering the geothermal water's properties. Because of the water-rock relations, 

the stone minerals disintegrate into the geothermal water, resulting in harmony 

(Arnorsson S. , 2010). As geothermal water is heated, it rises from the more blazing 

profound zone to the surface, rich in broken up minerals. The geothermal liquid cools 

as it moves through rocks and cracks due to conductive heat transfer, and it may begin 

to bubble near the surface due to a loss of hydrostatic head. When broken down solids 

become mineral deposits in geothermal fields and hardware, they have an effect on 

geothermal resource exploitation. Mineral deposition is a major problem in geothermal 

resource production. Since silica, calcite, and sulfides are common mineral deposits in 

geothermal systems, such as reservoirs, liners, production casing, and surface gear, it's 

crucial to understand how they form (Brown, 2011a). 

2.5 Conditions and mechanism of formation of silica scales 

Direct deposition and colloidal deposition are the two mechanisms by which silica 

scales form in geothermal applications. The interaction of the silicic acid's siloxane 

bonds with the metal surface is necessary for direct deposition. This reaction is 

catalyzed by hydroxyl ions and occurs at high pH levels (pH > 8). Colloidal deposition, 

on the other hand, occurs through a condensation-polymerization process from silicic 

acid due to increasing super saturation and creates a stiff, dense, and vitreous layer 

estimated to contribute 0.5mm/yr of scale (Sinclair L. , 2012). This formation pathway 

forms small molecular weight dimers and trimmers prior to forming rings of various 

sizes, and cross-linked polymeric chains and ultimately a complex and amorphous 
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product. Coagulation and flocculation induce the development of significantly bigger 

colloid particles after the polymerization steps (Bergna & Roberts, 2010).  

Deposition is mainly affected by the silica concentration, temperature and pH; flow 

rates, aeration and ion effects are also important factors. The operational conditions are 

kept in the scaling-free zone. Silica is deposited in a number of forms at various depths, 

including quartz, chalcedony, crystallite, and amorphous silica. Quartz has the lowest 

solubility and is the most stable form of silica. At the prevailing reservoir temperature, 

deep geothermal water is generally in equilibrium with quartz. Due to the slow rate of 

formation, quartz deposition in wellbores and surface equipment is not a common issue. 

Amorphous silica, on the other hand, is related to temperature fluctuations in 

geothermal water. Steaming extraction and fluid cooling take place at this stage (Chen 

& Marshall, 2013). 

When precipitated on surface equipment such as pipelines, separators, turbine nozzles, 

heat exchangers, and re-injection wells, amorphous silica from supersaturated water is 

the most problematic scale. This problem is more problematic in high-enthalpy 

geothermal fields, where steam separation occurs and initial silica concentrations are 

higher. To prevent silica scaling in the pipelines and separator, most fields run the steam 

separator below the amorphous silica line, under-saturated. Scaling can occur if you 

work above the amorphous silica line, but at different rates depending on the water 

composition, retention period, and other factors (Axelsson & Gunnlaugsson, 2010). 

Calcium carbonate deposition from geothermal fluid is a major concern in a variety of 

geothermal fields, largely due to geothermal well plugging. Calcite, aragonite, and 

vaterite are the most common polymorphs of calcium carbonate minerals. In a 
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supersaturated calcium carbonate solution, Vaterite is the first mineral to form, but it is 

brittle and recrystallizes to form the more stable calcite. Calcite and aragonite are the 

most common calcium carbonate deposition minerals, with the former dominating 

(Arnorsson & Stefansson, 2013). 

In low-enthalpy geothermal fluids, the process that causes sulphide deposition varies 

from that in high-enthalpy geothermal fluids. Low-enthalpy fields with high dissolved 

solids concentrations can cause mild corrosion of steel production casings, releasing 

iron. As a result of scaling, the migrated iron reacts easily with sulphide-rich geothermal 

fluids, resulting in a higher rate of metal sulphide scale deposition. Sulphide mineral 

deposition is caused by sulphide-forming metals such as iron and some other base 

metals in a high-enthalpy geothermal environment (Fe, Zn and Pb). As sulphide forms 

as a secondary product on nickel and chromium, there's a risk that a problematic scale 

will develop, causing localized corrosion or sulphide stress corrosion cracking. Since it 

combines with silica scaling, sulphide depositions in high enthalpy resources can be 

extreme in water with high Total Dissolved Solid (TDS) content. Metal sulphides and 

oxides are often deposited directly from geothermal fluids in high-enthalpy systems 

when the phase or pH changes (Criaud & Fouillac, 2013).  

In the same way as sulphur forms a solid deposition around fumaroles, sulphur forms a 

solid deposition in surface equipment. Sulphur deposits in power plants, especially in 

condensers and cooling towers, are caused by geothermal fluids rich in H2S gases. 

Depending on its concentration, pH, and temperature, sulphur exchanges between 

sulphate and hydrogen sulphide. In acidic environments, the reaction is rapid, but in 

alkaline environments, it is very slow. Sulphur (S) is stored in direct contact condensers, 

where gases come into contact with oxygen; Sulphur can also clog cooling tower water 
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delivery nozzles (Kristmannsdottir & Sirgurgeirsson, 2010). Through geothermal wells 

and pipelines, geothermal fluid is injected into the power plants. Boiling will occur in 

the reservoirs, liners, and wellbore as the temperature and pressure of the fluid changes, 

resulting in solid precipitation. Gases are liberated from the liquid phase and degassed 

into the steam phase during the production of calcite, for example. This generates 

supersaturation, which leads to the formation of calcite within the wellbore, resulting 

in fluid constriction. This deposition reduces the flow area, resulting in a reduction in 

well output and, as a result, a fall in wellhead pressure (Ormat, 2011). 

2.6 Geothermal scales formation and deposition 

The precipitation of solid scales from the geothermal fluid is one of the most important 

obstacles in the exploitation of geothermal energy. Scales block flow in a number of 

areas, including boreholes, two-phase pipes, separators, waste water lines, and steam 

pipelines. Their shape makes it impossible to shut and open valves, resulting in leaks. 

Scale buildup on turbine blades is normal, resulting in higher turbine chest pressures. 

Deposition from a single phase fluid i.e. injection pipes, deposition from flashing fluid 

e.g. wells, separators, two phase-pipelines, and deposition by steam carryover i.e. 

separators, steam lines, and turbines are the three major areas of scale deposition that 

can be distinguished (Corsi, 2011). 

Scaling and silica deposition can occur at any stage in a geothermal power plant's 

system. The equilibrium condition inside the fluid is disrupted the minute fluid enters 

the production well casing. Pressure, temperature, and chemical conditions change as 

fluid travels towards and through the plant, affecting the solubility of various fluid 

components, resulting in deposition or scaling of multiple distinct species. Some parts 

of the power plant are more prone to scale than others, and in a geothermal power plant, 
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the production wells, brine handling and reinjection system, and steam turbine are the 

most vulnerable. Although deposition and scaling can occur in other parts of the power 

plant, they are usually not as serious. Production wells are the initial point where the 

geothermal fluid's pressure is reduced. The pressure that the fluid is subjected to 

decreases as it goes up the production well. The solubility of many minerals contained 

in geothermal fluid is reduced by the reduction in pressure in flowing up the well 

through two main mechanisms: 

 A reduction in dissolved gas content and associated pH changes, and 

 As the fluid boils, the liquid fraction decreases, resulting in an increase in 

mineral concentrations and a consequent temperature drop. 

Scaling causes dissolved components to separate from solution and float as minute 

particles attached to a solid surface, such as a pipe wall. The most frequent ingredient 

that scales out is silica, which looks like sand. Sulfides and metallic carbonates are two 

other frequent materials. Mineral scales deposited in geothermal producing wells are 

more likely to be calcite and other related calcium compounds. Production well scaling 

can be a serious issue in geothermal power plants since it restricts the flow of 

geothermal fluid delivered to the power plant, resulting in a decrease in power output. 

Calcite scaling can occur as the pH of geothermal liquid rises as gases like hydrogen 

sulfide and carbon dioxide transition from the liquid to the gas phase. Calcite scaling 

can also develop when the concentration of calcite in the boiling liquid surpasses the 

saturation threshold due to steam losses in either the reservoir or the production well 

(Arnorsson, 2013). 

It is required anyone to know the following in order to assess the general characteristics 

of scale formation in a specific water sample: 
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 The total dissolved solids (TDS),  

 pH,  

 Temperature,  

 Pressure 

 Calcium hardness, and 

 Alkalinity  

Total dissolved solids (TDS) are a typical indicator of a water source's quality. Water 

quality issues are more likely to emerge as total dissolved solids rises. Other signs will 

determine if these issues are on the scaling or non-scaling end of the spectrum. Most 

groundwater have a pH value that ranges from about 5.0 on the acid side to 9.0 on the 

alkaline side. At pH values greater than 7.5, scaling issues are typical. 

Temperature and pH variations can cause scaling to occur. Carbon dioxide dissolved in 

the geothermal fluid is spontaneously emitted in small amounts when the fluid is flashed 

to produce steam in separators. Because the pH rises as a result of carbon dioxide 

emissions, this produces a positive feedback loop, resulting in increased scaling of 

dissolved fluids (Corsi, 2011). 

Mineral deposition scaling is a common problem in almost all production wells. Both 

reservoir permeability and well productivity are affected by the most serious scale 

problems. It can be found on any surface that comes into contact with the brine. X-ray 

diffraction has been used to classify the main minerals deposited within the production 

lines in many experiments on downhole scale characterization. Calcium, silica, and 

sulphide compounds are the most common scale species found in geothermal brine 

(Sinclair L. , 2012). Calcium carbonate and calcium silicate are two calcium compounds 

that are frequently encountered. 
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In higher temperature resources, metal silicate and metal sulfide scales are common. 

Zinc, iron, lead, magnesium, antimony, and Cadmium are common metals found in 

silicate and sulphide scales. Silica can cause even more problems because it creates an 

amorphous silica scale that is unrelated to other cations. All of these scales can cause 

geothermal plants to have difficult operating problems (Arnorsson, 2013). 

2.6.1 Factors affecting the formation of amorphous silica scaling 

Amorphous silica scaling would potentially be deposited in a water-dominated 

geothermal system with a high concentration of dissolved silica. The deposition of 

amorphous silica is highly dependent on temperature and pH of the fluid. The process 

of silica scaling formation at the surface facilities of geothermal power plants is 

controlled by temperature, pressure and pH solution change. 

Temperature and pressure: The decrease in both temperature and pressure results in 

decrease in the solubility of amorphous silica in the geothermal fluid leading to 

deposition of the silica scales on the steam pipes. 

pH: The solubility of amorphous silica scales in the geothermal fluids increases with 

increasing pH in the fluids hence preventing deposition of the amorphous scales in the 

steam pipes. 

2.6.2 Methods of detecting solid deposits 

When the well output decreases or wellhead pressure drops, it's time to run down-hole 

logs to find out what's going on. To detect the location and thickness of solid deposition 

in a wellbore, different methods have been used. To assess the location and thickness 

of deposition, caliper logging tools and Go-devil tools are widely used. Caliper logging 

tools have an electric motor that opens the arms after the tool is lowered into the hole. 
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The arms center the tool in the well, and variable resistance senses the location of the 

spring-loaded arms. Because of the temperature limitations of electrical cables and 

equipment, this procedure necessitates quenching the well with cold water (Molina, 

2012). 

2.6.3 How scale build-up impacts heat transfer 

Making sure the plant machinery used in geothermal operations is working properly is 

one way to save money on electricity. As mineralized water is passed through steam 

pipes at a high temperature, the impurities in the water precipitate out onto the inside, 

causing scale to form. Impurities are accumulated even more readily on the interior of 

the steam pipes as the water begins to boil. Scales are formed when deposited impurities 

accumulate over time. The pumping power needed to transfer water through the steam 

pipes increases as the diameter of the pipes narrows due to scaling. Scaling also raises 

the pipe's thermal resistance, which means it requires more heat to boil water or more 

cooling to cool it down. Scaling has the effect of rising energy prices due to lower 

efficiencies. Scaling removal from the inside of pipes is a time-consuming, labor-

intensive, and costly process. It is less costly to treat water to avoid scale buildup rather 

than to try to extract scale after it has formed. When scale builds up inside pipes, it takes 

more energy to heat or cool water, and when scale is allowed to build up inside pipes, 

the resistance to heat transfer increases cumulatively. 

This means that as the device becomes less efficient, the amount of energy needed to 

heat or cool water in the scaled pipes increases. When water has not been treated to 

minimize hardness, scale accumulates over time and is frequently followed by 

corrosion and further narrowing. When pipes go unchecked, water process temperatures 
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can become more difficult to regulate, and inefficient heat transfer processes waste 

energy and cost more (Mahon, 2010). 

2.6.4 Silica scale deposition 

Silica (SiO2) and calcite (CaCO3) are two of the most popular geothermal scales. These 

two scales are both white and difficult to distinguish visually. Small amounts of iron 

sulphide, a scale deposition product found inside all geothermal pipelines, give the 

silica scales a grey or black appearance. If bubbles form when a drop of hydrochloric 

acid is dropped on a piece, it is calcite. 

After super-saturation, silica scale deposition from geothermal fluids can take minutes 

or hours, according to (Mecardo & Hurtado, 2011). This is why silica deposition has 

been discovered in many geothermal facilities' fluid handling equipment. As a result, 

unlike calcite, which tends to precipitate shortly after reaching super-saturation during 

flashing, silica deposition can be kinetically regulated and delayed by minutes or hours 

after saturation is reached. 

Silica scales can be found in all geothermal installations to some extent, however the 

scaling rate is relatively low when the temperature is kept above the solubility threshold 

for amorphous silica (the non-crystalline form of silica), which is one of the design 

criteria for most geothermal plants. The concentration of silica in the reservoir is usually 

in balance with quartz, the crystalline form of silica. The concentration of silica in the 

water increases as the water boils and cools. The water becomes quartz supersaturated 

almost immediately, but no quartz precipitates form due to the slow formation of quartz 

crystals. Amorphous silica deposition is the most common and problematic scale that 

forms when geothermal water is heated to high temperatures. Many scholars have 

looked into this scale (Were & Tsao, 2010). (Hurtado, et al., 2010). The analysis of 
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silica scale formation has received a lot of attention because the efficient extraction of 

energy from high-temperature geothermal resources is restricted by the silica scale that 

can form as a result of cooling (Fournier & Rowe, 2012) (Mahon, 2010) discovered that 

aqueous silica concentrations in high-temperature geothermal fluids are controlled by 

a close approach to equilibrium with quartz .Extensive experimental tests on the quartz 

solubility constant have been performed (Fournier R. O., 2013) (Fournier R. O., 2012). 

The solubility of quartz increases as the temperature rises. Quartz is often not found as 

a primary mineral in geothermal systems, but rather occurs as a result of water 

precipitation. Silica scales are only known to form if the aquifer water has been 

sufficiently boiled and cooled to saturate it with amorphous silica, due to the quick rate 

of deposition of this phase compared to quartz, particularly below 150°C. Amorphous 

silica deposition, unlike calcite scale formation, does not occur at depth in production 

wells, but rather in wellheads, surface piping, and injection wells. 

Since quartz solubility regulates silica concentrations in high-temperature geothermal 

waters, aqueous silica concentrations in producing aquifers rise as the water 

temperature increases. As a result, the temperature at which amorphous silica saturation 

is reached in specific well water is determined by the temperature of the source aquifer. 

The degree of super saturation, temperature, and salinity all influence the rate of 

amorphous silica precipitation and colloidal formation polymerization. Aeration may 

also help. In amorphous silica oversaturated solutions, silica molecules can react with 

one another to form colloidal silica or deposit from the solution to form. Many 

experiments have been performed on the solubility of pure amorphous silica (Fournier 

& Marshall, 2011). 
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The solubility of amorphous silica is determined by the ions that influence its surface 

charge. The effects of dissolved salts of varying concentrations on the solubility of 

amorphous silica have been studied by (Marshall & Warakomski, 2014) and (Chen & 

Marshall, 2013). They discovered that the influence of the salt cations on amorphous 

silica solubility decreased in the following order: Mg2+ > Ca2+ > Sr 2+ > Li+ > Na+ > K+. 

(Yakoyama, Takahashi, Yamanaka, & Tarutani, 2011), demonstrated that the 

aluminium ion can have a substantial effect on the rate of silica polymerization. The 

formation of complexes between silica and cations in the salts is likely to be the cause 

of these effects, but the salts will also influence the value of the activity coefficients 

taken by aqueous silica species. The structure of and precipitated amorphous silica, as 

well as its solubility, can be influenced by the presence of cations in solution. 

Polymeric silica is less likely than monomeric silica to precipitate out of solution. The 

effectiveness of polymerization treatment in reducing amorphous silica deposition from 

spent geothermal waters is determined by the relative rates of the two reactions, 

amorphous silica deposition and silica polymerization, as well as the rate at which 

polymeric silica settles from solution. In the Olkaria I, II, and III geothermal wells, 

silica scales have been found. It's contained in wellhead equipment, separated water, 

and the plant in all cases. Maintenance issues with silica scale formation in heat 

exchangers, brine pipes, and first stage turbine nozzles were recorded in (Opondo & 

Ofwona, 2013). In Olkaria, (Opondo & Ofwona, 2013) reported extensive silica 

deposition in one well's wellhead equipment. 

2.6.5 Amorphous silica 

Amorphous silica is one of the most common scaling problems in geothermal power 

plants since its solubility decreases with decreasing temperatures. Amorphous silica 



28 

 

scales can form anywhere from production wells to surface facilities to injection wells 

downstream, depending on the conditions (Erlindo, 2011). It is common practice to 

maintain the temperature of geothermal installations above the saturation point for 

amorphous silica to avoid amorphous silica deposition. The amount of heat that can be 

extracted from the fluid discharged from production wells is limited as a result of this 

(Erlindo, 2011). 

The concentration of silica in the brine rises as it passes through flash vessels, and the 

temperature of the brine drops even more. Silica is oversaturated under these conditions 

and will either precipitate as amorphous silica or react with available cations (e.g. Fe, 

Mg, Ca, Zn, etc.) to form co-precipitated silicate deposits. The flow of fluid from 

production wells, flash vessels, binary units, and the injection system is severely 

hampered by these deposits. In addition to reducing flow, silica scaling has a major 

effect on heat transfer in binary unit equipment (Burton, Bourcier, Burton, & Leif, 

2013). 

If geothermal waters become oversaturated in amorphous silica, two types of processes 

are likely to occur: - The first is monomeric silica deposition directly onto a surface, 

and the second is monomeric silica polymerization to form silica polymers. The process 

that occurs in spent high-temperature geothermal waters is affected by the water's 

environment to some degree (Gunnarson, Ivarsson, Sigfusson, Thrastarson, & Gislason, 

2010). Silica scaling is likely to occur in turbulent flow where there is surface available 

for monomeric deposition onto the surface, but if the waters are put in a quiet 

environment, silica polymerization is the preferred method. 

Brine in the reservoir is in equilibrium with quartz, but as the fluid moves up the well, 

it becomes supersaturated with amorphous silica due to boiling, and monomeric silica 
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starts to polymerize after a time known as the "induction period." Aside from preventing 

over saturation, research on the silica induction cycle and polymerization rate have 

aided in the development of other approaches to managing silica precipitation from 

geothermal brines (Erlindo, 2011). These include: 

 i. acidification to lower the pH, ii. Brine aging to transform monomeric silica to 

colloidal silica, iii. The use of inhibitors that claim to avoid or minimize silica scaling, 

iv. Silica precipitation with lime or by bubbling CO2 through the solution, v. Mixing 

the brine with steam condensate, vi. Coagulation to eliminate colloidal silica, and vii. 

Maintaining the temperature of the brine above the silica super saturation temperature 

by changing and regulating separator pressure.   

2.7 Types of Scale 

2.7.1 Calcium carbonate scales 

Calcium carbonate scales, i.e. crystalline calcium carbonate scales Calcite is commonly 

discovered in wells with reservoirs of 140-240°C, and is primarily found when the 

water in the well begins to boil. This scaling is caused by CO2 degassing and an increase 

in pH as a result. Calcite has retrograde solubility, meaning it is more soluble at lower 

temperatures than it is at higher temperatures, therefore when the water and steam go 

up the well, the calcite abruptly stops and forms scales. Calcite scales are found largely 

in a 200-300m long area of the well above where flashing, or rapid conversion of water 

to steam, occurs, but not below or above that region. This makes calcite scale control 

easier, and chemical modeling can be used to anticipate them rather precisely. Because 

calcite scaling requires a certain level of super saturation, there is a tiny window of 

opportunity in this scenario, as almost all geothermal water is at equilibrium, or 

saturated with regard to calcite in the reservoir. Calcite scaling is usually not a problem 
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in wells that produce from reservoirs with temperatures greater than 260°C because the 

amount of dissolved calcite in the water is lower at higher reservoir temperatures. More 

complicated minerals, primarily metal sulfides, silicates, and oxides, can form scales at 

temperatures above 300°C, especially in extremely saline water (Solis, 2010). 

Many geothermal fields are considered to have problematic calcium carbonate scale 

formation (Simmons & Christenson, 2012). Scale formation of this kind is expected to 

be most extreme at the depth level of first boiling, according to (Arnorsson, 2013). This 

form of deposition can greatly reduce the production of wells or even clog them. Calcite 

deposition has been found in two phase lines where fluids from two separate wells 

combine in other unusual occurrences. Calcite deposition can also occur as a result of 

the re-injected fluid being heated. 

Although the water in the aquifer of high-temperature geothermal systems is similar to 

becoming calcite saturated (Arnorsson, 2013) (Karingithi & Opondo, 2011), 

equilibrium between calcite and solution is easily reached at these temperatures. Calcite 

saturated waters will become oversaturated after substantial boiling of the aquifer water 

and subsequent CO2 degassing. The effect of degassing during adiabatic boiling is 

counteracted by increasing calcite solubility with decreasing temperature. Calcite 

scaling problems have been successfully solved around the world, either by mechanical 

cleaning or the use of inhibitors (Pieri, Sabatelli, & Tarquini, 2011). 

2.7.2 Iron silicate scales 

If the fluid contains a large amount of iron, deposition of iron silicates will begin at a 

higher temperature than silica deposition, but at lower temperatures, iron will be 

deposited as oxides. In saline geothermal fluids or fluids disturbed by volcanic gas, they 

commonly form with sulphide scales. These scales do not usually form at pressures 
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higher than 16-18 bars, and are kept at bay by keeping the wellhead pressure above that 

level (Thorhallsson, 2012). 

2.7.3 Sulphide scales  

Sulphide deposits are likely to form in saline geothermal fluids or fluids disturbed by 

volcanic gas effects due to metal(s) reactions with H2S. PbS (galena), ZnS (wurtzite, 

sphalerite), CuS (covellite), Cu2S (chalcocite), CuFeS2 (chalcopyrite), and bornite 

(Cu5FeS4) are the most abundant in saline solutions. The most popular sulphides where 

volcanic gas affects the system are FeS2 (pyrite) and FeS (pyrrhotite). In several 

geothermal fields, galena, chalcopyrite, pyrrhotite, and traces of bornite have also been 

found (Armannsson & Hardardo`ttir, 2010). There have been no concrete steps taken 

to deal with such deposits. 

2.8 Methods for controlling scales deposition 

Several methods have been developed and adapted to minimize or remove amorphous 

silica deposition in geothermal installations. Maintaining steam separation pressures 

and temperatures above silica saturation is a typical method for reducing amorphous 

silica scaling in production wells and wellhead equipment. Many other methods have 

been used, including: 

 pH modification; Controlling silica deposition by pH modification has long 

been recognized as a useful, although costly technique. Depending on whether 

the pH is raised or lowered, there are two methods. Increasing the pH of silica 

saturated brine to > 8.5 through the addition of alkali significantly increases the 

solubility of amorphous silica, making the brine silica under-saturated, while 

decreasing the pH through the addition of acid delays the rate of polymerization 

of silica in the saturated brine, and thus also delays the rate of silica deposition 
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from the brine. Increasing the pH achieves full control over deposition by 

adjusting the solubility of amorphous silica, while adding acid merely extends 

the time before supersaturated silica deposits. Despite this, because of the cost 

benefit, acid treatment with mineral acids is still favored over alkali dosing 

(Brown, 2011). 

 Chemical inhibition; some types of scale deposits can be significantly reduced 

or removed by injecting a chemical scale inhibitor down hole. In contrast to 

mechanical controlling methods for calcite, scale inhibition is a promising 

system both technically and economically. In the application, choosing an 

effective inhibitor and a method for injecting it into the well is important (Pieri, 

Sabatelli, & Tarquini, 2013). Any deposition is reduced, delayed, or prevented 

by the inhibitors. This approach involves running a coiled tube into the well 

below the scaling plug and continually dosing the chemical into the well. The 

inhibitors react against solid deposition in one of these two ways: they prevent 

deposited crystals from adhering to a surface and they absorb onto the surface 

of incipient crystals, distorting the crystal structure and preventing it from 

developing. 

 Precipitation of silica prior to re-injection; There are many methods for 

precipitating silica from waste brines prior to re-injection, all of which clearly 

provide a high degree of protection against silica deposition in downstream 

piping and re-injection facilities. Although these options are usually capital 

intensive, the potential commercial value of silica and other chemical products 

that can be recovered can offset plant operating costs. 
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 Flash crystallizer clarifier; Flash crystallization is a kinetic method of 

managing solids deposition that was developed by UNOCAL and Bechtel in the 

early 1980s for handling highly saline geothermal brines (20-30 percent total 

dissolved solids, TDS) at the Salton Sea. This approach is based on the principle 

that if solids deposition can't be stopped, it should be allowed to happen on solid 

particles carried by the brine rather than settling out on plant surfaces (Brown, 

2011) (Barnett & Garcia, 2010). 

 Turbine washing and steam scrubbing; 

As any water carry-over from the separators dries out as the steam expands in 

the inlet nozzles, turbines are prone to scaling. Scaling decreases the amount of 

steam mass flowing through the turbine by narrowing the throats of turbine 

nozzles. This has a direct effect on turbine output or electric power generation. 

While the machine is working, the deposition can be extracted by turbine 

washing. A mist is produced by injecting clean water from the condensate into 

the incoming steam line, eroding any solid deposition from the turbine nozzles 

and blades. Water injection accounts for around 5% of the total mass of steam 

entering the turbine. It is important to provide clean water that is oxygen-free 

and has a low level of total dissolved solids (TDS), as contaminated water can 

create more problems than it solves. Steam scrubbing, which involves injecting 

clean water into the incoming steam line before the final separator, is often used 

to improve steam purity. This works well in reservoirs with a lot of steam or for 

dry steam. 

 Silica suppression; by lowering the pH of the solution and diluting it, through 

condensate mixing will minimize silica scaling (Hirowatari & Yamauchi, 
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2012). The molecular deposition rate is reduced to 0.01mm/yr by mixing 50 

tons/hr of water with 17.5 tons/hr of 60-degree condensate. All super-saturation 

in 175-degree water is eliminated by mixing with an equivalent volume of 60-

degree condensate. Dilution can influence silica scaling, according to the results 

of this experiment. Simply inject condensate into the brine disposal line to 

reduce silica concentration below amorphous silica saturation. This is neither 

costly nor time-consuming to plan. 

 

 

Figure 2.3:  Turbine blades with silica deposits on nozzles from Olkaria II power 

plant 

(Sources: KenGen, 2014) 
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Figure 2.4: Steam valve with silica scales from Olkaria II power plant 

 (Source: KenGen, 2014) 

2.8.1 X-ray diffraction (XRD) characterization of solid scales deposits 

The atoms are arranged in a regular pattern, and there is a smallest volume element that 

describes the crystal by repetition in three dimensions. A unit cell is the smallest volume 

element in the system. The unit cell's dimensions are described by three axes. A pure 

substance's X-ray diffraction pattern is thus like a fingerprint of the substance. 

Polycrystalline phases are characterized and identified using the powder diffraction 

method. As standards, diffraction patterns have been gathered and saved on magnetic 

or optical media. The main use of powder diffraction is to identify components in a 

sample by a search or match procedure, the areas under the peak are related to the 

amount of each phase present in the sample (Meier, 2011). When an X-ray beam hits 

an atom, the electrons around the atom start to oscillate with the same frequency as the 

incoming beam. In almost all directions there will be destructive interference, that is, 

the combining waves are out of phase and there is no resultant energy leaving the solid 

sample. However the atoms in a crystal are arranged in a regular pattern, and in a very 

few directions we will have constructive interference. The waves will be in phase and 
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there will be well defined X-ray beams leaving the sample at various directions. Hence, 

a diffracted beam may be described as a beam composed of a large number of scattered 

rays mutually reinforcing one another (Meier, 2011) 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Overview 

This chapter includes the research layout, equipment’s used in the experiment and the 

standard methods used for sampling two-phase geothermal fluids for chemical analysis 

and scale deposits identification and structural characterization process. The 

geothermal fluid samples were collected from three selected points at the power plant 

.i.e. before separation of the steam from the brine at the separator, after steam separation 

(dry steam at the turbine inlet) and at the turbine exhaust (steam condensate). The 

samples were collected from these points for three days each giving six days set of 

results as tabulated in Appendix 1. An average of the six days tabulated results at each 

collection point was calculated and presented in Tables (4.1 – 4.10) as representation 

of all three selected areas in the power plant. 

3.2 Sampling equipment 

Brine and steam samples were collected using Webre separator because of its 

convenience for sampling two-phase wells. This was done by adjusting the brine levels 

in the separator which makes it possible to collect each phase separately .i.e. low brine 

level for gas and high level for brine. Plastic sample bottles were used for sampling 

because they were convenient for sampling geothermal fluids since they are unreactive 

with the samples inside, they were used throughout to store geothermal samples. Amber 

glass sample bottles were used for collecting strainer, CO2, pH and conductivity 

analysis samples while cooling coil was used for collecting steam condensate samples 

and finally gas flasks were prepared by adding 50ml 40% NaOH prior evacuation using 

a vacuum pump.  
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3.3 Sample treatment and preservation 

Treatment and preservation of hydrothermal samples was subdivided into two major 

procedures: physical and chemical. In the physical procedure, filtration involved 

removal of solid particles using in-line filters which were critical for samples that would 

be acidified and also for the ones that would undergo ion chromatography analyses. 

Freezing was undertaken to stop biological activities while cooling was necessary for 

carbonate and pH samples analyses. Airtight containers were used to prevent loss of 

volatile constituents such as CO2 and H2S and immediate analysis was critical for redox 

sensitive species such as H2S, pH and volatile components. On the other hand, chemical 

procedure entailed acidification to prevent absorption of cations to negative charges on 

the walls of plastic containers while precipitation prevented interference between 

species, and this was achieved by adding zinc acetate to sulfate analysis samples to 

avoid oxidation of H2S to sulfate ions and finally, gas fixation involved gas flasks pre-

filled with an aliquot of 40% NaOH to trap CO2 and H2S and this was to increase the 

volume of steam collected in the evacuated port of the flask. 

3.4 Sampling procedure 

Sampling of geothermal fluids was carried out in three different locations as follows: 

The brine samples were collected from the wellhead before steam extraction at the 

separator, dry steam samples from the turbine inlet after being recovered from the brine, 

and steam condensate samples from the turbine exhaust. The approach involved 

connecting a Webre separator 1.5 meters from the wellhead to a two-phase steam pipe 

that carried complete discharge to an atmospheric silencer and recording sampling 

pressure and temperature. The flow diagram is given in Figure.3.1. 
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Figure 3. 1: Schematic diagrams of a two-phase pipeline that carries well discharges 

from the wellhead to an atmospheric silencer 

(Source: KenGen, 2014) 

During sampling, a chromium steel Webre separator was connected to selected points 

along the steam line of the wellhead plants using a horizontal discharge testing 

technique to obtain steam and water samples. The experimental set up of the Webre 

separator is depicted in figure.3.2 (a) and (b). 
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(a) Webre separator connected to a two-phase steam pipe 

 

                                                                           

(b)  Collecting brine and steam samples 

Figure 3.2: Experimental set up of a Webre separator 

 
 

Some steam was pumped through the sampling apparatus prior to sampling the 

geothermal fluid to clean and remove any contaminants. 
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3.5 Chemical analysis of the brine and steam samples 

Standard techniques used to analyze the samples in the laboratory included titrimetric, 

spectroscopy, chromatography, and the molybdosilicate process, which was used to 

analyze silica (SiO2). Samples for all components, except pH, CO2, and H2S, were 

filtered on site using 0.45 μm filter papers into low density polyethylene bottles using 

a polypropylene filter holder to avoid contact with any suspended matter. Gas samples 

were collected in pre-weighed 325-340 ml evacuated gas sampling flasks containing 50 

ml of 25% w/v NaOH solution to react with the main condensable gases (CO2 and H2S), 

while non-condensable gases (CH4, H2, N2, and O2) occupied the head space. Water 

samples were treated at the time of collection, depending on the parameters that needed 

to be analyzed. pH, Total Dissolved Solids (TDS), conductivity, Total Carbonates' 

Carbon (TCC), Chloride, and Fluoride samples were obtained and stored without 

treatment. To prevent polymerization of monomeric silica, samples for Silicon IV 

Oxide (SiO2) analysis were diluted ten times in deionized water. Significant aqueous 

cations (Na+, K+, Ca2+, Mg2+, Al3+, Li+) and anion (SO42-) were analyzed using ICP-

AES and ICP-MS after samples were filtered through a 0.45 μm Millipore membrane. 

Cation samples were stored in 1ml nitric acid, and for SO4
2- analysis, 2ml of 0.2 M Zn-

acetate solution was added to the samples to precipitate the sulphides in the form of 

ZnS. The following analyses were carried out on the samples: 

3.5.1 Determination of pH 

The pH of brine samples was determined by first calibrating the pH meter using 

standard buffer solutions. After calibration, the glass electrode was rinsed with distilled 

water before dipping into the sample bottle and the ‘measure’ button was clicked. The 
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pH value of the water sample was recorded after the pH meter had stabilized. The glass 

electrode was rinsed with distilled water before proceeding to subsequent samples. 

3.5.2 Determination of H2S  

Since H2S is a volatile component, its analysis was carried out in the field immediately 

the moment it was sampled. H2S was first determined by pipetting a suitable aliquot of 

the brine sample into a clean conical flask followed by adding 5 ml NaOH and 5 ml 

acetone to the sample, then a small amount of the indicator was added till the solution 

turned tinge yellow. Finally, the sample was titrated against 0.001M mercuric acetate 

to a pink end point, the titre volume was recorded and the H2S concentration was 

determined. 

3.5.3 Determination of CO2  

The CO2 in the geothermal fluid samples was determined first by measuring a suitable 

volume of the sample into a beaker with stirring bar and initial pH measured. Sufficient 

0.1N AgNO3 was added to remove all H2S and pH was adjusted to 8.3 using 0.1N HCl 

if initial pH was above 8.3 and NaOH if initial pH was lower than 8.3 and finally titrated 

with standard 0.1N HCl down to pH 3.8 and recorded titre (T). 

3.5.4 Determination of conductivity and total dissolved solids (TDS) 

Both parameters were measured using a conductivity meter and are used to assess steam 

quality. TDS is best determined gravimetrically since conductivity meters only account 

for charged species (Na+, Ca2+, Cl-, HCO3
-) but disregards neutral species, most 

importantly H4SiO4. 
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3.5.5 Determination of high chloride > 20 ppm 

Chloride concentration within a high range was determined by Mohr titration, this is 

the traditional method for analyzing chloride and is simple, accurate technique. The 

chloride in the geothermal fluid samples was first determined by pipetting 10 ml of the 

sample into 100 ml beaker, added 1 drop of 0.5 ml zinc acetate to remove H2S and 2 – 

3 drops of chromate indicator. Finally, the sample was titrated against 0.1 M AgNO3 

until a permanent change in color was observed, from yellow to red-brown and the titre 

volume was recorded. 

3.5.6 Determination of high silica >20 ppm 

The silica in the samples was first determined by pipetting 5 ml of the samples into 50 

ml plastic volumetric flasks, reagents and distilled water were used to make the blank. 

2 ml 6N HCl and 5 ml ammonium molybdate solution was added to the samples and 

left for about 15 minutes for the reaction to occur, then distilled water was used to fill 

the gap and finally the concentration of silica was determined by measuring the 

absorbance at 410 nm (SiO2 was equal to concentration dilution factor). 

 

3.5.7 Determination of low silica < 20 ppm 

The low silica in the samples was determined by first pipetting 10 ml of the sample into 

50 ml plastic volumetric flasks and a blank was prepared using distilled water and 

reagents, then 10ml molybdate-acid reagent was added to the samples and reagent 

blank. The solution was allowed to stand for about 10 minutes for reaction to occur 

before 2 ml of A.N.S.A solution was added and solution mixed thoroughly, then after 

about 5 minutes, absorbance was measured at 410 nm to obtain silica concentration. 
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3.5.8 Determination of sulfates (SO4
2-) 

The ion sulfate was determined using a turbidimetric process. In an acetic acid medium, 

sulfate was reacted with barium chloride (BaCl2) to form a barium sulfate suspension:  

Ba2+ + SO42-                BaSO4………………………………………………………………...............................3. 1 

The spectrophotometry was used to determine the absorbance of the suspended solids, 

which was proportional to the sulphate concentration. The detection limit was estimated 

to be around 1ppm. The sulfate in the samples was first determined by pipetting 5 ml 

of the sample into 50 ml volumetric flasks and prepared a blank using distilled water 

and reagents. 3 ml of buffer solution was later added to the samples and blank, then 0.2 

-0.3 g of barium chloride was added while stirring and distilled water was used to top 

up to the mark. Within 5 minutes after the addition of barium chloride, absorbance was 

measured at 425 nm to obtain sulfate concentration. 

3.5.9 Determination of Boron 

The boron in the geothermal sample was determined by first pipetting 0.1 ml of the 

samples into plastic beakers, then distilled water and reagents were used to prepare a 

blank. 3 ml of curcumin and acid solutions were later added to the samples and blank, 

then the solution was left for about 1 hour, swirling being done at intervals of 20 

minutes. Later, 15 ml of buffer solution was added and left to cool before taking 

absorbance measurement at 540 nm to obtain boron concentration. 

3.5.10 Determination of low chloride < 20 ppm 

Low chloride concentration was determined by the ferric thiocyanate method. This is a 

colorimetric method. Chloride reacts with mercuric thiocyanate, liberating thiocyanate 

ion which in the presence of ferric ion (ferric ammonium sulphate) produces a red 
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colored ferricyanogen complex. The chloride in the samples was determined first by 

pipetting 20 ml of the sample into 50 ml glass volumetric flasks, then used distilled 

water and reagents to prepare a blank. 2 ml of 0.25M Fe (NH4) (SO4)2.12H2O and Hg 

(SCN)2 solutions were added to the samples and mixed thoroughly, then the solution 

was left to stand for about 10 minutes to allow for the development of color and finally 

absorbance measurement was taken at 480 nm to obtain chloride concentration. 

3.5.11 Determination of fluoride ions 

The fluoride ions in the samples was determined by first transferring 10 ml of the 

sample into 50 ml beaker, then 10 ml of TISAB 1:1 was added and fluoride electrode 

was immersed in the sample while stirring continuously. The reading was allowed to 

stabilize before reading the sample concentration from the meter. 

CO2, total carbonate carbon (TCC), and H2S were determined in water samples using a 

titration technique with 0.05M HCl and 0.001M Hg-acetate, while chloride was 

measured using the argentometric Mohr's method with AgNO3. The hydrogen sulphide 

(H2S) was calculated using a dithizone indicator and a titration with Hg (CH3COO) 2 

solution. When the color changes from yellow dithizone in an alkaline solution to pink 

Hg-dithizonate, the end point has been reached (Arnorsson & Stefansson, 2013). 

Potentiometric titration was used to calculate the CO2 concentration. A small amount 

of the solution from the Giggenbach bottle containing the NaOH solution and 

condensed steam was accurately measured and diluted with deionized water to around 

50 ml. The pH was regulated to around pH 9 with 1M HCl solutions, and then titrated 

to pH 3 with 0.1 M hydrochloric acid using an automated titration unit. The titration's 

equivalence points were pH 8.20 and 3.80, and the amount of acid added between these 

points was used to calculate the CO2 concentration in the sample. The Atomic 
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Absorption Spectrometer (AAS) was used to examine the aqueous cations (Na+, K+, 

Ca2+, Mg2+, Al3+, and Li+). Boron, SiO2, and SO4 were analyzed using a 

spectrophotometric technique and Ultra-Violet/Visual light analysis. Gas 

chromatography was used to examine non-condensable gases in the headspace of the 

gas sampling bulb (Arnorsson & Stefansson, 2012). 

Table 3.1: Standard methods used for the analysis of different elements in the 

collected samples (Arnorsson & Stefansson, 2012) 

    

 

 

 Analysis  Method  

 pH  pH meter   

 Conductivity / TDS  Conductivity meter / gravimetry   

 CO2  Potentiometric titration   

 H2S  Titrimetric   

 B  Spectrometry   

 SiO2  Spectrophotometry (with ammonium- molybdate)   

 Na  Atomic Absorption spectrometer (AAS)   

 K  Atomic Absorption spectrometer (AAS)   

 Mg  Atomic Absorption spectrometer (AAS)   

 Ca  Atomic Absorption spectrometer (AAS)   

 F  

Spectrophotometry  technique using Ultra-violet/ 

visual light analysis   

 Cl  

Spectrophotometry  technique using Ultra-violet/ 

visual light analysis   

 SO4
2-  Turbidometry with barium chloride   

 

3.6 Sampling, analysis, and structural characterization of the scale deposit 

During routine maintenance operations, scales deposit were obtained from the separator 

u-seal, the silencer, and the turbine rotor of the plant. Before analysis, all samples were 

oven-dried for 24 hours at 105°C and cooled with a desiccant humidifier. The scale 

samples were identified and characterized using instrumental analytical techniques. 

Qualitative and quantitative chemical analyses were carried out using the following 

methods: X-Ray diffraction (XRD analysis) was used to quantitatively analyze the 

compounds present in the scales deposit samples while X-ray florescence (XRF 
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analysis) was used to analyze the elemental composition of deposited materials of the 

scale samples with findings shown in Tables 4.5, 4.7 and 4.9. Following a thorough 

analysis of geothermal fluid composition and characterization of scale deposits on the 

plant's Separator u-seal, silencer, and Turbine rotor, an inferential approach was used 

to determine what was causing scaling deposition on the facilities. Mineral saturation 

calculations were used to predict scaling potential. As a result, it was important to 

understand the concentrations of the chemical species involved in scaling, namely SiO2, 

H2S, Ca2+, and CO2. The quantities, operational behavior, and characteristics of each 

element and compound found in the sampled fluid and scale deposits were the focus of 

this approach. The data collected, as well as knowledge from the literature, was used to 

determine what causes scaling and how it affects geothermal energy generation 

operations. This would then serve as a starting point for developing appropriate 

recommendations to address the current scaling situation. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Introduction 

This section focuses on the presentation of results and discussions from the 

experimental research carried out in well 37B, Olkaria East field production. Scaling 

potential in this well was predicted based on mineral saturation calculations using the 

WATCH speciation program, which is a free software for predicting scaling potential 

and has a database of all common minerals. The data was analyzed and interpreted using 

this program and a graph of both amorphous and quartz silica solubility was obtained 

from which the minimum separation pressure was determined. It was therefore 

important to determine the concentrations of the chemical species involved in the 

scaling formation in steam pipes and the chemical composition of geothermal brine 

because the type of scaling formed in steam pipes depends on these two analyses as 

shown in the table 4.1. 

Scale deposits were also collected from the separator u-seal, silencer, and turbine rotor 

for identification, structural characterization, and an inferential approach was used to 

determine what was causing scale deposition in the steam pipes using instrumental 

analytical techniques. The two-phase brine-steam samples were analyzed in the 

laboratory using standard methods such as titrimetric analysis, spectroscopy, and 

chromatography. The scales were subjected to an X-ray diffraction (XRD) analysis in 

Olkaria geochemistry laboratory, which revealed 23 angstrom on the 2D-θ scale, which 

is the characteristic for amorphous silica. 
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4.2 Physical and chemical composition of brine samples before steam extraction at 

the separator 

Table 4. 1: Brine sample analysis data before steam extraction at the separator 

Elements are identified as ions 

Brine sample analysis before steam extraction at the separator 

Mean values 

Sampling 

point 

Discharge  

enthalpy 

Total 

dissolved 

solids 

(TDS) 

ppm pH@22°C 

Silica 

(SiO2) 

ppm 

Sulphate 

(SO4
2-) 

ppm 

Iron 

(Fe2+) 

ppm 

Sodium 

(Na+) 

ppm 

Wellhead 

2449 1140 8.33 769 381 41 453 

2407 1080 8.33 708 352 42 426 

2663 1200 8.7 882 389 61 510 

As shown in table 4.1, the geothermal brine being discharged from the production wells 

at high pressure and temperature has a high mineral content from the underground 

reservoir. As the fluid flows up the wellhead and associated pipelines, boiling takes 

place because of pressure drop, the temperature of the brine also decreases as it flows 

through the well to the surface, causing silica solubility to decrease and the brine phase 

to become oversaturated. As the pressure in the flash vessel decreases, steam flashes, 

lowering the temperature of the brine even further. The brine phase becomes more 

concentrated in the flash vessel. Under these conditions, Silica can either precipitate as 

amorphous silica or react with available cations such as Fe, Mg, Ca, and Zn to form co-

precipitated silica deposits. Since its solubility decreases with decreasing temperature, 

amorphous silica deposition does not occur at depth in production wells, but rather in 

wellheads, surface piping, and injection wells. This explains why the brine samples 

collected before steam extraction at the separator contained a high concentration of 

mineral ion elements and dissolved solids (TDS). 

mailto:pH@22°C
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4.3 Physical and chemical composition of steam samples at the turbine inlet 

Table 4.2:  Steam sample analysis data at the turbine inlet 

 

Elements are identified as ions 

Steam sample analysis at the turbine inlet 

Mean values 

Sampli

ng 

point 

TDS 

(pp

m) 

pH@22

°C 

Sulpha

te ions 

(ppm) 

Chlorid

e ions 

(ppm) 

Silicate 

ions 

(ppm) 

Iron 

(ppm

) 

Sod

ium 

ions 

(pp

m) 

Potassi

um ions 

(ppm) 

Metha

ne 

(ppm) 

Turbin

e inlet 

34.2 5.78 6.2 0.18 48.8 14.1 

0.7

2 0.33 1.49 

33.7 6.1 5.9 0.18 49.6 14.7 

0.9

1 0.45 1.42 

12.4 5.98 6.8 0.24 50.7 14.9 

0.8

4 0.51 0.75 

 

As indicated in table 4.2, the total dissolved solids (TDS) and mineral ions i.e. 

impurities in the steam present in the turbine inlet are a result of steam carry-over which 

causes scale deposition on the turbines and other related components exposed to the 

steam. This is because of the brine droplets that contain the solutes and mineral 

impurities carried along and then get evaporated on the substratum. This is due to the 

fact that steam separation from the brine at the separator does not always occur as 

anticipated. It is because of the anticipated carry-overs in the steam that total dissolved 

solids (TDS) in the strainer samples must be monitored daily. These samples are 

collected just before steam enters the turbine. Most solutes are soluble in the liquid 

phase (brine) which is normally removed at various separator stations making the steam 

entering the turbine 99 percent pure, therefore TDS in the strainer samples is usually 

low. High TDS in the strainer samples would conclude brine carry-over. These solutes 

deposit on the turbine tend to reduce the number of revolutions per second i.e. reduces 

the efficiency of the rotation of the turbine blades and consequently, low power output. 

mailto:pH@22°C
mailto:pH@22°C
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Table 4.3: Chemical composition of the steam phase  

 

Item Description Unit Mean Value 

 Na Ppm 0.82 

Impurities in steam 

K Ppm 0.43 

Cl Ppm 0.2 

 Fe Ppm 14.6 

 SiO2 Ppm 49.7 

Non-condensable gases NCGs in steam Ppm 1.22 

(NCGs)    

 CO2 ppm 379.2 

Composition of gases 

H2S ppm 11.6 

H2 ppm 16.15 

in NCGs 
N2 ppm 70.97 

 

 CH4 ppm 1.22 

 

4.4 Chemical composition of steam condensate at the turbine exhaust 

Table 4. 4: Steam condensate sample analysis at the turbine exhaust 

Elements are identified as ions 

Chemical analysis of steam condensate sample at  the turbine exhaust 

Mean values 

Sampling point 

Total dissolved solids (TDS) 

ppm 

pH@ 22 0 

C 

Conductivity 

(µs) 

Turbine exhaust 

3.78 4.34 7.53 

3.76 4.29 7.12 

3.79 4.32 6.19 

 

As demonstrated in table 4.4, all the dissolved solutes and mineral ions carried over in 

the steam have already deposited on the turbine blades and rotor as the steam rotates 

the turbine to generate electricity, the steam condensate exiting the exhaust contains 
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small amounts of TDS and no mineral ion impurities, sulfates, chlorides, or silicon 

dioxides. 

4.5 Structural characterization of scale deposits  

The chemical analyses of scale deposits collected from the separator u-seal, silencer 

and turbine rotor were carried out using the following two methods in order to 

determine their structural composition;  

X-ray diffraction (XRD analysis) was used to quantitatively analyze the compounds 

present in the scales deposit and the results were presented as shown in Tables 4.6, 4.8 

and 4.10. The procedure for carrying out XRD analysis is detailed in section 2.8.1. An 

XRD analyzer employs an X-ray beam with an angular configuration to the surface of 

the sample to identify the compounds present in the sample based on the atomic 

arrangement and configurations on the surface of the samples. The analyzer is able to 

produce the quantitative composition of compounds present in the samples. 

On the other hand, X-ray florescence (XRF analysis) was used to analyze the elemental 

composition of deposited materials and the results for the analysis were presented in 

Tables 4.5, 4.7, 4.9 and Figures 4.1, 4.3 and 4.5. XRD analysis was only limited to 

quantification of compounds present in the samples. For this study, it was necessary to 

carry out the elemental analysis to ascertain the chemical composition of the solid 

deposits, by doing so, it helped in comparing the composition of geothermal fluid to 

that of the scales deposits so as to ascertain the main cause of the scaling deposition in 

the steam pipes. 
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4.5.1 XRF and XRD analysis report for the scale samples collected from the 

cyclone separator u-seal pit 

The samples were initially dried at 105 degrees in preparation for the analysis and the 

species were recorded as oxides. 

Table 4.5: XRF analysis report for the scale deposits` samples 

Separator u-seal pit scale deposits` XRF analysis report  

Analysis method: X-ray fluorescence (XRF) 

Species 

SiO

2 

Al2O

3 

K2

O 

Fe2

O 

Na2

O 

Ca

O 

SO

3 

Cu

O 
F 

Elemental composition (%) 69 9 4 3 3 2 2 1 1 

 

 

Figure 4. 1: Elemental % composition of scale deposit samples 
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Table 4. 6: XRD analysis report for scale deposits` samples 

 

XRD report for separator u-seal pit scale deposits` samples 

Compound name Formula 

Silica (silicate)  SiO2  

Iron Oxide (Magnetite)  Fe3O4 

Calcium Carbonate (Calcite) CaCO3 

Calcium Fluoride (Fluorite)  CaF2 

Possible compounds Sodium Aluminium Silicate (Albite)-NaAlSi3O8  

As indicated in tables 4.5 and figure 4.1, the XRF analysis of the scale samples collected 

from the cyclone separator u-seal pit showed that, by weight silica (SiO2) (69%) was 

the highest composition of the scale deposits followed by aluminium (9%), potassium 

(4%), iron and sodium at 3% each, calcium and sulphur at 2% each, copper and fluorine 

at 1% each concluding that the possible dominant compounds was Sodium Aluminium 

Silicate (Albite)-NaAlSi3O8. All these compounds originated from the geothermal fluids 

in the reservoir. The aim of this analysis was to determine the structural characterization 

of the scale deposits in the steam pipes. The geothermal fluid being discharged from 

the well at high pressure and temperature has a high mineral content from the 

underground reservoir. As the fluid flows up the wellhead and associated pipelines, it 

boils due to pressure drop, and most solutes are soluble in the brine during this liquid 

phase. The solubility of silica decreases as the temperature and pressure of the brine 

drop, becoming much more saturated and gradually precipitating. This continuous 

temperature and pressure drop allowed the brine to cool, resulting in the deposition of 

silicon dioxide (silica) and other mineral elements, that is why the scale sample 
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collected from the Separator u-seal had a high percentage of silicon dioxide-silica. The 

scale deposit samples collected from this section are shown in figure 4.2. 

     

Figure 4.2: Images of scale samples collected from the separator –u seal pit 

 

4.5.2: XRF and XRD analysis report for scale samples collected from the silencer 

The samples were initially dried at 105 degrees in preparation for the analysis and the 

species were recorded as oxides. 

Table 4.7: XRF analysis report for the scale deposits` samples 

 

Silencer scale deposits` XRF analysis report 

Analysis method: X-ray fluorescence (XRF) 

Species SiO2 Na2O Cl K2O SO3 

Elemental composition (%) 84 4 1 1 1 
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Figure 4.3: Elemental % composition of scale deposit samples 

 

Table 4. 8: XRD analysis report for the scale deposits` samples 

 

XRD report for the silencer scale deposits` sample 

Compound name  Formula 

Silica (Silicate)  SiO2 

Sodium Chloride (Halite)  NaCl 

Possible compound Sodium silicate hydrate magadiite 

As indicated in tables 4.7 and figure 4.3, the XRF analysis of scale samples collected 

from the silencer showed that, by weight silica (SiO2) (84%) was the highest 

composition of the scale deposits` followed by sodium (4%) while chloride, potassium 

and Sulphur at 1% each concluding that the possible dominant compound was sodium 

silicate hydrate (magadiite). All these compounds originated from the geothermal fluids 

in the reservoir. The aim of this analysis was to determine the structural characterization 

of the scale deposits in the steam pipes. 

0

10

20

30

40

50

60

70

80

90

SiO2 Na2O Cl K2O SO3

Elemental % composition of scale deposit 

samples



57 

 

 Excess steam and highly mineralized separated brine are directed to the silencer from 

the separator where it was re-injected back into the production well for further heating 

(hot re-injection) after the separator extracts dry steam from the brine flowing from the 

discharge well. The brine had undergone a substantial drop in pressure and temperature 

at this stage causing silica solubility to decrease and the brine phase to become 

oversaturated resulting in further cooling and deposition of silicon dioxide (SiO2) – 

silica and other dissolved minerals on the silencer. As a result of the high mineral 

content in the brine from the discharge wells, the scale samples obtained from the 

silencer contain a high percentage (84%) of silicon dioxide (SiO2) and other mineral 

oxides. The scale samples collected from this section are shown in figure 4.4 

 

Figure 4. 4: An image of scale sample collected from the silencer 

 

4.5.3 XRF and XRD analysis report for scale samples collected from the turbine 

exhaust 

The samples were initially dried at 105 degrees in preparation for the analysis and the 

species were recorded as oxides. 



58 

 

Table 4. 9: XRF analysis report for the scale deposits` sample 

 

Turbine exhaust scale deposits` XRF analysis report 

Analysis method: X-ray fluorescence (XRF) 

Species SiO2 Fe2O3 SO3 Cr2O3 Na2O 

Elemental composition (%) 52 20 10 1 1 

 

 

Figure 4.5: Elemental % composition of scale deposit samples 

 

Table 4. 10: XRD analysis report for the scale deposits` sample 

 

XRD report for the turbine exhaust scale deposits` sample 

Compound name Formula 

Silica (silicate)  SiO2 

Iron Oxide (Hematite)  Fe2O3 

Iron Oxide(Magnetite)  Fe3O4 

Iron Sulfide (Pyrite)  FeS2 

Possible compound Iron silicate 
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As indicated in table 4.9 and figure 4.5, the XRF analysis of the scale samples collected 

from the turbine exhaust showed that, by weight silica (SiO2) (52%) was the highest 

composition of the scale deposits followed by iron (Fe2O3) (20%), Sulphur (10%), 

chromium and sodium at 1% each concluding that the possible dominant compound 

was Iron silicate. All these compounds originated from the geothermal fluids in the 

reservoir. The aim of this analysis was to determine the structural characterization of 

the scale deposits in the steam pipes 

The scale deposit was formed from the reaction of iron-rich impurities in the steam to 

hydrogen sulphide gas (H2S). H2S gas dissolved into steam condensate to form a 

solution, where it dissociated and became reactive, eventually forming pyrite and 

pyrrhotite after reaction with iron. Magnetite was formed by dissolution and 

dissociation of carbon dioxide gas. The source of iron may be from the carryover into 

the steam pipes during two-phase separation in cyclone separators or from transmission 

pipelines. It was reported that pyrite is a common hydrothermal mineral in Olkaria east 

field where it occurs at deeper levels. 

Silica (SiO2) and other mineral ions present in the turbine exhaust are as a result of 

steam carry-over that is responsible for scales deposition on the turbines and other 

related components exposed to the steam. This is due to brine droplets carried a long 

and then gets evaporated on the substratum. This is because sometimes separation of 

steam from the brine do not occur 100% as anticipated. This is the reason why the 

quality of steam entering the turbine is routinely checked by collecting steam samples 

at the strainer for analysis of mineral ions to ensure steam entering the turbine is 100% 

pure. So when the steam rotates the turbine to generate power, more pressure and 

temperature drop occurs leading to further cooling which results in the deposition of 
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these solutes on the turbine rotor and blades hence being the reason for the presence of 

silica and other mineral elements in the scale sample collected from the turbine rotor. 

These solutes deposit on the turbine rotor will reduce the number of revolutions per 

second i.e. reduces the efficiency of the rotation of the turbine blades and consequently, 

low power output. The scale samples collected from this section are shown in figure 

4.6. 

 
 

Figure 4. 6: An image of scale sample collected from the turbine exhaust 

 

4.6 Chemical analysis for the scaling potential  

In water-rock reactions, the computer code WATCH (Bjarnson, 2012) was used. 

Chemical analyses of sampled water, gas, and steam condensates with pH, temperature 

and pressure at the point of sampling were conducted. At any desired temperature, the 

computer code WATCH was capable of calculating pH, aqueous speciation, partial gas 

pressure, redox potential, ionic strength, chemical equilibria and mass balance 

equations in order to obtain the fluid composition and distribution of species. The 

capacity of the samples taken from well 37B in this study scale was measured at 

selected temperature decrements after adiabatic boiling of the well fluids as the fluids 

pass from the reservoir to the surface. 
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4.6.1 Overview of scale deposition  

Well 37B encountered very low water flow rates of about 0.5 t/h. In October 2019, the 

water flow rate ranged from 0.5 t / hr to 0.1 t / h in January 2020. Steam performance 

from this well decreased to 7.41 t / hr in January 2020 from approximately 45.12 t / hr 

when the well was connected to the production system in October 2019.The output for 

well OW-37B over time is shown in table 9 below.(KenGen well reservoir data). 

Table 4. 11: Well 37B output between October 2019 and January 2020 

Year Steam [t/hr] Water [t/hr] Mass Flow 

[t/hr] 

Enthalpy 

[Kj/Kg] 

2019 October 45.12 0.5 448.12 2743 

2019 November 36.8 0.9 37.6 2713 

2019 

December 

8.23 0.3 8.2 2748 

2020 January 7.41 0.1 7.4 2766 

 

Between October 2019 and January 2020, indicates a sharp drop in steam production. 

Scale deposits were observed at the T- link at the well head master valve, within the 

two-phase line, inside the separator and inside the separated water line, during routine 

maintenance of the well that was carried out in December 2019. The deposition of scale 

in the well's transmission steam pipes is most likely to be the cause for the drop in steam 

in this well. Using the XRD analysis, three scale samples were obtained and analyzed, 

one from the inside of the separator, the silencer, and the other from the turbine rotor. 

For both samples, the patterns of the XRD peaks could be recognized and they 

happened to be located at approximately 230 2θ i.e. on the 2D-θ scale, the XRD run 

revealed 23 angstrom, which was typical of amorphous silica. Such peaks are typical 

of pure amorphous silica.  According to flow tests while the well was on discharge, a 

leakage of cooler water from shallow depths trickles into the well, after absorbing the 
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heat from the steam, the shallow cooler water with a small silica concentration mixes 

with up flowing fluids with a much greater steam fraction and evaporates, 

supersaturating the fluid with respect to silica and causing silica to deposit out of 

solution. Of the three samples from the above three sampling points, the XRD runs are 

shown in figure 4.7. 

 

Figure 4.7: XRD peaks for scale samples from the inside of the separator, silencer 

and from the turbine rotor 

 

As was the case when high concentrations of other electrolytes such as Al3+, Fe3+, Fe2+, 

Mn2+ are present in the brines, the peak is not moved (Gallup, 2013). In this well, scale 

deposition occurred at various locations and displayed various thicknesses. Measured 

scale thickness was performed at the T-connection at the master valve of the well head, 

two-phase line where there was a bend before an orifice, and in the separate water lines. 

With the help of a vernier caliper, the thickness was measured. Table 4.9 below shows 

the thickness of scale measurements taken at different positions of the pipeline in this 

well. 
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Table 4.12: Thickness of the scale measurements taken at different positions of the 

steam pipeline 

Inside the two-phase fluid pipeline ~ 1 inch 

Inside separated water pipeline ~ 0.6 inch 

At the wellhead T-connection ~ 0.3 inch 

It appears that the highest scale deposition occurred in the two-phase fluid pipeline. In 

the separated water pipeline, modest deposition occurred, while lower deposition 

occurred at the T- connection at the wellhead. It is possible that, due to further cooling 

of the two-phase fluid and further evaporation, most scale deposition occurred in the 

two-phase fluid pipeline. The scale thickness varying at various positions of the pipeline 

may have been due to various fluid processes contributing to the creation of the scales.   

The deposits on the scale and their locations are shown in Figure (4.8- 4.11). 

 

Figure 4.8: Thickness of scale deposited in two-phase fluid pipeline 
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Figure 4.9: Thickness of scale deposited in separated water pipeline 

 

 
Figure 4.10: Thickness of scale at the T-Connection of well 37B 

 

 
                 Figure 4.11: T-Connection on well 37B 
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4.6.2 Deposition rate in Well 37B 

The deposition rate for silica scaling was calculated from the results in table 4.1 above, 

as shown in the table 4.10. Much of the amount of silica scaling produced was 

influenced by the concentration of potential silica deposits within the fluid and the 

values of the mass flow rate. The higher the possible silica deposit, the larger the rate 

of deposition. This estimate was achieved by assuming that the brine pipelines were 

injected with no inhibitor fluid. 

Table 4.13: Calculations of deposition rate in well 37B 

 Well 37B 

Location 

Potential 

Deposits 

Mass 

Flow 

Rate Deposition Rate 

 

Separator 

mg/kg Kg/S ton/hour ton/day ton/month ton/year 

105 

17.4 

0.0066 0.16 4.8 57.6 

Silencer 620 0.04 0.96 28.8 345.6 

Before finalizing the geothermal plant design for a given area, the rate of scale of 

deposition was very important to understand and probably calculate. It defines the pace 

of cleaning and the potential need for chemical inhibitors to be used, all of which can 

be factored into the commercial feasibility of the design for geothermal production.  

4.6.3 The solubility of amorphous silica scales  

A chemical silica compound [SiO2] existing in geothermal fluids is present in a variety 

of mineral forms in the earth sub-surface; quartz, chalcedony, cristobalite, amorphous 

silica (Brown, 2011a). Quartz is the least soluble of these forms, so it is the equilibrium 

of quartz solubility that determines the concentration of silica in a geothermal reservoir 

solution and also in the discharge from geothermal production well. Although this 
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concentration of saturation depends on a number of variables, temperature 

predominantly affecting it. The following formula characterizes this dependency 

(Fournier R. O., 2011): 

T = −42.196 + 0.28831C − 3.6685 × 10−4 C2 + 3.1665 × 10−7 C3 + 77.034 log C 

………………………………………………………………………………………4. 1 

Where: C is the solution's silica (SiO2) concentration in mg/kg (ppm). 

            T is the temperature in degrees ◦ C. 

Although quartz solubility controls the concentration of silica in the underground 

solution, silica is more likely to precipitate inside the process equipment in an 

amorphous form. It is the balance of amorphous silica solubility that defines the most 

important saturation concentration in an operational sense. The following formula 

describes the solubility of amorphous silica and is valid between 0 and 250◦C, (Fournier 

& Rowe, 2010). 

Log10[C] = - 
𝟕𝟑𝟏

(𝐓+𝟐𝟕𝟑.𝟏𝟓)
 + 4.52 ……………………… …………………..................4. 2 

If the concentration of silica in the solution is higher than the concentration described 

by equation 4.2 at a given temperature, it is likely that a precipitate will be produced at 

a process environment. Equations 4.1 to 4.2 and the silica supersaturating area are 

important for the handling of geothermal fluids. The soluble quartz and amorphous 

concentrations are shown in Figure 4.12. 
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Figure 4.12: Temperature dependence of the solubility of quartz and amorphous 

forms of silica 

It is clear from Figure 4.12 that if the solution temperature drops or the silica 

concentration of the fluid increases, in a solution saturated with respect to amorphous 

silica, i.e. on the amorphous silica solubility line, can form precipitates. In steam-field 

and power station machinery, all of these mechanisms are workable. 

When the high-pressure brine is flashed, the concentration of silica in the brine usually 

increases in separators and flash plants, i.e. releasing it to a lower pressure, then 

separating steam from the liquid phase. The relative concentration of silica in the 

remaining solution is increased as silica is not transported with the steam so it stays 

within the liquid phase. The heat loss and concentration mechanisms can work well at 

the same time as they actually do in flash separation, but as mechanisms leading to 

supersaturated conditions, it is worth keeping them conceptually separate. 

The degree of saturation of a fluid in a geothermal fluid is basically defined by its silica 

saturation index (SSI). This is known as the ratio between the measured silica in a 

solution and the solubility of the amorphous silica at the temperature of the fluid or 
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brine. Therefore, SSI > 1 means that the solution is supersaturated and SSI < 1 means 

that the solution is under-saturated (Brown, 2011a). 

4.6.4 The effect of temperature and pH on the deposition of amorphous silica 

scaling at well 37B 

 

 

Figure 4.13: The estimated amorphous silica solubility with temperature in well 37B 

 

The water from the reservoir flows adiabatically to the surface through the wellhead. 

The fluid is then flashed at 7.5 bar or 190°C in the separator. The reservoir's silica 

concentration is below the amorphous silica saturation curve in Figure 4.13, so no silica 

scaling occurs. Quartz, cristobalite, and chalcedony do not form in reservoirs because 
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the fluid flows rapidly at high pressure and temperature. When the fluid enters the 

separator, the silica concentration will be above the amorphous silica saturation curve, 

and about 180 mg/kg (SSI: 1.14) of amorphous silica will form before returning to the 

saturation state. As a result of the steam separation, separated water flows through the 

brine pipeline from the separator to the weirbox. The water in the weirbox experiences 

a major change in pressure and temperature, which raises the silica content. Weirbox's 

silica concentration is also above the amorphous silica saturation curve, with a possible 

formation of 786 mg/kg (SSI: 2.8). 

 

Figure 4.14: The estimated amorphous silica solubility with pH 

 

At about 210oC, the silica concentration within the water in the separator becomes 

supersaturated in terms of amorphous silica solubility, as shown in Figure 4.14, with 

pH 6.7. Silica scaling of up to 120 mg/kg could form in the separator before returned 

to saturation state. The residual water is piped directly to the weirbox, causing the water 
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to flash at about 110°C. Because of the Carbon (IV) oxide release, the silica 

concentration becomes more supersaturated over amorphous silica solubility, and the 

water pH rises (pH 7.5). In addition, about 760 mg/kg of silica scaling is formed. 

4.6.5 Effects of amorphous silica scaling on pressure drop 

All steam pipe flows are subject to frictional losses; pressure drops as a consequence of 

fluid or conduit boundary interactions and fluid turbulence due to energy lost. This 

mechanism of energy loss depends on flow properties such as fluid viscosity, conduit 

shape and size, and flow velocity. In addition, the roughness of the steam pipe is one of 

the key reasons for this kind of energy loss. Darcy Weisbach's equation commonly 

expresses this association between pressure drop, flow characteristics and roughness in 

a circular pipe: 

Δp = 𝒇.
𝑳

𝑫
.  

⍴𝒗𝟐

𝟐
  ……………………………………………………..……………….4. 3 

where; Δp is pressure drop in Pascal, f a dimensionless friction factor, L and D are 

length and internal diameter of the pipe (m) respectively, ⍴ is the fluid density (kg/m3) 

and V is the average fluid velocity (m/s). 

In this formula, the dimensionless friction factor (f) is in turn a function of two other 

quantities; the relative roughness Є/D where Є is the pipe wall average roughness 

height with internal diameter D and the Reynold`s number. The Reynold`s number (Re) 

is the ratio of inertia to viscous forces, defined as: 

Re = µVD / ⍴..............................................................................................................4. 4 

Where: µ is fluid viscosity measured in Pascal seconds. 
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The exact correlation between roughness, the Reynold`s number and the friction factor 

is formulated both implicitly (Moody & Princeton, 2012) and explicitly in a number of 

different ways, all of which aim to reflect findings found in broad empirical data groups. 

Such a formulation of the relationship between fluid flow, pipe roughness and friction 

factor is described by the Haaland equation (Munson, Young, & Okiishi, 2009). 

𝟏

√𝒇
  = - 1.8 log10 [ (

ℇ/𝑫

𝟑.𝟕
)

𝟏.𝟏𝟏

+
𝟔.𝟗

𝑹𝒆
 ]…......................................................................4. 5 

Equation 4.5 has the advantage of having an explicit formulation for the friction factor. 

 Shock losses are another cause of the pressure drop in the piping systems. There are 

pressure drops due to sudden changes in the direction of fluid flow, such as bends, 

valves and other pipe fittings. Lower loss coefficients are used in order to account for 

these types of pressure losses, in which it is presumed that the pressure drop from a 

fitting is proportional to the dynamic flow pressure, i.e. 

Δp α 
⍴𝒗𝟐

𝟐
 or  Δp = k. 

⍴𝒗𝟐

𝟐
  ……………………..………………..…………………….4. 6 

Where: k is the minor loss coefficient.  

By assuming that there will be shock losses at the entrances to the steam pipes and at 

the entrance and exit of each steam pipe, this type of loss was included in the friction 

factor or relative roughness calculations. Even with these easy connections, the effect 

of scaling on the friction factor and pressure drop can be complicated. Secondly, scaling 

will result in a flow cross section restriction that will increase the fluid velocity for the 

same mass flow. This increases the volume, height of roughness and friction factor of 

the Reynold`s number. At the same time, the pressure drop is inversely proportional to 

the hydraulic diameter, equation 4.4 and as the flow conduit restricts, the total pressure 
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drop will increase. Alternatively, scaling may be rough and increases the friction factor 

or may not be rougher than the original wall of the pipe (Bott, 2009).These parameters 

would eventually interact, making it very difficult to estimate the impact of scaling on 

output a priori and highly dependent on the assumptions made about the manner of 

deposition of the scale. These problems underscore the need for a good understanding 

of the parameters influencing the rate of silica scaling and morphology on a case-by-

case basis, even for the same operation. 

(Bott, 2009) Confirmed that there appears to be asymptotic scaling due to silica in 

geothermal steam pipes. Experimental experience has shown that resistance to scaling 

is negative for the number of Reynolds in the range of 23,000-44,000. This is due to the 

roughness of the silica deposits compared to clean smooth steam pipes, which improves 

the heat transfer. The silica deposit induces ripple formation, i.e. increased turbulence 

that increases the coefficient of heat transfer near the internal surface. However, one 

must note that continuous thick scaling build-up can serve as an insulator or reduce the 

velocity of fluid flow significantly. This can result in the heat transfer coefficient being 

effectively reduced. It can completely block the stem pipes and other geothermal 

equipment in the worst-case scenario. 

4.7 Effect of Amorphous Silica Scales Deposition on the Turbine and Plant Power 

Output 

4.7.1 Decline of well 37B power output 

Decline of well output: recently, the output of well 37B, which had a high enthalpy at 

first, had drastically decreased (table 4.11). The following were some of the possible 

explanations: 
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i. Plugging due to amorphous silica  deposition in the well 

ii. Casing damage 

iii. Decline of reservoir pressure (capacity) 

Table 4.14: Wellhead pressure drop of well 37B after several months of production 

Description October 

2019 

November 

2019 

December 

2019 

January 

2020 

Initial pressure (bar) 11.5 7.3 12.6 9.3 

Pressure at present (bar) 5.0 3.2 6.4 3.7 

There were indications of amorphous silica deposition observed in wellhead equipment 

and other plant facilities. Scale samples had been taken from the surface equipment of 

this well and on the ground where wastewater is discharged from the surface. 

Specifically, at the bottom of the wellhead separator, scale deposits were found. 

Additionally, the brine line valves were difficult to open and close, which could be due 

to amorphous scaling. From the chemical analysis of the geothermal fluid, the scaling 

potential was assessed using WATCH program. The results showed a great possibility 

of amorphous scaling. This amorphous scaling problem is presently causing operational 

challenges at the geothermal power plants. 

Therefore, it was possible to conclude that; 

i. A possible case for decline in well 37B output was due to amorphous silica 

deposition. Running buckets of different diameters into the well was required to 

clear scale obstructions in the well bore. 

ii. Another cause was pressure drawdown and decline in enthalpy (temperature / heat 

content of the fluids). Monitoring of the downhole pressure and temperature logs 

was required to ascertain reservoir behavior. 
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Utilization of a geothermal resource involves extracting mass and heat (dry steam) from 

the fluid to drive a turbine which in turn drives an electric generator to produce 

electricity. It is through the turbine nozzles that fluid enthalpy is converted to kinetic 

energy that drives the turbine. The mechanical energy developed by the turbine is 

converted into electricity by direct coupling to an electric generator. The turbine output 

of the plant is measured by the amount of enthalpy change of the fluid. In liquid 

dominated high temperature geothermal fields, amorphous scale deposition is a 

problem for steam turbines. Deposition of amorphous silica scales take place mainly in 

turbine inlet nozzles and slightly on the rotating turbine blades. Only small deposition 

can be found on the first stage of turbine blades. This results in the loss of power output 

due to restrictions of the steam flow.  

The turbine's output is a direct function of mass flow rate and enthalpy change. The 

output power is expressed as; 

P = m (hi – ho) η t ηg …………………………………………………………….4. 7 

Where; P = Power generated (kW) 

M = Mass flow rate (Kg/S) 

hi = Enthalpy at turbine inlet pressure (KJ/Kg) 

ho = Enthalpy at turbine outlet pressure (KJ/Kg) 

η t ηg = Turbine and generator efficiencies 

Amorphous silica scaling narrows the throat of turbine nozzles and as result decreases 

the amount of steam flow into the turbine. Therefore, the power output which is highly 

dependent on the steam mass flow declines as restricted mass flow rate passes through 
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the turbine blades. To utilize geothermal fluid at maximum efficiency, the purity and 

quality of the dry steam must be maintained. 

4.7.2 Effects of amorphous silica scales on the turbine output 

Amorphous silica scales have previously deposited on turbine nozzles over time, 

limiting the steam flow, resulting in turbine inlet and steam chest pressure increase from 

4.0 to 4.5 bar and from 3.5 bar to more than 4.0 bar respectively as shown in Table 4.15. 

This was assumed to be the main cause of low turbine output that was slightly above 

34 MWe. After cleaning the shroud manually by removing the deposits, the turbine 

load, steam chest pressure, and steam inlet pressure all improved dramatically as the 

power output increased from 34 to 37 MWe. 

Deposition of total dissolved solids, silica and other solutes contained in the steam 

carryover on the turbine reduces the number of revolutions per second of the blades, 

lowering the efficiency of the turbine blades rotation and, as a result, lowering the 

power output of the plant. 

Table 4.15:  Effects of amorphous silica scales on the turbine output 

 Original pressure (bar) Pressure at present (bar) 

Turbine inlet pressure 4.0 4.5 

Steam chest pressure  3.5 4.0 

The condensers equipment can suffer from amorphous silica deposition on the brine 

distribution plates. This results in the loss of power and vacuum. So, for a condensing 

turbine, a clean condenser is critical for maximum power output. As condensers are part 

of the power making equipment, they have to be clean all the time for efficient cooling. 

Similarly, amorphous silica deposits can plug the brine distribution nozzles on top of a 
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cooling tower, severely affecting brine distribution over the tower fills, and thus badly 

influencing the cooling tower performance. 

Amorphous silica scales are substantially deposited in brine fluid pipes. Build-up of 

amorphous silica deposits in drains and the pipe carrying residual geothermal brine 

from different pipe lines has been a challenging problem in geothermal power plants 

globally. 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Analysis of the geothermal fluid samples collected at different points of the power plant 

showed the characteristics of the fluids in terms of silica (SiO2), pH, total dissolved 

solids (TDS), conductivity, Sulphates, enthalpy and Cations (Iron and Sodium). The 

composition of the geothermal fluids as they flow into the separator chamber, dry steam 

entering into the turbine, condensates leaving the turbine exhaust and separated water 

going into the silencer, the characterization of the scale deposits at the cyclone separator 

U-seal pit, turbine rotor (exhaust) and the scale compositions at the silencer were all 

important factors in determining the conditions favoring deposition of amorphous silica 

scales in well 37B in Olkaria power plant. 

According to the findings of the research, it was concluded that the major cause of the 

deposition of amorphous silica scales on the plant and equipment’s in well 37B were: 

i. Deposition of amorphous silica scales occurred due to the geothermal fluids 

pressure drop, temperature and pH changes. It was found that pH decrease was 

the principal cause of amorphous silica scaling deposition while temperature 

decrease was the more significant cause of scaling in steam pipes and 

equipment’s. 

ii. The deposits on the turbine blades were mostly made up of pyrite (FeS2), 

magnetite (Fe3O4), and iron oxides, which were formed when iron and hydrogen 

sulphide or carbon dioxide fumes reacted with water to generate pyrite (FeS2), 

magnetite (Fe3O4), and iron oxides. The iron may come from deep within the 
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reservoir or from mild steel steam lines, and it could enter steam pipelines via 

brine carry-over. 

5.2 Recommendations 

The research has identified the root cause of the amorphous silica scales deposition in 

the steam pipes and plant equipment’s being geothermal fluids pressure drop, 

temperature and pH changes where pH decrease was the principal cause of amorphous 

silica scaling deposition while temperature decrease was the more significant cause of 

scaling. This research therefore recommends the following: 

i. An alternative method of pH modification in geothermal plants was explored 

which was dilution of the separated brine with steam condensates that involves 

mixing steam condensates with separated brine in specified fractions to help 

raise the pH of the resultant mixture and keep the temperatures above the 

amorphous silica saturation temperature to avoid scale deposition in steam 

pipelines and equipment. The steam condensates are mixed with the separated 

brine from the wells in the production fields, rather than being neutralized with 

sodium carbonate (Na2CO3) as is currently done in Olkaria. The separated brine 

from the Olkaria fields is highly alkaline with a pH of above 9.0 and 

temperatures of above 150°C. The steam condensates on the other hand is at the 

pH of about 2.5 and temperature of above 50°C. 

 This approach evaluates the scaling potential before and after mixing the fluids, as well 

as how the pH changes when mixing the steam condensates and separated brine in 

various mixing ratios ranging from 90% condensates and 10% brine to 50% 
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condensates and 50% brine. More condensates to brine is taken because the aim is to 

increase the pH of the condensates. 

This can be done using PHREEQC which is a geochemical modelling software code, 

and WATCH. The PHREEQC software simulates the mixing of different fluids while 

determining the scaling potential of amorphous silica. According to the findings, 

mixing the steam condensates from power plant with the separated brine reduces the 

amorphous silica scaling potential in the plant equipment’s and also raises the pH of 

the fluid.  

The major risk with neutralizing the acidic steam condensates with sodium carbonate 

(Na2CO3) as currently done in Olkaria to raise the geothermal fluid pH is the side 

reactions from the impurities in the chemical such as sulphides and silicates. 

Implementing this approach will also save the company millions of money spent in 

purchasing sodium carbonate (Na2CO3). 

ii. Dispose of spent high-temperature water (steam condensates) at temperatures 

above amorphous silica saturation (say, above 100°C for Olkaria wells), by re-

injecting it back into the wells.  

iii. To prevent sulphur deposition, the pH of recirculating water from the cooling 

tower to the condenser must be kept between 6.5 and 8.0. The pH in the current 

plant operation is unpredictable due to inconsistencies in soda ash dosing or 

inaccurate instrument readings. 

iv. Steam scrubbing should be employed to clean the steam. In this process, 

condensate is fed into the steam pipelines on the upstream of a steam scrubber. 

After that, the condensate is drained from the scrubber. In addition, the 
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conductivity of steam must be closely monitored in order to keep track of the 

concentration of solutes in relation to steam wetness. 

v. Further studies need to be carried out on the viability of mixing the separated 

brine with steam condensates to raise the pH to mitigate deposition of 

amorphous silica scales on the plant equipment’s and in reinjection wells in the 

Olkaria fields. 

5.3 Contributions to new knowledge from this research work 

The findings of this research will go a long way to add on to the already existing 

knowledge base, to take efficiency, durability, and utilization of steam pipes in 

geothermal power plants to the next level. This research has also contributed some new 

information useful to the management at Olkaria geothermal fields, to enhance 

efficiency in the daily operations so as to maximize returns from the project. 
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APPENDICES 

Appendix A: Data for Brine and Scales Samples Analysis 

Physical and chemical composition of brine samples before steam extraction at the 

separator. Elements are reported as ions 

Well 37B 20/02/2020 21/02/2020 22/02/2020 

WHP (Barg) 7.5 7.75 7.5 

GSP (Barg) 7.5 7.5 6.5 

Discharge Enthalpy (KJ/Kg) 2449 2407 2363 

Mass flow Rate  (Kg/S) 21.6 15.2 15.4 

TDS (ppm) 1140 1080 1200 

pH@22 0 C 8.33 8.33 8.7 

B- (ppm) 1.71 1.35 1.13 

SO4
2- (ppm) 380.95 351.93 338.6 

Cl- (ppm) 474.55 510.23 850 

Fe2+ (ppm) 40.53 41.98 61.06 

Silica (SiO2
- ) ppm 769 708 882 

Ca2+ (ppm) 1.437 1.691 5.662 

Li+ (ppm) 1.71 1.677 1.669 

Na+ (ppm) 453 426.3 510 

K+ (ppm) 66.86 69.07 84.89 

Mg2+ (ppm) 0.426 0.583 0.301 

CO2 (mmoles/100moles of 

H2O) 

429.4 346.2 362 

H2S (mmoles/100moles of 

H2O) 

12.63 10.77 10.08 

CH4 (mmoles/100moles of 

H2O) 

1.49 1.42 0.75 

H2 (mmoles/100moles of H2O) 17.43 17.1 13.91 

N2 (mmoles/100moles of H2O) 79.92 76.41 56.57 

Conductivity (µs) 2930 2911 2899 
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Appendix B: Steam impurities at the turbine inlet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.82 0.43
0.2

14.6

49.7

Impurities in the steam

Na

K

Cl

Fe

SiO2
0.82 0.43 0.2

14.6

49.7

0

10

20

30

40

50

60

Na K Cl Fe SiO2

Impurities in the steam



88 

 

Appendix C: XRF and XRD analysis report for scale samples collected from the 

cyclone separator u-seal pit 

Sampling date: 23/02/2020 

      
Appearance 

     

Condition of Solids: Grey 
  

Physical state: 

Deposit 
 

Color of Sample: Black 
     

Elemental Analysis by X-ray Fluorescence 
   

The sample preparation was: Dried at 105 degrees 
  

The results are reported as oxides. 
   

Silica (SiO2) 69 wt% 

Aluminium (Al2O3) 9 wt% 

Potassium (K2O) 4 wt% 

Iron (Fe2O3) 3 wt% 

Sodium (Na2O) 3 wt% 

Calcium (CaO) 2 wt% 

Sulfur (SO3) 2 wt% 

Copper (CuO) 1 wt% 

Fluorine (F) 1 wt% 

Analysis by X-Ray Diffraction 
    

The XRD was performed on: Dried at 105 degrees 
  

Silica (Quartz)- SiO2 
    

Iron Oxide (Magnetite) - Fe3O4 
   

Calcium Carbonate (Calcite)-CaCO3 
   

Calcium Fluoride (Fluorite) - CaF2 
   

Amorphous Material 
   

Possible Compounds……Sodium Aluminium Silicate (Albite)-NaAlSi3O8 
 

                                          Potassium Aluminium Silicate (Microcline)-KAlSi3O8 
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 Appendix D: XRF and XRD analysis report for scale samples collected from the 

silencer 

Sampling date: 24/02/2020     

Deposit Analysis   
  

  

Appearance 
    

  

Condition of Solids: Dry 
 

Color of sample: Grey 
 

  

Solids: Scale 
    

  

Elemental Analysis by X-ray Fluorescence 
  

  

The sample preparation was: Dried at 105 

degrees 
  

  

The results are reported as oxides. 
  

  

Silica (SiO2) 84 wt % 

Sodium (Na2O) 4 wt% 

Chloride (Cl) 1 wt% 

Potassium (K2O) 1 wt% 

Sulphur (SO3) 1 wt% 

  
    

  

Analysis by X-Ray Diffraction 
   

  

The XRD was performed on: Dried at 105 

degrees 
  

  

Amorphous 

Material 
    

  

Silica (Silicate) -  SiO2 
    

  

Sodium Chloride (Halite) – NaCl 
   

  

Possible Compounds…………Sodium Silicate  Hydrate (Magadiite) -  

Na2Sil4O29:10H2O   
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Appendix E: XRF and XRD analysis report for scale samples collected from the 

turbine exhaust 

Sampling date: 25/02/2020 

Deposit Analysis 
    

  

Appearance 
     

  

Color of Sample: Dark Grey 
   

Solids: Scale   

Condition of Solids: Dry 
    

  

  
     

  

Elemental Analysis by X-ray Fluorescence 
  

  

The sample preparation was: Dried at 105 degrees 
 

  

The results are reported as oxides. 
 

  

Silica (SiO2) 52 wt% 

Iron (Fe2O3) 20 wt% 

Sulfur oxide (SO3) 10 wt% 

Chromium oxide (Cr2O3) 1 wt% 

Sodium  oxide (Na2O) 1wt% 

Analysis by X-Ray Diffraction 
    

  

The XRD was performed on: Dried at 105 degrees 
  

  

Silica (silicate) - SiO2 
     

  

Iron Oxide (Hematite) - Fe2O3 
    

  

Iron Oxide(Magnetite) - Fe3O4 
    

  

Iron Sulfide (Pyrite) -FeS2 
    

  

Possible Compounds………………………………Iron 

Silicate     

 


