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Geothermal power is an attractive and environmentally friendly energy source known for its reliability and
efficiency. Unlike some renewables like solar and wind, geothermal energy is available consistently, making it
valuable for mitigating climate change. Heat exchangers play a crucial role in geothermal power plants, particularly
in binary cycle plants, where they represent a significant portion of capital costs. Protecting these components from
deterioration is essential for improving plant profitability. Corrosion is a common issue due to direct contact with

geothermal fluid, which can lead to heat exchanger failure.

geothermal plant heat exchanger corrosion

| 1. Introduction

Geothermal power production presents an appealing energy resource characterized by low cost, minimal
environmental impact, and global availability L2, |ts continuous availability throughout the day and year makes it a
pivotal player in climate change mitigation compared to other renewables like solar and wind energy [l
Geothermal energy holds immense growth potential. Nevertheless, it falls short of the International Energy
Agency’s (IEA) Net Zero Emissions by 2050 Scenario, which demands a 13% compound average annual growth

rate in geothermal power generation from 2020 to 2030 [4],

In 2015, global geothermal power plant capacity reached 12,635 MWe (megawatt electrical), projected to rise to
21,443 MWe by 2020 Bl Although geothermal energy presently contributes a small fraction to the overall energy
mix, it is set to expand due to its advantageous attributes for a sustainable energy future: widespread availability,
base-load capacity without storage, minimal land footprint, and low emissions 8. A current challenge in harnessing
geothermal resources for power generation relates to managing corrosive geothermal fluids. Geothermal power
plants extract energy from deep underground water pumped to the surface. During its underground residence at
elevated temperatures (150-300 °C), the water interacts with subsurface rock reservoirs, leading to high salinity
and acidity/alkalinity. These characteristics cause corrosion and scaling issues in wells and surface installations,

long recognized as economic concerns 8],

Heat exchangers are among the most critical components in geothermal power plants, particularly in organic
Rankine cycle (ORC) power plants [, where heat exchangers account for a substantial portion of capital costs.
Consequently, protecting these components from in-service deterioration is essential to enhance plant profitability.

The protection of heat exchangers presents formidable challenges due to the array of potential damage
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mechanisms. Corrosion is a prevalent issue, occurring due to direct contact with geothermal fluid that can result in
complete heat exchanger failure 29, Additionally, the temperature drop within the heat exchanger invariably leads

to scaling, which can impede heat transfer efficiency (111 or completely obstruct the heat exchanger tubes 22!,

| 2. Heat Exchangers in Geothermal Power Plants
2.1. Types of Geothermal Plants

Geothermal power plants use subsurface heat sources to produce electricity. Each plant is different and adapts to
the geothermal source available. Relevant parameters include the type of geothermal fluid (liquid, vapor),
temperature, and pressure. These parameters define the plant design that will convert heat into electricity most

efficiently. Four main types of geothermal plants can be distinguished.

» Dry Steam Power Plants: These plants use high-pressure, high-temperature steam directly from underground
reservoirs to turn turbines and generate electricity. The steam is separated from any liquid water or brine that
may be present in the reservoir. Dry steam plants are the oldest and most straightforward type of geothermal
power plant. Vapor-dominated fields with such plants include Larderello and Monte Amiata (ltaly), The Geysers

(California), and Kamojang (Indonesia) 3],

» Flash Steam Power Plants: In these plants, high-pressure, high-temperature water from the geothermal
reservoir is released into a lower-pressure environment, causing it to “flash” into steam. The steam is then used
to drive a turbine. The remaining water is usually reinjected into the reservoir. Flash steam plants are the most

common type of geothermal power plant 241,

» Binary Cycle Power Plants: Binary cycle plants use lower-temperature geothermal fluids, typically in the range
of 93-166 °C. Instead of directly using the hot fluid to drive a turbine, they transfer the heat to a secondary fluid
with a lower boiling point (such as isobutane, isopentane, or water and ammonia). This secondary fluid
vaporizes and drives a turbine, which generates electricity. Binary cycle plants are more flexible in terms of the

heat source they can use 22!,

» Hybrid Systems: Some geothermal power plants combine different technologies, such as binary cycle systems
with flash steam systems. These hybrid systems can optimize power generation by efficiently using both high-
temperature and lower-temperature resources. These plants are generally designed to optimize the exploitation
of the geothermal source at hand accounting for parameters such as pressure, temperature, composition, and

nature of the fluid.

In Dry Steam Power Plants and Flash Steam Power plants, geothermal fluid is directly used to activate the turbine
hence no heat exchangers are required. Heat exchangers are mainly used for Binary Cycle Power Plants, which

require the heat to be transferred from the low-temperature geothermal fluid to the organic working fluid, as
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illustrated in Figure 1. In these plants, the heat exchanger is a critical component for efficiently transferring heat

and maximizing the conversion of geothermal energy into electricity.
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Figure 1. Schematic of a binary geothermal plant with a shell-and-tube type heat exchanger.

2.2. Types of Heat Exchangers

The most common heat exchanger design used in geothermal power plants include:

» Shell and Tube Heat Exchangers: Shell and tube heat exchangers are frequently used in geothermal power
plants, especially in binary cycle and hybrid systems. They are known for their versatility and effectiveness in
handling high-temperature and high-pressure geothermal fluids. In binary cycle power plants, these heat
exchangers are used to transfer heat from the geothermal fluid to the secondary working fluid (e.g., isobutane

or isopentane) to drive a turbine.

» Plate Heat Exchangers: Plate heat exchangers offer compact designs and efficient heat transfer capabilities,

making them suitable for transferring heat between the geothermal fluid and the secondary working fluid.

o Ground Heat Exchangers: They are used in geothermal heat pumps. The heat exchanger is in direct contact
with the ground and allows heat transfer with the thermal fluid cooling/heating the building. This type of heat

exchanger is mostly used for domestic applications and will not be covered here.
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The choice of heat exchanger type in a geothermal power plant depends on factors like the temperature and
pressure of the geothermal fluid, the characteristics of the secondary working fluid in binary systems, and the

overall plant design.

2.3. In-Service Degradation

Heat exchangers in geothermal power plants are exposed to harsh operating conditions, including high
temperatures, pressure fluctuations, and the presence of corrosive substances in geothermal fluids. These
conditions can lead to various degradation mechanisms over time. The main degradation mechanisms for heat

exchangers in geothermal power plants include:

» Corrosion: Corrosion occurs when the metal surfaces of heat exchanger components react with the corrosive
constituents present in geothermal fluids leading to impairment of the metal. These corrosive constituents, such
as hydrogen sulphide (H,S), CO,, and other acidic compounds, can deteriorate the heat exchanger's metal
surfaces, leading to thinning of the materials and potential leakage. Corrosion can be mitigated via material

selection, coatings, and water treatment.

e Scaling: Scaling occurs when minerals and solids dissolved in the geothermal fluid precipitate and form
deposits on heat exchanger surfaces. Common scale-forming minerals include calcium carbonate, silica, and
various metal sulphides. Scaling reduces heat transfer efficiency, increases energy consumption, and can lead
to mechanical damage if left unchecked. Regular cleaning or anti-scaling treatments are necessary to mitigate

scaling.

» Fouling: Fouling involves the accumulation of organic or inorganic materials on the heat exchanger surfaces,
which can reduce heat transfer efficiency. Organic fouling may include microbial growth or algae, while
inorganic fouling can result from particulate matter suspended in the geothermal fluid. Periodic maintenance,

cleaning, and filtration can help prevent fouling.

» Erosion: Erosion occurs when high-velocity geothermal fluid, containing abrasive particles, impinges on heat
exchanger surfaces. Over time, this can lead to material loss and reduced heat transfer efficiency. Proper
design and material selection can mitigate erosion, but some degree of wear is expected in high-velocity flow

areas.

» Hydrogen Embrittlement: In some geothermal environments with high H,S content, hydrogen embrittlement can
occur. Hydrogen can diffuse into the metal microstructure of heat exchanger components, making them brittle
and susceptible to cracking and failure. Prudent material selection and control of hydrogen exposure are

essential to prevent this type of degradation.

| 3. Corrosion in Geothermal Environments
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Corrosion presents a critical challenge in geothermal plants due to the aggressive nature of geothermal fluids.
These fluids typically contain highly corrosive ions like chloride (CI7) and may contain dissolved gases such as H,S
and CO,. Moreover, elevated temperatures and dynamic flow conditions can accelerate corrosion by facilitating the
mass transport of corrosive species and corrosion products. Corrosion is a multifactorial phenomenon that is
inherently challenging to predict. In corrosion scenarios, the decision often revolves around accepting generalized
and predictable corrosion or minimizing corrosion rates by opting for corrosion-resistant alloys (CRAS). The latter,
however, exposes the system to unpredictable localized attacks. The former typically involves the use of cost-
effective carbon steel (CS), a preference when replacement costs are low and outweigh the use of more expensive
CRAs. Replacement costs are closely tied to the corrosion rate or unexpected corrosion-related failure, making it

essential to determine the type of corrosion susceptible to occurring in the geothermal system.

3.1. Uniform Corrosion

Uniform corrosion, also known as general corrosion, is characterized by a relatively even and consistent corrosion
attack that affects the entire exposed surface of a metal component. This type of corrosion typically occurs when
geothermal fluids directly interact with metal surfaces over an extended period. Corrosion rates are commonly
quantified in millimeters per year (mm year™). Uniform corrosion is preferred over localized corrosion due to its
predictable nature, which can be factored into design considerations. In general, an acceptable corrosion rate falls
below 0.3 mm year™! 18II17] However, even this corrosion rate can be considered fairly high as such high corrosion
rates would require significant corrosion allowance. Estimating the corrosion rate is particularly crucial when

uniform corrosion poses the primary threat.

Under conditions of active dissolution, where soluble corrosion products are continuously exposed to the metal, the
corrosion rate depends on thermodynamic factors such as temperature and acidity/alkalinity (pH). The corrosion
rate increases with rising temperature and decreasing pH. However, in practical scenarios, even uniform corrosion
becomes complex due to the deposition of corrosion products on the metal surface. In geothermal applications, the
corrosion rate is influenced by various factors, including fluid composition, temperature, pH, pressure, metal
material, and fluid flow characteristics.

The influence of temperature on the corrosion rate of CS in geothermal environments is not straightforward and
can vary based on specific conditions. Nikitasari et al. 28 and Huttenloch et al. 12! observed that the corrosion rate
tends to increase with rising temperature and decreasing pH. However, the presence of protective corrosion
product layers can mitigate corrosion if they are sufficiently dense and adherent. For instance, Huttenloch et al. 19
noted a reduction in the corrosion rate at 160 °C compared to 80 °C and attributed this to the formation of a denser
carbonate corrosion product layer 9. Similar observations of lower corrosion rates at higher temperatures were

reported for API L80 steel (221211 although explanations were not provided.

Mundhenk et al. 22 identified different corrosion mechanisms at various temperatures (80, 120, and 160 °C) for
API P110 steel. Corrosion was uniform at 80 and 160 °C, with a corrosion rate an order of magnitude lower at 160

°C. At 120 °C, corrosion was more localized. The corrosion products identified at 80 °C consisted of a FezC
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network, retained from the original metal microstructure, and impregnated with porous FeCOg, offering limited
corrosion protection. Above 160 °C, a more protective crystalline Fe-oxide film formed, further lowering the
corrosion rate 231, Aristia et al. (24 also observed a reduction in the corrosion rate at 150 °C compared to 70 °C,
attributed to the formation of a dense crystalline FeCO3 layer. At 70 °C, the corrosion product formation included

chukanovite (Fe,(OH),CO3) and siderite (FeCO3), which are less dense and, therefore, less protective.

In the liquid phase, the flow rate of the fluid significantly affects the corrosion rate, with increasing flow rate
correlating with higher corrosion rates 181, However, in the vapor phase, temperature is the dominant factor and the
impact of flow rate is negligible 22, In the vapor phase, corrosion is primarily induced by the formation of carbonic
acid in condensed water in the presence of CO,. The presence of oxygen can accelerate corrosion, particularly

when introduced during maintenance operations 29,

3.2. Localised Corrosion

Unlike uniform corrosion, localized corrosion is highly unpredictable and characterized by a rapid rate of metal
penetration that can lead to premature component failure. Only a small section of the material is affected, with two

primary forms of localized corrosion: pitting and crevicing.

Pitting corrosion occurs when the protective oxide film or deposit layer is breached at a local point, exposing a
small area of the metal to the corrosive environment. The exposed metal dissolves, creating a pit that serves as an
anode relative to the surrounding protected outer surface. Pitting is an autocatalytic process, where pit growth
creates conditions that further encourage pit development [23l, Detecting pitting corrosion is challenging as it often
results in minimal weight loss, making it difficult to identify. The formation of a pit can have severe consequences
for the structural integrity of a component, as it represents a stress concentration feature. Under specific
conditions, stress and pitting can interact, leading to stress corrosion cracking (SCC). Typically, pitting is
associated with alloys like stainless steel, Ni-alloys, and titanium alloys that rely on the formation of a protective
oxide film for corrosion resistance. Pitting corrosion is a stochastic phenomenon linked to material defects (such as

slip planes, grain boundaries, or inclusions), design issues, or environmental factors.

Crevicing differs from pitting in terms of its initiation mechanism, which originates from geometric considerations.
Crevicing occurs in narrow, enclosed spaces on the metal surface. This type of corrosion is often characterized by
accelerated metal loss within the crevice or gap, driven by differences in oxygen (aeration cell) concentration, pH,
or other factors between the crevice and the surrounding environment (28, Crevices can form due to poor
component design or after the deposition of scale deposits. Localized corrosion is exacerbated by the presence of

chemical species in the geothermal fluid that promote depassivation, such as CI~, SO,~, and H* (low pH) &2,

3.3. Mechanically Assisted Corrosion

Mechanically assisted corrosion refers to a phenomenon where corrosion processes are accelerated due to the
influence of mechanical forces, usually tensile stress. This acceleration can take different forms depending on the

nature of the mechanical load. When the mechanical load involves erosive forces, it is specifically termed erosion—
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corrosion. Conversely, when cyclic stress is a contributing factor, it is referred to as corrosion fatigue. In systems
where passivation is a key element of corrosion protection, mechanically assisted corrosion processes are believed
to disrupt the protective passive film, thereby increasing the corrosion rate. In erosion—corrosion scenarios,
corrosion is expedited by the relative motion between the metallic surface and the corrosive medium. This medium
can take various forms, including fluids carrying suspended solid particles and/or bubbles, steam, or combinations
thereof. This relative motion continually removes the passive film or corrosion products, exposing fresh metal
surfaces to the corrosive medium 28, Consequently, areas with higher flow velocity experience a faster rate of
erosion—corrosion. In geothermal systems, erosion—corrosion occurs in high-velocity and pressure fluid conditions
and may lead to distortion of heat exchanger tube shapes 22!,

Corrosion fatigue, on the other hand, results from the combined effect of alternating stresses and exposure to a
corrosive environment 22B%. This mechanism is particularly significant in passivating metals, where stresses can
facilitate pit formation. These pits act as stress concentrators and initiation sites for fatigue cracks. Corrosion
fatigue typically leads to brittle fractures through the growth of transgranular cracks. In geothermal systems,
sources of cyclic stress contributing to corrosion fatigue have been identified, such as steam turbine vibrations and

the periodic expansion/contraction of pipelines due to fluctuations in the temperature of the transported steam or
fluid 191,

3.4. Hydrogen and Hydrogen Related Stress Corrosion Cracking

Hydrogen cracking is a phenomenon characterized by the diffusion of hydrogen atoms into the crystalline lattice
structure of a metal, causing subsequent damage. Hydrogen can originate from various sources, including
manufacturing processes or as by-products of corrosion reactions (such as cathodic reactions involving reduction
in water) 132 These hydrogen atoms when inside the metal can recombine to form molecular hydrogen (H,),
which occupies a significantly larger volume than the atoms. This localized accumulation of hydrogen can create
areas of elevated stress within the metal, potentially initiating and propagating cracks. Under the influence of
tensile stress, these cracks have the potential to propagate, ultimately leading to the brittle failure of the material. In
the presence of certain substances, such as hydrogen sulphide (H,S) or arsenic compounds, the hydrogen
cracking process accelerates. These substances act as recombination poison and delay the formation of molecular
hydrogen (H,), extending the residence time of atomic hydrogen on the metal surface thus increasing the
probability of atomic hydrogen ingress in the metal. When this phenomenon occurs in an environment saturated
with H,S, followed by cracking of the metal in the presence of stress, it is commonly referred to as Sulphide Stress
Cracking (SSC).

SCC shares similarities with hydrogen cracking with both qualifying as environmentally assisted cracking (EAC).
The key difference is that corrosion serves as the catalyst for crack initiation and propagation in SCC. SCC
requires both a corrosive environment and sustained surface tensile stress on a susceptible material 334!, Crack
initiation can result from various factors, including the formation of a pit or crevice, microstructural defects, or high
local stress. Once the crack initiates, the combined effects of the corrosive environment and stress accelerate

crack propagation. Hydrogen cracking and SCC can occur simultaneously, further enhancing crack propagation.
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