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ABSTRACT

Among all of the existing electric power generation facilities, corrosion is considered to be the most severe on geothermal power
plants. The focus of this research was set to evaluate the suitability of carbon steel APl Q125 as a construction material on the
geothermal sites Sibayak and Lahendong, Indonesia. The investigations were performed in the artificial geothermal brines under
stagnant conditions by means of short-term electrochemical methods (Tafel extrapolation) and long-term exposure tests (up to 6
months). Furthermore, the influence of different parameters on the steels performance (temperature 70 °C, 100 °C and 175 °C,
salinity 20 mg/L and 1,500 mg/L chlorides, pH 2 and 4) was assessed as well to ensure a “safer operating window” of a power
plant.

The results showed carbon steel API Q125 could be suitable for application in stagnant geothermal brines up to temperatures of
175 °C and a chloride concentration of 1,500 mg/L. Its applicability is limited in highly acidic environments (pH 2).

1. INTRODUCTION

The growth in a global demand for energy, as well as the awareness of a significant climate change, have evolved a very strong
incentive for utilization and expansion of clean and renewable energy resources usage.'® Geothermal energy is considered as one of
a few alternatives ideal for replacing conventional sources due to its consistency and reliability, and is receiving ever more
attention.2* However, geothermal sources are found to be the most aggressive natural environments in terms of corrosion. High
temperature and pressure conditions, as well as the existence of almost an entire periodic system of elements in the form of
corrosive salts, represent a major threat to the integrity of the construction material, i.e. geothermal power plants.®> Therefore, in
order to achieve a safer and continuous energy production, and increase the competitiveness of geothermal energy on the world
scene, a comprehensive assessment of the materials suitability is of high importance for operators and vendors. In this way, the life
span of a power plant could be lengthened, while at the same time maintenance costs minimized.

Geothermal power plants consist of various construction units required for the power plant operation (separators, heat exchangers,
pipelines, etc.). In order to exploit the geothermal fluid from the reservoir and transfer it to the turbine in the geothermal power
plant, several hundred meters of transmission pipeline is installed, along with different equipment, necessary for plants’
performance. The most commonly used materials for construction of these units are metallic materials and primarily steels, due to
their excellent corrosion resistance in aggressive geothermal environments, appropriate mechanical properties and lower costs
compared to other materials.®®

Accounting for approximately 85% of the global annual steel production, carbon steel is the most widely used piping material.7
Despite its relatively limited corrosion resistance in aqueous solutions, especially in acidic media,®*° carbon steel is used in marine
applications, chemical processing, petroleum production and refining, construction and metal processing equipment.***? Its use is
justified if the pipes and tubes replacement, due to the high corrosion rate that often occur,™>* is physically feasible and cost
effective. Nevertheless, carbon steel has the possibility to form a compact and stable iron oxide/hydroxide layer, which acts as a
physical barrier between the steel and the corrosive environment, thus reducing the corrosion rate.*>¢

This paper presents a part of the research project that deals with investigating the suitability of different steel grades for exploitation
of geothermal resources in volcanic environments.”*® The focus was set on assessing the suitability of carbon steel AP1 Q125 for
construction of a binary power plant on one of the two Indonesian geothermal “hotspots” — geothermal sites Sibayak (North
Sumatra) and Lahendong (North Sulawesi). Considering the fact that the geothermal systems are prone to periodic changes of
physicochemical parameters,*?° an influence of various factors on the steel performance was evaluated. The main factors that
determine the corrosion rate of metals in geothermal fluids are temperature, acidity and chloride ion concentration, among the
others.?»?? The influence of these parameters on the corrosion performance of the construction material needs to be elucidated
thoroughly prior to the initial design phase to ensure a “safer operating window” of a power plant.

Temperature increase was found to increase the corrosion rate of carbon steel only when the metal dissolution was controlled by the
chemical reaction.?®?* In case the corrosion was influenced by other factors, such as solubility of corrosive gases (O, H,S, CO,),
formation of stable and compact corrosion product film on the steel surface, etc., the corrosion rate of carbon steel in aqueous
media decreased with temperature.?®? High solution salinity is known to decrease the solubility of oxygen.?” Considering the
oxygen as the main species reducing on the cathode in neutral and alkaline solutions, the metal dissolution rate decreases with the
salt content increase.’® However, an increase in chloride and sulphate concentration could initiate localized corrosion; the
aggressive ions agglomerate and chemisorb on the active sites, penetrate through the corrosion layer toward the steel surface and
cause the formation of local pits which propagate to the metal matrix. Such scenario could result in a sudden pipeline breakdown
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and the failure of the whole system.®® It was revealed that the solution acidity has the most profound effect on the metal
dissolution when pH decreases below 4.2*%! In such environments hydrogen reduction is a dominant cathodic reaction. An increase
in its rate, due to the hydrogen ion abundance, results in an increased anodic (metal dissolution) reaction rate.’® Furthermore,
hydrogen may incorporate into the corrosion product film formed on the metal surface,® thereby forming positively charged
localized sites and promoting the adsorption of negative chloride and sulphate ions on the metal surface.**3*

2. EXPERIMENTAL SECTION

Influence of various parameters (T, pH, salt concentration) on the corrosion performance of carbon steel APl Q125 was evaluated
by means of electrochemical techniques (Tafel extrapolation) and long-term exposure tests (up to 6 months). The experiments were
conducted in stagnant artificial geothermal solutions, based on the geothermal brine analysis performed on two geothermal
“hotspot” sites in Indonesia — Sibayak (SBY) and Lahendong (LHD). The corresponding chemical composition of the steel and the
solutions are presented in Table 1 and Table 2, respectively.

Table 1: Chemical composition of carbon steel API Q125 in wt%o

C Si Mn P S Cr Mo Fe
0.212 0.249 1.332 0.008 0.007 0.497 0.013 bal.

The experiments were conducted at 70 °C (100 kPa), 100 °C (100 kPa) and 175 °C (900 kPa) in the artificial SBY solution to
evaluate the temperature influence, whilst salt concentration and pH effects were investigated at 175 °C (900 kPa) considering the
difference in the chemical composition of SBY/LHD-05 and SBY/LHD-23 brines, respectively.

Table 2: Chemical composition in mg/L and the resulting acidity of the investigated artificial geothermal solutions

cl- SO i Hco | ca®' K* Na * pH
SBY 1,500 20 15 200 250 600
LHD-05 21 20 15 - 6 20
LHD-23 1,500 1,600 - - 200 1,000

At lower temperatures experiments were performed in glass vessels using water condensers. At 175 °C autoclaves made of 316L
stainless steel equipped with a manometer were used. The temperature was maintained constant during tests by means of heating
devices, and controlled continuously using an external temperature regulator (precision of +3 K) with a Pt-100 sensor. Additionally,
autoclaves were housed by an aluminum cylinder to avoid heat dissipation.

Due to the possibility of oxygen intrusion into the geothermal system, in the present study no method was used to remove the
dissolved oxygen from the solutions. However, it must be recognized that the dissolved oxygen will be very low at 100 °C and will
also be consumed by the corrosion reactions. Reducing conditions can be assumed for the long-term experiments and to some
extent for the short-term experiments as well.

For each test condition and method three specimens of the investigated material were used to assure the results reproducibility.
Prior to the start of experiments, the material specimens were wet-ground with 320 SiC sand paper, thoroughly rinsed with
deionized water, and cleaned ultrasonically in ethanol to remove the residual impurities and dried with acetone.

2.1. Electrochemical methods

Electrochemical measurements were carried out in a standard three electrode cell, consisting of a saturated Ag/AgCl reference
electrode, a Ti/TiO, net counter electrode and a working electrode made of the investigated carbon steel APl Q125 (20 x 15 x
3 mmg3) spot-welded on a nickel holder.

The measurements were performed using Gamry Potentiostatic System Model Reference 600. All of the recorded electrode
potentials, mentioned in the current work, are referred to a standard Ag/AgCl reference electrode potential.

In the current study the system stabilized after several hours of immersion (AE <5 mV/10 min). In order to obtain a comparable
corrosion behavior, the electrochemical methods were conducted after 24 h of immersion. Tafel extrapolation method was carried
out £200 mV vs. free corrosion potential (Eco), Using 0.2 mV/s sweep rate. The corrosion rate was calculated from the corrosion
current density (jcorr), Obtained from the intersection of the E.,,, line and the Tafel branch that showed the linearity over at least one
decade of j.or, according to the equation:®

Joor - EW
F-p

CR = -3.15 -10° Q)

where CR [mm/y] is the corrosion rate, j.or [MA/cmM?] is the corrosion current density, EW [g/mol] is the material equivalent mass,
F (96,500 C/mol) is Faraday constant and p [g/cm?] is the material density.

2.2 Exposure Tests

The coupons (50 x 20 x 3 mm?3) were prepared according to the ASTM G1 standard,*® weighed on an analytical laboratory scale
(precision 10* g) and completely vertically immersed in the solutions. After exposure, the corrosion products were removed
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mechanically using a paper towel and a nonmetallic bristle brush, followed by chemical cleaning in an ultrasonic bath; coupons
were immersed in an aqueous solution of 250 mL/L HCI (conc.) containing 3.5 g hexamethylenetetramine.®® The coupons were
subsequently weighed on the same analytical scale as prior to the exposure. The corrosion rate was determined according to the
equation:*®

CR :%-103 )
tp

where CR [mm/y] is the corrosion rate, m; and m, [g] are the coupon masses before and after the exposure and removal of
corrosion products, A [mm?] is the surface area of the exposed coupon, t [y] is the time of exposure and p [g/cm?] is the material
density.

3. RESULTS AND DISCUSSION
3.1. Effect of the temperature on the corrosion behavior

In the following section temperature influence on the corrosion performance of carbon steel APl Q125 in the artificial SBY
geothermal solution is shown and discussed.

3.1.1. Tafel extrapolation

Typical anodic and cathodic polarization curves obtained for Q125 steel in the investigated conditions are shown in Figure 1. The
corresponding electrochemical data are presented in Table 3. Ennoblement of the E.,, was perceived as the temperature increased,
indicating the formation of a protective film at the metal/solution interface. Relatively high cathodic slopes (B.) suggest the
presence of a concentration effect,®” caused presumably due to the accumulation of corrosion products on the electrode surface,
hindering the progress of oxidizing species from the bulk solution to the reaction interface. Considering the conditions in which the
curves were generated (pH 4, aerated conditions), the main cathodic reaction was oxygen reduction:

O, +2H,0 + 4~ <> 40H ~ 3)

Similar magnitudes of anodic Tafel slopes (B,) point out to the similar contribution of anodic reactions to the overall corrosion
process and active electrode dissolution. The absence of passivity region was clearly observed, which was understandable
considering the low amount of alloying elements, particularly chromium, in the metal composition (Table 1). Consequently, the
anodic reaction was iron dissolution to ferrous ions:

Fe —> Fe’ +2e” Q)
followed by the further oxidation to ferric ions in case of sufficient oxygen supply:
Fe? > Fe’ +e (5)

Calculated corrosion rates at different temperatures suggest a slight increase in the electrode dissolution at 100 °C. However, with
further temperature increase to 175 °C the corrosion rate was reduced to values even lower than at 70 °C. Such observation could
be linked to the oxygen concentration and physical properties of the system. At 100 °C, only traces of oxygen are present in the
system due to its reduced solubility. In such conditions iron oxidation is not complete and only ferrous compounds are formed,
resulting in the formation of unstable and loose corrosion product film on the electrode surface, enabling the contact of the
electrode surface with the corrosive environment. However, upon increasing the temperature of the closed system to 175 °C, the
system pressure increased as well, leading to the increase of the oxygen partial pressure and its solubility in the solution. Such
behavior results in the formation of stable adherent corrosion product film, consisting of presumably ferric oxides (mainly
magnetite) due to the disproportionation and recrystallization of initially formed Fe — hydroxide layer.
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Figure 1: Potentiodynamic polarization curves of Q125 steel in the artificial SBY geothermal brine at different
temperatures

3.1.2. Exposure tests

Calculated corrosion rates after exposure of Q125 steel in the SBY solution at different temperatures are depicted in Figure 2.
Reduction in the corrosion rates of the immersed coupons is shown, suggesting the formation of a stable and adherent corrosion
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film on the metal surface with time. However, after 3 months of exposure at 100 °C the rate slightly increased, which could be
attributed to the corrosion products falling off due to the vertical position of the coupons in the tested vessels. Nevertheless, the
corrosion rate was continuously highest at 100 °C, whilst at 175 °C lowest, thus corroborating the results obtained with Tafel
extrapolation method. The discrepancy in the magnitude of the rates calculated with Tafel and the weight loss method could be
linked to the fact that Tafel extrapolation method, performed after only 24 h of immersion, did not take into consideration the
corrosion products formation on the metal surface in comparison to the long-term exposure tests.

Table 3: Electrochemical data of Q125 steel obtained by Tafel extrapolation method in the artificial SBY geothermal brine
at different temperatures

T Ba BC jcorr ECD" CR
[°C] [mV/dec] [mV/dec] | [mA/cm?] [mV] [mm/y]
70 55 399 0.0254 -614 0.29
100 62 317 0.0273 -593 0.32
175 38 201 0.0225 -553 0.26
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Figure 2: Corrosion rate of Q125 steel during long-term exposure tests in the artificial SBY geothermal brine at different
temperatures

Cross section surface analysis of the exposed coupons shown in Figure 3 revealed the formation of a much thicker corrosion film at
100 °C (32 um — 58 pm) compared to the one formed at 175 °C (4 pm — 24 pm). Considering the lower metal dissolution rate at the
latter temperature, the corrosion product layer was obviously more stable, adherent and compact, impairing the oxygen diffusion
toward the metal surface, thus reducing the corrosion rate. On the other hand, the layer formed at 100 °C was possibly porous due
to the lower oxygen content that hindered the formation of a stable and compact ferric oxide layer. In this way, the diffusion of
corrosive species toward the metal surface was enabled.

Figure 3: Cross sections of Q125 steel coupons exposed for 6 months in the artificial SBY geothermal brine at different
temperatures

3.2. Effect of concentration on the corrosion behavior
In this section, influence of the chloride concentration on the corrosion performance of carbon steel APl Q125 is discussed. The
metal specimens were exposed to artificial geothermal brines at 175 °C containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY)

chlorides, respectively.

3.2.1. Tafel extrapolation

Typical anodic and cathodic polarization curves obtained for Q125 steel in the investigated conditions are shown in Figure 4. The
corresponding electrochemical data are presented in Table 4. Corrosion potential shifted to more negative (cathodic) potentials
with the addition of salts to the solution. This could be attributed to the oxygen content, which is lower in the more concentrated
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solution (SBY) due to the “salting out” phenomenon;® the presence of more ionic species in the SBY solution reduces the affinity
of the non-polar oxygen molecules to the polar water, resulting in decreased oxygen solubility in the solution. Considering that only
in the presence of sufficient oxygen concentration stable and adherent ferric oxides could form on the surface, in the solution
containing higher salt concentration mostly soluble corrosion products form.*® Therefore, the surface tended to be more active than
in the solution containing lower amount of salt. Furthermore, chlorides (the main ionic species in the SBY solution) form soluble,
unstable complexes with iron, hygroscopic in nature, and in this way enhance the surface electrolyte formation. As a consequence,
corrosion attack was further stimulated and the metal surface exhibited more active potentials. However, according to the corrosion
rates calculations (Table 4), the electrode dissolution rates were higher in the less concentrated solution (LHD-05). Again, this was
probably caused by the lower oxygen concentration. Nevertheless, in this case lower amount of oxygen resulted in a decrease of
cathodic reaction rate considering the conditions in which the curves were generated (pH 4, aerated conditions) and thus, the
oxygen being the main oxidizing specie (Equation (5)). Moreover, lower salt content resulted in a lower viscosity of the medium
and consequently, higher diffusion rates of ionic species, based on the Stokes-Einstein equation,*

KT

®)

D

I 6mrn

where D; is the diffusion coefficient of ion, k is the Boltzmann constant, r; is the effective radius of ion, n is the viscosity of
solutions and T is the absolute temperature.
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Figure 4: Potentiodynamic polarization curves of Q125 steel at 175 °C as a function of the solution concentration and
acidity

Table 4: Electrochemical data of Q125 steel obtained from polarization measurements as a function of the solution
concentration and acidity

Ba BC jCOI’I’ ECOI’I’ CR
[mV/dec] | [mV/dec] | [mA/cm?] [mV] [mmiy]
SBY 38.0 201.3 0.0225 -502.3 0.26
LHD-05 113.3 1255 0.0274 -375.5 0.32
LHD-23 256.7 263.9 1.3500 -462.8 15.62

3.2.2. Exposure tests

Calculated corrosion rates after exposure of Q125 steel in the SBY and LHD-05 solutions at 175 °C are depicted in Figure 5.
Relatively low uniform corrosion rates (< 20 pm) irrespective of the salt concentration were observed. However, lower corrosion
rates were recorded in the more concentrated solution (SBY). Such finding corroborates the results obtained with the Tafel
extrapolation method.

3.3. Efect of pH on the corrosion behavior

Effect of pH on the corrosion performance of carbon steel APl Q125 was investigated in the artificial geothermal brines pH 4
(SBY) and pH 2 (LHD-23) at 175 °C. The corresponding results and the discussion are shown in the further text below.

3.3.1. Tafel extrapolation

Typical anodic and cathodic polarization curves obtained for Q125 steel in the investigated conditions are shown in Figure 4. The
corresponding electrochemical data are presented in Table 4. Similar E.,,, values suggest similar surface activity of the electrodes
irrespective of the solution acidity. However, significant shift of the polarization curves toward higher current densities was
observed in the more acidic solution (LHD-23), pointing out the higher metal dissolution rates. Same contribution of the cathodic
reaction to the overall corrosion reaction was indicated by the similar cathodic Tafel slopes (B.). The main cathodic reaction in the
LHD-23 brine was most certainly hydrogen reduction due to the acidic conditions in which the reaction took place:

2H™ +2e” - H, 9)
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Figure 5: Corrosion rate of Q125 steel during long-term exposure tests at 175 °C as a function of the solution concentration
and acidity

Similar values of the corrosion layer thickness irrespective of the solution concentration (approximately 20 pm) point out that the
lower corrosion rates in the SBY solution were probably caused by the lower diffusion coefficient of ionic species, due to the
higher solution viscosity, as already suggested. However, cross section analysis of the coupons revealed the formation of pits in the
latter conditions. This is reasonable considering the presence of chloride ions, responsible for localized corrosion.

50 pm
—_—

Figure 6: Cross sections of Q125 steel coupons exposed for 6 months at 175 °C in solution of different concentration and
acidity

Substantially high cathodic and anodic Tafel slopes (B, B,) in the latter conditions suggest that the kinetics of both cathodic and
anodic reactions were controlled by the mass transfer caused by the metal cations accumulation and/or hydrogen bubbles formation
on the electrode surface. pH decrease in LHD-23 solution clearly promoted metal dissolution considering the corrosion rates of one
order of magnitude higher than in the less acidic conditions (SBY).

3.3.3. Exposure tests

Calculated corrosion rates after exposure of Q125 steel in the SBY and LHD-05 solutions at 175 °C are depicted in Figure 5. pH
decrease caused a substantial increase in the corrosion rates of carbon steel APl Q125 during the long-term exposure tests, pointing
out the strong influence of an increased hydrogen content on the corrosion rate. Cross section analysis of the exposed coupons
showed an appreciable amount of corrosion products accumulated on the surface, resulting in the layer thickness of approximately
84 um. Considering the high corrosion rates, the layer was porous and contained a large amount of diffusion paths enabling the
migration of ionic species through it. Moreover, higher local penetration rates into the metal surface were observed, which could be
linked to the increased sulphate content in the LHD-23 solution.

4. CONCLUSION

Suitability of carbon steel AP1 Q125 as a construction material for geothermal power plants on Sibayak and Lahendong geothermal
fields in Indonesia was investigated by means of short-term electrochemical methods and long-term exposure tests. Considering the
differences in the physicochemical composition of the geothermal brines, influence of different factors (T, salt, pH) was evaluated.
The major conclusions obtained from the study are as follows:

e Increasing the temperature of the system a more stable and compact corrosion layer was formed on the steel surface
exposed to the SBY solution, resulting in a corrosion rate decrease.

e Higher corrosion rates were observed in the less concentrated solution (LHD-05) due to the higher oxygen content and
higher diffusion rates of ionic species.

e  Corrosion layer formation was retarded in the solution pH 2 (LHD-23) resulting in the higher corrosion rates.

Accordingly, carbon steel API Q125 could be suitable for application in stagnant geothermal brines with a composition similar to
SBY and LHD-05 up to 175 °C and 900 kPa due to the relatively low and within the acceptable limits corrosion rates. Its
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applicability is limited in highly acidic environments such as LHD-23 (pH 2). However, additional crevice and stress corrosion
susceptibility tests, as well as influence of the dynamic conditions on the steel performance, should be evaluated in order to obtain a
comprehensive assessment of the alloy’s applicability for the geothermal environments.
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