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Abstract: Reservoir formation waters typically contain scaling ions which can precipitate and form
mineral deposits. Such mineral deposition can be accelerated electrochemically, whereby the appli-
cation of potential between two electrodes results in oxygen reduction and water electrolysis. Both
processes change the local pH near the electrodes and affect the surface deposition of pH-sensitive
minerals. In the context of the plugging and abandonment of wells, electrochemically enhanced
deposition could offer a cost-effective alternative to the established methods that rely on setting
cement plugs. In this paper, we tested the scale electro-deposition ability of six different formation
waters from selected reservoirs along the Norwegian continental shelf using two experimental setups,
one containing CO, and one without CO,. As the electrochemical deposition of scaling minerals
relies on local pH changes near the cathode, geochemical modelling was performed to predict oversat-
uration with respect to the different mineral phases at different pH values. In a CO;-free environment,
the formation waters are mainly oversaturated with portlandite at pH > 12. When CO, was intro-
duced to the system, the formation waters were oversaturated with calcite. The presence of mineral
phases was confirmed by powder X-ray diffraction (XRD) analyses of the mineral deposits obtained
in the laboratory experiments. The geochemical-modelling results indicate several oversaturated
Mg-bearing minerals (e.g., brucite, dolomite, aragonite) in the formation waters but these, according
to XRD results, were absent in the deposits, which is likely due to the significant domination of
calcium-scaling ions in the solution. The amount of deposit was found to be proportional to the
concentration of calcium present in the formation waters. Formation waters with a high concentration
of Ca ions and a high conductivity yielded more precipitate.

Keywords: mineral scale; well plugging; electro-deposition; formation water

1. Introduction

The exploration of the Earth’s interior has been pursued by mankind for millennia:
from drilling small wells to access fresh water, to making large well structures to extract
energy. Regardless of the function of the well, the principle is the same: a well connects
the surface with the subsurface [1]. Now, wells allow us to gather scientific data from deep
inside the Earth, produce oil or gas, inject gases into reservoirs for long- or short-term
storage, extract geothermal energy and bury nuclear waste and other contaminants.

All types of wells need to be permanently plugged and abandoned (P&A) in the near
future. If not, the well acts as a channel between the surface and the underground, allowing
reservoir fluids to leak and therefore become potential threats to groundwater quality and
onshore/offshore ecosystems [2]. The P&A procedures typically involve the removal of
long sections of steel pipes, placing a number of cement plugs in the wellbore and the
restoration of annular barriers in the well [3-6]. These operations are huge cost drivers due
to the need for expensive drilling rigs and equipment [6]. In the North Sea, up to £3 billion
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each year will be spent on decommissioning activities over the upcoming years, and 50%
of these costs are associated with P&A operations [6].

The permanent plugging of a well aims to use methods and materials that can perpetu-
ally withstand downhole temperature, pressure and geochemical conditions [7]. However,
placing cement plugs inside the wellbore is often not sufficient to prevent leakage after
P&A operations since leakage can occur in the annulus outside the casing [6]. This issue be-
comes particularly relevant for older wells, where the annular cement and the outer-casing
cement may be mechanically degraded as a result of mechanical stresses imparted on the
well-construction elements during well operations (e.g., production, injection, pressure
testing etc).

In this study, a new approach towards a cheaper P&A process was investigated, with
the potential for limiting the use of rigs to remove pipes and pump cement. The concept
exploits scale formation, which is a long standing problem for many industries [8,9].
Scale formation occurs due to the precipitation of mineral compounds that are present
in water [10]. These precipitated minerals adhere to solid surfaces, causing deposits
to form. In the oil and gas industry, unwanted scale formation can clog pipelines [11],
as well as lead to equipment shutdown, and has been categorized as one of the most
costly problems [12]. Scale formation also poses a risk for geothermal wells because hot
geothermal fluids often contain large amounts of dissolved minerals [13]. Although mineral
scale is highly undesirable when a well is operative, it can be an asset in the context of P&A.
By accelerating scale formation inside and outside well pipes, scale barriers can be formed
to seal off leakage pathways.

To enhance scale formation, cathodic polarization of electroconductive surfaces can be
utilized [14]. As the precipitation and dissolution of many scaling minerals (e.g., calcium
carbonate) are affected by pH, the local pH changes near the electrodes during water elec-
trolysis can be utilized to control the scaling [15-17]. During water electrolysis, hydroxide
ions are generated at the cathode; see reaction (1) [18].

2H,0 +2e~ — Hy +20H™ )

The generation of hydroxide causes the local pH near the cathode to become alka-
line, which will accelerate the deposition of some scaling minerals, e.g., calcium carbon-
ate [16]. At the anode, the oxidation reaction occurs; see reaction (2). This causes the local
pH near the anode to be acidic [18], which may inhibit the deposition of some scaling
minerals [16,17].

2H,O — O, +4H" 4 4e~ )

Edvardsen et al. [16] showed that cathodic polarization of a graphite surface signifi-
cantly enhanced deposition of calcium carbonate. A strong correlation between the scaling
rate and potential magnitude was found, where amount of precipitate increased with
increasing polarization potential. A study on conductive epoxy/carbon nanofiber coatings
showed that scale deposition was manipulated upon polarization [17]. Scale control was in-
duced when the surface was polarized anodically, and the deposited layer was significantly
reduced compared to no and cathodic polarization.

In this paper we studied the concept of electrochemically enhanced deposition from
synthetic formation waters that are similar in composition to the Gyda, Ekofisk, Sleip-
ner, Troll, and Statfjord fields and the Smeaheia fault block. The main objective was to
(i) investigate the effect of formation-water composition on electrode scale deposition,
(ii) to study the effect of CO; on electrochemical scale precipitation and (iii) to discuss the
results in the context of P&A during CO, storage.

The work is structured as follows. In Section 2 we present the methodology of the
geochemical modelling and experimental setup. In Section 3 the modelling and laboratory
results are presented and described. In Section 4 we discuss the difference between the
modelling and experimental results, and present implications for the possible application
of mineral electro-deposition in well plugging. The conclusion is given in Section 5.
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2. Materials and Methods

Electrochemical experiments were conducted using formation-water compositions
from the Gyda, Ekofisk, Sleipner, Troll and Statfjord oil and gas fields, and the Smeaheia
fault block. The fields were chosen because of their different P&A status at the Norwegian
continental shelf (NCS). In 1990, Gyda was known as the deepest, lowest-permeability oil
field in the North Sea with high reservoir temperatures and a complex formation-water
geochemistry [19]. This field is currently under decommission. The Ekofisk field is one
of the oldest Norwegian fields still producing oil. However, Ekofisk is suffering from
high rates of sea-floor subsidence and was the epicentre of a moderate seismic event in
2001 [20]. Reservoir compaction and surface subsidence have previously led to well-casing
deformation at the Ekofisk field [21], and most probably also diminished the well integrity.
At the Sleipner field CO, storage is ongoing [22], while the Smeaheia fault block has been
under evaluation for CO; storage [23]. The Statfjord field was the largest oil discovery in
the North Sea and is reaching its end of production. From this field many geochemical
analyses have been published [24].

2.1. Geochemical Modelling

The mineral dissolution and precipitation at different pH values under laboratory
conditions were modelled using the PHREEQC (USGS, Reston, US) software applying
the wateqg4f.dat thermodynamic data file [25]. The thermodynamic data file is based
on WATEQA4F [26] and contains more elements, aqueous species and minerals than the
phreeqc.dat data file [27]. PHREEQC is a general-purpose geochemical software based on
the law of mass action and can be applied to most hydrogeochemical environments [28].

For the different formation waters with compositions given in Table 1, the initial pH
was varied, and the saturation index (SI) was modelled for different mineral phases. The
SI is defined as the ratio between the ion-activity product in non-equilibrium and the
thermodynamic solubility product. A solution is oversaturated if the SI is larger than 0,
indicating the specific mineral phase might precipitate. The solution is undersaturated if
the Sl is less than 0, and the ions necessary to build mineral phases stay in solution (e.g.,
Metoki et al.) [29]. For simulations that were run with additional CO,, the formation waters
were modelled in an equilibrium with CO, gas with a target SI of 1, to mimic the dynamic
laboratory experiments with static models.

Table 1. Compositions of the different formation waters [24,30]. The compounds (in grams) were
mixed with deionized water to make up a total of 1 L solution.

Component Gyda Smeaheia Ekofisk Sleipner Troll Statfjord
NaCl 135.17 43.95 61.63 84.39 38.97 21.35
KCl 8.54 19.92 0.35 2.18 0.54 0.29
MgCl,-6H,0O 17.67 6.13 4.24 7.39 2.99 0.47
CaCl,-2H,0O 97.24 15.63 17.75 13.41 5.69 1.78
NaHCO; 0.60 0 0.52 0.56 0.79 0.95
NaySOy 2.90 0 0.03 0.01 0.13 0.01
FeCl; 041 0 0 0 0 0
LiCl 0 0.02 0 0 0 0

The most relevant reaction equations, stability constants and enthalpies used from the
wateq4f.dat file are given in the supplementary data (Table S1).

2.2. Electrochemical Experimental Setup

The electrochemical deposition of scale was induced by applying a potential between
the working electrode (cathode) and the counter electrode (anode) (see Figure 1). A GW
Laboratory DC Power Supply (model GPS-3030) was used as a power source. A Fluke
12 Multimeter was used to measure the applied voltage. The electrodes were graphite
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hollow cylinders with a hole diameter of 4 mm, an outer diameter of 10 mm and a length
of 30 mm.

Power source

+

?

Multimeter

+ Anode

D [] @® Cathode

Figure 1. Illustration of the two-electrode experimental setup.

To control the electrode surface area in contact with the formation water, the top part
(15 mm) of the graphite electrodes was wrapped with an electrically isolating tape. The
cathode and anode were placed in the formation water (200 mL) approximately 4 cm apart
from each other, and the potential was set to 5 V. The formation water was made following
the description given in Section 2.3. Experiments were conducted at 22.3-22.6 °C and the
electrodes were polarized for 30 min. After polarization, the electrodes were washed with
deionized water to remove excess brine and to prevent excessive crystallization of the
remaining salt during the drying process. The weight of the graphite tubes was measured
before and after the samples had dried completely, with a Mettler AT250 (Mettler-Toledo
GmBH, Greifensee, Switzerland) precision weight. Photographs of the cathodes document
the visual degree of scaling. First, the six different formation waters were tested without
any add-ons (Exp1). The same experimental setup was used to test the effect of CO, on the
deposition of scaling minerals (Exp2). A CO, distributor was placed between the electrodes
and a constant flow of CO; at a rate of 1.25 mL/min was injected into the formation water
during the experiment.

2.3. Formation-Water Solutions

The formation-water compositions of the Gyda, Smeaheia, Ekofisk, Sleipner, Troll,
Sleipner and Statfjord field reservoirs are presented in Table 1. The compounds were mixed
with deionized water to make up a total of 1 L solution. The compositions of Gyda, Ekofisk,
Troll and Statfjord were calculated as averages from individual formation-water samples
reported by Warren et al. [24]. For the Smeaheia and Sleipner formation waters, only one
composition was available [30]. All formation-water compositions contained barium (Ba),
bromide (Br) and strontium (Sr) ions, except for Sleipner where no Br was present. These
were neglected in the experiments due to laboratory health and safety regulations, and
therefore also neglected in the presentation of the simulation results.

2.4. Powder X-ray Diffraction (XRD)

Powder X-ray diffraction (XRD) was used to determine the mineralogical composition
of the precipitated deposit. A Bruker D8 Advance (Bruker Scientific Instruments, Billerica,
US) (with DAVINCI design) instrument at the Material and Chemistry Department, NTNU
was used. The mineral deposits were removed from the electrode surfaces, dried, and
ground into silt-sized particles. The sample was dispersed on the surface of an Si-sample
holder using XRD transparent grease. The XRD pattern was measured between 2-55° (20)
using a Cu-Ko source (giving X-rays of wavelength 1.54 A) and a LYNXEYE_XE (Bruker
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Scientific Instruments, Billerica, US) (1D mode) detector for 45 min of exposure time.
The XRD pattern was analysed using the DIFFRAC.EVA v.5.2 software (Bruker Scientific
Instruments, Billerica, US) and the crystalline phases indicated by the pattern were defined.

3. Results
3.1. Modelling Results

Numerical simulations were run for all formation waters at laboratory conditions,
both without and with CO,. Modelling results for different mineral phases are presented in
Figures 2 and 3. Only the mineral phases that had an SI greater than zero at any pH value
are shown in the figures.
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Figure 2. Modelled saturation indices (SI) for Gyda, Smeaheia and Ekofisk formation waters at 23 °C
and 1 atm for different pH values, without (left) and with (right) additional CO,.
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Figure 3. Modelled saturation indices (SI) for Sleipner, Troll and Statfjord formation waters at 23 °C
and 1 atm for different pH values, without (left) and with (right) additional CO,. The aragonite
phase coincides with calcite.

Figures 2 and 3 show that without CO,, brucite (Mg(OH),) and portlandite (Ca(OH),)
are the main crystalline phases that precipitate at alkaline conditions for all reservoir brines
except Gyda. For the Gyda formation water, the precipitation of brucite was not predicted
by the modelling. Instead, calcite, dolomite and goethite should precipitate at alkaline
conditions. There are also several additional phases that, according to the modelling, are
expected to precipitate from Sleipner without CO,; these are huntite (Mg3;Ca(COs3)4) and
artinite (Mg»(CO3)(OH),-3H,0).

Portlandite is formed by a reaction between calcium and hydroxide ions; see
reaction (3) [31]. When adding CO, to the initial solution, an increase in the carbonate
ion concentration promotes the precipitation of calcium carbonate (CaCOs) according to
reaction (4) [16].

Ca®" +20H~ — Ca(OH), (3)

Ca?t + HCO; + OH™ — CaCOj; + H,0 (4)

This means that adding gaseous CO; to the formation water favours the precipitation
of CaCO;s (as calcite or aragonite). The same behaviour is seen for brucite (Mg(OH),),
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which is formed by a reaction between magnesium and hydroxide ions; see reaction (5).
When CO; is present and dissolves in the solution, the precipitation of magnesite (MgCO3)
is favoured; see Reaction (6) [32].

Mgt 4+ 20H~ — Mg(OH), (5)

Mg*" + HCO; + OH™ — MgCO; + H,O 6)

The free magnesium ions from the solution can also react with free calcium ions to
form dolomite (CaMg(CO3)2) and huntite (MgzCa(CO3)4); see reactions (7) and (8).

Ca®t + Mg?t + 2HCO; +20H ™~ — CaMg(CO3), + 2H,0 @)

3Mg”" + Ca®t + 4HCO; +40H ™~ — Mg,Ca(CO3), + 4H,0 (8)

The presence of a carbonate source in the Sleipner formation water leads to the
formation of artinite; see reaction (9).

2Mg*" + CO3™ +20H™ + 3H,0 — Mg, (CO;3)(OH),-3H,0 9)

3.2. Laboratory Experimental Results

The Gyda, Smeaheia, Ekofisk, Sleipner, Troll and Statfjord formation waters were
oversaturated at room temperature. The initial pH and conductivity measurements for all
formation waters prior to electrochemical testing are shown in Table 2. The pH for all the
brines ranged between 5.9 (for Gyda) and 6.9 (for Troll). The highest conductivity was also
encountered in the Gyda brine while the lowest was in Statfjord, which is in line with the
amount of the electrolyte present in the solution (Table 1) [33].

Table 2. Measured pH, conductivity and calculated current density of the different formation
waters tested.

Formation Water pH Conductivity (mS/cm) Current Density (A/cm?)
Gyda 5.9 213.0 0.2
Smeaheia 6.2 111.3 0.13
Ekofisk 6.7 107.8 0.13
Sleipner 6.6 133.1 0.10
Troll 6.9 0.001 0.05
Statfjord 6.7 0.0004 0.04

The high conductivity of Gyda, Smeaheia, Ekofisk and Sleipner formation waters
facilitate water-splitting processes via reactions (1) and (2) at the electrodes. The Troll and
Statfjord formation waters had a significantly lower conductivity due to the lower salt
content compared to Gyda, Smeaheia, Ekofisk and Sleipner (Table 1). The conductivity of
the Troll and Statfjord formation waters is in the range of distilled water [34], meaning they
will still conduct electric current, but the concentration of ions is not high enough for water
splitting to occur to any great extent [33].

Images of graphite samples after cathodic polarization at 5 V for 30 min in different
reservoir waters are presented in Figure 4 for experiments conducted without CO, (Exp1)
and with CO, supply (Exp2). The weight of the precipitated material is presented in Table 3.
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GYDA SMEAHEIA EKOFISK GYDA SMEAHEIA EKOFISK
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SLEIPNER TROLL STATFJORD SLEIPNER

-

WITHOUT CO:2 WITH CO:2

Figure 4. Images of graphite cathodes after polarization at 5 V, for 30 min in different reservoir waters
with (right) and without (left) additional CO,.

Table 3. Weight of the deposit (in grams) obtained from 200 mL of the different formation waters
without and with CO, supply.

Formation Water Wt Wtcoz
Gyda 0.17 0.18
Smeaheia 0.04 0.06
Ekofisk 0.04 0.07
Sleipner 0.05 0.06
Troll 0.02 0.02
Statfjord 0.01 0.01

The formation-water composition had a significant impact on the amount of precip-
itated deposit on the electrode surfaces. Electro-deposition from Gyda formation water
resulted in the greatest amount of mineral scale, with a thick layer all over the electrode sur-
face. This can be explained by the high conductivity of the Gyda formation water (Table 2).
Since conductivity is directly affected by salinity, formation waters with high conductivity
generate more precipitate. This is because (i) the solution conducts sufficient electricity to
facilitate water-splitting processes and (ii) the high concentration of salt contributes to fast
oversaturation and thus efficient scale precipitation upon an electrochemically induced
pH rise [33]. Electro-deposition from Smeaheia, Ekofisk and Sleipner formation waters
resulted in significantly smaller amount of precipitate compared to Gyda. The conductivity
of these formation waters was around half that of Gyda, which explains the lower amount
of precipitate. The precipitate was also distributed differently compared to Gyda, which
was also the case for Troll; most of the deposit was found on the lower part of the electrode.
The sample exposed to Statfjord had an evenly distributed mineral deposit, but due to the
low scaling ion content and conductivity of this formation water, the amount of precipitate
was rather small.

In the presence of CO,, the deposit was distributed more homogeneously on the
electrode surface compared to the experiment without CO,. It is likely that the CO; gas
contributed to a more even distribution of ions near the electrode surface. By introducing
CO; to the formation waters, most of the samples experienced an increase in the amount of
deposited mineral (Gyda, Smeaheia, Ekofisk and Sleipner). Additionally, CO; reacting with
water forms carbonate (CO3%), bicarbonate (HCOj5") and hydrogen ions, which slightly
increase the conductivity of the solution [35]. This might have contributed to the increase in
the amount of precipitate. Another reason behind the increased amount of precipitate in the
presence of CO, may be the preferential formation of heavier carbonates over hydroxides.
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The XRD data presented in Figure 5 confirm that carbonates are more abundant in the
precipitate deposited in the presence of CO,. The data for the Troll and Statfjord formation
waters did not show any significant increase in precipitate when CO, was purged through
the solution.

Smeaheia
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Figure 5. XRD patterns of material deposited at the cathode surface exposed to Gyda and Smeaheia
formation water and polarized at 5 V for 30 min. The green and red patterns refer to formation water

without and with additional CO,, respectively.

Portlandite was the main crystalline phase present in the deposits from Gyda and
Smeaheia formation waters when the solutions were not purged with CO,. When CO, was
present, the main crystalline phase was calcite, but halite was abundant in the precipitate.
Gyda and Smeaheia formation waters were only slightly undersaturated with respect to
NaCl. It is therefore likely that NaCl will precipitate due to local oversaturation that could
be caused by electrophoresis. Since the main crystalline phases present were both calcium-
bearing phases, the weight of the mineral deposit as a function of CaCl, concentration for
the different formation waters was plotted (see Figure 6).

0.2
0.18 '
.
0.16
H
— 0.14
o
% 012
-4 =
k7 0.1 o
5 0.08 if
£ 0.06 A
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0
0 0.2 0.4 0.6 0.8 1

CaCl, concentration/100 [g/L]

Figure 6. Relation between the concentration of calcium chloride in the solution (formation water)
and the total weight of precipitate from 200 mL formation water in the absence and presence of CO5.

Figure 6 compares the amount of electrochemically precipitated material (after 30 min
of polarization) at the cathode with the concentration of calcium-scaling ions present in the
solution. It is seen that the amount of precipitate is proportional to the concentration of
calcium ions. These results indicate that the factors of high significance during electrochem-
ical deposition of scale barriers are (1) the conductivity and (2) the calcium concentration of
the formation water or scaling solution.
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4. Discussion

For the electrochemical experiments, all the formation waters tested resulted in a
measurable amount of precipitate located at the cathode surface. The main mineral phase
changed from portlandite to calcium carbonate when CO; was added to the system, and
this was reflected both in the numerical simulations and in the XRD data. However,
there are two major differences between the precipitating phases suggested by numerical
simulations and the phases precipitated in the electrochemical experiments: (1) Numerical
simulations for Gyda formation water (Figure 2) indicated that goethite (FeOOH) would
precipitate at a pH above 5. The XRD results (see Figure 5) reveal no iron-bearing phases
in the scale deposit on the cathode. There are two reasons why goethite may be absent in
the precipitate at the electrode surface: (i) the pH of the Gyda formation water was 5.9 and
according to simulations goethite starts to precipitate at a pH as low as 4. This suggests that
at the initial pH of Gyda, iron could have already precipitated to a large extent, and (ii) the
amount of iron present in the solution was rather small and thus the goethite precipitate
might have been too small to be detected by XRD. (2) Another important discrepancy
between the modelling and experimental results is the presence of magnesium minerals
(brucite, magnesite and dolomite) seen in the modelling results. The XRD results did
not show any traces of magnesium-bearing minerals in the precipitate obtained from the
electro-deposition experiment of the Gyda and Smeaheia formation waters.

Lei et al. [36] studied the precipitation sequence of solids in electrochemically induced
deposition from waste waters. They concluded that all ions precipitate simultaneously and
not in a sequence. Nevertheless, the amount of deposited ions can be regulated by current
density. This provides a possibility for the selective precipitation of different compounds by
varying the current density [36]. Such a behaviour could explain the differences observed
between the laboratory results and the numerical results where the electric field effect is not
considered. The current-density effect could be a primary reason explaining the absence
of brucite, or any magnesium-bearing compound, despite the presence of magnesium
ions in the studied formation waters. It has been shown by Zeppenfeld [37] that the
rate of magnesium electro-deposition in the form of brucite is strongly dependent on
current density, whereby the deposition increases with current density. It has also been
previously shown that brucite precipitation is sensitive to the magnesium and hydroxide
concentration ratio. Small concentration ratios of Mg?* /OH ™~ were found to promote the
concentration of MgOH™* (aq.) species in the solution, which are responsible for catalysing
brucite precipitation [38]. Thus, high magnesium concentrations will counterintuitively
slow down the precipitation of brucite. In our experiments, the magnesium ion molar
concentrations ranged between 2 and 84 mM for Statfjord and Gyda brines, respectively.
The concentration of 84 mM is much higher compared to the magnesium ion concentrations
studied by Zeppenfeld (2-6 mM). It is thus likely that the high concentrations of magnesium
ions in the Gyda and Smeaheia waters caused brucite deposition to be further inhibited.
Moreover, the concentrations of calcium ions were much higher than the concentrations of
magnesium ions for all the formation waters studied here, thus the amount of potentially
precipitating brucite might have been negligible compared to the amount of portlandite or
calcite, which would put it below XRD detection limits.

Implications for Possible Application of Mineral Electro-Deposition in Well Plugging

In the context of P&A our results suggest interesting application possibilities. Tra-
ditionally, wells are sealed mechanically by placing new cement plugs and today, Port-
land cement is the most common oil/gas well plugging material [6]. It consists mainly
of portlandite (Ca(OH),) and calcium-silicate-hydrate, calcium-aluminate-hydrate and
calcium-aluminoferrite-hydrate phases [39]. Portlandite and calcium silicate hydrate are
the main cement hydration products contributing to the mechanical strength [40]. Our
modelling and XRD results suggest that in a system without CO,, portlandite is the main
mineral phase deposited from the tested formation water under the applied electric fields
(Figures 3 and 5).
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When CO, was injected to the system, portlandite was absent and instead calcite was
the primary mineral phase (Figures 3 and 5) precipitating at the electrode surface. Similar
carbonation processes are encountered in wellbore cement when exposed to CO,-saturated
brine as shown by many laboratory, modelling and field studies ([41] and references
therein). Portlandite and calcium silicate hydrates are dissolved upon carbonation and
calcite is precipitated, whereby the porosity and permeability of the material decrease [42].
The carbonation of portlandite contributes to a volume increase of >20%, which in turn
contributes to filling leakage pathways and decreasing porosity and permeability in gen-
eral [41]. Whether or not the electro-deposition of portlandite or calcium carbonate can
be utilized for well plugging will be dependent on the resulting mechanical properties,
the permeability of the electro-deposited material as well as the practicalities related to
designing tools for electrochemical well intervention.

5. Conclusions

In this paper, we showed how mineral scale deposition from different formation
waters can be enhanced upon the cathodic polarization of electroconductive surfaces. The
driving force for scale-deposition acceleration is the increase of local pH near the cathode
due to water electrolysis. The growth of the scale deposit was found to be highly dependent
on the formation-water composition. Formation waters with a high concentration of Ca
ions and a high conductivity yielded more precipitate. The amount of precipitated material
was proportional to the amount of calcium dissolved in the formation water. The electro-
deposition from Gyda formation water was most efficient due to its high concentration
of calcium-scaling ions and conductivity. Using the initial compositions of the formation
waters, portlandite was the main precipitated phase. However, when adding CO, gas to
the solutions, the main precipitated phase changed to calcite (calcium carbonate). Despite
the high concentrations of magnesium ions in the formation waters, magnesium-bearing
mineral phases were not found in the electro-deposited material.

In future work, the next conclusive step is the investigation of ionic exchange and
surface complexation between the formation water and the reservoir rock (e.g., Tetteh
et al., 2022) [43]. Furthermore, the functionality of the method must be tested in a real-case
scenario and the efficiency compared to conventional P&A methods must be evaluated.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en15020542 /s1. Table S1: Main mineral reaction equations, stability
constants (log_k) and enthalpies (delta_h) at 25 °C reported in the wateq4f.dat thermodynamic
data file.
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