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Injectivity problems have been observed in two of three Danish geothermal plants. The utilized geothermal
reservoirs comprise sandstones of Lower Triassic and Upper Triassic — Lower Jurassic. The great variations in the
formation mineralogy and the chemical composition of their brines allow for a thorough analysis of the differ-
ences in the potential risks of scaling. The key scaling processes upon injection of the cooled brines into the
reservoirs were identified and changes in the reservoir porosity assessed by hydrogeochemical modelling. Scaling

was predicted to be of importance only in one of the geothermal reservoirs, where barite precipitation in the near
field of the injection well was identified as a potential risk and could potentially alter the reservoir porosity.
Scaling induced by barite nucleation in the injection well, and precipitation and dissolution of carbonates, sil-
icates and clays in the geothermal reservoirs are all of minor importance.

1. Introduction

Geothermal energy production utilizes the thermal energy generated
and stored in the deep subsurface of the earth. In the process of
geothermal energy utilization, formation water is extracted, the heat is
exchanged from the water and the cooled formation water reinjected
into the reservoir. Injection of the cooled formation water may lead to
various clogging mechanisms in sandstone aquifers, e.g. physical, bio-
logical, chemical and air clogging, particle recombination and clay
swelling (Song et al., 2020). The most common clogging mechanisms in
geothermal plants are physical, biological and chemical cloggings that
account for 50, 15 and 10% of the clogging cases, respectively (Song
et al., 2020).

Chemical clogging is mainly induced by adverse thermochemical
reactions (Song et al., 2020). Formation water in deep sedimentary
basins usually contains large quantities of ions, even up to 400 g L!
(Bozau et al., 2015). Changed thermodynamic conditions, in particular
lowered temperature and pressure, during the geothermal energy pro-
duction reduce the solubility of most minerals and increase the risk of
scaling, corrosion of metal surfaces in contact with the fluids, and
emission of gasses (Andritsos and Karabellas, 1991; Andritsos et al.,
2002; Demir et al., 2014; Nitschke et al., 2014; Bozau et al., 2015;
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Wanner et al., 2017). In addition, precipitating minerals may incorpo-
rate naturally occurring radioactive nuclides and therefore may be a
potential hazard to health and environment (Zhu, 2003; Nitschke et al.,
2014). Some types of scaling are microbially induced precipitations
(Nitschke et al., 2014).

Scaling may take place at several locations in the geothermal system,
in the producing wells, surface facilities, reinjection lines, and the
reservoir rocks (Demir et al., 2014; Bozau et al., 2015; Wanner et al.,
2017) and may jeopardize geothermal energy production by reducing
the flow in the producer and the injectivity from the injection well to the
reservoir. Furthermore, precipitation of the solid phases in the reservoirs
reduces porosity and permeability causing injectivity challenges (White
and Mroczek, 1998; Xiao et al., 2018; Song et al., 2020). The composi-
tion of scales depends on parameters, such as formation water compo-
sition and pH, temperature and pressure in the geothermal loop,
reservoir rock mineralogy and the operating conditions, e.g., the injec-
tion rates (e.g. Bozau et al., 2015; Tonkul et al., 2021). Several types of
scaling minerals occur in geothermal plants, such as carbonates
(Andritsos et al., 2002; Demir et al., 2014; Oliveira et al., 2019), barite
(Bozau et al., 2015), silicates and clays (Andritsos et al., 2002; Smith and
Carroll, 2016), heavy metal sulfides (Andritsos et al., 2002; Demir et al.,
2014; Tonkul et al., 2021), metal hydroxides (Song et al., 2020) and
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metallic lead (Laier et al., 2015a, 2015b, 2015c¢, 2015d; Olivarius et al.,
2018).

Minerals likely to precipitate or dissolve under certain conditions can
be identified based on the saturation index (SI) defined as (Appelo and
Postma, 2005):

SI = log (?) (€8}

where: IAP is the ion activity product derived from water analysis, and K
is the thermodynamic equilibrium constant for the mineral. Theoreti-
cally, a mineral precipitates from solution if the SI is positive. Since
equilibrium constants are temperature and pressure dependant, a solu-
tion may change saturation state from subsaturated to supersaturated, or
vice versa, upon changes in temperature and pressure (Appelo and
Postma, 2005; Tonkul et al., 2021). Even if a solution is supersaturated
with a certain mineral, the precipitation of significant amounts of
minerals may depend on the reaction kinetics. Thus, the precipitation
rate may be too slow for mineral precipitation to take place in the in-
stallations of a geothermal plant (Carroll et al., 1998; Ganor et al., 2005;
Appelo and Postma, 2005; Hsu, 2006; Fritz and Noguera, 2009).
Therefore, consideration of the reaction kinetics, especially for phases
with fast precipitation and dissolution rates, is important when studying
scaling in geothermal plants (Zhen-Wu et al., 2016; Cazenave et al.,
2020). However, hydrogeochemical models for scaling do not always
include reaction kinetics (Bozau et al., 2015).

In Denmark, three geothermal plants (Margretheholm, Sgnderborg
and Thisted) have been operating to produce heat for district heating.
However, the two first mentioned have experienced injectivity problems
and occasionally stopped operation. It has been suggested that the in-
jection problems in Margretheholm are mainly caused by precipitation
of metallic lead due to galvanic corrosion (Laier, 2015a, 2015b, 2015c).
The galvanic corrosion depends on steel composition, salinity of fluid,
pH, turbulent flow etc. (Bozau et al., 2015; Ng et al., 2018). Application
of corrosion inhibitors was tested in Margretheholm, though the effect
was not thoroughly verified (Laier, pers. comm. 2019). Several causes
for the injection problems have also been proposed in Sgnderborg,
including sulphate reduction resulting in zinc- and lead-sulphide pre-
cipitates and possibly biofilm formation (Laier, 2016).

The objectives of this study are therefore to: (1) assess the risk of non-
corrosion induced scaling in the Danish geothermal plants considering
the reaction kinetics for the minerals selected based on the brine
chemistry, reservoir mineralogy and reaction rates, and (2) simulate the
effect of the long-term geothermal plant operation and scaling on the
reservoir properties. The risk of corrosion and operational problems,
such as biofilm formation etc. are not addressed further here as these
challenges cannot be predicted or addressed from the geochemical
modelling. The hydrogeochemical modelling was based on the compo-
sition of reservoir sandstone and brine chemistry that significantly differ
for the three geothermal plants, Margretheholm, Sgnderborg and This-
ted. Hence, the variations in the formation mineralogy, petrography and
in the chemical composition of the brines allow for a thorough analysis
of the differences in the potential risks of scaling.

2. Site description and methods
2.1. Site description

2.1.1. Margretheholm geothermal plant

In the Margretheholm geothermal plant, the water flows from the
production well through a bag filter, heat exchanger, membrane filter,
and to the injection well. The middle part of the screen in both the
production and the injection well, is at a depth of approximately 2570
m, at which depth the reservoir temperature and pressure are 72+3 °C
and 286 bar, respectively (Balling et al., 2019; Fuchs et al., 2020). After
cooling in the heat exchangers, the injection water temperature is
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approximately 20 °C. Reservoir modelling based on the production and
injection data indicates that the cold front extends 300 m from the in-
jection well into the reservoir (Fig. 1; Balling et al., 2019). The capacity
of the plant is 230 m® h™), but in recent years the typical production has
been 130 m® h™}, intersected by regular production stops due to the
injectivity problems.

The reservoir is in the Lower Triassic Bunter Sandstone Formation,
which was deposited in an arid climate mainly from braided streams and
aeolian activity (Clemmensen, 1985; Olsen, 1987; Olivarius and Niel-
sen, 2016). The mineralogical composition of the Bunter Sandstone
Formation from the Margretheholm area has been evaluated from cut-
tings samples by automated mineralogical quantification (Mineralscan).
The Bunter Sandstone Formation consists here mainly of quartz (57 vol
%), abundant K-feldspar (25 vol%) and albite (5 vol%,; Olivarius et al.,
2018). Rock fragments are not identified by the Mineralscan method but
are typically common in the Bunter Sandstone Formation (Weibel and
Friis, 2004; Olivarius and Nielsen, 2016). Heavy minerals are rare (< 1
vol%), and thus comparably low for the Bunter Sandstone Formation
elsewhere in Denmark. The cementing phases are mainly calcite (4 vol
%), dolomite (3 vol%) and rare clay minerals. An average porosity of
22% has been interpreted from petrophysical logs, and corresponding
permeabilities of 300 mD have been estimated from a general porosity to
permeability relationship (Vosgerau et al., 2015a; Kristensen et al.,
2016).

2.1.2. Sgnderborg geothermal plant

The Sgnderborg geothermal plant consists of a production well with
a middle part of the screen at a depth of approximately 1225 m., bag
filters, heat exchangers, membrane filters and an injection well with a
middle part of the screen at approximately 1180 m (Balling et al., 2019).
The plant is in production only in the winter season with a variable
production rate (70 m° h! to 120 m® h™!). The reservoir temperature
and pressure at a depth of 1300 m are 49+3 °C and 140 bar, respectively,
and after cooling in the heat exchangers the injection water temperature
is approximately 15 °C (Balling et al., 2019). According to the reservoir
modelling results (Balling et al., 2019) the cold front extends 150 m from
the injection well into the reservoir (Fig. 1) based on the production and
injection data.

The reservoir is in the Upper Triassic-Lower Jurassic Gassum For-
mation, which was deposited under a humid climate in paralic and
marine depositional environments (Nielsen, 2003). The Gassum For-
mation at Sgnderborg contains abundant quartz (up to 56-57 vol%),
muscovite (22 vol%), minor amounts of K-feldspar (3-4 vol%) and albite
(1-2 vol%) and rare heavy minerals (< 1 vol%). Cementing phases
comprise calcite (8-9 vol%), pyrite and anatase (< 1 vol%). Rare to
abundant kaolinite (2-18 vol%) may comprise both clay clasts and
cementing phases. The reservoir has a porosity of 28% calculated from
petrophysical logs and an estimated permeability of 2800 mD (Vosgerau
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Fig. 1. Temperature gradients in the reservoirs at Margretheholm, Sgnderborg
and Thisted in 2015, 2018 and 2013, respectively modelled by Balling et al.
(2019) and Fuchs et al. (2020). The year corresponds to the end point of the 1D
and 2D axisymmetric simulation period. The temperature data were used in the
1D simulations of inflow of the cooled brines into the geothermal reservoirs as
the REACTION TEMPERATURE term in PHREEQC ver.3.
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et al., 2015b).

2.1.3. Thisted geothermal plant

The Thisted geothermal plant was established in 1984 and is the first
geothermal plant constructed in Denmark. At the time of the data
collection for this study the plant included a production well at a 1290 m
depth, bag filters, heat exchangers, membrane filters and an injection
well at a 1240 m depth. However, recently a new injection well to 1240
m depth was drilled to assist the initial well. Reservoir temperature and
pressure at 1290 m are 43+3 °C and 140 bar, respectively, and the in-
jection water temperature is approximately 16 °C (Balling et al., 2019).
The plant is closed during the summer, from April to October and
operates the rest of the year continuously with a median production rate
of 95 m® h! and the highest production rates up to 278 m® h! in 2005.
Reservoir modelling results indicate that the cold front extends 800 m
from the injection well into the reservoir (Fig. 1; Balling et al., 2019).

The reservoir is the Upper Triassic-Lower Jurassic Gassum Forma-
tion, which was deposited under a humid climate in fluvial, lagoonal,
tidal and shoreface depositional environment in this part of the basin
(Nielsen, 2003). The Gassum Formation in the Thisted area consists of
quartz dominated (50-77 vol%) sandstones with some albite (6-18 vol
%) and K-feldspar (4-14 vol%). The major cementing phases are siderite
(up to 22 vol%), calcite (up to 4 vol%), pyrite (up to 5 vol%), kaolinite
(up to 3 vol%) and illitic clays (up to 1 vol%). The upper shoreface and
fluvial-estuarine reservoir sandstones in the Thisted-3 core have
average porosities of 31.3% (o: 3.3%) and 32.7% (c: 5.1%), respectively.
Porosity and permeability values up to 40% and 1500 mD respectively
have been documented from core plug measurements (Weibel et al.,
2017b).

2.2. Reservoir mineralogy, water sampling and analysis

Reservoir mineralogy used in the hydrogeochemical modelling was
obtained by an automated mineralogical quantification (Mineralscan) of
the cutting samples in Margretheholm (2557.5 m) and Sgnderborg
(1990.0 m), and a core from Thisted (1222.8 m). The mineral content
(Olivarius et al., 2018), corrected from porosity, is summarized in
Table 1.

In order to determine the composition of solutions used for
geochemical modelling water samples from the geothermal plants were
collected during the operation in 2017. Hot formation water samples
were collected at the well heads of the production wells, and cooled
formation water was sampled prior to the injection into the reservoir.
Sampling was facilitated through the taps mounted on the production
line. The geothermal brine was filtered through a 0.45 pm membrane
filter and split into two separate polyethylene vials. Samples for cation
analysis were preserved with 1 vol% of 7 M HNOs3 and kept refrigerated.
Sodium (Na), calcium (Ca), magnesium (Mg) and potassium (K) were
determined by ICP-MS (PerkinElmer Elan6100DRC Quadrupol) with a

Table 1
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standard deviation of 3-15% depending on the element. Silica (Si), iron
(Fe(II)) and trace elements were determined by ICP-MS (PerkinElmer
Elan 6100DRC, Elan software version 3.3) with a detection limit of
0.001-5 mg L' depending on the element. Samples for anion analysis,
chloride (CI") and sulphate (SO%’), were frozen until IC analysis (Met-
rohm IC, 819 detector, column Metrosep A sup. 5-150/4.0) with a
quantification limit of 0.05 mg L.

2.3. Geochemical model description

2.3.1. Speciation calculations

The quality of the chemical analysis was checked and the saturation
state (Eq. (1)) of the formation waters before and after cooling with
respect to relevant minerals was examined using speciation calculations
in PHREEQC ver.3 (Parkhurst and Appelo, 2013). The results of the
speciation calculations were used to distinguish the chemical processes
that are likely to take place upon cooling of the formation waters and
injection of the cooled brines into reservoirs at the geothermal plants.
Considering the high ionic strengths of the formation waters (Section
3.1), the Pitzer thermodynamic database (pitzer.dat) was used.

2.3.2. Potential precipitation and dissolution of minerals in the reservoirs

Potential dissolution and precipitation of minerals in the reservoirs
upon injection of the cooled formation water and their influence on the
reservoir porosity was assessed by two-dimensional (2D) axisymmetric
reactive transport modelling using MARTHE-PHREEQC and pitzer.dat
(Parkhurst and Appelo, 2013; Thiéry, 2015). The input data were solid
composition (Table 1), water chemistry (Table 2) and flow rate recorded
in the geothermal plants. Several minerals relevant for the geothermal
reservoirs studied (e.g. aluminium (Al) bearing minerals, Table 1) are
absent in pitzer.dat that provides more accurate results for brines with a
high ionic strength. Thus, to address these solid phases, one-dimensional
(1D) horizontal models using phreeqc.dat were constructed. Phreeqc.dat
is based on the Debye-Hiickel theory, which provides the most accurate
results for low-saline solutions. With an increasing ionic strength, the
certainty of the results decreases (Zhen-Wu et al., 2016). Thus, possible
discrepancies caused by an execution of the models using the Debye--
Hiickel theory instead of Pitzer equations were evaluated by comparison
of saturation indices for the key solid phases and activity coefficients of
the key dissolved ions calculated using both, phreeqc.dat and pitzer.dat
prior to the run of 1D transport models.

Flow of fluid through a saturated porous medium is described by
Darcy’s law (Zheng and Bennett, 2002):
Q KdH

9=~

A dL @

where q is Darcy velocity, Q is volumetric flow rate through an area (A),
K is hydraulic conductivity and dH is a hydraulic gradient along the
distance (dL). Chemical transport is governed by the advection-

Mineralogy of the reservoirs in the geothermal plants used as an input for the modelling. The mass fraction is corrected from porosity. Muscovite and chlorite origin

mainly from the mudstone inserts.

Mineral Mass fraction [%]
Margretheholm Senderborg Thisted
Calcite 3.6 5.1 0.01
Dolomite 2.8 0.02 0
Quartz 56.4 57 65.4
Assumed unreactive in the 2D axisymmetric models* Albite 6.1 0.9 17.2
Chlorite 7.2 3.9 0
Illite 0.02 0.02 0
Kaolinite 0.1 6.0 3.3
K-feldspar 229 2.1 13.2
Muscovite 0.7 22 0.7

* The solid phases assumed to be unreactive in the 2D axisymmetric models comprise Al-bearing clays and silicates that are absent in pitzer.dat and therefore cannot
precipitate or dissolve in the model. The conservative mass fraction of these minerals was however used in the estimation of the reservoir porosity.
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Table 2
Chemical composition of the brines in the geothermal plants before and after cooling.
Margretheholm Sgnderborg Thisted
Well head production well After Well head production well After Well head production well After
cooling cooling cooling
Temp ( °C) 72 20 46 16 43 16
pH 5.6 5.7 6.2 6.5 5.9 6.2
(mg L™ (mg L™ (mgL™ (mg L™ (mg L™ (mg L™
Na (£1.72%) 53,974 53,864 55,249 55,443 51,882 51,914
Ca (+2.58%) 20,505 20,483 3899 3918 6909 6881
Mg (+3.66%) 2938 2914 1101 1093 1564 1492
K (£7.05%) 636 667 219 218 248 193
Ba (+0.1 mg L) 17.2 15.6 0.8 0.7 18 17.5
Sr (+2.5mg L) 725 706 193 198 370 388
Cl (+2.13%) 133,963 132,877 97,149 96,228 98,642 98,582
SO% (£5.24%) 230 222 729 737 86 86
HCO3 30 30 60 62 45 45
Br (+2.61%) 814 879 219 222 314 317
Si (+1 mgL™) 5.6 5.7 5.7 4.6 4.7 4.9
Fe(Il) (+1.1 mg L") n.d. n.d 6 12 8 19
Mn (+0.1 mg L) 17 17 6 6 15 15
Pb (+0.04 mg L") 0.6 0.01 0.01 0.01 0.01 0
Zn (+0.1 mg L 3.7 2.6 0.14 0.5 1 0.05
dispersion equation (Zheng and Bennett, 2002): m® h! in Sgnderborg and were set at an average fixed value of 150 m®
d d Ze d h™! in Margretheholm and 95 m® h™! in Thisted geothermal plants.
d_c = _Vd_I(i D, _Cz — d_q 3) Diffusion coefficient equalled 1.5 x 1071 m? s%, Pressures in the res-
t dL t

where: ¢ is the solute concentration in water, t is time, v is pore water
flow velocity, L is distance, q is the solute concentration in the solid
phase, and Dy is hydrodynamic dispersion coefficient. The latest is
calculated from (Zheng and Bennett, 2002):

DL = De +aLv (4)

where D, is the effective diffusion coefficient and a; the dispersivity.
The coupling of the governing flow and transport equations in the
models was sequential, meaning that at each time step the velocity field
was first computed in the entire domain. Then, all dissolved substances
and heat were transported, and geochemical reactions computed in the
temperature field.

The 1D models consisted of a 1-kilometre-long horizontal column
and a cell length of 5 m. It was assumed that the column is placed at the
bottom of the injection well, perpendicular to the screen. The 1D col-
umns were flow through columns with constant flux rates at the column
ends. Flow rates were estimated from the injection rates and reservoir
porosities. Injection rates in 1D simulations varied between 70 and 130
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Fig. 2. Schematic representation of geometry applied to simulate precipitation
and  dissolution processes in the geothermal reservoirs with
MARTHE-PHREEQC.

ervoirs were set to 286 bar in Margretheholm, and 140 bar in
Sgnderborg and Thisted. Temperature gradients observed from the in-
jection wells into the reservoirs were maintained using the REAC-
TION_TEMPERATURE module in PHREEQC ver.3 (Parkhurst and
Appelo, 2013), assigning fixed temperatures along the 1D columns in
accordance with the simulated temperature profiles (Fig. 1; Balling
et al., 2019). 1D PHREEQC simulations were simplified and the heat
transport was not considered.

Geothermal reservoirs in the 2D axisymmetric models were repre-
sented by a single, homogenous layer with an injection well in the centre
of the grid (Fig. 2). The mesh was radial with X, Y, and Z coordinates
coinciding with the radius, angle, and layer of the model, respectively.
The mesh size in X direction was 2.5 cm at the injection well and
increased progressively up to 20 m with distance. The vertical model
boundaries were set as transient flow rates estimated from hourly flow
rates at the geothermal plants and reservoir porosities. Time steps in the
calculations were a function of the flow rates and ranged from 1 day at
0m>®h! to 13.3 s at 278 m® h!. The diffusion coefficient was set to 1.5
x 1071 m? 571, Top and bottom impermeable clay layers were modelled
as no flow boundaries. However, an analytical solution of thermal
conduction perpendicular to the reservoir (Vinsome and Westerveld,
1980) was assigned to these layers to simulate the heat transfer. The
analytical solution avoids the vertical discretization of the clay layers,
reduces the number of meshes in the model, and thereby the computa-
tion time. Initial temperature in the reservoirs was 72 °C at Mar-
gretheholm, 49 °C at Sgnderborg and 43 °C at Thisted. The volumetric
heat capacity of minerals equalled 2 x 10° J m™3 °C™L. Heat capacity of
water was 4185 J kg™' °C™l. Thermal conductivities of minerals and
water were set as 2.5 and 0.6 W m™! °C™}, respectively.

Both the Bunter Sandstone Formation and the Gassum Formation
show lateral and vertical variations related to depositional processes,
and the reservoir quality of the two formations varies with lithology,
mineralogy, grain size and diagenesis (Weibel et al., 2020). Therefore,
efforts in previous studies focused toward interpreting and predicting
sandstone porosity based on depositional, climatic and geochemical
models (Olivarius et al., 2018; Kristensen et al., 2016; Weibel et al.,
2017a, 2017b; Hjuler et al., 2019; Nielsen et al., 2019). At the three
geothermal plants investigated here, the production and injection wells
are completed with screens and perforations in carefully selected and
short intervals of the heterogenous formations where porous sandstones
prevail according to analysis of the available well-logs. Thus, for the 1D
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and 2D axisymmetric simulations, porosity of the selected reservoir
sections was assumed to be homogenous and equalled 20% in Mar-
gretheholm, and 30% in Sgnderborg and Thisted based on estimations
from petrophysical logs (Vosgerau et al., 2015a, 2015b; Kristensen et al.,
2016) and core plug measurements of the sandstones from the Thisted-3
core (Weibel et al., 2017b). Although there are low porosity and
permeability zones due to heterolithic bedded sediments, the main
reservoir is interpreted to be upper shoreface or fluvial-estuarine sand-
stones, which are characterized from the Thisted-3 core by having
relatively uniform porosities.

Solutions injected in 1D and 2D axisymmetric models were equili-
brated with calcite and dolomite, and aqueous solutions in the reservoirs
were equilibrated with solid phases in the reservoirs (Table 1) and
minerals for which they showed supersaturation or equilibrium state
(Section 3.1), if they were available in the database. Thus, 2D axisym-
metric models using pitzer.dat included calcite, dolomite, barite, celes-
tite, gypsum, quartz and amorphous silica. Minerals absent in pitzer.dat
were considered as unreactive phases (Table 1). This simplification
mainly concerns mineral phases that are less likely to precipitate from a
kinetic point of view (Palandri and Kharaka, 2004). 1D models using
phreeqc.dat additionally included albite, chlorite, illite, kaolinite,
K-feldspar and muscovite (Table 1). Major chemical reactions addressed
in geochemical modelling are summarized in Table 3.

Application of the kinetic expressions for all mineral phases would
require a large computational effort and could lead to the acceptance of
numerical errors (Konikow, 2010). Thus, it is recommended to keep the
transport models relatively simple and to use them to test and improve
the conceptual understanding of the system (Konikow, 2010). Therefore,
most of the solid phases were modelled in 1D and 2D axisymmetric
simulations as the equilibrium phases (Table 3). Barite precipitation is
the most likely process in the geothermal plants (Section 3.1) and was
simulated using a kinetic law based on the transition state theory (TST)
of Lasaga (1981). Applied kinetic parameters are from Zhen-Wu et al.
(2016). To estimate the reactive surface area of barite in the reservoir, a
sensitivity analysis has been carried out in the MARTHE-PHREEQC
model by increasing the surface from 1 x 10° to 5 x 10 m? g!
using the data for Margretheholm geothermal plant.

Initial amounts of the minerals present in the reservoirs per litre of
aqueous solution in 1D models and per litre of rock in 2D axisymmetric
models were calculated based on the results of Mineralscan (Table 1).
Quartz precipitation is unlikely at the geothermal plants. Quartz did not
precipitate in the geothermal reservoirs at temperatures < 350 °C and
depths shallower than 2 km (White and Mroczek, 1998), and at tem-
peratures < 100 °C amorphous silica may form (Rimstidt and Barnes,
1980; Tonkul et al., 2021). Thus, only dissolution of quartz and pre-
cipitation of amorphous silica were allowed in the model. For the
remaining phases both precipitation and dissolution could take place.

The models were run for the period 2004-2015 (10.6 years) for
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Margretheholm geothermal plant, 2013-2018 (4.6 years) for
Sgnderborg geothermal plant (full operation period at the time of the
modelling study), and 2000-2013 (12.9 years) for Thisted geothermal
plant. Production at Margretheholm significantly decreased after 2015
due to the injectivity problems, and thus this period was not included in
the simulation. Simulation time for the Thisted geothermal plant cor-
responds to the period with available flow rate data. Extension of the
simulation time in Thisted would not influence conclusions of the study,
as a significant precipitation of minerals and therefore a reduction in the
reservoir porosity were not predicted by geochemical modelling (Sec-
tion 3). Furthermore, no injectivity problems were experienced in
Thisted geothermal plant during over 30 years of the plant operation.

2.3.3. Barite nucleation in the injection well

Barite formation kinetics are fast and barite scaling can take place
already in the injection well (Bozau et al., 2015; Zhen-Wu et al., 2016).
The importance of nucleation in the scale formation in a flow through
tube was shown by Lu et al. (2020). Therefore, barite nucleation in the
injection wells was modelled in 1D using the barite nucleation code
developed in PHREEQC ver.3 (Parkhurst and Appelo, 2013) by Dider-
iksen et al.. The model is based on the extended pitzer.dat database (in
prep. Dideriksen et al., 2022) and barite kinetic rates described in
Zhen-Wu et al. (2016). It is assumed that barite is not present initially in
the system to enable the seeded growth, and the nucleation modelling is
based on the classical nucleation theory and encompasses energy bar-
riers for nucleation, which translate into nucleation rate, etc. The nuclei
then grow based on rates for crystal growth, evolving their surface area.
The classical nucleation theory represents well the process of barite
nucleation that takes place in the flowing tube (Lu et al., 2020).

The model set up by Dideriksen et al. (2022) is slightly simplified and
assumes that the barite saturation state is constant. Furthermore, the
model does not include the concept of induction time which stems from
batch experiments where two solutions are mixed to induce supersatu-
ration (He et al., 1995), as it is uncertain how this concept translates to a
flow through system like a well. The well surface in a flow through
system is for longer time spans exposed to the same type of solution. At
the surfaces, the organization of the ions or liquid-liquid separation
could take place, albeit such processes might not have taken place in the
bulk solution. Thus, it is not obvious that a straightforward translation
exists, like that proposed by He et al. (1995), where nucleation is sup-
pressed if the induction time for nucleation is longer than the residence
time of the water in a well.

Each of the injection wells was divided into 10 cells of an equal
length. The density of the sites available for barite nucleation at the
wells depended on the well diameter. The nucleation process was
simulated for one week of a cooled brine injection with rates 150, 130
and 95 m® h™! for Margretheholm, Sgnderborg, and Thisted, respec-
tively. A linear pressure gradient was assumed. The pressure equalled

Table 3
Minerals and reactions included in geochemical modelling.
Mineral Chemical equation Precipitation/Dissolution Kinetic/Equilibrium
Albite* NaAlSi3Og + 8 H,O = Na™ + Al(OH); + 3 H,SiO4 Dissolution Equilibrium
Barite BaSO, = Ba™2 + SOZ* Precipitation/Dissolution Kinetic
Calcite CaCO3 = CO3? 4 Ca™? Precipitation/Dissolution Equilibrium
Celestite SrS04 = Sr*2 4 5072 Precipitation/Dissolution Equilibrium
Chlorite* MgsAlLSiz010(0H)g + 16 HY = 5 Mg™2 + 2 A" + 3 H,Si0, + 6 H,0 Precipitation/Dissolution Equilibrium
Dolomite CaMg(CO3), = Ca*? + Mg™2 + 2 CO32 Precipitation/Dissolution Equilibrium
Gypsum CaS0,4:2H,0 = Ca*? 4 SOZ% + 2 H,0 Precipitation/Dissolution Equilibrium
1llite” Ko.6Mgo.25Al5 3Si3.5010(0H), + 11.2 Ho0 = Precipitation/Dissolution Equilibrium
0.6 K+ -+ 0.25 Mg*2 + 2.3 AI(OH); + 3.5 HySi04 + 1.2 H*
Kaolinite* Al,Sio05(0H)4 + 6 H = Hy0 + 2 HySiO4 + 2 AL+ Precipitation/Dissolution Equilibrium
K-feldspar* KAISi3Og + 8 Hy0 = K + AI(OH); + 3 Hy4SiO4 Dissolution Equilibrium
Muscovite* KAl3Siz019(OH), + 10 HY = K* + 3 AI™® + Dissolution Equilibrium
3 HySi04
Quartz SiOy + 2 Hy0 = HySi04 Dissolution Equilibrium

" Minerals included only in 1D PHREEQC simulations.
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10 bar in the first cell. A pressure of 10 to 15 bar was observed at the well
heads in the geothermal plants during the sampling in 2017. Pressure at
the well bottom was set to 286 bar in Margretheholm, and 140 bar in
Sgnderborg and Thisted. Transported solutions had the temperature and
composition of the cooled brines (Table 2).

3. Results and discussion
3.1. Chemical composition of the formation water

The formation water in the geothermal plants is very saline with
ionic strengths of 3.4-5.8 mol kgw™! (Table 2). The results of speciation
calculations using PHREEQC ver.3 indicate charge balance errors of up
to 5.2%. Charge balances up to 5% are generally accepted for dilute
samples (Appelo and Postma, 2005) and the data from the three
geothermal plants were therefore assumed to be robust considering the
high salinity of the samples. Differences in ion concentrations between
production and injection wells are either within the analytical error
(Table 2) or a result of chemical processes taking place upon brine
cooling.

Evaluation of the saturation state of the cooled formation water
revealed the risk of barite precipitation in the three geothermal plants
(Fig. 3) despite the differences in the brine chemistry (temperature, pH
and Ba®" and SO%’ concentrations), Table 2. In line with the results of
Holmslykke et al. (2019), the formation water in the reservoirs was in
equilibrium with calcite, quartz and barite, and additionally with
celestite and dolomite in Margretheholm and Sgnderborg (Fig. 3). Upon
cooling, the geothermal brine became supersaturated with respect to
barite in all investigated geothermal plants and additionally with quartz
in Sgnderborg and Thisted and calcite and dolomite in Margretheholm
(Fig. 3). Changes in Pb and Zn concentration may be caused by pre-
cipitation of metals due to galvanic corrosion in the geothermal loop
(Laier, 2015a; 2015b; 2015c). However, this process was not a subject of
our study.

The low brine temperature after heat extraction (16 to 20 °C) and
slow reaction kinetics at these temperatures were clearly unfavourable
for quartz precipitation (Rimstidt and Barnes, 1980). In contrast, the
precipitation of barite is fast even at low temperatures, and the precip-
itation rate is not significantly affected by high concentrations of
aqueous Ca, Mg and Sr (Zhen-Wu et al., 2016). Hence, barite precipi-
tation could not be excluded during cooling of the fluid through the
geothermal loops and in the cooled parts of the reservoir.

The geothermal loops are sealed from gas influx and outflux, and
therefore the system is closed and pCO; in brines is a product of
hydrogeochemical processes in the reservoirs. The brine in the Mar-
gretheholm reservoir was in equilibrium with calcite and dolomite,
while the cooled brine was supersaturated with respect to carbonates
(Fig. 3). The fluid cooling without CO; degassing increases the solubility
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Fig. 4. Saturation indices of the formation water and cooled brines calculated
with the pitzer.dat vs. phreeqc.dat.

of the carbonate minerals and prevents their precipitation (Appelo and
Postma, 2005; Wanner et al., 2017; Song et al., 2020; Tonkul et al.,
2021). Therefore, the supersaturation of carbonate minerals in the
cooled brine in Margretheholm was more likely an effect of CO5
degassing during the sampling of the cooled formation water that
resulted in an increase in pH (Table 2) and in the saturation indices with
respect to calcite and dolomite (Fig. 3). Trémosa et al. (2014) demon-
strated that calculations using the B-dot model, an extension of the
Debye-Hiickel activity model, failed in reproducing simple mineral
solubilities for NaCl salinities higher than 1 mol kgw‘1 even though the
saline waters are of NaCl type. In contrast, calculations using the Pitzer
interaction model clearly improved experimental data reproduction and
allowed mineral solubility to be captured as a function of salinity in a
relatively good manner (Trémosa et al., 2014). The ionic strength of the
brines ranged 3.4-5.8 mol kgw ! and discrepancies were observed be-
tween saturation indices and activity coefficients calculated based on
phreeqc.dat or pitzer.dat (Figs 4 and 5). Thus, pitzer.dat was used in a 2D
axisymmetric model to predict geochemical processes in the reservoir.
However, the major part of saturation indices and activity coefficients in
the formation water and cooled brines from the geothermal plants pre-
dicted using phreeqc.dat fitted well to the calculation results from pitzer.
dat (Figs. 4 and 5). Exceptions were carbonates (calcite and dolomite)
and cations (Ca, Mg, Ba, Sr) that had slightly lower SI and activity co-
efficients predicted using phreeqc.dat (Figs. 4 and 5). Therefore, phreeqc.
dat was applied in the 1D model in order to assess precipitation and
dissolution of the Al-bearing minerals and silicates in the geothermal
plants, as pitzer.dat does not include these phases. However, the results
for the 1D model have an increased uncertainty due to the application of
phreeqc.dat in modelling of brines with a high ionic strength.

a B Production (72°C, pH 5.6) | [b B Production (46°C, pH 6.2) | |C B Production (43°C, pH 5.9)
2 Alnjection (20°C, pH 6.3) 2 Alnjection (16°C, pH 6.5) 2 Alnjection (16°C, pH 6.2)
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Fig. 3. Saturation indices of the formation water and cooled brines at Margretheholm (a), Sgnderborg (b) and Thisted (c) geothermal plants calculated using

PHREEQC ver. 3 and pitzer.dat.
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Fig. 6. Amounts of barite and celestite calculated in 2D axisymmetric simulations after 10.6, 4.6 and 12.9 years for the Margretheholm, Sgnderborg and Thisted

geothermal plant, respectively.
3.2. Mineral precipitation and dissolution in the reservoir — 2D models

3.2.1. Sulphates — barite and celestite

2D axisymmetric simulations indicated barite precipitation (Fig. 6).
This mainly affected the near field of the injection wells. Barite is one of
the most common scaling minerals that precipitates over a wide range of
temperatures, pressures and hydrogeochemical conditions (Bosbach,
2002; Zhen-Wu et al., 2016; Lu et al., 2020). The results of the speciation
calculations suggested that the highest risk of barite precipitation was in
the Margretheholm geothermal plant (Fig. 3), in both, the geothermal
loop after the heat exchanger and in the reservoir. The highest barite
amount of up to 2.3 mol L™ of rock was predicted in Margretheholm
within 5 m from the injection well (Fig. 6). Thus, the barite precipitation
in Margretheholm was likely to take place immediately upon the in-
jection of the cooled brine into the reservoir, assuming that the chem-
istry of the cooled brine at the bottom of the injection well was similar to
the chemistry of the water sampled prior to the injection at the top of the
well. The precipitation of insignificant amounts of barite was also pre-
dicted in Sg¢nderborg and Thisted (Figs. 3 and 6). 2D axisymmetric
simulations indicated also celestite precipitation in the near field of the
injection wells in Margretheholm and Sgnderborg in an amount of up to
1.8 x 1072 mol L! of rock in Margretheholm (Fig. 6). Celestite was

expected to precipitate at 50-100 m from the injection well.

Bhandari et al. (2016) found that at a given temperature barite
precipitation rates increase with an increasing pressure. This indicates
that barite precipitation was likely to take place in the Margretheholm
geothermal reservoir. If the precipitation of barite took place in the
reservoir, the larger amount of barite particles was not detected in the
above ground facilities. The modelling results are confirmed by the
observations in the Margretheholm geothermal plant, where small
amounts of barite and celestite were found in the geothermal loop
(Laier, pers. com.) and injectivity problems were experienced after one
year of operation. To maintain the flow rate, the injection pressure in the
Margretheholm geothermal plant was increased by a factor of 7. The
likely explanation for the injectivity problems in the Margretheholm
reservoir is barite precipitation in the near field of the injection well, as
indicated by geochemical modelling. Barite precipitation in Mar-
gretheholm takes place despite of the higher flux rates compared to the
geothermal plants in Sgnderborg and Thisted.

Geochemical modelling of the water in the Sgnderborg and Thisted
geothermal reservoirs suggested precipitation of insignificant barite
amounts (Fig. 6), as the decrease in the brine temperature after the heat
extraction was small (Table 2). This is in line with no injectivity prob-
lems experienced in the Thisted geothermal plant during 30 years of a
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plant operation. The injectivity problems observed in Sgnderborg cannot
be explained by barite precipitation and the modelling results suggest
that other causes than chemical clogging exist.

Barite is one of the common scales in oil production (Oliveira et al.,
2019) and in geothermal plant installations (Banks et al., 2014; Bozau
et al., 2015), and celestite is often a co-occurring solid phase (Banks
et al., 2014; Nitschke et al., 2014). Ba and Sr in the brines probably
originate from diagenetic alteration of K-feldspar, thereby liberating Ba,
which substitutes for K, and anhydrite, in which small amounts of Ba and
Sr may replace Ca (Deer et al., 1985). The Bunter Sandstone Formation
is characterized by both rare anhydrite cement and common K-feldspar,
and hence in situ potential internal sources for Ba and Sr. Barite for-
mation is essentially promoted by cooling of the fluid after heat
extraction due to the decrease in the solubility of the salt with the
decreasing temperature (Bozau et al., 2015; Cazenave et al., 2020).

The surface area of pure barite used in the laboratory experiments to
determine the mineral dissolution and precipitation rates is from 10 to
0.5 m> g‘1 (Bosbach, 2002; Banks et al., 2014; Zhen-Wu et al., 2016).
However, the mineral precipitation takes place mostly only on the few
edge sites (Zhen-Wu et al., 2016) and the reactive surface area is often a
couple of orders of magnitude smaller than the total surface area (Bos-
bach, 2002; Zhu, 2003; Banks et al., 2014). Furthermore, the reactive
surface area of barite increases with an increasing supersaturation and at
the room temperature is equal to the total surface area at the SI > 380
with respect for barite (Bosbach, 2002). In the investigated geothermal
plants the SI of cooled brine with respect to barite ranged from 0.5 at
Sgnderborg to 1.2 at Margretheholm. Therefore, a reactive surface area
of 2 x 10° m? g™! considered in this study was a realistic value.

The specific surface area available for the barite precipitation used in
the 2D axisymmetric simulations was adjusted to the porosity changes
predicted in the Margretheholm reservoir. A sensitivity analysis has
been made by varying the specific surface area from 10 to 5 x 107> m?
gL, The amount of the precipitated barite and thereby the porosity
changes were very sensitive to the surface area. The reactive surface area
of 5 x 10~ m? g! clearly led to an overestimation of the precipitated
amount of barite and after 10.6 years of the water-rock interactions, the
mineral formation led to a massive clogging of the porosity in the near
field of the injection well (Fig. 7). The result disagreed with the flow
rates recorded during the operating period. The reactive surface areas of
2 x 105 and 107> m? g™ appeared to be more realistic (Fig. 7) and were
compatible with the observed flow rates. Nonetheless, the formation of
barite was almost totally inhibited considering the reactive surface area
of 10° m? g7, while the saturation index for barite was > 1. At this
saturation level the precipitation of barite takes place over a wide range
of temperatures, pressures and hydrogeochemical conditions (Zhen-Wu
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Fig. 7. Sensitivity study of the reactive surface area of barite in 2D axisym-
metric simulation for the Margretheholm and its effect on the reservoir porosity
changes after 10.6 years of the geothermal plant operation.
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et al., 2016). Therefore, a reactive surface area of 2 x 10> m? g’1 was
considered in this study.

3.2.2. Carbonates — calcite and dolomite

Results of a 2D axisymmetric MARTHE-PHREEQC model indicated a
dissolution of dolomite and precipitation of calcite in the Mar-
gretheholm reservoir and the dissolution of small amounts of calcite and
dolomite in the Sgnderborg and Thisted reservoirs as the cooling front
progressed (Fig. 8). The conversion between dolomite and ankerite,
which is approximately equivalent to the conversion between dolomite
and calcite, has been observed in low temperature batch experiments of
COq-water-basalt interaction (Gysi and Stefansson, 2012) and
iron-bearing dolomite dissolution (Debure et al., 2017). Conversions
between calcite and dolomite were especially important in the Mar-
gretheholm reservoir, where calcite and dolomite were 6.4% of the mass
fraction (Table 1). The initial amount of dolomite in the Sgnderborg
reservoir and calcite in the Thisted reservoir were 0.02% and 0.01% of
the mass fraction, respectively (Table 1). Thus, calcite and dolomite
dissolution in these reservoirs would not have a significant influence on
the reservoir structure in the near field of the injection wells.

The results of speciation calculations indicated the saturation of the
cooled brine in Margretheholm with calcite and dolomite (Fig. 3).
Calcite precipitates are found in the oil pipelines (Oliveira et al., 2019)
and in the geothermal plants (Demir et al., 2014; Wanner et al., 2017)
when a degassing of fluid takes place. Thus, a similar process could be
expected in the geothermal plants. However, as the geothermal loops
were sealed for the gas loss, the magnitude of the process was probably
overestimated by the model, as carbonate minerals have been processed
at the local equilibrium, excluding the kinetics. Furthermore, calcite or
dolomite scaling was not observed along the wells or at the well heads.

3.3. Precipitation and dissolution of Al-bearing minerals in the reservoir —
1D models

The results of the 1D reactive transport modelling indicated the
dissolution and precipitation, although of minor importance, of Al-
bearing minerals (K-feldspar, kaolinite, illite and chlorite) upon injec-
tion of the cooled formation water into the reservoirs and progression of
the cooled front. These results, however, must be interpreted with
caution, as saturation indices and activity coefficients calculated using
phreeqc.dat differ slightly from the results of calculations based on pitzer.
dat (Figs. 4 and 5).

K-feldspar altered to kaolinite and/or chlorite in the geothermal
plants. The process took place mainly in the cooled down parts of the
reservoir in Margretheholm. In the near field (up to 5 m distance) of the
injection wells in the three geothermal plants chlorite and K-feldspar
dissolved whereas kaolinite precipitated. Kaolinite is a common pre-
cipitate during hydrothermal changes in sedimentary geothermal res-
ervoirs at temperatures < 115 °C (Giorgetti et al., 2000), however, its
precipitation kinetics are slow (Devidal et al., 1997). Therefore, the
amount of precipitated kaolinite might have been overestimated by a
simulation that used an equilibrium state. Additionally, the order of
transformations was probably overestimated, as the chlorite dissolution
rate at pH 5-7 and temperatures up to 80 °C is low and of the order
1072 mol m2 s (Smith and Carroll, 2016). Ions for the formation of
kaolinite and chlorite are derived from K-feldspar and muscovite
dissolution (Giorgetti et al., 2000; Xiao et al., 2018), as modelled for the
Danish geothermal reservoirs.

Illite, was dissolved at low temperatures in Margretheholm and
Senderborg, although in small quantities, as it constituted < 1% of the
reservoir composition (Table 1). Kaolinite is transformed into illite at
approximately 200 °C (Giorgetti et al., 2000). The temperatures in the
geothermal reservoirs at the depth of the injection well did not exceed
74 °C (Fig. 1) and illite dissolution was possible. The remaining
Al-bearing minerals (albite, muscovite) were neither precipitated nor
dissolved in the reservoirs. Precipitation or dissolution of amorphous
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Fig. 8. Amounts of calcite and dolomite calculated in 2D axisymmetric simulations after 10.6, 4.6 and 12.9 years for the Margretheholm, Sgnderborg and Thisted

geothermal plant, respectively.

silica and quartz in the time periods up to 12.9 years in the Danish
geothermal reservoirs was unlikely according to the model.

The influence of the conversion between Al-bearing minerals on the
performance of the geothermal plants could be neglected, as it probably
did not significantly change the reservoir porosity. It has also been
shown that dissolution of K-feldspar and precipitation of chlorite, illite
and kaolinite improves the reservoir porosity, if the concentration of
these phases is smaller than 12, 4 and 3%, respectively (Xiao et al.,
2018). The concentration of the clay minerals in the geothermal reser-
voirs (Table 1) was below these threshold values. However, if substantial
amounts of chlorite, illite and kaolinite would precipitate, the perme-
ability might be affected (Xiao et al., 2018) and brine migration may
become a problem.

3.4. Porosity changes in the reservoir

The porosity profile simulated in MARTHE-PHREEQC for Mar-
gretheholm, Sgnderborg and Thisted geothermal reservoirs indicated
that the porosity of the reservoir might have been reduced near the in-
jection well in the Margretheholm geothermal plant, while no changes
were expected in the Sgnderborg and Thisted geothermal plants (Fig. 9).
The reduction of the reservoir porosity and permeability has been
observed due to e.g. barite precipitation (Griffiths et al., 2016) or quartz
precipitation at the greater depths (White and Mroczek, 1998). The
reduced porosity decreases the reservoir injectivity and an increase of

the injection pressure is required to maintain the constant flow rate at
the injection well, as has been observed during the operation of the
Margretheholm geothermal plant (Laier, pers. com.). The flow rate in
Margretheholm decreased from 241 m® h™! to approximately 120 m® h™!
despite an increase in the injection pressure.

Particularly precipitation of barite near the injection well in Mar-
gretheholm may be partly responsible for the reduction of the reservoir
porosity, and to a lesser degree the precipitation of celestite (Fig. 6). The
porosity of barite, celestite and calcite scales collected from the oil pipes
is up to 13% (Oliveira et al., 2019). This is significantly lower than the
porosity in the geothermal reservoirs. Furthermore, the injectivity in the
Margretheholm geothermal plant increased after acidification of the
well, although the improvement was temporal (Laier, pers. com.). The
possible reason was the increased rate of barite dissolution at the
decreased pH, as barite precipitation and dissolution rates are pH
dependant (Zhen-Wu et al., 2016). Under the regular operation of the
geothermal plant pH increased and barite might have precipitated.
Precipitation of barite in the Margretheholm reservoir cannot be
excluded as one of the reasons for the injectivity problems. Porosity
changes modelled with MARTHE-PHREEQC are a quantitative estimate
and modelled precipitation does not change a number and distribution
of pore throats available for water flow. Thus, the flow patterns are not
affected by porosity changes, although a decrease in pore water veloc-
ities takes place.

Modelling results rule out chemical clogging as the reason for the
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Fig. 9. Porosity profile calculated after 10.6 years of production in the Margretheholm geothermal reservoir, after 4.6 years of production in the Sgnderborg
geothermal reservoir and after 12.9 years of production in the Thisted geothermal reservoir.
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injectivity problems observed in the Sg¢nderborg geothermal plant,
where at the constant injection pressure the flow rate decreased from
approximately 170 m®h™! to 70 m® h™!. Physical and biological clogging
have been identified as common problems at geothermal plants (Song
et al., 2020) and may also take place in Sgnderborg; however, further
investigations are needed to evaluate if this is likely or if the injection
problems are related to technical issues.

Transformations between calcite and dolomite (Fig. 8) and Al-
bearing minerals did not significantly increase the volume of the min-
erals in the geothermal reservoirs, and therefore contributed to the
porosity changes to a negligible degree. Transformations between
calcite and dolomite do not have an important influence on the reservoir
porosity and performance of the geothermal plants as also seen for oil
reservoirs (Rodriguez-Morillas et al., 2013). Replacement of K-feldspar
with chlorite, illite and kaolinite may increase the reservoir porosity
(Xiao et al., 2018), but probably reduce the permeability.

3.5. Barite nucleation in the injection well

Modelling of the injection of cooled formation water into the reser-
voirs indicated that barite may precipitate near the injection wells,
particularly in the Margretheholm geothermal plant. Therefore, the
possibility of barite nucleation in the injection wells was investigated, as
the mineral is often found in the oil pipes (Oliveira et al., 2019) and in
geothermal heat exchangers (Cazenave et al., 2020).

Barite nucleation was possible in the injection well in Mar-
gretheholm geothermal plant and appeared to be unlikely in the injec-
tion wells in Sgnderborg and Thisted geothermal plants (Fig. 10). The
barite nucleation rate depends on several parameters such as the for-
mation water composition, temperature, pressure, barite saturation
index, ionic strength of the solution and the surface area on which the
mineral grows (Lu et al., 2020; in prep. Dideriksen et al.). The modelling
indicated that even though the temperature of the cooled brines fav-
oured barite formation, the nucleation could be expected only for SI > 1.
Zhen-Wu et al. (2016) found that the equilibrium state for barite is at the
saturation index of 1 for a wide range of physical parameters and
hydrogeochemical properties. The results of flowing tube experiments
by Lu et al. (2020) also indicated the significance of supersaturation for
deposition kinetics of barite. SI for barite in the Margretheholm
geothermal plant was 1.2 at 20 °C, while in Sgnderborg and Thisted it
equalled 0.5 (16 °C) and 0.8 (16 °C), respectively (Fig. 3). Although
barite nucleation in the Margretheholm injection well was likely, the SI
of the cooled brine for barite was close to the equilibrium state, and
according to the modelling results only a small amount of barite formed
in the uppermost part of the well (Fig. 10), as the barite deposition rate
decreases along the tubing (Lu et al., 2020). Including induction time in
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Fig. 10. Barite nucleation at the injection wells. The x-axis indicates the ex-
pected thickness of a barite layer precipitated within one week of the
geothermal plant operation.
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the calculations, would further decrease the predicted amount of barite
(He et al., 1995).

The calculated barite quantities nucleated in the Margretheholm
geothermal plant were small. The simulated weekly maximal growth of
barite crystals equalled 8.64 x 107! m (Fig. 10). This gave an annual
growth of 2 x 1071° m, considering only the operation months. Caze-
nave et al. (2020) simulated a theoretical annual barite growth in the
heat exchanger of 3 x 10° m. Turbulence in the flow caused by ob-
stacles is considered as one of the most important parameters in barite
scale formation (Sutherland et al., 2013). A small amount of barite and
celestite scaling in the pipes in the Margretheholm geothermal plant was
found near taps (Laier, pers. com.), which fits with the modelled low
volumes of barite precipitated and the influence of turbulence. The
modelling results also indicated that the nucleation of barite in Mar-
gretheholm geothermal plant was a fast process that might have taken
place immediately after cooling of the formation water in the heat
exchanger. However, the amount of barite would have no impact on the
injection well. Barite scaling in the Margretheholm geothermal loop has
previously been ruled out as a significant process (Laier, 2002), and it
has been suggested that the injection problems in Margretheholm may
be caused by the precipitation of metallic lead due to galvanic corrosion
(Laier, 2015a; T. 2015b; 2015c). Furthermore, (in prep. Dideriksen
et al.) developed the barite nucleation model for the oil wells. Thus,
there is an uncertainty in the nucleation rates, as the nucleation model
was not tested before in the geothermal plants.

4. Conclusions

Barite precipitation in the reservoirs may be a major challenge in the
functioning of some of the Danish geothermal plants and the risk may
need to be considered and mitigated, as shown by the modelling results.
Precipitation and dissolution of carbonates, Al-bearing and clay min-
erals are considered to be of minor importance in the geothermal plants.

Precipitation of barite, a common scale in geothermal plants (e.g.
Banks et al., 2014; Bozau et al., 2015; Cazenave et al., 2020), may be
partly responsible for a reduction of the porosity in the reservoir and
thus the injection problems in the Margretheholm geothermal plant. Due
to the fast kinetics of the barite formation, nucleation of the mineral can
be expected in the injection well, although the amount of barite formed
is small. Injectivity problems in the Sgnderborg geothermal plant could
not be explained by chemical clogging due to scaling and are rather an
effect of technical problems or physical or biochemical clogging.

Chemical clogging and porosity reduction are not a risk in Thisted,
the oldest geothermal plant in Denmark that has been running without
problems since 1984. It is an advantage from an energy, climate and
economical perspective.

The results of the hydrogeochemical modelling emphasise the need
for a thorough understanding of the reservoir mineralogy and the
chemical composition of the geothermal brine. Such detailed data can be
utilized for geochemical modelling that investigates if problems may
arise over time in the geothermal loop. The modelling results may also
suggest efforts that can mitigate potential problems. In this way a sus-
tainable exploitation of geothermal energy can be ensured.
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