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PERFORM is one of nine projects under the GEOTHERMICA — ERA NET The
GEO : overarching target of PERFORM is to improve geothermal system

performance, lower operational expenses and extend the life-time of

infrastructure by the concept of combining data collection, predictive modelling,
innovative technology development and in-situ validation. The improvement of geothermal site
performance from the proposed work is expected to result in an increase of the energy output by 10
to 50%. In order to reach this goal PERFORM will establish a single and shared knowledge database,
build predictive models and demonstrate new and improved, cost-effective technologies which will
reduce or even eliminate flow-obstructive scaling, clogging, and resistance to fluid (re-)injection at
eight geothermal sites across Europe.

K % The GEOTHERMICA is supported by the European Union’s HORIZON 2020
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About PERFORM

Despite years of experience with geothermal systems, the geothermal sector still faces a significant
number of underperforming doublets, posing a strong limitation on a region’s growth of geothermal
energy utilization. A key operational challenge in geothermal energy production is restricted flow.
Major obstacles for geothermal flow are scaling (mineral deposition), clogging (solid micro-particle
deposition), corrosion and inefficient injection strategies. These issues result in high and mostly
unforeseen costs for workovers, and additionally reduce production. In order to overcome these
challenges, the consolidation and sharing of knowledge, including validated strategies for prevention
and mitigation needs to be in place.

Therefore, a consortium consisting of De Nationale Geologiske Undersggelser for Danmark og
Grgnland (GEUS) and FORCE Technology (FT) from Denmark, Helmholtz Centre Potsdam German
Research Centre for Geosciences (GFZ) and Hydroisotop GmbH from Germany and Ammerlaan
Geothermie B.V., Greenwell Westland B.V., Wageningen Food & Biobased Research and ECN part
of TNO from the Netherlands proposed a GEOTHERMICA project PERFORM, which has been
granted. The overarching target of PERFORM is to improve geothermal system performance, lower
operational expenses and extend the life-time of infrastructure by the concept of combining data
collection, predictive modelling, innovative technology development and in-situ validation. The
improvement of geothermal site performance from the proposed work is expected to result in an
increase of the energy output by 10 to 50%. In order to reach this goal, PERFORM will establish a
single and shared knowledge database, build predictive models and demonstrate new and improved,
cost-effective technologies at geothermal sites across Europe.

Based on experiences from geothermal sites within the EU, PERFORM will establish a knowledge
database containing information on operational, chemical and physical aspects of geothermal
energy production. The database enables sharing experiences from geothermal doublets located in
various countries and comparing the performance of different geothermal reservoirs.

PERFORM builds predictive models that allow for pinpointing the most likely sources and causes of
failure, as well as the best options for injectivity improvement. The integrated models will provide
forecasting for scaling, productivity, and injectivity on short- and long- time scales, supporting early
warning and planning of mitigation measures. Coupled thermo-hydro-mechanical-chemical
simulators will allow for evaluation of injection temperature that apart for increasing flow will also
increase the energy output.

Data and knowledge gathering, and technology demonstration is planned for geothermal sites across
Europe. Demonstration of new and improved, cost-effective technologies will allow for the reduction
or even elimination of flow-obstructive scaling, clogging, and resistance to fluid (re-)injection. The
technologies include low-cost cation extraction filters, self-cleaning particle removal appliances, H2S
removal technology and soft-stimulating injection procedures (thermal and COz-injection). The goal
is to provide a set of new and improved, low-cost and environmentally friendly technology
alternatives.

PERFORM integrates the knowledge database, predictive modelling and advanced technologies
into a design and operation toolbox, which will be tied to economical calculations. The toolbox will
enable stakeholders and specifically geothermal operators to plan future operations, mitigate
existing obstructions, and optimize production/injection procedures, thus ensuring maximum energy
production when needed.

This project has been subsidized through the ERANET Cofound GEOTHERMICA (Project no.
731117), from the European Commission, Topsector Energy subsidy from the Ministry of Economic
Affairs of the Netherlands, Federal Ministry for Economic Affairs and Energy of Germany and EUDP.
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The performance of PHREEQC databases for modelling the
solubility of CO,, N2, CO.-N, mixture, calcite and barite at elevated
temperatures, pressures and electrolyte concentrations

Knud Dideriksen'*, Hanne Dahl Holmslykke', Bi Yun Zhen-Wu? and Claus Kjaller"

'Geological Survey of Denmark & Greenland (GEUS), @ster Voldgade 10, 1350 Copenhagen K,
Denmark. *Corresponding author; kdi@geus.dk
2Currently, no professional affiliation

Summary

Modelling of geochemical reactions in the deeper subsurface provides valuable insight into the
state and dynamics of a system where processes are complicated to observe. In addition, it allows
prediction of the outcome of interventions, such as geothermal exploitation or CO: injection. The
degree to which the modelling portrays reality depends in part on the ability of the thermodynamic
data to describe solubility of gasses and solids accurately. For most modelling software, the
thermodynamic data is typically compiled in databases, which have been tested to some extent.
However, the true capabilities of the databases are most often not well defined. This study tests
the performance if 13 PHREEQC databases, benchmarking them against an empirical dataset with
3147 measurements of the solubility of COxz(q), N2, CO2g) - N2y mixtures, calcite, and barite at
variable temperature, pressure and electrolyte concentration. Our work shows that the databases
employing the Peng-Robinson equation of state and molar volume changes of reaction are
generally capable of correctly describing experimental values of solubility at higher pressure.
Databases relying on the Pitzer approach for description of activity coefficients often provide
reasonably accurate calculations of solubility at an extended range of electrolyte concentrations.
For many databases, however, calculations substantially deviate from measured values at
conditions at which they are expected to perform adequately. Identifying these anomalies requires
tests such as the one given here. Our approach allows selection of databases based on the
objective criterium that calculations should match empirical data at or near the modelled conditions
as closely as possible. We exemplify the use of our results for database selection for the simulation
of calcite scaling in a model geothermal well. To enable users and developers of databases to
perform tests of performance themselves, the supplementary information contains experimental
data and the input files required for calculations.
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1. Introduction

Utilisation of the subsurface for CO, storage and production of geothermal energy has become
increasingly attractive to decrease CO; emissions to the atmosphere. Geothermal operations rely
on extraction of hot water or steam from the deeper portions of the earth. Depending on the
geological settings, the temperature and composition of the waters vary. For high temperature
systems, waters rich in dissolved silica can precipitate amorphous silica upon cooling and the
degassing occurring as a result of steam generation, can results in carbonate formation. In lower
temperature, continental settings, the salinity is often high and the waters can contain constituents
that can precipitate as scales when the brine cools or becomes depressurized. Scale forming solids
include silica, carbonates and sulphates such as calcite and barite (e.g., Gallup, 2009; Regenspurg
et al., 2015; Wanner et al., 2017). If the amount of scale that forms is high or situated in constricted
portions of the well, such as well screens, they can significantly decrease the rate at which the
geothermal waters can be produced and injected.

CO- sequestration in siliciclastic saline aquifers often target formations similar to those useable for
low temperature geothermal operations, i.e., sediments of high porosity and permeability subject to
a pressure that allows the CO; to exist as a dense phase. In such operations, CO: is often intended
to be injected as a liquid or supercritical fluid, which displaces the brine to some extent. Upon
injection, CO2 will dissolve in water to a degree that is dictated by the CO; distribution, reaction
kinetics, temperature, pressure and solution composition and gas composition. Once dissolved, the
CO; is no longer buoyant. This is called solubility trapping and increases the safety of the CO-
storage. The dissolution of the CO, and the impurities therein cause the pH to decrease (e.g.,
Spycher et al., 2019). In response to the acidification, many rock forming minerals will dissolve. This
process can release cations and increase pH and, with sufficient time, cause the formation of
carbonate minerals, such as calcite, siderite and magnesite (e.g., IPCC 2005). This immobilisation
of the CO2 has been termed mineral trapping and it improves storage safety further.

Clearly, geochemical reactions may importantly affect the outcome of both geothermal operation and
CO; sequestration in saline aquifers. Accurate prediction of the formation of scale can be critical to
the viability of a geothermal plant (Gallup, 2009) and correct forecast of the temporal evolution of
CO; trapping mechanisms allow us to assess the long term storage safety. Consequently,
geochemical modelling codes have been widely applied to these fields (e.g., Dobson et al., 2004;
Gaus et al., 2005; Audigane et al., 2007; Wanner et al., 2017; Spycher et al., 2019).

PHREEQC is one of the most used programs for geochemical calculations. It is a versatile software
for geochemical calculations developed by the United States Geological Survey (Parkhurst and
Appelo, 2013). The program is freely available and continuously improved (updates described at:
https://water.usgs.gov/water-
resources/software/PHREEQC/STATUS%200F%20PHREEQC%20PROGRAMS.pdf). Capabilities
include modelling of the equilibrium distribution of aqueous species, equilibria between solution and
gas or solids, solid solution, surface complexation, ion exchange, reaction kinetics, and isotope
equilibria. In addition, it can conduct inverse modelling and simpler 1D reactive transport. It forms
the geochemical engine in a range of reactive transport programs, such as HPx, PHAST and PHT3D
(éiml‘mek et al., 2012; Charlton and Parkhurst, 2013; Prommer and Post, 2010). For geothermal
operations and CO. sequestration, examples of geochemical modelling include descriptions of
corrosion effects (Bozau et al., 2015), scaling (Bozau et al., 2015; Regenspurg et al., 2015; Akin and
Kargi, 2019), geochemical changes occurring upon well stimulation (Lee and Chung, 2020), mineral
trapping (Soong et al., 2004), and the impact of CO; on clay caprock (Gaus et al., 2005).

To model the reactions, the geochemical software typically relies on thermodynamic databases that
have been compiled based on a large number of studies of the behaviour of aqueous species,
gasses and solids. Although these databases have often been tested to some extent by their makers,
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the complete picture of their performance at the relevant conditions of a system often remain
unknown.

A range of databases exists for PHREEQC, some of which have been subject to tests for modelling
of geothermal operation and CO, sequestration. The tests of the database performance have either
1) compared values calculated with the databases with other calculated values using different
modelling software and/or the Duan and Li (2008) model (Dethlefsen et al., 2011; Haase et al., 2013);
or 2) compared calculated values with results of a smaller number of key experimental work
(Horbrand et al., 2018). The results of the tests allowed authors to identify database specific
variations in the amount of CO- trapped in solution and solid, to suggest the databases resulting in
best agreement with values expected from the Duan and Li (2008) model, and to identify specific
shortcomings in certain databases.

In this work, we have taken a different approach. We aim to evaluate how well the PHREEQC
databases perform at conditions relevant to geothermal operation and CO; sequestration based on
agreement between calculations and empirical data. To do so, the specific purpose of the work has
been: 1) to assemble a large dataset of the experimentally determined solubility of CO2, N2, CO2-N2
mixtures, calcite and barite at a range of temperatures, pressures, electrolyte solutions and
concentrations (set contains 3147 datapoints); 2) to perform PHREEQC simulations at the conditions
reported for each experiment to determine the discrepancy between calculations and measurement;
3) to make available the empirical dataset, the input files and the calculated results so that
PHREEQC users can test the performance of modified or new database; and 4) to exemplify how
our results provide a rational basis for selection of database for the modelling of an analogue
geothermal system.
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2. Background

In our testing of the database performance, we have included four phases: COx(q), calcite, barite and
N2). CO2g) and calcite are both part of the carbonate system. COy dissolves in water to produce
aqueous CO; (CO2uq) and carbonic acid (H2.CO3). For speciation calculations, these two species
are often grouped into a single species, H.CO3*, so that the COq dissolution reaction becomes:
COz(g) + H20 = HzCO; ’ KH (1)

governed by the equilibrium constant, Ky. Ho.COs* deprotonates to form bicarbonate and carbonate
to an extent that depends on pH and the equilibrium constants K; and Ko:

HZCO§ = HCO3 + H* K1(carbonate) (2)

HCO’E = Cog_ + H+ K2(carbonate)- (3)

Finally, calcite dissolves via the reaction:

CaCO; = Ca?t + CO%‘ KSP(caIcite), (4)

having the solubility product, Ksp(caicite). In addition to these reactions, HCOz  and COs? form ion pairs
with many cations for example Na* and Ca?*, the stability of which is subject to ongoing research
(see Bychkov et al., 2020 for a recent example). Thus, the reactions and constants required for
modelling the carbonate equilibrium system have not been universally agreed upon. Note that the
above equations can be recast by combination. Thus, some databases describe the calcite solubility
reaction as:

CaCO; + H* = Ca?* + HCO3 K'sp(cacite) (5)

For this equation, the solubility product is K'sp(aicite) = Kspcatcite) | K2(carbonate)-

The barite equilibrium system is somewhat less complex, given that it does not feature a gas phase
in the pH range of interest. Barite dissolves via the reaction:

BaSO, = Ba?* + S0%~ Ksp(barite) (6)

At low pH, the sulphate species can undergo protonation, its equilibrium reaction described by:

HSO; = H* + S0%~ Ka(suphate) (7)

Similar to the carbonate system, the Ba?* and SO4* ions can form ion pairs with other cations and
anions, complicating correct description of the system.

Finally, N2 gas dissolves in water to give aqueous N2, Na(aq)

2.1 Methods used in PHREEQC calculations

Detailed description of the PHREEQC methods is documented in the user manual (Parkhurst and
Appelo, 2013) and several additional publications (e.g., Plummer et al., 1988 for the way Pitzer
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calculations are performed; Appelo et al., 2014 for recent update to the software). Here, we shall
give a brief overview and refer the reader to the supplementary information (Sl), Appendix 1, for the
more complex equations used by PHREEQC for calculations of activity coeffients as well as the
references provided therein.

2.1.1 Activity coeffients

Equilibrium calculations are based on reaction constants for infinite dilution, which are corrected for
the effect of solution composition via calculation of activities for individual aqueous species:

a; =Cvi, (8)

with a; referring to the activity of species i; C;, to its concentration; and g, to its activity coefficient.
Thus, for a reaction at equilibrium involving the ions x and y with the charge tz:

xy = x*t + y?7, (9)
the concentrations are related to the equilibrium constant (K) of the reaction by:

a_z+ a,z— Cz+'yz+CZ—CZ—
K= Lt G G G (10)

Axy Cxy Yxy

For pure solid phases, unit activity is assumed, i.e., ax, and the term Cy,, y,, would be 1 if xy is a
pure solid.

In PHREEQC, the value of activity coefficients at different conditions can be calculated in several
manners, which extend the Debye-Huckel theory to variable degree. These methods employ either
the Davis, the Truesdell-Jones (Truesdell and Jones, 1974), and the B-dot equations (Daveler and
Wolery, 1992). They relate the activity of charged species to the ionic strength, |, which is given by:

I =O-SZiCiZi2- (11)

The three equations for calculating the value of activity coefficients are somewhat differently
parameterized. The Davis equation contains a single pressure and temperature dependent
parameter, whereas the Truesdell-Jones and B-dot equations contain three pressure and
temperature dependent parameters as well as a single static parameter. Thus, the methods enable
calculations of activity coefficients at temperatures (T) and pressures (P) different from 25 °C and 1
atmosphere (atm). For uncharged species, the activity is calculated using the relationship log y; =
0.1 I for the Davis and the Truesdell-Jones methods, whereas the activity of uncharged species for
the B-dot method can be calculated based on a polynomial with temperature dependence derived
for CO, by Drummond (1981).

PHREEQC can also use the Pitzer approach and the Specific ion Interaction Theory for calculation
of activity coefficients. Both methods are aimed at correctly describing activity coefficients at higher
electrolyte concentrations. To enable this, they extend the Debye-Hiickel based description of
activities as a function of ionic strength to also include interactions between specific aqueous species.
For the Specific ion Interaction Theory, only binary interactions between cations and anions are
considered (i.e., Na® and CI'), whereas the Pitzer approach can encompass binary and ternary
interactions between similar or dissimilar charged ions as well uncharged species (i.e., Na* and CI,
ClI and SO4*, Na* and CO,, as well as CO,, Na* and SO4%). For both approaches, equations to
describe the specific interactions are cast as polynomials as a function of temperature, which contain
up to six parameters. This can result in a very large parameter sets. For the Pitzer approach, ion pair
formation can be explicitly formulated (i.e., with a reaction equation and a stability constant) or it may
be implicitly incorporated in the ion interaction parameters.
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2.1.2 Fugacity coefficients

For gasses, some databases rely on calculations that assume ideal gas behaviour (i.e., unity fugacity
coefficient). For other databases, fugacity coefficients are calculated with the Peng-Robinson
equation of state, which is detailed in Appelo et al. (2014) and Parkhurst and Appelo (2013). For this
manner of calculations, the fugacity, ¢, is given by:

Ing = (PVm _ 1) —mn (P(Vm—b)) n aa In (Vm+2.414b), (12)

RT (k) RT (k) 2.828 b RT (i) Vin—0.414b

where P refers to pressure in atm; R, to the gas constant (82.06 atm cm?® mol”' K'), Vp,, to the molar
volume of the gas, b, the minimal volume of the gas, a, an attraction factor, a, a function of the gas
acentricity, o, temperature (in kelvin, T)) and the critical temperature of the gas, T.:

2
o= (1 + (037464 + 1.542260 — 0.26992w?) (1 - %)) . (13)

For gas mixtures, the parameters a, b, and a are summed according to equations provided in Appelo
et al. (2014) and Parkhurst and Appelo (2013).

2.1.3 Temperature and pressure dependence of equilibrium constants
The equilibrium constants in PHREEQC can be assigned temperature dependence in two manners.
It can be described by an analytical expression:

logK = Ay + ApTy + = + AglogTy + ==
(K) (

T T AsTiy? (14)
Where parameters As to As can be given in the database. In the absence of this entry, PHREEQC
uses the Van't Hoff equation, provided that the enthalpy of reaction, DH;, is given.

Equilibrium constants for the solubility of solids can be corrected for the effect of pressure based on
the equation (Parkhurst and Appelo, 2013; Appelo et al., 2014):

AV,
logK = logKp=1 — m(f’ - 1), (15)

where logKp-1refers to the equilibrium constant at a given temperature and a pressure of 1 atm and
DV,, to the molar volume change of reaction. The molar volume of solids is considered unaffected
by pressure, whereas the molar volume of a solution species can be calculated with a set of
equations that combine the method used by SUPCRT92 to calculated molar volumes at infinite
dilution (Johnson et al., 1992) and methods inspired by Redlich and Meyer (1964) to extend the
value to the ionic strength of interest. For the equations used in this procedure, we refer to Parkhurst
and Appelo (2013) and Appelo et al. (2014). In addition to this type of correction for pressure, some
databases may have calibrated their temperature dependence to reflect the pressure expected for
the water-vapour equilibrium.
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2.2 Databases for PHREEQC

PHREEQC is distributed with a range of databases and additional databases for the program exists
in the open literature or can be obtained from the makers. These databases have been designed for
different purposes. Hence, they contain a variable number of solution master species (elements,
redox states of elements, and compounds), aqueous species and phases. Importantly, they differ in
the methods available in PHREEQC for calculation of the equilibrium state of systems. We have
selected 13 databases for our calculations. An overview of the methods used by the databases in
the calculations of activity coefficients, fugacity coefficients, and pressure and temperature
dependence of equilibrium constants are given in Table 1. Some of the databases have been
specifically designed for modelling of geochemical systems with higher I, T, and P while originally
the software and associated databases where developed for describing low |, T, P systems. Other
databases are used very widely across a range of conditions. Finally, some databases have been
selected to probe how variation in calculation methods affect results (i.e., the Davis equation for
determination of activity coefficients, use of unity fugacity coefficients, or lack of pressure
dependence in reaction constants).

Table 1. Overview of the methods used by the database to calculate activity, fugacity and temperature and pressure
dependence of equilibrium constants.

Database

Activity

coefficients of ions

Aqueous activity of neutral
species

Fugacity
coefficients

Temperature
dependence of
constants

Pressure
dependence of
constants

Pitzer - Appelo
2015

PHREEQC

Geodat

Quintessa

v3.1.7 Pitzer

carbfix

1Inl

Thermoddem

Thermochimie
eDH

Thermochimie
SIT

Thermochimie
Davis

wateq4f

Minteq

Pitzer approach

Truesdell-Jones or

Davis equations

Pitzer approach

Pitzer approach

Pitzer approach

B-dot equation

B-dot equation

B-dot equation

B-dot equation

Specific ion

Interaction Theory

Davis equation

Truesdell-Jones or

Davis equations

Truesdell-Jones or

Davis equations

Pitzer approach, T
dependence

logy=0.1 *1

Pitzer approach, T
dependence

Pitzer approach, T
dependence

Pitzer approach, T
dependence

Drummond (1981)
polynomial for CO,, O, and
H,. T dependence
Drummond (1981)
polynomial for CO,, O, and
H,. T dependence
Drummond (1981)
polynomial for CO,, O, and
H,. T dependence

logy=0.1 *1

logy=0.1*1

logy=0.1*1

Peng-Robinson
equation of state

Peng-Robinson
equation of state

Peng-Robinson
equation of state

Ideal gas law

Peng-Robinson
equation of state

Peng-Robinson
equation of state

Ideal gas law

Ideal gas law

Ideal gas law

Ideal gas law

Ideal gas law

Ideal gas law

Ideal gas law

Van't Hoff equation or
analytical expression

Van't Hoff equation or
analytical expression

Van't Hoff equation or
analytical expression

Van't Hoff equation or
analytical expression

Van't Hoff equation or
analytical expression

Van't Hoff equation or
analytical expression

Van't Hoff equation or
analytical expression

Van't Hoff equation or
analytical expression

Van't Hoff equation or
analytical expression

Van't Hoff equation or
analytical expression

Van't Hoff equation or
analytical expression

Van't Hoff equation or
analytical expression

Van't Hoff equation or
analytical expression

Molar volumes.
Function of I, P, T

Molar volumes.
Function of I, P, T

Molar volumes.
Function of I, P, T

Molar volumes.
Function of I, P, T

Molar volumes.
Function of I, P, T
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The Appelo (2015) Pitzer database is distributed with later versions of the PHREEQC code as
pitzer.dat and has replaced earlier versions of the pitzer database. The database was developed to
increase the accuracy of PHREEQC calculations at higher T, P and | and it is documented in Appelo
(2015). The database features a relatively small number of solution master species, 28. Most notably,
Al is absent which means that calculations cannot readily be performed for aluminosilicates.

The native PHREEQC database stems from the database for the PHREEQC predecessor,
PHREEQE (Parkhurst et al., 1980). The database contains 50 solution master species, including Al
and Fe(lll).

Geodat is a Pitzer database developed to describe the geothermal waters at Grol3 Schonebeck
(Moog and Cannepin, 2014). It contains 30 solution master species, including Al, Fe(lll), Ra and Pb.

The Quintessa database was originally developed for the Yucca Mountain project to store radioactive
waste, where it was intended for prediction of processes occurring after closure of the repository. It
was designed for use with the EQ3/6 geochemical software and the version used here was translated
in format by Quintessa (Benbow et al., 2008). The Quintessa database contains 45 solution master
species, including Al and several radionuclides, e.g., Tc, Pu, Np, U, and Am.

In addition to the Appelo (2015) database, we have also included an earlier version of the Pitzer
database distributed with PHREEQC. We will refer to this database as the v3.1.7 Pitzer database,
referring to the version of PHREEQC it was distributed with. This database is based on work by
Plummer et al. (1988). It contains 27 solution master species, lacking Si compared to the later Appelo
(2015) version.

The carbfix database was developed by Voigt et al. (2018) for modelling of mineral carbonation. It is
based on the core10 database (Neveu et al., 2017) and it contains 83 master species, including Al,
Fe(lll) and several redox states of S, Mn and CI.

The /Inl database was derived from the Geochemist's Workbench database thermo.com.V8.R6.230
developed by Jim Johnson, Lawrence Livermore National Laboratory. The database is substantial
in size, featuring 225 solution master species.

The thermoddem database was developed by Blanc et al., (2012) to describe the outcome of
geochemical reactions at lower temperature. The database is available in the formats required for
several geochemical calculation programs, including PHREEQC. It is also considerable in size,
containing 209 solution master species.

The Thermochimie database was developed to model the performance of radioactive waste
repositories (Giffaut et al., 2014). For PHREEQC, it exists as several databases that employ different
methods for calculation of activity coefficients (Thermochimie eDH based on the B-dot equation,
Thermochimie SIT based on Specific ion Interaction Theory, and Thermochimie Davis based on the
Davis equation), each containing 128 master species. The Thermochimie SIT database used is
identical to the SIT database distributed with the PHREEQC software used here.

The wateq4f database was developed for the WATEQ4F software by Ball and Nordstrom (1991) and
was primarily intended for simulations at lower temperature. It contains 66 master species, including
Al, Fe(lll) and humic and fulvic acids.

For a few calculations, we have included the minteq database which was developed by the United
States Environmental Protection Agency (Allison 1990). This database contains 115 solution master
species, many of which are organic acids.
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3. Methods
3.1. Selection of experimental data

Empirical data are uncertain. Some experiments are challenging, for example those at high
temperature and pressure, and all measurements are subject to uncertainty. Thus, discrepancy
between measurement and calculations may represent inadequacies in both the empirical data and
the methods used for calculations. Although empirical data may be evaluated by comparison to other
empirical data, datasets from a published work can contain few or no point common in conditions to
other work. Moreover, measurements of a single dataset may agree to variable extend with those of
other datasets. Thus, selecting data that correctly represent the solubility of the phases is
complicated and caution should be displayed when interpreting the discrepancy between
measurements and calculations.

Table 2 provides an overview of the experimental data selected for the calculations and Appendix 2
in the Sl provides the parameters of the experiments and the measured solubility. For CO2, most of
the datasets have been reviewed in studies that have developed equations to describe its solubility
(e.g., Duan and Sun, 2003; Duan et al., 2006; Spycher and Preuss, 2010; Shi and Mao, 2017).
Beyond these, data for three additional and recent studies were included to increase the number of
measurements for CO. solubility in CaCl, solutions and in low temperature, NaCl solutions
(Messabeb et al., 2017; Carvalho et al., 2015 and Teymouri, 2016). For the few datapoints with
comparable conditions, agreement exists between the datasets of Carvalho et al. (2015) and Gilbert
et al. (2016) as well as between the datasets of Carvalho et al. (2015) and Teymouri (2016). For
Messabeb et al. (2017), the CO- solubility determined for water at 100 to 101 °C agrees with results
by Prutton and Savage (1945). At ~3 M CaCl,, results by Messabeb et al. (2017) agree with two
measurements by Tong et al. (2013). Comparing the Messabeb et al. (2017) data with those of
Prutton and Savage (1945) agreement in trends exists for measurements conducted with ~1 M NaCl
and at about 100 °C, but trends disagree by roughly 50% at 100 °C and ~3 M CaCl,. The reason for
the discrepancy at higher CaCl, concentration is unclear, but it illustrates the uncertainties in results
that can exist even for carefully conducted experiments.

Our dataset for N includes the data by Smith et al. (1962) and O’Sullivan and Smith (1970), which
have been reviewed by Sun et al. (2001), as well as an additional study by the same authors
(O'Sullivan et al., 1966). For N>-CO- mixtures, we have selected the only dataset we could find that
have reported the solubility in both water and electrolyte solution (Liu et al., 2012).

For calcite solubility, most datasets have also been reviewed elsewhere (e.g., Duan and Li, 2008;
De Visscher and Vanderdeelen, 2012; Appelo, 2015). De Visscher and Vanderdeelen (2012)
discarded a few of the datasets because concentrations could not be converted to molality (for
Malinin, 1963) or because the solubilities did not conform to their empirical models (for Miller, 1952;
Shternina et al., 1952). We have used PHREEQC to convert concentration to molality, enabling us
to include the Malinin (1963) dataset. For conditions where results by Miller (1952) and Shternina et
al. (1952) can be compared to those of Wolf et al. (1989), agreement exists in measurements or
trends. Thus, we find no obvious reason for discarding the two datasets. In addition to reviewed data,
we have included results of recent experiments by Bychkov et al. (2020) to increase the size of our
NaCl dataset.

We have recently reviewed data for barite solubility in NaCl (Dideriksen et al., in preparation). To
complement the reviewed dataset, we have included the data from Puchel (1967) and Shi et al.
(2012) as well as the solubility data for KCI and CaCl; solutions from Uchameyshvili et al. (1966).
Where comparable, measurements by Shi et al. (2012) conform to the trends defined by the data
from Blount (1977) and datapoints from Puchel (1967) agree with those of several of the other
datasets. Some of the measurements in NaCl and KCI by Uchameyshvili et al. (1966) diverge from
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trends defined by the rest of the data, but many other agree. For the CaCl, data of Uchameyshvili et
al. (1966), no overlap in conditions exists that allow determination of the accuracy of the
measurements. Hence, we have included the Uchameyshvili et al. (1966) dataset but with caution.

Table 2. Sources of experimental data and their conditions. VP referes to vapour pressure and n, to the number of

measurements employed.

System Author Electrolyte C (moles /kgw) T (°C) P (atm) n
CO, Markham and Kobe, 1941 KCl, MgSO4, Na,SO4, NaCl Oto4 0.2 to 40 1 51
ntot Messabeb et al., 2017 CaCl, 0to6 50 to 150 50 to 150 48
1636 Prutton and Savage, 1945 CaCl, 0to2.7 75to 121 15 to 700 143
Rumpfet al., 1994 NaCl 4t06 40 to 160 5to 95 63
Yasunishi and Yosida 1979 NaCl, KCl, MgCl,, CaCl,, Na,SOy, 0.1t04.9 15to 35 1 126
K>S04, MgSO4
Zhao et al. 2015 CaCl,, Na,SO4, MgCl,, KCl1 03t04.5 50to 150 148 72
Takenouchi and Kennedy, 1965 NaCl 0to4.3 150 to 450 100 to 1380 123
Gilbert et al., 2016 CaCl,, Na;SO4, NaCl 0to3.4 35to 140 19 to 350 32
He and Morse 1993 NaCl, KCl, MgCl,, CaCl,, Na,SO4,  0.01to 5 0to 90 1 184
K2S04, MgSO4
Tong et al., 2013 CaCl,, MgCl, 0to5 36 to 150 12 to 350 80
Hou et al., 2013 NaCl, KCl1 25t04 50 to 150 2510 180 72
Drummond, 1981 NaCl 0to 6.5 20 to 400 34 t0 390 506
King et al., 1992 Water 0 15t0 20 60 to 240 21
Teng et al., 1997 Water 0 15 to 20 63 to 291 12
Wiebe and Gaddy, 1940 Water 0 12 50 to 300 6
Carvalho et al., 2015 NaCl 0.25t0 2 20 to 80 10 to 140 44
Teymouri, 2016 NaCl 1.7t03.4 10 to 25 13 to 327 53
Calcite+ Ellis, 1963 NaCl 02to1 120t0 322 VP + 12 48
CO, atm CO,
ntot Wolfet al., 1989 NaCl, KCl, CaCl, 0t06.2 10 to 60 1 106
693 Plummer and Busenberg, 1982 Water 0 0.1 to 90 1 141
Bychkov et al., 2020 NaCl 0to 0.1 100 to 160 3 to 60 110
Miller, 1952 NaCl 0t0 0.5 25to 105 1 188
Loos et al., 2004 CaCl, 0to 1.9 25 1 32
Malinin 1963* CaCl, 0 and 0.98 150 and 10-400 36
225
Shternina et al., 1952* NaCl 0to6.2 25 1 32
Calcite Pool et al., 1987 NaCl 0t0 0.9 100 to 300 133 186
Closed
ntot Shi et al., 2013 NaCl 0.1to4 0to0 250 30 to 1450 40
337 Milero et al., 1984 NaCl 0.5t06 25 1 20
Nagy 1988 NaCl 0.5t06 25-89 1 91
Morey 1962 Water 0 25-350 200 10
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System Author Electrolyte C (moles /kgw) T (°C) P (atm) n
Barite Blount, 1977 NaCl Oto4 25 to 250 1to 1382 37
ntot Melcher, 1910 Water 0 15 to 100 1 2
349 Templeton, 1960 NaCl 0to5 25t0 95 1 71
Uchameyshvili et al., 1966 NaCl, KCl, CaCl, 0.002 to 2 100 to 370 VP 124
Striibel, 1967 NaCl 0to2 20 to 300 1 or VP 24
Davis and Collins, 1971 NaCl 0.01 to 2 25 1 8
Brower and Renault, 1971 NaCl Otol 25 1 2
Zhen-Wu et al., 2016 NaCl 0-1.5 251090 1 12
Dideriksen et al. NaCl 1.5 90 159 to 247 6
Shi et al., 2012 NaCl 0.1 2510250 471 4
Puchel, 1967 NaCl, KCl, CaCl, 0.1to6 25 and 50 1 59
N, O'Sullivan et al., 1966 Water, NaCl Oand 1 52 and 103 100 to 604 18
ntot O'Sullivan et al., 1970 Water, NaCl Oto4 52 and 103 100 to 604 33
73 Smith et al., 1962 Water, NaCl 1to 5.5 30 12to 72 22
NL/CO, Liuetal., 2012 Water, NaCl, KCl, CaCl, (1:1:1 0t00.65M 35 and 45 79 to 158 49
mass ratio)

*From data compiled by De Visscher and Vanderdeelen, 2012

3.1. Modelling strategy

For PHREEQC calculations with solutions that have units based on the volume of the solution, e.g.,
moles/L, the number of moles of solutes per kg of water is determined using the solution density
(Parkhurst and Appelo, 2013). For solutions with high concentrations of ions, the density differs
substantially from unity and would have to be defined in the input. For datasets where the
experimentally determined concentrations are volume based and no solution densities are given, the
density was first determined iteratively with PHREEQC by updating the input density with that given
by the output. During this operation, the Appelo (2015) Pitzer database was used, which provides
accurate results over a range of conditions. Within a few iterations, solution density was identical for
input and output solutions; the derived value was used for all subsequent calculations.

PHREEQC offers two options for calculating the concentration of dissolved components from a
separate liquid, gas or supercritical phase (henceforth simply referred to as a gas phase when
describing simulations). One option uses the EQUILIBRIUM_PHASES keyword and is based on the
partial pressure of the gas of interest. For this option, mass transfer between phases leaves the
partial pressure unaffected, provided sufficient amount of moles are assigned to the equilibrium
phase. Moreover, the calculations assume that the gas is pure (Parkhurst and Appelo, 2013). For
temperatures above 100 °C, however, the gas phase might be mixed with appreciable amounts of
water vapour, depending on conditions. Some databases employ analytical expressions to describe
gas-water equilibrium, which may well have been regressed from experiments in which a CO»-H-O
phase existed, e.g., the data of Drummond (1981). If so, calculations with EQUILIBRIUM_PHASES
would be valid for water saturated CO- gas.
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When the description of gas-water equilibrium is based on the Peng-Robinson equation of state, the
EQUILIBRIUM_PHASES entry remains valid for a pure gas (Appelo 2014), not for CO2-H20 mixtures.
For the databases based on this approach, calculations would require the use of the second option
for calculating gas phase equilibrium, which is based on the GAS PHASE keyword. With this
keyword, partial pressures can be assigned to several components in a mixed gas phase and during
calculations the phase can evolve in terms of composition as well as pressure or volume because of
mass transfer between water and gas phase.

To perform the modelling in a consistent manner with all databases, the calculations in systems with
a gas phase were performed accordingly:

1. For T < 105 °C, the calculations were performed using the EQUILIBRIUM_PHASES keyword.
Thus, the presence of nitrogen or a small amount of water vapour was ignored.

2. For all experiments with gas and temperatures above 105 °C (CO- system only), simulations were
performed with the GAS_PHASE keyword. This keyword entails mass transfer between the aqueous
and gas phases, which complicates correct definition of the composition of water (because of loss
of water to vapour) and CO. (because of loss from dissolution into water). To minimise the effect of
the mass transfer, two strategies were employed. For the Drummond (1981) dataset, the
composition of the gas phase was given by the authors. For this set, the calculations involved i) pre-
equilibration of solution with the determined Pco2 and ii) equilibration of the resulting solution with a
gas phase with the determined Pco2 and partial pressures of water. For simulations of experiments
conducted at temperatures above 105 °C, where only total pressure or Pcoz is known, the
GAS_PHASE simulations were performed using the RATES keyword to define BASIC functions. In
these simulations, water was added to the solution to replace that leaving to the gas phase
(maintaining electrolyte concentration). Where data exists for total pressure, CO, was added until
the combined partial pressures of H>O and CO; yielded the measured total pressure. For simulation
of experiments where only Pco2 was given, CO2 was added until the partial pressure of this
component equaled the experimental value, with the total pressure having an additional contribution
from calculated partial pressure of vapour.

During experiments with calcite in a closed system, introduction of some CO; from the atmosphere
is complicated to avoid. This will affect the pH and the total concentration of carbonates species. To
account for the ingress of a little atmospheric CO,, one of two methods were employed to constrain
the amount of this CO,, depending on available data: 1) CO, was added to reach the measured pH
or 2) CO, was added to reach the measured total amount of dissolved carbonate species.

For the solubility of calcite in CaCl,, some publications report measurements as alkalinity. Two
databases, Geodat and Quintessa, are not set up to calculate alkalinity in the manner reported for
the experiments. To enable calculations, integers for alkalinity effects were assigned to the master
species.

For Geodat:

SOLUTION_MASTER_SPECIES

H H+ -1.00 1.007390 1.007940
H(1) H+ -1.00 1.007390 1.007940

For Quintessa:

SOLUTION_MASTER_SPECIES

C HCO3- 1.0 12.011 12.011
H H+ -1.0 H 1.008

www.geothermperform.eu



Doc.nr: PERFORM-D2.1
Version: Final 2021.10.29

P E R FOR M Classification: Public
Page: 17 of 30 G E O

The input files used in the calculations is given in SI Appendix 3. All calculations were performed
using PHREEQC version 3.4.0-12927. Some databases stem from this version: The Appelo (2015)
Pitzer database (pitzer.dat), the PHREEQC database (phreeqc.dat), the linl database (/Inl.dat), the
MINTEQ database (minteq.dat) and the wategdf database (wateq4f.dat). In addition, a previous
version of the Pitzer database, referred to as v3.1.7 Pitzer database, was included (the pitzer.dat
distributed with PHREEQC version 3.1.7-9213).

Additional databases were downloaded from the internet: The carbfix database
with last edits on August 28, 2018 (carbfix.dat; latest version available at:

https://github.com/CarbFix/carbfix.dat), the thermoddem database V1.10
(PHREEQC_ThermoddemV1.10_06Jun2017.dat, latest version available at
https://thermoddem.brgm.fr/databases/phreeqc), The ThermoChimie databases
(ThermoChimie_PHREEQC_SIT_v9b0.dat, ThermoChimie_PHREEQC_eDH_v9b0.dat,

ThermoChimie_PHREEQC _Davies _v9b0.dat; databases available at https://www.thermochimie-
tdb.com/pages/extraction.php).

Finally, two databases were kindly provided after inquiry: The Geodat database by Helge Moog
(geodat_1-4.dat; first version documented in Moog and Cannepin, 2014), and the Quintessa
database by Steven Benbow at Quintessa (QuintPitz_dataO0.ypf.R2.clean.edit. OPEN.dat).

Except where noted, all databases were used unmodified and with the default settings dictated by
the PHREEQC software, e.g., with analytical expressions for temperature dependence of constants
superseding entries for enthalpy of reaction.

Plots of the results were made as contour maps with Python 2.7.11 using the contourf function of
matplotlib with a linear interpolation between values for datapoints.

4. Results and discussion

We have performed two types of calculations. First, we have conducted calculations of the solubility
of CO,, N2, CO2-N2 mixtures, calcite, and barite to determine the discrepancy between modelled
outcome and experimental measurements. Secondly, we have simulated an analogue geothermal
system to exemplify how a database can be best chosen for calculation and to probe how
discrepancies propagate in calculations and affect results.

4.1. Calculations to determine discrepancy between the modelled
and measured solubility

4.1.1 lllustration of results

To test how well PHREEQC calculations match measured values for the solubility of CO2, N2, CO--
N2 mixtures, calcite and barite, we have performed a series of calculations with the databases
selected for testing. The results of the calculations are tabulated in SI Appendix 2 together with the
measurements and discrepancies between calculated values (calc) and measured values (meas),
expressed as the relative deviation (RD):

meas—calc

RD = (16)

meas
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The dataset for each system and electrolyte is three dimensional in nature, having T, P and
electrolyte concentration, C, as variables. This complicates the graphical illustration of results. To
make illustrations intuitive for the reader to understand, we have plotted results as contour maps of
the discrepancy (Figure 1 provides an example, Sl Appendix 4 provides a variety of plots) where
blueish colours signify RD < 0.25 and reddish colour, RD > 0.25. The data are plotted in 1) planes
with variables T and C for P = 1, 2) for N>-CO_ mixtures, in planes with variable P and molefraction
gas, or 3) between two planes of constant electrolyte concentration with variables T and P. In our
plots, the first and second type features a grey background to make them stand apart from plots of

the third type. The location of planes has been defined so that the largest number of datapoints
could be represented without pooling electrolyte concentrations that differ excessively. Figure 1
shows an example of such illustration for the solubility of CO- in pure water calculated with two
databases: the Appelo (2015) Pitzer database, which employs the Peng-Robinson equation of
state and the lInl database, which uses the Ideal gas law. Plots of practically all calculations are
presented in SI Appendix 4 to enable the reader to determine how the various databases perform

at different conditions.

Relative
discrepancy
0.0 0.1 0.2 0.3 0.4 0.5
BT el

Py

S0z ‘ojaddy

[

Figure 1. Example contour map of
the relative discrepancy between
calculations and measurements
(RD) for CO2(g) solubility in water
using the Appelo 2015 Pitzer
database and the linl database. The
Appelo 2015 Pitzer database
employs the Peng-Robinson
equation of state, whereas the linl
database uses the ideal gas law.
The contour map is based on linear
interpolation and RD from 0 to 0.5 is

coloured according to the colour bar.

Some caution is warranted when interpreting the discrepancies
between measurement and calculation depicted in the contour
plots. The empirical data we have selected in this work have
been subject to review by us and other authors. Thus, we expect
that most measurements are reasonably correct, but we cannot
exclude that a few experiments or measurements failed. Where
the data density is high, anomalous measurements would be
apparent as a spot with a colour different from the surroundings.
For some datasets at higher C, P and T, few overlaps exist in
conditions with other work, meaning that their empirical
adequacy can only be verified to some extent. Hence,
discrepancies in areas of plots that are scarcely populated
cannot be unambiguously ascribed to inadequacies in the
databases. Finally, the contour plots are based on linear
interpolation of values between datapoints. However, changes in
discrepancy may not be linear, in particular when the distance
between points is large.

Nevertheless, the plots most often provide an intuitive illustration
of the changes in discrepancies with T, P and C. For example, it
is clear from Figure 1 that calculations of CO; solubility in water
with the Appelo (2015) Pitzer database closely match measured
values at T < 250 °C and P < 1400 bar, whereas the linl
database results in low discrepancy in a fairly narrow region
only.

4.1.2 Overview of database performance

The databases differ substantially in performance as a function of C, P and T, as judged by the
discrepancy between calculated and measured values. Inspection of the plots given in Appendix 4
shows that four databases, Themochimie eDH, Thermochimie SIT, Thermochimie Davis and
minteq, are clearly unsuited for modelling most geothermal systems because high discrepancies
often exist between calculations and measurements at elevated C, P or T. Given that these
databases have been constructed with lower temperature, environmental systems in mind, this is
no surprise. These four databases will be omitted in the subsequent evaluation. However, we note
in passing that the four databases often perform much better than we would have expected, with
some of them having reasonably low RD for calcite and barite solubility at 1 atm, temperatures up
to ~50 °C, and electrolyte concentrations of NaCl of ~2 M or CaCl, of ~1 M.
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The results for solubility in pure water allows us to make a first evaluation of the manners by which
pressure is taken into account by the databases. For the databases employing the Peng-Robinson
equation of state, the calculated solubility in pure water of CO2, N2, and N2/CO, mixtures are in
excellent agreement with the measured data given in Appendix 4.1, 4.2 and 4.3 (For COg, these
databases produce plots similar to those given in Figure 1 for the Appelo 2015 database). This
includes T and P regions where the CO; phase is liquid, gaseous or supercritical. Although the
Peng-Robinson parameterisation for N is identical for the databases and only three different
parameter sets are used for CO,, the results show that the Peng-Robinson equation of state as
implemented in PHREEQC performs admirably. In contrast, the lInl, Quintessa, Thermoddem and
wateq4f databases, which employ the Ideal gas law, only show low discrepancy in the region near
the water-vapour line.

Several databases use molar volumes of reaction to correct for the effect of pressure on the
solubility of solids. For the solution species, the molar volumes are calculated as a function of C, T
and P. For electrolyte solutions, the effect is therefore convoluted with that resulting from activity
calculations. To gauge how well the pressure correction works in terms of T and P, we can employ
the results for the BaSO, + H,O system, which does not feature equilibrium with a gas phase. For
the solubility of barite in water calculated with the databases having pressure correction (the
Appelo 2015 Pitzer, the PHREEQC, the Geodat and the v3.1.7 Pitzer databases), the RD is low up
to P of ~1400 atm and, for most databases, T of 250 °C (Appendix 4.5). On the other hand, the
calculations with the databases, which do not correct for pressure (the linl, Quintessa,
Thermoddem and wateg4f databases), produce low RD only at pressures below 100 atm. At 500
atm, RD increasing to ~0.25 or above. Because the P and T region is sparsely populated in the
compiled empirical dataset, we cannot accurately assign the pressure at which the RD increases
for the latter databases. However, the results suggests that accurate calculations of barite solubility
at P somewhat above 100 bar most likely would require use of databases that pressure corrects
the solubility of solid phases.

Extending the overview to also include electrolyte solutions, our

’ N _:g results show that the Pitzer databases often extent the region
E 2 | ° with low RD to higher electrolyte concentration the most
= | % (Appendix 4). However, this is not always the case. For COg, the
YVar N carbfix database performs comparably to the best Pitzer
0 i o databases (Appendix 4.1); for N2, the PHREEQC database
= produces the lowest RD in NaCl solutions (Appendix 4.2); and
3F 3 for calcite in CaCly, the Appelo (2015) and the v3.1.7 Pitzer
=5 i e databases produce the highest RD (Appendix 4.4, Figures 1 and
= [ g 5). For barite solubility in NaCl, KCI or CaCl, at P = 1 atm, the
(SN Q- lInl, Thermodem and PHREEQC databases perform just as well
L v ™D if not better than the Pitzer databases (Appendix 4.5; example
0 o i 4.0' s :"1{03 shown for the Thermodem and Appelo, 2015 databases in

T(°C) Figure 2).
Broadly speaking, the RD deteriorates with increasing T, P and
Figure 2. The RD for the solubility of ~ C for the calculations with the various database, as would be
barite in CaClz solution at P = 1 atm  expected. However, the manner by which this occurs is not
f2r°m calculations with the Appelo g1y ays intuitive. Sometimes, databases can produce low RD at
015 Pitzer database and the . .
Thermoddem b-dot database. To higher temperature, whereas calculations at lower temperatures
differentiate contour maps at P = 1 at equivalent electrolyte concentrations produce higher RD. For
bar with concentration on the y-axis  example, calculations with several databases of CO; solubility in
rather than pressure, such figures  \jgSQ, at 1 bar produce lower RD at ~80 °C than at 25 °C (see
have grey background. results for CO2 in Appendix 4.1). Moreover, the contour maps
sometimes have an irregular appearance with regions of low RD
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Figure 3. Contour maps for the solubility of calcite for water and NaCl concentrations below 0.5 M. Open squares
represent data from closed system (without COz2(g)) and filled circles, data with COzq) at the experimental conditions.
The contour maps are patchy for calculations with the PHREEQC and Geodat databases, showing isolated regions of
either low or high RD.

occurring in patches surrounded by regions of higher RD or vice versa. Examples of such
patchiness can be seen in the plots of calcite solubility in pure water for most databases (Figure 3;
Appendix 4.4). Although some of the discrepancy between calculation and measurement might be
caused by experimental data being inaccurate, for example the Pool et al., 1987 data at < 0.5 M
NaCl and P = 132 atm, it is highly unlikely that the patchiness for the PHREEQC and Geodat
databases can be ascribed solely to inaccurate empirical data. Calculations for COzg) solubility in
water with the two databases do not contain inadequacies that could explain the patchiness for the
calculations of calcite solubility in open system.

4.2. Database performance for geothermal calculations

Taken together, the above observations indicate that the performance of a database at a given set
of conditions can be complicated to assess based on general expectations, that are typically
founded on a smaller number of tests to probe agreement between calculated and measured
solubility. Rather, the suitability of a database can be tested better by comparison of calculated
values with those measured at or close to the conditions of interest. Here, we will apply such a
procedure to a model geothermal system based loosely on the data from Vandenberghe et al.
(2001) for the Merksplas-Beerse Geothermal well.

In our model geothermal system, the geothermal brine stems from a limestone reservoir with T =
73.9 °C and P = 162 atm. The brine is dominated by NaCl, it is in equilibrium with calcite at the
reservoir T and P, and it contains CO2() and Nz at a gas to liquid ratio of 1.3. This gas content is
expected to have a bubble point of approximately 20 atm. The brine and gas composition are given
in Table 3.

During production of the geothermal water, degassing might occur in the near-surface portion of
the producing well if the pressure of the system is too low. Because the waters are in equilibrium
with calcite, degassing could give rise to formation of calcite scaling via the reaction:

Ca®* + 2HCO3 = CaCO3 + COyq + H,0. (17)
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Figure 4. Contour maps of the RD for Nz(g) in 1 M NaCl, for CO2(g) in 1.5-2.5 M NaCl, and for calcite in 0.5 to 2.5 M
NaCl. The regions of interest for the modelling of scaling in the geothermal well is indicated with red circles.

The aim of this modelling is to predict the amounts of calcite that could form from a volume of the
brine. This would require correct calculations at 73.9 °C and lower pressure of the solubility of the
CO2-N2 gas to predict degassing and of calcite solubility to predict scale formation. Moreover,
because the pH is unknown, the value of this parameter would have to be defined in the
calculations based on the assumption that it reflects calcite equilibrium at the reservoir T and P (we
have used CI as the charge compensating ion for this step in the calculations). This means that
calcite solubility should also be correctly calculated at 73.9 °C and 162 atm.

The RD for the databases for CO,, N2 and calcite at the required conditions can be examined in
the contour maps in Appendix 4.1, 4.2, 4.4 or in the tabulated data in Appendix 2. Figure 4 shows
example contour maps for the Appelo 2015 Pitzer database. Inspecting this figure, several
complications are apparent. Firstly, it is evident that the conditions required for the modelling,
which have been indicated by a red circle, falls outside the regions with data for N2 and for calcite
at reservoir pressure. This means that the RD of the calculations for these two regions can only be
evaluated based on the database performance at conditions close to those required. For calcite
solubility, for example, we would expect the Appelo 2015 Pitzer database to yield results with an
RD of ~ 0.1. Figure 5 summarises the estimated RD for the databases at the conditions based on
the contour maps.

'C)a'1ci6‘29 C:'Cai;e Table 3. Composition for brine and gas in model geothermal system
N, co, = <
Appelo 2015 Element/ion Unit Value
Na g/l 38.4
PHREEQC . K g/L 1.82
Geodat . Ca g/L 1.98
Mg g/l 0.4
Original Pitzer . Ba mg/L 98
carbfx B Si mg/L 472
finl . Cl g/L 71.3
SO mg/L 700
o [ HCO5 mg/L 427
wateq4f

COx(g) Mole fraction 0.91

00010203 0405
S Na(g) Mole fraction 0.09

Relati

disg:;g’,fcy Gas to liquid ratio at 73.9 °C__ Unitless 1.3

Figure 5. Schematic representation of the
estimated RD for Nz(g), CO2(g) and calcite
at the conditions required in the modelling.

www.geothermperform.eu



Doc.nr: PERFORM-D2.1
Version: Final 2021.10.29
P E R FO,R M Classification: Public
Page: 22 of 30 G F O

Secondly, Figure 5 indicates that no single database yield RD < 0.25 for all systems. The Appelo
2015 Pitzer database is estimated to perform the best for CO) and calcite, but calculations for
N2 in 1 M NaCl have high RD. Only PHREEQC and the wateq4f database can reasonably model
N2g) at these NaCl concentrations. This leaves the modeller with two options: 1) The solubility of
the gasses can be reasonably well calculated with the PHREEQC database, including mixed CO-
and Nz in water and in a 5 weight % electrolyte solution with 1:1:1 mass ratio of NaCl, KCI, and
CaCl. (see Appendix 2 and Appendix 4.3, Figure 1). Thus, one could use this database to probe if
the presence of N critically influences the calcite saturation state as bubbles form. 2) The Appelo
(2015) Pitzer database could be modified to enable calculations with better RD for Nz in NaCl
electrolyte solutions. Normally, modifications of databases can be complicated and risky, given that
they have been built with internal consistency in mind. However, in this case it is relatively straight
forward and possible without jeopardising the database integrity. Thus, we will conduct the
modelling first with Option 1 and then with Option 2.
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3 Appelo (2015) CO, 8

0.03 F Appelo (2015) N,
g) g Appelo (2015) O
£0.025 f - PHREEQC CO, ds
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& 002 - PHREEQC Q o
©0.015 F 4435
n s ©
2 001 F o
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S -12
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Figure 6. Comparison of calculated CO2q) and
N2(g) degassing in moles of per kg water (kgw)
as a function of pressure and its effect on the
calcite saturation ratio, Q, using A) the
PHREEQC and the Appelo (2015) databases
and B) with the Appelo (2015) database and a
modified version with Pitzer parameters for
nitrogen to give log g = 0.1 * I. The dotted grey
line represents calcite equilibrium (Q = 1). C)
The calculated amount of calcite forming per kg
water as a function of pressure with the
databases.

Figure 6A compares the calculated amount of COx(q)
and Nz in the gas phase as a function of P with the
Appelo (2015) and the PHREEQC databases. The
calculations with PHREEQC, for which the RD is
expected to be low, shows a bubble point of about 20
atm. At P from ~20 to ~9 atm, the gas phase contains
mostly Nz, but below this pressure the gas phase
becomes enriched in COzq). For the calculations with
the Appelo (2015) database, the bubble point occurs at
~14 atm and the point of equal concentration of COz)
and Ny in the gas phase, at ~8 atm. The amount of
COq(q) in the gas phase as a function of P is fairly
similar for the two calculations.

Figure 6A also shows the saturation of the solution with
respect to calcite expressed as the saturation ratio, Q:
Q = IAP/Kgp, (18)
where |IAP refers to the ion activity product and Ksp, the
solubility product. For this notation, Q = 1 at saturation

where the product of the Ca?* and CO3* activities equal
the Ksp.

Notably, the curves for Q are very similar for the
calculations with the two databases and

a clear increase in Q related to N2 degassing cannot
be discerned. This indicates that the degassing of Nz
has only marginal effect on the calcite saturation and
that calculations with the Appelo (2015) database are
largely unaffected by the relatively large RD for Nz
solubility at 1 M NaCl. Thus, we would expect
modelling results with this database to be most
accurate.

This expectation can be tested by modification of the
Appelo (2015) database to enable calculations of Nz
solubility in electrolyte solutions at lower RD. The
PHREEQC database corrects the activity coefficient, g,
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for neutral species with the equation log y = 0.1 I. This method works well for N2 solubility,
sometimes even when NaCl concentrations are above 4.5 M (Appendix 4.2 Figure 1), indicating
that the equation adequately describes the evolution of g for Na@q) with increasing NaCl
concentration. For the Pitzer approach, the activity coefficient of neutral species can be set to
depend on parameters for the binary interaction between uncharged species and cation
(parameter I,.c) as well as uncharged species and anion (/»-a). The equation for the activity
coefficient of neutral species is given in Plummer et al. (1988) as:

Iny =%C.2_c+ Cq 244_g, (19)
where C; and C, refers to the concentration of the cation and the anion.

The Appelo (2015) database does not feature parameters for the interaction between Naaq) and
cations or anions. Hence, g for Na@aq) is 1 regardless of the electrolyte concentrations. To make the
dependence of g with electrolyte concentration similar to that employed in PHREEQC, /»c and /n-a
were given the value 0.057575 for the Na(aq)-Cl", N2ag-Na*, Na@q-K* pairs and the value 0.2303 for
the Nz@q-Ca?* pair using the PITZER keyword:

PITZER
-LAMDA
Ntg Cl- 0.057575
Ntg Na+ 0.057575
Ntg K+ 0.057575
Ntg Ca+2 0.2303

The relative discrepancy between calculation and measurement for this slightly modified version of
the Appelo (2015) database is quite low as shown in Figure 7 for N2 and Figure 8 for N2g)-CO2zg)
gas mixtures. Thus, we expect it to perform well for our modelling of the geothermal systems.
Figure 6B shows the results of calculations for the geothermal brine as a function of pressure with
the Appelo (2015) database and the version with modifications for the N2q) activity coefficient. The
saturation ratio for calcite is practically unaffected by our modifications, supporting our conclusion
that the N2 component of the gas phase has negligible effect on the evolution of the calcite
saturation state with P. Thus, we conclude that the modelling made with the Appelo (2015)
database does not suffer from the somewhat inaccurate calculation of N2 solubility.

Water 1 M Nacl =4 M Nacl
600 | . A 0.5 o
= i . . 04 &# -
E so0f . .- 0332
< Q
S : 1 . 029 2
& 200} J . : 012 ®
i P 1 ®oo ™
0 ol ! ! ! ! ! 1 ! ! ! ! ! ! ! ! ! 1]
0 40 80 120 40 80 40 80 120
T(°C) T(°C) T(°C)

Figure 7. Contour plots of the RD for the solubility of N2g) calculated with the slightly modified Appelo (2015)
database in water and NaCl solutions.

To give an impression of the errors that can be introduced by conducting calculations using
databases with higher RD at the conditions of interest, we have performed modelling of the moles
of calcite that can form from the geothermal waters using all the databases that features Ny). The
results show that predictions with other databases of the amount of calcite precipitating can be
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almost twice that predicted with the Appelo (2015) database (Figure 6C). Some of the databases
predict that substantial precipitation of calcite would occur at P above the bubble point, suggesting
that discrepancies are in part related to inadequate calculation of calcite solubility at reservoir P
and T, which then propagates into the calculations of scaling at lower P. Consistent with this, the
Geodat and v3.1.7 Pitzer databases, which provide similar results as the Appelo (2015) database,
have comparably low RD for calculations of calcite solubility at reservoir conditions.

NacCl, KCl, CacCl
N, /€O, Water 35°C, 79 atm
N 5 ‘ " i
— 100} - 5 2| |
-g s I8 Nz(aq)
8 sof 1t e ‘
o T=35°C oI
P B ok
ol Y
—g 100-' 4 CO,(aq)
T T=35°c | [ T=45°
T T N1 SR
002040608 1 002040608 1 0 02 04 06 08 1
xNz xN2 xNz

Figure 7. Contour plots of the RD for the solubility of Nz calculated with the slightly modified Appelo (2015)
database in water and NaCl solutions.

5. Conclusion

Based on comparison between measured and calculated values for the solubility of CO,, N2, CO»-
N2 mixtures, calcite and barite, our tests of 13 PHREEQC databases shows that they generally
perform as one would expect from the purpose they were developed for.

Databases relying on the Peng-Robinson equation of state for calculation of fugacity coefficients and
on pressure dependent molar volume changes of reaction are generally capable of correctly
describing experimental values of solubility at higher pressure. Often, databases build on the Pitzer
approach for description of activity coefficients extend the electrolyte concentration range at which
solubility can be calculated with little discrepancy from measurement. However, many databases
produce results with substantial deviation from measured values in unexpected regions of the space
defined by temperature, pressure and electrolyte concentration. The presence and location of these
regions often cannot be predicted based on general expectations to a database performance but
require tests such as those reported here.

Compared to earlier benchmarking of PHREEQC databases, our approach allows selection of
databases based on the objective criterium that calculations should match empirical data at or near
the modelled conditions as closely as possible. We exemplify how this approach can be implemented
during database selection and modification for the simulation of calcite scaling in a model geothermal
well. Comparing eight databases, we conclude that the databases with higher discrepancy from
measured values at the modelled conditions can produce results that deviate by more than 50%
from those of the best performing databases.
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In the supplementary information, we have included the compiled experimental data as well as the
input files required for calculations. This enables database users to modify databases, so that they
perform better at the required conditions, and developers of databases, to test if the accuracy of
calculations is as intended.
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