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Summary

As part of the GEOTHERMICA project HEATSTORE, a workflow was developed for
the assessment of scaling risk in a HT-ATES system by application to a potential site
in Middenmeer, The Netherlands, to be operated by ECW. The Middenmeer HT-
ATES case is planning to inject hot water from 3 geothermal doublets in summer in
a sandstone aquifer at a depth of ~400 m, and to retrieve the heat in winter for heating
of greenhouses. The developed workflow consists of a groundwater sampling
method for an aquifer which high partial pressures of dissolved methane, an
experimental set-up and procedure to characterise the act of carbonate scaling and
a numerical modelling approach. The experimental procedure enables the sampling
and testing of groundwater from HT-ATES sites under the required pressure to
prevent degassing of CH4 and CO2, to prevent the occurrence of unwanted
geochemical changes of the water. The experimental procedure consists of batch
experiments in a pressure vessel, with groundwater sampled at the site. Steel or
aquifer sediment can be added to the autoclave to represent conditions in the
engineered part of the HT-ATES system or the aquifer, respectively.

The experiments with groundwater sampled from a test well at the potential site in
Middenmeer demonstrated that, even though the water will be oversaturated with
carbonates such as calcite, dolomite and siderite when it is heated from ambient
temperatures to 85°C, precipitation is not predicted to occur within several days
unless calcite seeds are present. Calcite seeds added to the autoclave seemed to
provide proper growth surfaces for additional Ca and/or Ca-Mg carbonate to
precipitate, unlike the steel plate. The addition of sediment from the aquifer,
consisting of primarily quartz with minor additions of feldspar, carbonates, clay
minerals and foraminifera, did not show signs of mineral precipitation, possibly
related to the presence of organic material in the sediments which can prevent or
delay carbonate scaling. In an actual HT-ATES system, the residence time of water
in the engineered part (wells, pipes, heat exchanger) is in the order of minutes to
hours and flow conditions occur. Hence, the batch experimental conditions are much
more conservative and the absence of mineral precipitation in the absence of proper
nucleation sites suggests that scaling by carbonate minerals is more likely to occur
in the calcareous aquifer around the hot well. This hypothesis is based on a limited
number of experiments, from which the operational hydrochemical processes could
not be well established due to the minor changes especially when compared to the
analytical accuracies. Additional experiments and potentially an adaptation in water
analysis methodology (1 series for all samples instead of multiple series) are needed
to further investigate the risk of scaling and the most likely location of scaling in the
HT-ATES system.

Although preliminary, the experiments suggest that the probability of scaling for the
potential site in Middenmeer is higher in the aquifer where crystal growth sites for
carbonate minerals are present, rather than in the engineered part of the HT-ATES
system. A reactive transport model, based on the geology of the site in Middenmeer,
was developed to evaluate the processes and impact of scaling in the aquifer upon
seasonal loading and unloading by hot water. Although the experiments indicated
neither strong calcite precipitation nor strong dolomite precipitation, the simulations
based on thermodynamic equilibrium conditions predict that dolomite will precipitate
and calcite will dissolve to support dolomite scaling by providing additional calcium.
Whether this process is a realistic scenario and at which rate is currently unclear. A
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scenario in which only calcite is allowed to react predicts that calcite will precipitate
around the hot well. The unloading of the HT-ATES site, with extraction of hot water
from the hot well and injection of cooled water in the cold well may result in carbonate
dissolution around the cold well. With each annual loading and unloading cycle, the
reactions are predicted to continue and progress further into the aquifer, with a
continuous decrease of the porosity and permeability around the hot well and
increase around the cold well as a result. The extent and impact of the carbonate
reactions are subject to uncertainties related to simplifications in the model, but the
trends demonstrate the risk of scaling around the hot well and potential clogging of
the aquifer when carbonate precipitation occurs rather fast.

The addition of COz2 to the hot water prior to injection could prevent the formation of
scale, but the dosing should be done with care to prevent the dissolution of all
carbonates and a corresponding increase in porosity. Porosity increases could be
accompanied by geomechanical effects such as pore collapse. In addition, the CO2
may need to be removed during the unloading phase prior to injection at the cold well
to prevent enhanced dissolution of carbonates.

Naturally, these experimental and numerical modelling results are specific for the
groundwater composition and experimental/modelling conditions used for this case.
The workflow as used in this study, or an adaptation of such a workflow, can be used
for a first evaluation of scaling risks in any HT-ATES system. During operations,
careful monitoring of the processes, model calibration and timely adaptation of the
operational design would be recommended.

TNO PUBLIC | FINAL VERSION | 16 APRIL 2020



TNO report | 2020 R10437 4/56

21
2.2
2.3

3.1
3.2
3.3
3.4

4.1
4.2
4.3

51
5.2
5.3
54

Appendix

Contents

SUMIMEBIY ittt et e et e e e e e s b e et e e e e s s b b e e e e e e e e s nnnnnees 2
] A oo [UYox (1o ] o WSRO RPPPPPUPRRN 5
ECW HT-ATES site in MiddenNmMEer ......coo it 7
T 10 o [1 o 1o o PP PR 7
HYArOGEOIOQY ... ettt e e e e as 7
Evaluation ECW teSt WEll .......cooiiiiie e 9
Experimental methodology ... 12
GroundWater SAMPIING .. ... uueuererririeieieiereiereererereee ... 12
EXPErMENTAl SEE-UD ... .eiiiiiiiiiie ittt 13
EXperimental PrOCEAUIE ........coiiiiiie et 14
RESEIVOIN SAMPIES ...t 15
Experimental reSUILS ... 16
Results water composition analySes .........ccovvvvviiiiiiiii 16
Results mineralogical @nalySEs .........ccuiiiiiiiiiiiiiie e 23
Discussion of experimental reSUILS ..........coouiiieiiiiieiie e 37
Reactive transport modelling ... 38
INEFOTUCTION ...ttt et e e e e b e e e e e e e e e s nnbreeeeaeeas 38
MOAEI SEE-UP ..coeieieieeeeeeee e 38
1100 L= =] U £SO 40
Implications for HT-ATES in MiddenmEer ...........cooiiiiiiiiiiiiieiiee e 45
DiscusSion and CONCIUSTONS ......uuiiiiiiiiiiiiei e a7
LS =] =] Yo =SS 50

TNO PUBLIC | FINAL VERSION | 16 APRIL 2020



TNO report | 2020 R10437 5/56

1

Introduction

In a High Temperature i Aquifer Thermal Energy Storage (HT-ATES) system,
(excess) heat is temporarily stored, generally to match heat supply and demand on
a seasonal base. Groundwater extracted from an aquifer at relatively shallow depths
(few hundreds of meters) will be heated via a heat exchanger with the excess heat
and subsequently the hot water will be reinjected in the same aquifer using a second,
0 h evelldThis is the loading phase of the HT-ATES system. By the time the heat is
required, generally in the winter, the hot water will be back-produced from the hot
well, the heat will be extracted using the heat exchanger and the cold water is re-
injected into the cold well. This is the unloading phase of the system. These loading
and unloading phases are to continue on an annual basis.

In the Western part of the Netherlands which is the subject of this research, the
groundwater in the aquifer is generally saline and anoxic, and is presumably
saturated with respect to carbonates like calcite. Furthermore, the water generally
contains dissolved COz and CHas. During the loading phase, the production of
relatively cold water in the production well results in a pressure decrease, with the
risk of CO2 and CH4 degassing. CO:z degassing will increase the pH of the water,
thereby changing the chemical equilibrium of the system. Then, the temperature of
the water is increased in the heat exchanger, which also changes the chemical
equilibrium of the water. Both the higher pH and the higher temperature will lower the
solubility of carbonate minerals such as calcite, which may cause precipitation of
carbonates and the associated risk of carbonate scaling (Eqg. 1). For this reason,
scaling by carbonate minerals, and primarily calcite, is often considered as a high risk
for the operations of a HT-ATES site.

006G 060 dnz 6O R O N (Equation 1)

Scaling may give rise to technical problems with respect to the surface installations
(tubes, pumps, well) as well as the filter sand or storage aquifer in close vicinity to
the well. However, dissolved PO4 and dissolved organic carbon (DOC) and also Mg
in seawater type water may inhibit the carbonate precipitation process when they are
present at sufficiently high concentrations (Griffioen and Appelo, 1993), which is to
be expected for groundwater in the Western Netherlands. Hence, there is a need to
determine the risk of scaling beforehand with experiments and numerical models in
which the process of heat storage is simulated.

The aim of this task was to develop an experimental and modelling workflow for the
evaluation of the risk of scaling in a HT-ATES system and the impact of water
treatment to mitigate the risk. The workflow is developed by application to a potential
HT-ATES system at Middenmeer in The Netherlands, to be operated by network
organization and private grid operator ECW (Energie Combinatie Wieringermeer).
The experimental workflow involves geochemical batch experiments using
groundwater from the test well in Middenmeer, and sandy sediment from the aquifer.
The batch experiments will demonstrate whether mineral precipitates can be
expected due to heating of the groundwater on the timescales at which the water is
present in the engineered part of the system (wells, pipes, heat exchanger) based on
thermodynamics and kinetics of scale precipitation. The addition of sandstone
material to the batch experiments will show whether the availability of mineral
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nucleation sites will enhance the mineral precipitation. If this is the case, the risk of
scaling could be larger in the aquifer around the injector than in the engineered part
of the system. Subsequently, the results of the experimental study are used to
develop a reactive transport model of the aquifer to assess the potential impact of
carbonate scaling on the injectivity of the HT-ATES aquifer and the impact of water
treatment as a mitigation measure.

The report is constructed as follows:

- Chapter 2 gives a short description of the potential HT-ATES system at
Middenmeer and the geological, hydrological, sedimentological and
geochemical conditions in the subsurface;

- Chapters 3 and 4 describe the experimental methodology and results,
respectively.

- Chapter 5 describes the reactive transport simulations.

- Chapter 6 ends with a discussion and conclusions of the results for HT-ATES
in general, and for the potential site in Middenmeer in particular.
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2 ECW HT-ATES site in Middenmeer

2.1 Introduction

ECW (Energie Combinatie Wieringermeer), located in Middenmeer at the Agriport A7
project area, has three operating geothermal doublets. These doublets provide 22%
of the heat required by the greenhouses in the area (De Jonge, 2017). The
geothermal water ist r ansported to ECWO6s geopl ant and
distributed to the greenhouses by the district heating network.

Currently ECW intends to apply HT-ATES near one of the greenhouses in order to
maximize the efficiency of the geothermal systems (Dinkelman, 2019). After
construction of the HT-ATES well the excess heat produced from the Middenmeer
geothermal site, will be stored in summer in a HT-ATES system and retrieved in
winter. Extracted groundwater will be heated via a heat exchanger with the excess
geothermal heat from 15°C to around 85°C and subsequently the water will be
reinjected and stored at depths of around 300-350 meters. Currently almost 400 ha
of greenhouses is connected to the geothermal heating network. In the future, this
could be extended to about 600 ha (De Jonge, 2017). The HT-ATES is planned to be
installed in Middenmeer, the approximate coordinates are X = 132.000 and Y =
535.000, and the location is shown in Figure 1.

Figure 1. Location of the HT-ATES at the Tussenweg in Middenmeer, the location of the hot (w) and
cold (k) well are highlighted (De Jonge, 2017).

2.2 Hydrogeology
At the site, aquifer layers in the Maassluis Formation (280-420 m-mv) and Oosterhout
Formation (420-520 m-mv) were identified as most suitable for HT-ATES (De Jonge,

2017). REGIS (regional geohydrological information system), a digital geological
model (DGM) and well descriptions from the MDM-GT-01 and MDM-GT-05
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geothermal wells, were used to determine the suitability of the aquifers. This was
done by analysing the permeability, thickness and continuity of the formations (De
Jonge, 2017).

Figure 2 and Figure 3 show hydrogeological cross-sections of the area and indicate
the hydrogeological units present. The Maassluis and Oosterhout Formations are
located at a depth of 270-450 relative to NAP and are horizontally layered at regional
scale. The Maassluis Formation is part of the Upper North Sea Group and of Early
Pleistocene age. It consists of very fine to medium coarse (63-3 00 & m)
calcareous) sand. Also present are silty and sandy clay layers and lenses. The
thickness of the Maassluis Formation is variable and is controlled by the geometry of
the North Sea basin at the time of deposition. The thickness increases towards the
North West and between Texel and Vlieland the formation can be up to 250 m thick
(Huizer and Weerts, 2003).

A

6 75 3 10.5 12 13.5 15 16.5 18 13.5 21 22.5 24

Distance [km]

Figure 2. Cross section of the Middenmeer area, from NW to SE. From: REGIS 1l v.2.2 (2017).
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Figure 3. Cross section of the Middenmeer area, from NE to SW. From: REGIS |l v.2.2 (2017).

The Oosterhout Formation, which is also part of the Upper North Sea Group, was
deposited during the Late Miocene/Pliocene. The formation consists mainly of very

(ofte

fine to medium coarse (105-4 20 e m) sand with clay | ayers a

are often rich in shell fragments. The thickness of the formation varies between 1 -
150 m. The upper part of the Oosterhout Formation (ca 420-460 m-mv) has a
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2.3

relatively high permeability, the lower part mainly consists of impermeable clays (De
Jonge, 2017).

Evaluation ECW test well

Atest well was drilled in March-May (phase 1) and August-September (phase 2) 2019
and reached a depth of 471 m below ground level (IF Technology, 2019). The well
crosses five aquifers and in each aquifer an observation location made of PVC was
installed. The well was used to evaluate the potential of the two targeted horizons
(aquifer 4 and aquifer 5, see Figure 4). The parameters used for the evaluation were
the maximum flow rate, risks of mixing of water and gas, gas pressures, reactivity,
grainsize distribution and crossflow.

The maximum flow rate was tested for the two target aquifers (Figure 4). For the 4t
aquifer the maximum flow rate was determined to be 150 m3/h and for the 5™ aquifer
this was lower with 100 m3/h. The crossflow was determined to be 0.75 m3/h from the
5th to the 4t aquifer. Production from both aquifers would provide a higher total flow
rate but would also require higher construction costs to prevent cross flow. Another
possible issue when producing from two aquifers is the risk of mixing of the
groundwater and their dissolved gasses from the two layers. A significant amount of
methane is present in the 5" aquifer (c. 151 mg/l) with a partial pressure of 13 bar
(versus 3 bar in aquifer 4). This high gas pressure would create a more complex
system and the presence of methane also creates a safety risk.

With respect to the grainsize distribution in the two aquifers, the 4" aquifer also
appears more favourable because of its larger and more homogeneous average
grainsize (Figure 5). Aquifer 5 appears to be more heterogeneous which increases
the risk of sand production at higher flow rates.

All the findings above combined led to the selection of only aquifer 4 as the most
suitable for heat storage. Combining the two aquifers would increase the yield, but
the risks and extra costs that would accompany this are greater than the benefits.
Based on these considerations, it was decided by ECW to select the 4™ aquifer for
HT-ATES at this site.
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Figure 4. Stratigraphy of the test well showing the two targeted horizons, with their depth,
permeability and temperature (WVP = aquifer; IF Technology, 2019).
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3.1

Experimental methodology

Groundwater sampling

For the experiments, groundwater samples were collected from the test well in
Middenmeer. These samples were collected after the 5t aquifer had been closed off
and after the production test for the 4% aquifer had been executed. During the
production test the water was pumped from the well for several hours at a rate of 60
m3/h. This ensured the well to be cleaned and the water samples to only contain
representative groundwater from the 4t aquifer.

The hydrostatic pressure in the aquifer is around 30 bar and the conditions are
anoxic. This causes all the gasses present in the aquifer to be dissolved in the
groundwater. Therefore, the sampling had to be executed under pressure and also
in absence of oxygen. PHREEQC was used to calculate the pressure necessary to
prevent any degassing of the dissolved COzand CHa. For the 4" aquifer this requires
a pressure of 3.5 bar.

Figure 6. Left: hose used for sampling attached to well head, pressure meter shows 8 bar sampling
pressure. Right: bypass installed for pH, oxygen and EC measurements.

The sampling was done using a KeyKeg beer keg which is a plastic keg with an
aluminium lined, gastight inner bag which is designed for 4.2 bar continuous use, 7
bar of maximum short term use (including 7 bar factory tested) and is designed for
12 bar failure pressure. The outer container was pressurized with compressed air to
3.5 bar. Subsequently the vessel was attached to the well with a hose and the flow
rate was lowered to increase the pressure in the well to around 8 bar (fig. 6). Three
KeyKegs (2x 10 liter, 1x 20 liter) were filled with groundwater using this procedure,
the pressure in the keg was maintained at 4 bar. Upon sampling, the groundwater
had a temperature around 15°C and the KeyKegs were stored in the fridge to
maintain low temperatures. This was done to prevent any decomposition of dissolved
or suspended organic matter and minimize bacterial activity.
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A bypass was attached during sampling in which pH, electric conductivity,
temperature and dissolved oxygen were measured (Figure 6). The alkalinity was
measured immediately after sampling with a Hach alkalinity test kit. Furthermore
water samples were collected for water composition analysis prior to and after the
experiments.

3.2 Experimental set-up

The experimental set-up was developed at the high pressure and temperature facility
of the material solutions (MaS) department at TNO Eindhoven, The Netherlands. Two
stainless steel autoclaves were used for the experiments. Inside these autoclaves
two PVC beakers were placed which prevented contact of the groundwater with the
stainless steel wall of the autoclave in order to prevent corrosion. Inside this beaker
a small stainless steel plate was placed representing the stainless steel perforated
section at the bottom hole of the well and (parts of the) surface installations. The
autoclave has two outlets, one connectedto adiptube (1 6 PTFE ahduhei ng)
other without a dip tube. This allows sampling of either water (dip tube) or headspace
(no dip tube)

All experiments performed to investigate scaling during heating of the formation water
were conducted with the stainless steel plate present in the autoclave to represent
conditions in the engineered facilities (surface facilities and well). Additional
experiments were conducted with calcite crystals in the autoclave and with addition
of sediment from the 4™ aquifer to represent conditions in the aquifer in the near well
area.

The autoclave had to be filled without atmospheric contamination. For this purpose,
a set-up was developed which would allow the autoclave to be pressurized with
nitrogen. The KeyKeg and the autoclave are connected through a hose and closed
off with two valves (fig. 7). The autoclave is flushed with nitrogen before the filling
hose is attached. Before opening the valves the whole system was pressurized up to
4 bar. When opening the two valves the pressure of the autoclave was slightly
lowered, allowing flow from the keg into the autoclave. Once the autoclave was filled,
100 ml of groundwater was extracted from the autoclave to create headspace which
is necessary to accommodate expansion of the water when the autoclave is heated
and potential degassing from the water.

Figure 7. Left: schematic overview of set-up used to transport groundwater from KeyKeg to
autoclave. Right: photo of the same set-up.

After filling, the autoclave is closed and placed in a preheated oven for the duration
of the experiment. After the experiment the autoclave is taken out of the oven and
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3.3

the water and headspace was sampled. This is done in a similar way as the filling of
the autoclave was done. For the headspace sampling a syringe was attached to the
outlet connecting to the headspace of the autoclave and a gas sample was collected
from the headspace. With respect to the water sampling, a sampling tube is
connected to the outlet with the dip tube, and connected to a 50 ml gas tight Teflon
syringe. Before the syringe a bypass for a pH and temperature meter was installed
allowing pH and temperature measuring during the sampling (fig. 8). The water was
filtered with 0.45 um syringe filters before entering the syringe.

Figure 8. Above: schematic overview of sampling, Below: photo of sampling from autoclave.
Experimental procedure

The first step was to determine the composition of the groundwater and the gases it
contains. The groundwater has a temperature of around 15°C and the total pressure
of dissolved gases will be a few bar due to high CH4 and COz concentrations. All
water analyses were executed at the TNO lab in Utrecht and dissolved gases were
analysed by Isolab B.V. in Neerijnen, Netherlands.

A series of experiments was performed (Table 1). The first experiment aimed to
determine the temperature of the onset of calcite scaling. This was done by heating
one autoclave to 50 °C and one autoclave to 80°C.

To ensure reproducibility of the results, experiments 2-5 were all executed in
duplicate. Experiment 2 was performed at 85°C with the stainless steel plate in the
autoclave. This plate was added, to simulate the stainless steel in the technical
simulation which can act as a seed for carbonate precipitation. During this experiment
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3.4

due to a technical error the alkalinity measurement was not reported. Therefore,
experiment 4 was executed to repeat experiment 2. Experiment 3 was also performed
at 85°C where calcite crystals were added to the autoclave. The calcite crystals were
crushed in an agate mortar and subsequently sieved through two sieves of 0.355 and
0.180 mm. Filtering a fraction with a grainsize between 0.355-0.180 mm. To wash of
any dust from grinding and create smooth crystal planes, the crystals were quickly
washed in pH 4 diluted acidic acid and rinsed with water afterwards

Experiment 5 was again performed at 85 °C and samples from drilling cuttings were
added to the autoclave. Sampling of drilling cuttings is described in paragraph 3.4.

For each experiment a benchmark water sample was collected from the keykeg prior
to the start of the experiment. All the water and gas samples were analysed with ICP-
MS, GC and IC, additionally the alkalinity was determined with the Hach alkalinity test
kit. After each experiment the stainless steel plate, calcite and sediment were
analyzed with Scanning Electron Microscope (SEM) and Energy Dispersive X-ray
(EDX) in order to investigate potential precipitates.

Table 1. Experimental series with temperature and additions to the autoclave.

Experiment Temperature Additions autoclave Remarks
Experiment 1 50/80 °C Stainless steel plate 1 autoclave at 50°C,
MDM501/801 1 autoclave at 80°C
Experiment 2 85 °C Stainless steel plate In duplicate, alkalinity
MDM802/803 was not measured
Experiment 3 85 °C Stainless steel plate + In duplicate
MDM809/810 calcite

Experiment 4 85 °C Stainless steel plate Repetition of
MDM813/814 experiment 2
Experiment 5 85 °C Stainless steel plate + In duplicate
MDM816/817 sediment

Reservoir samples

Cuttings from the interval of the 4t aquifer of the ECW test well were sampled. These
cuttings were collected during the drilling of the well and stored in the TNO core library
in Zeist, The Netherlands. Cutting samples were collected at 5 meter intervals (Table
2). To be able to analyse the cuttings the bentonite drill mud had to be removed. This
was done by washing the cuttings with water and sieving of the sample through a 38
pm sieve to remove the mud fraction from the cuttings. The downside of sieving is
that also other clay/silt sized grains might be lost. The cuttings were subsequently
microscopically described and analysed with XRD, TGA, SEM and EDX.

Table 2. List of samples collected from the well cuttings. Mbs = meters below surface.

Sample Depth interval (mbs)
MDM-01 360-361
MDM-02 365-366
MDM-03 370-371
MDM-04 375-376
MDM-05 380-381
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4 Experimental results

4.1 Results water composition analyses

41.1 Water composition of the ECW test well
Before the start of the experiments, it is important to characterise the composition of
the groundwater at the test well. This was done by analysing two groundwater
samples. This also gives an indication of the reproducibility of the analyses and of
the natural variation. The results are shown in Table 3. In the last column the
difference between the two samples is indicated in percentages. Concentrations

below the detection limit have been discarded.

16 /56

Table 3. Groundwater composition of MDM1 and MDM2 samples, collected from the ECW test well.

DOC = dissolved organic carbon. Bdl = below detection limit.

Samples ECW
test well MDM1 MDM2 n abs-a
%
DOC mg/L 5.9 5.9 0.5
Chloride mg/L 10681.1 10760.0 0.7
Nitrate mg/L bdl bdl n.r.
Sulphate mg/L 1.4 1.3 -2.5
Aluminium mg/L 0.026 0.039 50.1
Arenic mg/L bdl bdl n.r.
Barium mg/L 0.172 0.172 -0.2
Calcium mg/L 419.5 420.5 0.2
Cadmium mg/L bdl bdl n.r.
Chronmium mg/L 0.001 0.001 33.6
Copper mg/L 0.004 0.002 -62.1
Iron mg/L 2.4 2.3 -3.2
Potassium mg/L 95.0 95.8 0.8
Magnesium mg/L 526.0 519.3 -1.3
Manganese mg/L 0.2 0.2 -4.1
Sodium mg/L 5622.0 5726.0 1.8
Nickel mg/L bdl bdl n.r.
Total
phosphorus mg/L 1.2 1.2 4.4
Lead mg/L 0.001 0.001 -3.3
Strontium mg/L 18.7 18.4 -1.3
Zinc mg/L 0.04 0.04 2.3
Ammonium mg/L 76.9 77.5 0.9
Ortho-
phosphate mg/L 3.0 3.0 0.5

For the majority of the elements the difference between the two samples is below 5%
which is considered as insignificant. For aluminium, chromium and copper the
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percentual difference between the two samples is very high. Since the concentrations
of these elements are close to the detection limits this is likely a measuring error.

Experiment 1 - Temperature increase (50°C / 80°C)

The duration of experiment 1 was 24 hours. The first autoclave was heated up to
50°C and the second autoclave was heated to 80°C. For each experiment a baseline
analysis was done of a water sample collected before the start of the experiment.
The results are shown in the Appendix, Table 14.

With respect to the elements important for the scaling process, calcium showed a
small increase in both experiments (0.5% and 6.8%). The magnesium concentration
decreased (-4.6% and -3.2%), as well as the concentrations of iron (-98.1% and -
95.0%) and manganese (-2.9% and -15.7%). The experiment heated to 50 °C shows
an increase of dissolved organic carbon (DOC) (115%) The following holds for the
minor constituents: albeit at low concentrations, substantial decreases were
observed for aluminium (-42%), cadmium (-80%), total-phosphorus (-56%), lead (-
73%), zinc (-35%) and ortho-phosphate (-52%), whereas barium (318 %), chromium
(32 %), copper (58%) and nickel (560%) show substantial increases.

For the second experiment which was heated to 80 °C, the following elements
showed a significant increase: DOC (25%), aluminium (260%), barium (291%),
copper (714%), nickel (200%), total-phosphorus (80%), lead (87%), zinc (50%),
ortho-phosphate (22%). Overall, both experiments show a strong increase in DOC,
barium, copper and nickel.

Experiment 2 - Temperature increase (80-85°C, in duplicate)

The second experiment was executed at 80-85°C, over 5 days. An error was made
for vessel MDM802, which was not flushed with nitrogen. Therefore some
atmospheric contamination took place which might have influenced the results.
Nevertheless, the results of the duplicate experiments show similar trends (Appendix,
Table 15).

Calcium showed a small increase in both experiments (2.9% and 5.7%). The
magnesium concentration decreased in MDM802 with -2.1% and increased in
MDMB803 with 0.9%. The concentrations of iron (-50.6% and -49.2%) strongly
decreased and the concentration of manganese increased with (11.2% and 21.1%).
Further, the water compositions from both vessels show a strong increase in DOC
(277%-127%), sulphate (126%-88%), aluminium (316%-647%), barium (~100%),
copper (72%-68%), nickel (1864%-259%) and lead (65%, 313%). A strong decrease
was observed for chromium (-23%-8%) and iron (-50%-49%).

Experiment 3 7 Addition of calcite crystals (80-85°C, in duplicate)

Experiment 3 was again executed at 80-85°C, but with the addition of calcite seeds.
The results are listed in the Appendix, Table 16.

This is the only experiment in which the calcium concentration decreased, even
though the decrease is minor (-2.3% and -0.1%). The concentration of magnesium
increased slightly with 1.4% in MDM809 and 2.1% in MDM810. The results show a
strong increase in DOC for one of the experiments (92%), for both vessels sulphate
increased (27-50%) as well as aluminium (139%-69%), arsenic (24-22%), cadmium
(46-154%) and nickel (517-158%). For both vessels the concentration of iron (-59-
69%), manganese (-22-18%) and ortho-phosphate (-14-19%) decreased. For one of
the experiments the concentrations of chromium (-25%) and copper (-31%)
decreased. This was not observed in the other autoclave.
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Experiment 4 1 Repeating experiment 2, Temperature increase (80-85°C, in
duplicate)

Because of the atmospheric contamination experiment 2 was repeated. The results
are shown in the Appendix, Table 17.

The concentration of calcium and magnesium both slightly increased (1.1% and 0.2%
for calcium and 1.7% and 0.5% for magnesium). Manganese showed a small
decrease with -1.6% and -1.9%. For the water compositions from both vessels a
strong increase in DOC (92%- 57%), aluminium (273%-191%), chromium (17%-46%)
and nickel (349%-392%) was observed. The concentrations of iron (-87%-97%) and
strontium (-80%-30%) decreased. With respect to arsenic for MDM813 the
concentration went up (52%) and for MDMD814 it went down (-19%). For ammonium
in MDM813 the concentration went down (-33%) and for MDM14 it increased with
61%.

Experiment 51 Addition of reservoir material

Experiment 5 was executed at 80-85°C. Sediment from the reservoir was added to
the autoclave to investigate the potential impact of nucleation sites. The results are
shown in the Appendix, Table 18.

For both vessels the results show a strong increase in DOC (38-43%). A large
increase in aluminium (400-794%), arsenic (375-428%) and copper (1136-425%). As
well as an increase in calcium (0.5-0.6%), barium (5.6-20%) and strontium (2.2-
4.8%). A significant decrease is observed in the concentration of chromium (-20-
38%), manganese (-19-11%) and zinc (-87-47%).

General observations and discussion

In all experiments an increase in DOC is measured, this increase varied between 9%
and 227%. There is theoretically no reason for DOC to increase, except for the
experiment with sediment present, for which it is likely the result of thermally
stimulated degradation of solid organic matter from the aquifer sediment (Brons et
al., 1991; Bonte et al., 2013). For the rest, although proper care was given to clean
the set-up every time, it could be hypothesized that there were small amounts of
mechanical oil residues in the valves, o-rings, pipelines or threats of the connectors
which were released by the increased temperature or prolonged contact with water.
Furthermore, cleaning of the parts and autoclave was done with ethanol and acetone,
if the parts did not fully dry this could have been a source of organic carbon in the
system.

For the experiments performed without calcite or sediment material added to the
autoclave, any increase in elemental concentration is due to either
sampling/measurement error or to an side effect caused by e.g. corrosion of the
vessel or steel plate, which should therefore also be expected in the ATES
installation. The chloride and sodium concentrations do not show large changes, and
the changes are not consistent, proving that water evaporation during or after the
experiment is not the cause of higher element concentrations.

The minor inorganic components show very large variations. The two baseline
sample analyses, performed to evaluate the initial formation water composition in the
reservoir and to assess the reproducibility of the analyses, already show large
variations. Especially, aluminium, chromium and copper are poorly reproducible but
found at low concentrations. For elements present in very low concentrations, the
reproducibility is lower than for elements present in larger concentrations. The
stainless steel plate consists of, among others, iron, chromium, aluminium, copper
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and nickel. Any increase in concentration of these elements could be attributed to
corrosion of the plate.

Since Ca carbonate precipitation is the main process of interest, the calcium
concentrations are investigated more closely. The measured values for all the
experiments are listed in Table 4. All experiments, except the experiments at which
calcite seeds were added, show an increase in Ca concentration up to about 25 mg/l.
For the two experiments where calcite seeds were added to the autoclave (MDM809
and MDM810), the calcium concentration decreased, even though the decrease is
with 0.25 mg/I minor for MDM810.

For the calcium concentrations, the average calcium concentration and the standard
deviation was calculated for all the tO samples prior to the experiments. This aids in
determining the significance of the results. The average calcium concentration of
these samples was calculated as 418.3 mg/l with a standard deviation of 8.3. The
initial compositions were thus equal considering that the samples were analysed in
different batches at the laboratory. Only experiments MDM801, 802, 803 and 809
have a change in calcium concentration larger than 8.28 mg/l. A change of 8 mg/l is
still small compared to the initial concentration of c. 420 mg/lI and analytical accuracy
of a few percent. This has to be considered when interpreting the results.

Table 4. Measured calcium concentrations before and after the experiments and the change in
concentration for each experiment.

Experiment ID t0 (mg/l) tl (mg/l) | t1-t0 (mg/l) @ calcium conc
MDM501 428.3 430.5 2.3 0.5
MDM801 402.3 429.8 27.6 6.8
MDM802 402.3 413.8 115 29
MDM803 402.3 425.3 23.0 5.7
MDM809 418.5 409.0 -9.5 -2.3
MDM810 418.5 418.3 -0.3 -0.1
MDM813 414.8 419.3 45 1.1
MDM814 414.8 415.5 0.8 0.2
MDM816 424.8 426.3 2.0 0.5
MDM817 424.8 427.0 2.8 0.6

Aqueous speciation

An aqueous speciation calculation was executed using PHREEQC.v3 (Parkhurst and
Appelo, 2013) to evaluate the saturation indices for various mineral phases. With
PHREEQC.v3 chemical reactions and transport processes can be simulated. As
input for PHREEQC the measured water composition data was used including
alkalinity and pH as measured on-site (Table 5). The results of the speciation
calculation are shown in

The speciation calculation shows that for all samples the saturation index (SI) for
calcite and dolomite are positive, which indicates supersaturation. With respect to
calcite the Sl varies from 0.25 to 1.2. With a maximum Sl of 1.2 which was calculated
for sample MDM817 (80 °C, with sediment), calcite should precipitate. Since this is
not observed, it is likely that the precipitation is inhibited.

For each of the experiments, the Sl for calcite after heating is higher than before the
start of the experiment, in line with the expectation that calcite solubility decreases
with increasing temperature, except for the experiments with calcite seeds (MDM809
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