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Abstract. Application of the environmentally friendly scal-
ing inhibitor NC47.1 B in geothermal systems was stud-
ied in laboratory and field-scale experiments. Biodegrada-
tion was investigated under anaerobic, in situ-like conditions
and a mass balance confirmed the almost complete conver-
sion of the polycarboxylate to e.g. acetate, formate, methane
and CO,. Much higher concentrations of inhibitor were cho-
sen than applied in situ and rapid degradation was observed
in biofilm-inoculated setups: A concentration of 100 mg/L
of the inhibitor was degraded below detection limit within
8d of incubation. Furthermore, the inhibitor was applied
at the geothermal plant in Unterhaching, Germany. Moni-
toring of the microbial community in situ showed an in-
crease in the abundance of Bacteria. Particularly, relatives
of the fermenting Caldicellulosiruptor dominated the bio-
cenosis after about six months of continuous inhibitor dosage
(5-10mg/L). However, in long-term laboratory experiments
representatives of Caldicellulosiruptor were only detected in
traces and the microbial community comprised a broader
spectrum of fermentative bacteria. The different composi-
tion of the biocenosis in situ and in laboratory experiments
is probably caused by the different inhibitor concentrations,
temperatures as well as nutrient availability in situ compared
to the closed system of the batch experiments.

1 Introduction

The sustainable development of the renewable energy sec-
tor is a key challenge of our time. While new legislation and
regulations are intended to encourage energy savings, pro-
found changes in energy generation take place as well. The
energy mix in the Federal Republic of Germany is expected
to change in favor of renewable energy sources over the next
few decades (Henning and Palzer, 2014). This also applies
to thermal energy generation and energy-storage systems for
power and district heat production and may play a key role as
a significant source of base-load energy (Moeck and Kucek-
lIkorn, 2015). Geothermal energy generation as well as ther-
mal energy storage are already successfully implemented in
geothermal active regions such as the southern German Mo-
lasse Basin, The Upper Rhine Valley or the North German
Basin. Depending on the characteristics of the utilized deep
aquifer, the operators of those plants are confronted with a
number of challenges.

Corrosion on plant installations as well as mineral pre-
cipitation in the underground and surface closed-loop in-
stallations, including the electric submersible pump, rising
pipes, filters and heat exchangers can impair the operation
of geothermal plants (Wiirdemann et al., 2016), which low-
ers the operational availability and e.g. the heat transfer ca-
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pacity and therefore cause expensive losses of efficiency and
triggers downtimes. In the geothermal plant in Unterhaching
(Molasse Basin), calcite scaling is particularly challenging,
impeding a regular operation, similar to what was observed
in neighboring plants (Wanner et al., 2017). As a counter-
action the scaling inhibitor NC47.1 B (produced by Nieder-
rhein Chemie) has been applied to prevent those scaling.
Many of the commonly used scaling inhibitors are difficult
to biodegrade (Hasson et al., 2011; Harris, 2011). Polycar-
boxylates in particular tend to be extremely stable and de-
grade very slowly in a natural environment. Even if acute
toxicity is estimated to be relatively low, environmental accu-
mulation may have undesirable consequences. A prerequisite
for the magisterial approval of the use of scaling inhibitors
in the Bavarian Molasse Basin is their limited environmen-
tal impact. As part of a research project, the scaling in-
hibitor NC47.1 B was therefore developed, which, thanks to
its biodegradability, meets the strict environmental require-
ments (Lerm et al., 2015).

The scaling inhibitor NC47.1 B is a comb polymer with
polycarboxylate side chains. It prevents the formation of
crystal nuclei mainly via a threshold effect (Sieben and
Niederrhein Chemie GmbH, 2016). The spine structure con-
sists of a polysaccharide, which makes the molecule accessi-
ble for biodegradation.

In the absence of oxygen and other terminal electron ac-
ceptors, complex organic molecules are degraded by fermen-
tative bacteria to short-chain organic acids, alcohols as well
as carbon dioxide and hydrogen. Sulfate-reducing bacteria
(SRB) oxidize fermentation products such as lactate and ac-
etate to gain energy, thereby reducing sulfate to sulfide. In
addition, sulfate reducers can also use hydrogen to reduce
sulfate (Cypionka, 2010). If sulfate availability is limited,
methanogenic archaea utilize products of fermentation such
as acetate to produce methane and carbon dioxide (aceto-
clastic methanogenesis) or form methane from hydrogen and
carbon dioxide (Schink, 1997). Methanogenesis and the rel-
ative abundance of methanogenic archaea were observed to
sharply increase once sulfate is depleted below a threshold of
3 mg/L (Winfrey and Ward, 1983; Flynn et al., 2013).

Degradation experiments were carried out to study the ef-
fects of inhibitor addition on the microbial behavior under
in situ-like conditions. However, to enhance the effect of
inhibitor addition on the microbial biocenosis and to stim-
ulate degradation, significantly higher inhibitor concentra-
tions were used for the laboratory studies (100-1200 mg/L)
than in the field application (5-10 mg/L). The decrease of the
inhibitor concentration as well as the degradation products
were observed over time and changes in the microbial bio-
cenosis were characterized with microbiome profiling and
gPCR at the end of the experiment. Long-term fluid moni-
toring at the geothermal plant was conducted to investigate
the effects on fluid chemistry and to observe changes in the
abundance and composition of the microbial community due
to the addition of the inhibitor in situ. These investigations
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are important to understand the degradation of the added in-
hibitor in situ and this knowledge is a prerequisite to model
inhibitor distribution in the aquifer.

2 Methods
2.1 Description of the Geothermal plant Unterhaching

The geothermal plant Unterhaching is located south of Mu-
nich (Germany, Molasse Basin). The plant has been in oper-
ation since 2007 and consists of one production well and one
injection well. Fluid is produced with an average flow rate of
100-120L/s and a temperature of 122 °C from 3350 m depth
and used for district heating. Depending on the heat demand
the temperature is reduced in the heat exchanger to about 50—
122 °C. The fluid is then transferred in 3.6 km of pipes to the
injection well. To minimize degassing of CO; from the ther-
mal water circuit, the pressure is maintained at 9 to 10 bar.
However, calcite scaling deposits in the thermal water circuit
were evident during power plant operation. For this reason,
the inhibitor NC47.1 B has been injected into the thermal wa-
ter circuit since 2017 at the wellhead (production well). The
thermal water can be characterized as intermediate mineral-
ized Na-HCO3-Cl type water with average concentrations of
3.6mg/LL. DOC. The fluid had a pH of 6.3-6.4 at the well
head and the plant exit at the beginning of inhibitor addi-
tion. The sulfate concentration in fluids was about 27 mg/L
and showed no significant difference between the production
well and plant exit.

2.2 Laboratory Experiments
2.2.1 Long-term degradation experiment

After 401d of inhibitor dosage fluid from the geother-
mal plant Unterhaching was sampled at the plant exit (af-
ter the heat exchanger) and filled into sterilized 1L glass
flasks (800 mL each) under anaerobic conditions. A mild
steel coupon (100 mm x 25 mm x 3 mm, mounting hole of
9 mm diameter) was added. For the degradation tests, batches
with different inhibitor concentrations were prepared (120-
1200 mg/L). The carbon content of the inhibitor was deter-
mined at 11.1 % by DOC. In addition, 280 g analogue rock
(Frankendolomit) was added to each of the degradation tests.
Batches without rock and non-inoculated batches were car-
ried out as references as follows: One batch with reservoir
fluid (inhibitor concentration of 600 mg/L) was not addition-
ally inoculated to study the effect of biofilm and coupon ad-
dition. In another reference batch a non-inoculated mild steel
coupon was installed. Two more batches without rock and
inhibitor were conducted to survey microbial activity of the
fluid. One of these two batches contained a non-inoculated
mild steel coupon.

The batches were inoculated with biofilm precultured on
steel coupons in preliminary experiments. The precultures

https://doi.org/10.5194/adgeo-54-217-2021



C. Otten et al.: Scaling inhibitor NC47.1B - in situ monitoring and degradation experiments 219

were incubated for 154 d in reservoir fluids with different
concentrations of inhibitor (120 and 1200 mg/L) at 40 °C and
N»-atmosphere. The preculture was inoculated with organic
precipitations collected with an endoscope from a pipe sec-
tion of the heat exchanger in the Unterhaching plant and
stored in reservoir fluids at 4 °C for 4 d before inoculation.
Until sampling the heat exchanger was exposed to reser-
voir fluids with inhibitor for 251 d. The precipitations were
of rubbery texture and characterized with Scanning Electron
Microscopy and Energy Dispersion Spectroscopy as organic
material (C-Ca dominated). About 1 cm? of the biofilm from
the preculture was smeared on steel coupons. The batches
were flushed with 5 L of nitrogen and incubated at 40 °C for
12 months (355d).

2.2.2 Short-term degradation experiment

400 mL fluid from the geothermal plant Unterhaching sam-
pled at day 707 at the plant exit (after the heat exchanger) was
filled into sterilized 500 mL glass flasks under anaerobic con-
ditions. 100 g of rock were added (see above). The inhibitor
was adjusted to final concentrations of 100 mg/L (8 batches)
or 500 mg/L. (4 batches). Mild steel coupons were added
(see above). The coupons were inoculated with biofilm from
the long-term experiment (1200 mg/L-batch). Four batches
with 100 mg/L were left without coupon. The batches were
flushed with 3 L of nitrogen and incubated at 40 °C for 87 d.

As a negative control a sterilized batch with 500 mg/L in-
hibitor, fluid (both sterile-filtered), mild steel coupon (dry
heat sterilization), and rocks (autoclaved and dried) was con-
ducted under the same conditions.

2.2.3 Gaseous phase analysis

500 uL of gas was taken from the headspace of the test se-
tups and analysed with a gas chromatograph 8610C (SRI In-
struments) with a silica gel column coupled to a molsieve
column (5A, 1.8 m). Argon was used as carrier gas with a
flow rate of 12 mL/min. After 8.5 min at 40 °C the sequence
of the columns was switched and the temperature risen with
20°C/min to 160 °C. He, H,, O, N» CH4, and CO, were de-
tected with a thermal conductivity detector. Concentrations
(vol.%) were calculated as relative values of the sum of all
measured gases with the help of calibration gases. Concen-
trations were converted to amounts using the ideal gas equa-
tion.

2.2.4 Organic acids analysis

500 pL of fluid was taken from the flask and diluted (1 : 10) in
pure water. The analysis was carried out by ion chromatogra-
phy on a Metrohm 930 Compact IC Flex device with an elec-
trical conductivity detector. The Metrosep A Supp 7-150/4.0
column was used with the standard eluent for this column at
45°C and a flow of 0.7 mL/min.
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2.2.5 Inhibitor concentration

50uL of fluid was placed in 850puL of phosphate buffer
(pH 7, 100 mmol/L). 30 uL. of a 1 mmol/L dye solution (pina-
cyanol chloride) was added. The measurement was carried
out by UV/VIS spectroscopy at 550 nm. The UV/VIS method
uses the metachromatic properties of certain dyes, which
change color while interacting with charged polymer chains.
This way, the inhibitor can be quantified on the basis of its
active component and fragments from an incomplete degra-
dation of the polymer are also determined. However, the low
accuracy at low analyte concentrations (<10 mg/L) is disad-
vantageous. This method is therefore not suitable for trace
analyses. For inhibitor monitoring under application condi-
tions an HPLC (high-performance liquid chromatography)
method was established. The sample to be analyzed is evapo-
rated and acetic acid (catalyst), acetonitrile as solvent and the
derivatizing reagent FMOC-hydrazine (fluorescent marker)
are added to a defined volume and the inhibitor is quanti-
fied by means of HPLC with FLD (fluorescence detector).
Due to the separation on the column, complete molecules
and molecular fragments from the degradation are recorded
separately.

2.2.6 DNA Extraction and Quantification

The DNA was isolated from the fluid or the biofilm of the
coupon surface with the FastDNA® Spin Kit for Soil (MP
Biomedicals) according to the manufacturer protocol with
slight modifications (30 min shaking before fast prep step)
and subsequent purification with the GeneJet PCR Purifica-
tion Kit (Thermo Scientific). Blanc controls were extracted
to calculate sample specific detection limits. DNA was am-
plified by qPCR for absolute quantification with StepOne-
Plus™ Real Time PCR System (Applied Biosystems) and
qTower 2.0 (Analytik Jena). As standard for absolute quan-
tification of Bacteria a plasmid with the 27F/1492R-PCR
fragment cloned into E.coli JIM109 was used. As standards
for absolute quantification of sulfate-reducing bacteria and
methanogenic archaea PCR fragments with primers 1F/4R
(Wagner et al., 1998) of the DSMZ strain 3669 (Desulfallas
geothermicus) and 340F/1000R (@vreas et al., 1997; Gantner
et al., 2011) of the DSMZ strain 800 (Methanosarcina bark-
eri), respectively, were used. The 16S rRNA gene of Bacteria
was amplified with the primers 331F and 797R (Nadkarni et
al., 2002), the 16S rRNA gene of methanogenic archaea was
amplified with the primers 348F and 786R (Sawayama et al.,
2006) and the dsrA gene with dsr-1F and dsr-500r (Wilms
et al., 2007) and SensiFast™ SYBR No-ROX Kit (Bioline).
Analyses were performed in triplicates. The following tem-
perature profiles were used: 2min 95°C,5s595°C, 10s57°C
(Bacteria) or 61 °C (Archaea) or 60 °C (dsrA) and 20s 72 °C
(Bacteria and Archaea) or 25s 72°C (dsrA). The melting
curve was also analysed and the efficiency of the reaction
was determined.

Adyv. Geosci., 54, 217-227, 2021



220 C. Otten et al.: Scaling inhibitor NC47.1B - in situ monitoring and degradation experiments

2.2.7 Microbiome analysis

The microbiome analyses were carried out by Eu-
rofins Genomics Germany GmbH (Microbiome pro-
filing INVIEW 3.0). The 16S rRNA gene of Bacteria
was amplified with forward and reverse primers for
the V3V5 region (5-CCTACGGGNGGCWGCAG-3’
and 5’-GGGTTGCGCTCGTTGCGGG-3’ or
5’-CCGYCAATTYMTTTRAGTTT-3  (Klindworth et
al., 2013; Quince et al., 2011; Sacchi et al., 2002). Archaea
were amplified with forward and reverse primers for the
16S rRNA gene (5-CCCTAYGGGGYGCASCAG-3’
and 5’-GAGARGWRGTGCATGGCC-3’ or
5’-GGACTACNVGGGTWTCTAAT-3" (Gantner et al.,
2011, Apprill et al., 2015) Bacteria which could not be
assigned to the genus level are summarized as unclassified.
Bacteria with a relative abundance of less than 1.5% in a
sample were assigned to low abundant.

2.2.8 Dissolved organic carbon (DOC)

The DOC (as a sum parameter for the dissolved organic com-
pounds) was measured by Hydroisotop GmbH on a TOC-
VCSH device (Shimadzu, Duisburg, Germany). The proce-
dure was performed according to DIN EN 1484-H3 (1997).

3 Results and discussion

3.1 Anaerobic degradation of the scaling inhibitor in
batch experiments — long-term experiment

Several experiments were performed to test the biodegrad-
ability of the inhibitor in an anaerobic environment. The
long-term experiment was started with various concentra-
tions of inhibitor (120-1200 mg/L). The inhibitor concentra-
tions were up to 240 times higher than the 5 to 10 mg/L value
used in situ. Much higher concentrations for the batches were
chosen to enhance the biological degradation as well as to set
up long-term experiments and to avoid reaching the detec-
tion limit of the UV/Vis inhibitor analysis. The experimen-
tal batches were inoculated with biofilm from two different
precultures (see Sect. 2) to better simulate the in situ degra-
dation within the plant biofilms.

Metabolic products were monitored over the duration of
the experiment. Gas and fluid were sampled for analysis of
the mass balance. Figure 1 shows the course of acetate and
methane formation. For the non-inoculated batches without
inhibitor, the acetate concentration remained constant over
the entire incubation time at the initial concentration of about
8mg/L (Fig. la). Non-inoculated batches with rock and
600 mg/L inhibitor and inoculated batches with 120 mg/L in-
hibitor showed a 3 to 7-fold increase in acetate concentra-
tion (up to 53 mg/L) within 140 days compared to the initial
values. A higher initial inhibitor concentration of 1200 mg/L
led to a higher concentration of acetate after 140d (up to
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190 mg/L). Interestingly, the acetate concentration rose sig-
nificantly between day 93 and 140 in one of the batches with
1200 mg/L inhibitor. So the metabolite generation was mon-
itored further. While in batches with 1200 mg/L inhibitor the
acetate concentration rose (up to 230 mg/L, Fig. 1a) it re-
mained at the same level in most batches until termination of
the experiment.

Due to outgassing of dissolved gases from the fluid,
methane in the gas phase (headspace) increased up to
1.2vol.%-1.9 vol.% within one day, but remained constant
during further incubation in all non-inoculated batches.
(Fig. 1b). However, in the inoculated batches with 120
and 1200 mg/L the methane concentration increased up to
7.2 vol.% and 16.8 vol.%, respectively (Fig. 1b). In one batch
with 1200 mg/L inhibitor the methane concentration rose
with a higher rate after 140 d, correlating with the rising ac-
etate concentration. This indicates an increase in microbio-
logical activity.

The CO» content in the gas phase increased initially in all
batches to a maximum of 5.9 vol.% within the first 6 d. Sub-
sequently CO, was consumed in all batches with coupons
and the concentration decreased to less than 0.7 vol.% after
355d of incubation (data not shown) and the pH ranged be-
tween 7.1 and 7.7.

A comparison of the non-inoculated to inoculated batches
indicates that acetate and methane formation were enhanced
by inoculation, which results in higher microbial metabolic
activity. Furthermore, the amount of acetate and methane
formed during the incubation period correlates with the ini-
tial inhibitor concentration.

After 140 d of incubation the concentration of the inhibitor
as well as the degradation products and the DOC were de-
termined and a carbon balance was calculated (Fig. 2, Ta-
ble 1). The initial carbon concentration and the carbon frac-
tion of the remaining inhibitor was calculated based on the
carbon content (11.1 % C). According to the UV/Vis method,
68.7 % to 96.1 % of the initial inhibitor concentration have
been converted. Carbon amounts were calculated from GC
measurements with the atmospheric pressure at this day
(1.028 bar) and 40°C within the headspace. The inhibitor
was largely degraded to acetate (6.8—60.0 mg C) and formate
(0.0-23.8 mg C) after 140d of incubation. Samples inocu-
lated with the 120 mg/L inhibitor preculture showed lower
formate concentrations. In addition, 1.6 to 10.9 mg C of the
carbon was converted to methane and 0.3 to 2.6 mg C to CO».
The sample without inoculated steel coupon (marked with #)
showed the smallest rate of inhibitor degradation (68.7 %)
and the largest gap of undetected carbon. The carbon bal-
ance demonstrates that the most important metabolites were
quantified. Differences in total carbon before and after degra-
dation might be attributed to biomass formation, because the
gap is increasing with the amount of inhibitor degradation.
And in addition, the formation of CHy caused a slight over-
pressure in the vessels that was not quantified. This loss of
carbon was neglected in the mass balance.
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Figure 1. (a) Formation of acetate and (b) of methane over time during microbial degradation of the inhibitor with different initial concen-
trations (120 to 1200 mg/L) in batch experiments. All batches contained rocks and were inoculated with biofilm except two batches without
(w/o) rock and four non-inoculated batches. Batches marked with asterisk (*) were inoculated with the 120 mg/L inhibitor preculture. Others
were inoculated with 1200 mg/L preculture. Two of the non-inoculated control batches contained a coupon (w/= with) to observe steel-

dependent changes.

Table 1. Carbon equivalents of the degradation experiment after 140 d.

Batch initial DOC  Inhibitor Inhibitor ~ Acetate  Formate CHy CO» DOC
inhibitor 0d) (140d)  degradation  (140d) (140d) (140d) (140d) (1404)
concentration [mg C] [mg C] [%] [mg C] [mgC] [mgC] [mgC] [mgC]
600 mg/L inh. #. 56.0 16.4 68.7 124 0.0 1.6 2.6 394
120 mg/L inh. 13.9 3.2 68.9 6.8 1.5 4.4 0,4 13.0
120 mg/L inh.* 13.9 0.4 96.1 8.1 1.1 5.8 0,6 114
600 mg/L inh. 56.0 3.7 92.9 21.8 11.1 6.5 0,3 43.0
600 mg/L inh.* 56.0 2.8 94.7 40.3 0.0 7.3 0,4 31.2
1200 mg/L inh. 109.9 15.0 85.9 48.5 23.8 8.8 0,6 84.8
1200 mg/L inh.* 109.9 15.9 85.0 60.0 6.2 10.9 0,3 734

Samples marked with asterisk (*) were inoculated with the 120 mg/L inhibitor preculture. Others were inoculated with 1200 mg/L preculture.
Sample marked with (#) was without a coupon and not inoculated. Natural DOC of the fluid was included in the calculation of mg C at day 0.

Microbiome analyses were performed to characterize the
bacterial and archaeal biocenosis (Fig. 3). The high abun-
dance of fermentative bacteria corresponded to the formation
of organic acids and CO,. There was a clear difference in
the composition of the bacterial biocenosis between experi-
ments with 120 and 1200 mg/L initial inhibitor concentration
(Fig. 3). In the 120 mg/L batches genera related to Paeni-
bacillus (8 %32 % relative abundance), Symbiobacterium
(13 %—56 % relative abundance) and Thermoanaerosceptrum
(16 %—42 % relative abundance) dominated the microbial
community. Several Paenibacillus representatives produce
extracellular enzymes for degradation of polysaccharides
(Grady et al., 2016). Thermoanaerosceptrum (T . fractical-
cis) utilizes fumarate as carbon source and electron donor
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(Hamilton-Brehm et al., 2019). An isomer of fumaric acid
is maleic acid, which is copolymerized with acrylic acid
to form the side chains of the inhibitor. Representatives
of Symbiobacterium reduce nitrate (Shiratori-Takano et al.,
2014), however the genus identified in the batch experi-
ments is only distantly related to Symbiobacterium (iden-
tity 85 %—87 %). Relatives of Thermincola were represented
by up to 10%. Some species of the genera Paenibacillus
and Thermincola are known to interact with iron (Fe III)
by either reducing it (Zavarzina et al., 2007) or produc-
ing iron chelators (Grady et al., 2016; Ahmed et al., 2012).
In contrast, in the 1200 mg/L batches in addition to Ther-
moanaerosceptrum (4 %—49 % relative abundance) fermen-
tative bacteria of the genus Clostridium (17 %—38 % relative
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Figure 2. Initial DOC concentration and carbon balance after
140 d of degradation: The initial DOC concentration was calculated
with the carbon content of the fluid and the inhibitor. The main
degradation products identified were acetate, formate, methane and
CO;. The mass balance confirmed the almost complete conver-
sion of the polycarboxylate inhibitor in inoculated batches. Sam-
ples marked with asterisk (*) were inoculated with the 120 mg/L
inhibitor preculture. Others were inoculated with 1200 mg/L precul-
ture. The sample marked with (#) was without an inoculated steel
coupon.

abundance) dominated the biocenosis. In one of the paral-
lel 1200 mg/L-batches a large part of the population (53 %
relative abundance) could not be assigned up to the genus
level. The same batch showed an increased formate concen-
tration with 37.6 mg/L compared to 7.1 mg/L in the paral-
lel batch (Fig. 2). However, fermentative bacteria were also
abundant in the identified biocenosis of this batch. The batch
with reservoir fluid and 600 mg/L inhibitor (not inoculated
with biofilm) contained almost exclusively relatives of Paeni-
bacillus (91 %). This indicates that the other species identi-
fied in the inoculated batches originated from the biofilm that
was sampled from the heat exchanger of the geothermal plant
Unterhaching. Obviously, the biofilms used for inoculation
of the preculture contained a much more diverse biocenosis
than the geothermal fluid, and of course also higher cell num-
bers.

In all batches almost exclusively hydrogenotrophic
Methanobacteriaceae were detected (data not shown) that
typically form methane by reducing carbon dioxide and/or
formate with hydrogen (Oren et al., 2014). Only traces of the
hydrogenotrophic Methanothermobacter were found. The
presence of methanogenic archaea corresponds to the forma-
tion of methane.

Representatives of various possible anaerobic metabolic
pathways were identified using microbiome analysis. These
are fermentative and non-fermentative bacteria, iron (Fe III)
and nitrate reducing bacteria and methanogenic archaea.
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3.2 Anaerobic degradation of the scaling inhibitor in
batch experiments — short-term experiment

To further narrow the time frame of inhibitor degradation, in
a second degradation experiment the inhibitor was quantified
in intervals of two to four days via UV/VIS. This experiment
showed that the inhibitor is degraded rapidly, if exposed to
an inoculated batch in anaerobic conditions at 40 °C (Fig. 4).
After 8d the inhibitor in the setup with 100 mg/L initial
concentration was below detection limit (<10 mg/L). Within
22 d only 60 mg/L remained in the setup with 500 mg/L ini-
tial concentration. The inhibitor concentration in the non-
inoculated batch decreased with a lower rate than in inocu-
lated samples. The sterilized control batch showed no signifi-
cant decrease of the inhibitor concentration and no formation
of methane, CO,, acetate or formate after 87 d of incubation
(data not shown).

3.3 Monitoring at the geothermal plant Unterhaching

The scaling inhibitor NC 47.1 B has been added at the well-
head of the production well since August 2017 and fluid sam-
ples for chemical and microbiological monitoring were taken
at the production well, after the heat exchanger (power plant
exit) and before fluid injection (injection well) over a period
of 23 months. The inhibitor concentration ranged in this pe-
riod from a set value of 5-10 mg/L. The inhibitor NC47.1
B showed a good performance to avoid carbonate precipita-
tions in the surface installations of the thermal water system.
Since the beginning of the injection in August 2017 accumu-
lations of carbonate precipitations mainly in the filters and
first part of the heat exchangers, as detected before, were not
observed. An acidification of these plant parts, as done fre-
quently before, was not necessary anymore.

During the monitoring period, the main fluid chemistry
was almost constant with respect to the time, but also with re-
spect to the sampling point (before and after heat exchanger,
Fig. 5, Table 2). The concentrations of the natural organic
matter, determined on thermal water samples before the ad-
dition of inhibitor (production well), varied in the monitor-
ing period (2017-2019) between 2.7 and 5.6 mg/L. DOC.
Such variations in the DOC, which are mainly determined
by dissolved organic acids, hydrocarbons, PAHs and BTEX
are common in deep thermal waters and observed in several
other plants. The addition of 5 mg/L inhibitor to the geother-
mal fluid increased the DOC by a mean value of 0.45 mg/L
at the plant exit. The pH of the fluid ranged from 6.4 to 6.8 at
the well head and the plant exit. At the injection well the pH
was between 6.6 and 6.7. At standard temperature and pres-
sure 1 m?® of the production well fluid contained 0.167 m® of
gas with 10 vol.% N3 42 vol.%—46 vol.% CH4 and 41 vol.%—
45vol.% CO; including the dissolved CO,. Dissolved sul-
fide concentrations varied between 12.9 and 17.2 mg/L and
showed no significant increase along the surface installations
of the plant.
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Figure 3. Left: Characterization of the microbial community on coupons in experiments on inhibitor degradation after 355 d of incubation.
Blue bars: fermentative bacteria. Samples marked with asterisk (*) were inoculated with the 120 mg/L inhibitor preculture. Others were
inoculated with 1200 mg/L preculture. Sample marked with (#) contains no rock. Sequences classified to the genera written in blue letters
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85 %96 %. Right: Copy numbers of the 16S rRNA gene of Bacteria and the 16S rRNA gene of methanogenic archaea. nd = not detectable.

Table 2. Characterization of the geothermal Fluid at the plant in Unterhaching from 2017 to 2019.

Ca?t Mgt Na*t K+ cr- HCO3 Norm DOC

(mg/L]  [mg/L] (mg/L] (mg/L] [mg/L] (mg/L] (mg/L]  [mg/L]
Production well ~ 29.3-33.9  42-54  1557-170.0 24.0-26.0 154.7-1753 269.0-291.7 22.0-30.1 2.7-5.6
Plant exit 298-339 4.1-54 156.0-170.0 24.0-26.1 15471727 265.5-293.7 21.0-30.7 3.3-6.22
Injection well ~ 30.0-33.3 4.8-54  159.0-170.0 24.9-26.0 160.0-170.0 261.0-308.0 26.0-36.8 3.5-4.2

As shown in Fig. 6, the abundance of Bacteria increased at
all sampling sites over the period of 700d inhibitor dosage.
In particular, after heat extraction there was an increase from
103 gene copies/L at the beginning of the observation period
to 10'0 gene copies/L at the plant exit and also at the injec-
tion well after about 700 d. In contrast, the abundance at the
production well increased only slightly from 10° to 107 gene
copies/L. The strong increase after heat extraction indicates
that the dosage of the inhibitor, that serves as an organic en-
ergy source for microbial metabolism, has a significant in-
fluence on the abundance of bacteria in the fluid and proba-
bly the formation of biofilms. However, not all changes can
be attributed to the inhibitor addition, since fluid taken from

https://doi.org/10.5194/adgeo-54-217-2021

the production well also shows a slight increase in bacterial
abundance before inhibitor injection. A shift in temperature
or other production parameters such as flow rate or less acid-
ifications to remove precipitations might have contributed to
the increase of abundance.

The quantification shows that the abundance of Bacte-
ria increases significantly, while the abundance of SRB and
methanogenic archaea remained almost constant at the plant
exit at 10? gene copies/L and 10* gene copies/L, respectively
(Fig. 7). This is an indication that only certain microorgan-
isms, in this case the fermentative bacteria, benefit from the
dosage of the inhibitor.

Adyv. Geosci., 54, 217-227, 2021



224 C. Otten et al.: Scaling inhibitor NC47.1B - in situ monitoring and degradation experiments

600
100 mg/L, non-inoculated
< 100 mg/L
A A 500 mg/L
e A
% 400
é A
S
3 A
€ 200 I
¢
¢ ¢
A
0 D o o P
0 10 20
Time [d]

Figure 4. Quantification of the inhibitor in degradation experiments
with different initial concentrations via UV/VIS. One set of exper-
iments (black line) had not been inoculated. Each data point was
obtained from four independent samples. LOD (limit of detection):
10 mg/L.
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Figure 5. Mineralization of the geothermal fluid at the plant in
Unterhaching as Schoeller diagram (average 2017-2019). Samples
were procured at all sampling sites (red: plant exit, black: produc-
tion well, blue: injection well) and were found to be nearly identical.
The composition was observed throughout the monitoring period.
There were no significant changes in composition since the begin-
ning of the monitoring.

The strong increase of bacterial abundance is related to
an increasing dominance of species assigned to Caldicellu-
losiruptor as shown by microbiome analyses (Fig. 8). After
200d of continuous inhibitor dosage, the genus dominated
the bacterial biocenosis with 26 % relative abundance and af-
ter 440d with 98 % relative abundance. Representatives be-
longing to the genus Caldicellulosiruptor were isolated from
hot springs and pond sediments on several continents (Lee
et al., 2020). They are able to ferment a variety of simple
and complex carbohydrates to acetate, lactate, CO;, and Hj
with a temperature optimum at 65-78 °C (Rainey et al., 1994;
Bredholt et al., 1999; Blumer-Schuette et al., 2014).

With Caldicellulosiruptor, a thermophilic organism is
identified, that can benefit from the addition of polycarboxy-
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Figure 6. Increase of the abundance of Bacteria due to inhibitor
dosage in fluid samples from different sampling sites at the geother-
mal plant Unterhaching over a monitoring period of about 700d of
inhibitor dosage. Grey values marked with an asterisk were below
the sample specific detection limit. Quantification with qPCR with
primers for the 16S rRNA gene.
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Figure 7. Abundance of Bacteria, methanogenic archaea and SRB
in fluid samples from the plant exit at the geothermal plant Unter-
haching since beginning of inhibitor dosage in August 2017. Pale
values marked with an asterisk were below the sample specific de-
tection limit. Quantification with qPCR with primers for the 16S
rRNA gene (Bacteria and methanogenic archaea) and the dsrA-gene
for sulfate-reducing bacteria.

lates and that has an optimal growth temperature, which lies
within the range of the average temperature of 65 °C after
heat extraction.

In contrast, in laboratory experiments Caldicellulosiruptor
was only present marginally (non-inoculated control, 0.2 %).
The biofilm isolated from mild steel coupons was dominated
by fermentative bacteria and putative nitrate reducing bacte-
ria that have an optimal growth temperature lower than that
of Caldicellulosiruptor. Thermoanaerosceptrum has an op-
timum growth temperature of 55°C and Symbiobacterium
needs 55-60 °C for optimal growth (Hamilton-Brehm et al.,
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Figure 8. Characterization of the bacterial biocenosis of fluid samples from the plant exit at the geothermal plant Unterhaching since
August 2017. The samples have been taken over a period of about 700d since inhibitor dosage. Blue: fermentative bacteria, Red sulfate-
reducing bacteria. The temperature at the time of sampling is denoted. The sequence identity of the best database hits is given on the right of

the genus name (Microbiome analysis).

2019; Shiratori-Takano et al., 2014). The different compo-
sition of the biocenosis probably reflects the adaption of
bacteria to the environmental conditions in the laboratory
batch experiments at 40 °C versus biofilms at the exit of the
geothermal plant exposed to continuous flow of geothermal
water with a varying temperature between 50 and 122 °C as
well as the different availability of organic carbon from the
natural organic matter, the different inhibitor concentrations
and degradation products as well as gases as CH4, CO, and
HsS.

4 Conclusion

The laboratory experiments showed that the scaling inhibitor
NC47.1 B is rapidly degraded within several days (8 to
20d) under anaerobic conditions at moderate temperatures
when exposed to biofilm-inoculated batches. According to
the mass balance the inhibitor was nearly completely de-
graded in inoculated batches. Metabolites were methane, ac-
etate, formate and CO,. Microbiological studies showed that
a complex microbial community developed. An increased
proportion of fermentative bacteria implies their major role
in the degradation process. This corresponds to the limited
availability of terminal electron acceptors like sulfate (mean
value 27 mg/L) in the reservoir fluids. While an increased
population of Clostridium and Thermoanaerosceptrum was
found in the laboratory experiments with higher inhibitor
concentrations, in situ monitoring at the geothermal plant
Unterhaching showed an increase of bacterial abundance and
a strong dominance of a species related to Caldicellulosirup-
tor about 200 d since the inhibitor addition. The increase in
bacterial abundance was especially notable after heat extrac-
tion and therefore a significant increase at the plant exit and
at the injection well was observed.

https://doi.org/10.5194/adgeo-54-217-2021

The difference between laboratory experiments and in
situ observations is probably due to varying temperatures
and other environmental influences, which cannot be eas-
ily reproduced in laboratory experiments. The fluid flow and
steady supply of nutrients are likely factors to influence the
biocenosis. Translation of the results from laboratory exper-
iments to in situ conditions is difficult. However, both the
monitoring and the laboratory tests showed that fermenting
bacteria were favored by the addition of the inhibitor and
dominate the anaerobic degradation in both systems. There-
fore, the degradation of the inhibitor after the heat extraction
within the biofilms of a geothermal plant is likely, although
a significant decrease of inhibitor concentration was not ob-
served, probably due to the short hydraulic retention time of
the fluid in the above surface installations.
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