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Abstract: Groundwater samples were collected from the tubular wells of a groundwater heat
pump (GWHP), and the psychrophilic, mesophilic, and thermophilic bacteria inhabiting the
collected groundwater were cultured and isolated. Using the isolated bacteria, we analyzed
temperature-dependent changes in autochthonous bacteria based on the operation of the GWHP.
Microbial culture identified eight species of bacteria: five species of thermophilic bacteria (Anoxybacillus
tepidamans, Bacillus oceanisediminis, Deinococcus geothermalis, Effusibacillus pohliae, and Vulcaniibacterium
thermophilum), one species of mesophilic bacteria (Lysobacter mobilis), and two species of psychrophilic
bacteria (Paenibacillus elgii and Paenibacillus lautus). The results indicated A. tepidamans as the most
dominant thermophilic bacterium in the study area. Notably, the Anoxybacillus genus was previous
reported as a microorganism capable of creating deposits that clog above-ground wells and filters at
geothermal power plants. Additionally, we found that on-site operation of the GWHP had a greater
influence on the activity of thermophilic bacteria than on psychrophilic bacteria among autochthonous
bacteria. These findings suggested that study of cultures of thermophilic bacteria might contribute to
understanding the bio-clogging phenomena mediated by A. tepidamans in regard to GWHP-related
thermal efficiency.
Keywords: groundwater heat pump; culturable bacteria; thermophilic bacteria; Anoxybacillus

1. Introduction
Renewable energy is collected from renewable sources, such as sunlight, wind, rain, tides, waves,
and geothermal heat [1,2], whereas geothermal energy describes heat derived from the Earth, and
represents both clean and sustainable energy. The increase in fuel and environmental costs related to
the use of fossil fuels has made renewable and efficient energy systems more accepted. This has been
reflected in the increased use of groundwater heat pumps (GWHP) for heating and cooling systems
in commercial and residential buildings [3]. Numerous ongoing studies are focused on the technical
aspects of this field [4,5], as well as the groundwater and soil pollution caused by the installation and
operation of a GWHP [3,6].
Use of geothermal heat pump cooling and heating systems has experienced rapid growth in
Germany, Denmark, Switzerland, Norway, France, Canada, the United States, the Netherlands, and
China [7–15]. Geothermal energy has long been acknowledged as a highly efficient method for cooling
and heating buildings, and a variety of geothermal heat pumps have, thus, been installed in general
residential and commercial structures [16–21]. In Korea, heat pump cooling and heating systems are
being installed mainly in large buildings, such as new buildings built for public institutions, commercial
use, welfare facilities, and schools [3,6,7,22].
Water 2019, 11, 2084; doi:10.3390/w11102084

www.mdpi.com/journal/water

Water 2019, 11, 2084

2 of 12

The benefits of geothermal energy provided by these systems support market demands, including
providing low operating costs, eco-friendliness, and compatibility with building designs. Additionally,
geothermal systems, such as those based on the use of groundwater, reportedly ensure high efficiency
as the most stable, eco-friendly, and low-cost options among currently available cooling and heating
systems, and have promoted increased related academic research [4,21].
GWHP systems need an aquifer with a high transmissivity and adequate recharge, as well as
adequate water quality to avoid corrosion, scaling, and well clogging. The high groundwater yield
(the volume of exploitable groundwater) should be combined with relatively high natural water levels
and the presence of rocks to prevent inner-well destruction at the junction of circulation between
groundwater and the injected circulating water. Additionally, the water quality should be adequate
enough to prevent corrosion or scaling phenomena, and a hydrogeothermal system is required to
prevent radical, long-term temperature fluctuations at the entry to the geothermal source, normally
caused by a circulating water temperature. A sudden fall in pumping level during groundwater
collection can result in excessive power costs, resulting in inefficient and higher-cost operation.
Notably, for the GWHP, problems of thermal efficiency due to inevitable physicochemical and
microbiological factors have been identified in several studies [23–25]. The efficiency of the tubular wells
continuously used for long periods decreases upon clogging through the mechanical process associated
with erosion of the underwater pump, chemical processes associated with mineral precipitation due to
water–rock reactions, and biological processes related to biomass accumulation due to bacterial activity.
Such phenomena might also reduce thermal efficiency and the quantity of water collected by the GWHP,
as well as water quality [26–32]. Among these problems, microorganisms can negatively influence the
thermal efficiency of the geothermal system by mediating the bio-clogging phenomena [6,25]. However,
there has been a general lack of studies on the effects of temperature changes due to the operation of a
GWHP on the composition of autochthonous bacteria. Therefore, we performed analytical experiments
on psychrophilic, mesophilic, and thermophilic bacteria in seasonal groundwater samples collected
from a GWHP system and evaluated temperature-dependent changes in autochthonous bacteria based
on GWHP operation.
2. Study Area and Methods
2.1. Study Area
The study area was located in Janghak-ri, Dong-myeon, Chuncheon-si, Gangwon-do, Korea, and
had geological features that included Chuncheon granite rocks and Mesozoic granite as the bedrock,
with a quaternary alluvium layer covering the upper level (Figure S1 in Supplementary Materials) [6].
The geothermal wells for the study area were 200 mm in diameter and 250 m deep. The drilling results
identified distributions for the alluvium layer (0–9 m), weathered rocks (10–15 m), soft rocks (16–26 m),
and moderate rocks (>26 m).
The hydraulic conductivity of the study area was 1.92 × 10−4 cm/day, and the transmissivity was
0.10 m2 /day. A step-drawdown test to determine the optimal yield and well efficiency at the study
site revealed a yield of 240 m3 /day and a well efficiency of 66.0%. The permeability of the testbed
was 6.0 × 10−12 m2 , and the coefficient of transmissivity was 17.50 m2 /day. Thermal properties, such
as thermal conductivity, well-flow rate, and thermal power of the GWHP circulating water were
3.23 W/mK, 432 m3 /day, and 98.2 kW, respectively. The geothermal wells were installed in August
2014, and water sampling was conducted seven times for microbial analysis until November 2016
(13 August 2014; 28 October 2014; 2 December 2014; 9 November 2015; 27 May 2016; 25 August 2016;
and 24 November 2016) (Figure 1). The natural groundwater at the study area exhibited a steady
range that reflected the annual mean temperature of the atmosphere, whereas the water temperature
displayed a gradually increasing trend due to the influence of the ground temperature toward the
core. The mean temperature of the circulating water in the GWHP was 16.1 ◦ C. The system operated
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2.4. Bacterial Identification
To extract nucleic

To
colony of
one species of dominant culturable bacteria and a colony of one random species were isolated.
For thermophilic bacteria, two species were isolated per sample and stored in 20% glycerol at −70 ◦ C.
For psychrophilic/mesophilic bacteria, due to the small number of colonies, a total of three colonies
were isolated from SY-3 samples and stored in 20% glycerol at −70 ◦ C.
To extract nucleic acids from the isolated bacteria, the InstaGene Matrix system (Bio-Rad, Hercules,
CA, USA) was used. Briefly, 20 µL of InstaGene Matrix was placed in a sterilized polymerase chain
reaction (PCR) tube, and a sterilized toothpick was used to collect and transfer a single colony into the
tube. Using a thermocycler, the reaction was performed at 99 ◦ C for 8 min, followed by centrifugation
at 13,000 rpm and removal of the supernatant. For DNA amplification, we used AccuPower HotStart
PCR PreMix (Bioneer, Daejeon, Korea) in a 20 µL reaction containing 1 µL of 10 pmol of each primer
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used to amplify bacterial 16S rRNA [8-27F (5’-AGA GTT TGA TCM TGG CTC AG-3’) and 1,510-1,492R
(5’-GGT TAC CTT GTT ACG ACT T-3’)] and 1 µL of the extracted nucleic acid template. The PCR
conditions were as follows: initial denaturation at 95 ◦ C for 3 min, 30 cycles of denaturation at 95 ◦ C
for 1 min, annealing at 55 ◦ C for 1 min, and extension at 75◦ for 1.5 min, followed by a final extension
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Figure 2. Temperature and EC values with depths.
Figure 2.
Temperature and EC values with depths.

We observed a marked increase in EC in August and November of 2015, which was attributed to
the inefficient circulation of groundwater at the geothermal wells that caused different EC between
the upper and lower levels of groundwater [6]. The main chemical composition of the collected
samples is presented as a Piper diagram (Figure 3a). The overall geochemical characteristics of the
groundwater in the study area identified it as Ca–HCO3 -type groundwater with relatively low depth.
Although some samples indicated an increased contribution of Na+ and K+ , the majority of samples
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Figure 3. (a) Piper and (b) Durov diagrams showing the hydrogeochemical evolution of SY-3.
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Figure 3. (a) Piper and (b) Durov diagrams showing the hydrogeochemical evolution of SY-3.
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Two species of psychrophilic bacteria (Paenibacillus elgii and Paenibacillus lautus) and one species of
mesophilic
bacteria (Lysobacterbacteria
mobilis) was
obtained for psychrophilic
(10 °C) and mesophilic
(28and
°C) one species
Two species
of psychrophilic
(Paenibacillus
elgii and Paenibacillus
lautus)
bacteria, whereas we obtained high colony counts for thermophilic (45 °C) bacteria (Table
1). The
◦
of mesophilic bacteria (Lysobacter mobilis) was obtained for psychrophilic (10 C) and mesophilic
detected concentration of culturable bacteria based on operation of the SY-3 GWHP from August 2014
◦ C) bacteria (Table 1).
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high atmospheric and water temperatures during the summer season in the study area (Figure 5).
The detected concentration of culturable bacteria in the samples collected during months other than
August ranged from 1.0 × 107 CFU/L to 7.4 × 108 CFU/L, which was lower than samples collected
during the summer season.

Table 1. Colony counts of culturable thermophilic bacteria.
#
1
2
3
4
5
6
7

Sample

Date

CFU/L

SY-3

13 August 2014
28 October 2014
2 December 2014
9 November 2015
27 May 2016
25 August 2016
24 November 2016

1.6 × 109
7.0 × 107
9.0 × 107
2.9 × 108
7.4 × 108
1.0 × 108
1.0 × 107

1

13 August 2014

2

28 October 2014

7.0 × 107

3

2 December 2014

9.0 × 107

9 November 2015

2.9 × 108

4
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from August 13, 2014, to November 24, 2016.
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of bacterial identification are presented in Table 2. The Anoxybacillus genus
reportedly includes 23 species and subspecies, with Anoxybacillus amylolyticus representing the type
The results
of bacterial identification are presented in Table 2. The Anoxybacillus genus reportedly
species. The major sites of isolation included hot springs, fertilizers, and geothermal power plants
includes 23 species
and subspecies,
with Anoxybacillus
amylolyticus
the type species.
[36]. The Anoxybacillus
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rod-shaped, Gram-positive
bacteriarepresenting
(size: 0.4–0.9 × 2.5–5.0
μm)
frequently
arranged
as
a
pair
or
chain,
with
a
single
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per
cell.
The
oxygen
demand
and plants [36].
The major sites of isolation included hot springs, fertilizers, and geothermal power
catalase reaction varied, with some members being anaerobic and others facultatively anaerobic. The
The Anoxybacillus
genus comprises rod-shaped, Gram-positive bacteria (size: 0.4–0.9 × 2.5–5.0 µm)
bacteria were either alkalophilic or alkalophobic, and the DNA G+C content ranged from 42% to 57%
frequently arranged
as a pair or chain, with a single pore per cell. The oxygen demand and catalase
[37].
Filippidou
et members
al. [38] isolated
a strain
of Anoxybacillus
from deposits
clogging ground
surface The bacteria
reaction varied, with
some
being
anaerobic
and others
facultatively
anaerobic.
filters at geothermal power plants in a field of enhanced geothermal systems in the Groß Schönebeck
were either alkalophilic
or alkalophobic, and the DNA G+C content ranged from 42% to 57% [37].
region of northern Germany, which formed endospores that are thermophilic, Gram-positive,
facultatively anaerobic, and positive for catalase and oxidase reactions. Additionally, Dai et al. [39]
isolated
and ethanol-resistant
strain
of Anoxybacillus
from
deposit samples
collected
Tablea2.thermophilic
Identification
and isolation of
major
and specific
thermophilic
bacteria.
from groundwater wells at a hot spring in Yunnan Province in China. Schäffer et al. [40] isolated a
bacterial
heated soil samples
National ParkSimilarity
in
Samplestrain from geothermally
Isolate
Strain collected from Yellowstone
Hit
(%)

13 August 2014
28 October 2014
2 December 2014
SY-3

9 November 2015
27 May 2016
25 August 2016
24 November 2016

Major

1M

Specific
Major
Specific
Major
Specific
Major
Specific
Major
Specific
Major
Specific
Major
Specific

11
2M
21
3M
31
4M
41
5M
51
6M
61
7M
71

Vulcaniibacterium
thermophilum
Anoxybacillus tepidamans
Anoxybacillus tepidamans
Effusibacillus pohliae
Anoxybacillus tepidamans
Anoxybacillus tepidamans
Deinococcus geothermalis
Anoxybacillus tepidamans
Effusibacillus pohliae
Not determined
Anoxybacillus tepidamans
Anoxybacillus tepidamans
Effusibacillus pohliae
Bacillus oceanisediminis

99.9
98.8
98.8
99.2
98.8
98.9
98.1
98.6
99.3
98.7
98.8
99.2
99.4

Filippidou et al. [38] isolated a strain of Anoxybacillus from deposits clogging ground surface filters
at geothermal power plants in a field of enhanced geothermal systems in the Groß Schönebeck region
of northern Germany, which formed endospores that are thermophilic, Gram-positive, facultatively
anaerobic, and positive for catalase and oxidase reactions. Additionally, Dai et al. [39] isolated
a thermophilic and ethanol-resistant strain of Anoxybacillus from deposit samples collected from
groundwater wells at a hot spring in Yunnan Province in China. Schäffer et al. [40] isolated a bacterial
strain from geothermally heated soil samples collected from Yellowstone National Park in the United
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States, identified by Coorevits et al. [41] as belonging to the Anoxybacillus genus (subsequently named
Anoxybacillus tepidamans.
Anoxybacillus spp. are found abundantly in areas close to geothermal power plants and hot
springs, and from which they are easily isolated. According to previous studies, bacteria belonging to
this genus are resistant to hostile environmental conditions, such as high temperature and pH, and
capable of continuously increasing colony number to ultimately promote bio-clogging. In this study,
seven of 14 species of thermophilic bacteria isolated and identified from SY-3 were identified as A.
tepidamans, with a sequence homology of 98.6% to 98.9%.
The strain of bacteria isolated from the SY-3 GWHP (24 November 2016) was identified as 99.4%
Bacillus oceanisediminis, which was first reported by Zhang et al. [42]. B. oceanisediminis is a rod-shaped
(size: 0.6–0.8 × 2.0–3.0 µm), anaerobic, Gram-positive bacteria that we isolated at 45 ◦ C, despite the
optimal growth conditions requiring 37 ◦ C. Because the strain grows within a temperature range of
4 ◦ C to 45 ◦ C, it is difficult to classify it as a thermophilic bacterium.
To date, 59 species of Deinococcus have been reported, with Deinococcus radiodurans representing the
type species. In this study, the dominant culturable bacteria isolated from the SY-3 GWHP (November
9, 2015) was identified as 98.1% Deinococcus geothermalis, which has an optimal growth temperature of
45 ◦ C to 50 ◦ C and is classified as a thermophilic bacterium. D. geothermalis is particularly important
to the formation of biofilms [43]. According to Kolari et al. [43], biofilms formed by D. geothermalis
negatively influence the product quality from paper manufacturing machines. Additionally, this
species should be managed as an important microorganism capable of biofilm formation. It can reduce
thermal efficiency and degrade the system integrity of machines and wells associated with GWHP
systems installed in the study area.
Effusibacillus pohliae was also isolated from the SY-3 GWHP. The Effusibacillus genus was first
reported by Watanabe et al. [44], and little is known about the three known species. Effusibacillus
spp. are spore-forming, rod-shaped, anaerobic or facultatively anaerobic chemotrophs. The Lysobacter
genus includes 13 species and are mainly isolated from soil environments. In this study, the strain of
mesophilic bacteria isolated from the SY-3 GWHP samples (13 August 2014) was identified as 97.2%
Lysobacter mobilis. The Lysobacter genus comprises Gram-negative bacteria characterized by gliding
motility and generally categorized as beneficial microorganisms. These bacteria produce enzymes that
exhibit diverse functions, as well as reported sources of a novel antibiotic.
Paenibacillus spp. includes ~200 species and subspecies of facultatively anaerobic bacteria that
form endospores and originate from multiple habitats, such as soil, water, and plants. In this study,
among the SY-3 regions, samples collected on 27 May 2016, and 25 August 2016, resulted in isolation of
two strains identified as Paenibacillus elgii and Paenibacillus lautus. The first reported isolation of P. elgii
was from perilla seeds and resulted in identification of a rod-shaped bacterium with motility. P. lautus
was reclassified from Bacillus lautus by Heyndrickx et al. [45]. Neither of the two strains has shown
strain-specific functionality. Paenibacillus is a mesophilic bacterium that can grow in temperatures up
to 45 ◦ C, thereby classifying is as a psychrophilic bacterium.
The Vulcaniibacterium genus, first reported by Yu et al. [46], includes Vulcaniibacterium tengchongense
and Vulcaniibacterium thermophilum is Gram-negative bacteria that can grow in temperatures ranging
from 25 ◦ C to 55 ◦ C, classifying them as mesophilic bacteria.
Here, we describe collection and analysis of groundwater samples from tubular wells installed at
the GWHP between 2014 and 2016 in order to investigate correlations between water temperature
and microbial activity. Physicochemical data and microorganism activity (psychrophilic, mesophilic,
and thermophilic bacteria) revealed microbial distribution in groundwater at the study area, with
an excessively high level of thermophilic bacteria and with microbial count increasing according to
increases in water temperature during the summer season. Investigation of the effects of temperature
on the growth of the isolated and identified culturable bacteria identified eight species of bacteria
(5 thermophilic bacteria, 1 mesophilic bacterium, and 2 psychrophilic bacteria). A. tepidamans was
the most dominant thermophilic bacteria in the study area, with this genus having previously been

Water 2019, 11, 2084

9 of 12

reported as capable of creating bio-clogging deposits in wells and above-ground filters at geothermal
power plants. Our experimental results showed that changes in groundwater temperature according
to on-site management of the GWHP had a greater influence on the activity of thermophilic bacteria
than on psychrophilic bacteria among autochthonous bacteria. Analysis of the thermal efficiency of the
GWHP will benefit from studies on thermophilic bacterial cultures, and contribute to the understanding
of bio-clogging phenomena that is possibly mediated by A. tepidamans. Furthermore, our results imply
that quantitative and qualitative studies of autochthonous bacteria inhabiting areas near GWHPs
should be conducted using next-generation sequencing to determine microbial community structures.
4. Conclusions
To investigate the correlation between water temperature and microbial activity in the groundwater
collected from tubular wells installed at the GWHP, sample collection was conducted seven times
during the period between 2014 and 2016. Furthermore, using the samples collected from the study area,
physicochemical data and the activity of microorganisms (psychrophilic, mesophilic, and thermophilic
bacteria) were examined. The microbial distribution in the groundwater of the study area showed a high
level of thermophilic bacteria, while the microbial count increased according to the increase in water
temperature during the summer season. The results of the investigation of how temperature affected
the growth of the isolated and identified culturable bacteria are as follows: The microbial culture
reported 8 species of bacteria, where 5 species of thermophilic bacteria (Anoxybacillus tepidamans, Bacillus
oceanisediminis, Deinococcus geothermalis, Effusibacillus pohliae, and Vulcaniibacterium thermophilum) were
isolated, and where one species of mesophilic (Lysobacter mobilis) and two species of psychrophilic
(Paenibacillus elgii and Paenibacillus lautus) bacteria were identified. Anoxybacillus tepidamans was found
to be the most dominant thermophilic bacteria in the study area. The Anoxybacillus genus, in particular,
is known to create deposits that clog the wells and the filters above ground at geothermal power plants.
The experimental results showed that the changes in groundwater temperature depending on the
on-site management of the GWHP had greater influence on the activity of thermophilic bacteria than on
the psychrophilic bacteria among autochthonous bacteria, and for the thermal efficiency of the GWHP,
the study on the culture of thermophilic bacteria is anticipated to contribute to the understanding of
the bioclogging phenomena mediated by Anoxybacillus tepidamans, which may be exerting a negative
influence. Furthermore, it seems necessary that in addition to the experiments on the culturable bacteria
in this study, more quantitative and qualitative studies on the autochthonous bacteria inhabiting
the area around the GWHP should be conducted based on next-generation sequencing for microbial
community structures.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/10/2084/s1,
Figure S1: Location map of the study area showing the monitoring well for groundwater samples.
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