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Abstract
Groundwater is potentially a useful source for storing and providing thermal energy to the built
environment. In a nordic context, aquifer thermal energy storage, (ATES) has not been subject to a
wider extent of research concerning environmental impact. This thesis intends to study the impact on
groundwater chemistry from an ATES that has been operational since 2016 and is located in the
northern part of Stockholm, on a glaciofluvial deposit called the Stockholm esker.
Analysis of groundwater sampling included a period of 9 months prior to ATES operation as well as a 7
month period after operation and sampling was conducted in a group of wells in vicinity of the
installation and within the system as ATES operation began. Means of evaluation constituted a
statistical approach which included Kruskal-Wallis test by ranks, to compare the ATES wells with the
wells in the surroundings and principal component analysis, (PCA), to study the chemical parameters
that could be related to ATES. In addition, a geophysical survey comprising 2D-resistivity and induced
polarization, (IP) was done to elucidate whether the origin of high salinity could be traced to nearby
possible sources.
The analysis was based on foremost the cycle of cold energy storage. The results showed large
variations in redox potential, particularly at the cold wells which likely was due to the mixing of
groundwater considering the different depths of groundwater being abstracted/injected from different
redox zones. Arsenic, which has shown to be sensitive to high temperatures in other research showed a
decrease in concentration compared to surrounding wells. There were found to be a lower specific
conductivity and total hardness at the ATES well compared to their vicinity. That indicates that they
are less subject to salinization and that no accumulation has occurred to date. It is evident that the
environmental impact from ATES is governed by the pre-conditions in soil- and groundwater.
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Sammanfattning
Grundvatten har förutsättningen att utgöra en värdefull resurs för att lagra och förse byggnader med
termisk energi. I en nordisk kontext har termisk energilagring i akviferer, (ATES) inte varit föremål
för någon bredare forskning angående miljöpåverkan. Denna uppsats syftar till att studera kemisk
grundvattenpåverkan från ett ATES som togs i drift 2016 i norra Stockholm, i en isälvsavlagring vid
namn Stockholmsåsen.
Analysen omfattar grundvattenprovtagning 9 månader före ATES driften samt 7 månader efter
driftstart och provtagningen genomfördes i ett antal brunnar i närheten av installationen samt i ATES
systemet då driften startade. Utvärderingsmetoden bestod av ett statistiskt tillvägagångssätt och
omfattade Kruskal-Wallis test by ranks, för att jämföra ATES brunnarna med omgivande brunnar och
principal component analysis, (PCA), för att studera kemiska parametrar som kan kopplas till ATES. I
tillägg genomfördes en geofysisk undersökning som omfattar 2D-resistivitet samt inducerad
polarisation, (IP) för att klarlägga huruvida källan till den höga saliniteten kunde spåras.
Analysen baseras på främst på cykeln då kyld energi lagras. Resultaten visar stor variation i
redoxpotential, i synnerhet vid de kalla brunnarna vilket sannolikt beror på omblandning av
grundvatten med tanke på en differens i djup som grundvattnet infiltrerar/pumpas från med
tillhörande skillnad i redox zon. Arsenik vilket har visat sig känsligt för höga temperaturer i annan
forskning visade minskade koncentrationer jämfört med omgivande brunnar. ATES brunnarna
uppvisade även lägre specifik konduktivitet och totalhårdhet i jämförelse. Det pekar mot att brunnarna
är mindre utsatta för salinitet och att ingen ackumulering har skett till dags dato. Det framgår tydligt
att miljömässig påverkan från ATES styrs av grundförutsättningarna i mark och grundvatten.

Nyckelord: akviferlagring, termisk energilagring, ATES, grundvatten, grundvattenkemi
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1.1

Introduction

Groundwater is potentially a useful source for storing and providing thermal energy to the built
environment. In particular when stored in glaciofluvial deposits of sand and gravel. The reason is the
useful properties of groundwater as heat storage medium with low thermal conductivity and high heat
capacity (Lee, 2013). With increasing pressure on limiting greenhouse gas emissions as national goals
(regeringen, 2016) and the international climate agreement from Paris 2015 (UN, 2015) aims to reduce
greenhouse gas emissions, interest in renewable energy is growing. The share of renewables in total
primary energy supply in OECD countries has increased from 6% in 2000 to 9.7% in 2015 (EIA, 2016).
The largest part is comprised by biofuels and waste with 55.1% while the share of geothermal energy is
less prominent with 7.3% (EIA, 2016). While liquid biofuels and solar PV has seen the largest annual
growth rate recent years, the growth of geothermal energy has been rather modest with an annual
growth rate of 1.5% when considering the years 1990 to 2015 (EIA, 2016). However, shallow
geothermal energy systems such as aquifer thermal energy storage (ATES) provides an alternative for
district heating and cooling which usually comprises of a mixture of energy sources such as biofuels,
combustible waste but also fossil fuels (energimyndigheten, 2015).
The number of ATES systems has been increasing worldwide, with examples in Europe, the United
States, China and South Korea the last decades (Bonte, 2013a). The Netherlands has seen a rapid
increase and had more than 2500 systems installed in 2014 (CBS, 2015). In Sweden, the geothermal
energy is widely used, however the key part consists of small closed loop systems (Lund, 2010). The
number of ATES systems has been rather limited in comparison, with approximately 160 operational
systems in 2016 (Thuresson, 2016).
The environmental effects from aquifer thermal energy storage haven’t been subject to research in a
wide extent in Sweden so far. However, along with the growing numbers of ATES installations,
scientific research from foremost the Netherlands are showing a variety of impacts that could prove
useful to investigate in a Nordic context, such as chemically reduced conditions and mobilization of
arsenic and a variety of metals. Different geological/hydrogeological conditions regarding
characteristics of aquifers and different soil material however could mean that conclusions drawn from
foreign countries are not necessarily relevant in Sweden. The Dutch subsurface is to the dominated by
a regional aquifer with a thickness of 25 to 250 meter consisting of foremost medium grained fluvial
sand, semi-confined under peat and clay layers to the east while open to the west (de Vries, 2007).
Most of the larger Swedish groundwater resources are found in eskers deposited during the last
deglaciation (Knutsson and Morfeldt, 2002) and comprise coarser material from sand to cobbles
(Andersson et al., 2014).
This study will evaluate the environmental impact on groundwater quality from ATES system located
in the Stockholm esker. The study will include conditions 9 months prior to operation of the ATES as
well as monitor the effects on; hydro chemical parameters such as redox potential, pH, alkalinity and
specific conductivity as well as major ions, after running the system for a 7 month period.
1.1.1

Background

During the summer period, groundwater is extracted from the cold well pool of the aquifer, to cool
buildings through a heat exchanger. Subsequently, the heated water is reinjected and stored into the
heated part of aquifer. In the winter period, the system is reversed and stored heat is utilized in the
building and consequently, cool groundwater is reinjected, (Figure 1). The common range of
temperature during operation is between 5° and 20°C (Possemiers et al., 2014).
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Figure 1. Principle of the ATES system with warm period to the left and cold period to the right.
The main reason for storing energy in groundwater is the favorable properties of thermal capacity and
conductivity. Common rocks like granite and sandstone have a thermal conductivity of about 2-4
W/(m·K) and a volumetric heat capacity of about 0.5-0.9 kWh/(m3 ∙ K) (Svedinger, 1981) while water
has a thermal conductivity of 0.57 W/(m·K) and a volumetric heat capacity of 1.16 MWh/(m3·K)
(Sundberg, 1991). This means that water has a larger capacity for storing energy and better properties
for storage as less energy will be lost to the surrounding environment.
ATES systems are commonly used in combination with a heat pump (Lee, 2013) to increase the
temperature of the circulation fluid in the building for achieving what is a sufficient level of space
heating (Bonte, 2013). Typically the performance of a heat pump is described by the parameter, COP –
coefficient of performance, defined as the useful thermal power output per unit of driving heat power
(Agyemin, 2014). Depending on the performance of the heat pump, in heat mode the COP can vary in
the range of 3-4.5 while in the cooling mode a net COP of 2-3.5 can be expected (Lee, 2013).
Thermal performance for an ATES system can be expressed as thermal recovery which is defined as
the fraction of stored energy that is recovered (Sommer et al., 2014). Different values of thermal
recovery are reported in the scientific literature which is natural due to the unique conditions of every
aquifer. Field experiments by Sauty et al. (1982) show recovery values of 18.9-68%, Moltz et al. (1981)
report recovery values of 66% and 76% and furthermore 56% and 45% (Molz et al. 1983). Sommer et
al. (2014) report comparatively high recovery values of 82% for cold storage and 68% for heat storage
and refers to a favorable low regional groundwater flow and improvement of the thermal recovery over
a time span. An important note is that generally for cold storage; more water is extracted than injected
while for heat storage the opposite relationship applies (Sommer et al., 2014). This implies that a
higher thermal recovery for the cold well will generally be obtained.
Studies indicate that aquifer heterogeneity can influence the thermal recovery of ATES. Ferguson
(2007) studied two heterogeneous aquifers and showed that extracted energy can be 5.5% and 8.2%
lower compared with a homogenous aquifer. Other factors that influence thermal recovery are the
volume of groundwater used for storage, the difference in temperature between storage and natural
temperature, well screen length, well spacing and the duration of storage (Sommer, 2014).
The physical processes governing the heat storage and -transport in an aquifer, deciding whether a
hydrogeological environment is appropriate for storing thermal energy, is conduction and convection
(Lee, 2013). Conductive transport could be described by a linear law, relating heat flux to the
temperature gradient while convective transport is the movement of heat by groundwater flow
(Domenico and Schwartz, 1998).
Conduction in the aquifer is governed by thermal properties; foremost volumetric heat capacity and
effective thermal conductivity (Lee, 2013). Thus, water is preferably the largest constituent due to the
higher heat capacity and lower thermal conductivity than most solid minerals (Domenico and
Schwartz, 1998). This implies that a high porosity formation is optimal to reduce conductive energy
losses and increase thermal storage capacity.

2

Convective transport of heat is due to the movement of water caused by hydraulic head and
temperature differentials, existing both locally around the well field due to the extraction/injection
process and regionally within the aquifer (Lee, 2013).Therefore, a low regional hydraulic gradient is
considered necessary for a successful ATES to minimize heat losses by convective transport (Bakr et
al., 2013).
The required volume of the aquifer is dependent on the properties such as the effective porosity as a
lower relative water content will require larger volume to store energy, but typically it should be more
than 20 000m3 (Lee, 2013). The distance between wells needed to avoid thermal breakthrough is a
function of the well production rates, aquifer thickness and the hydraulic and thermal properties
however a minimum separation distance is about 30m (Morofsky, 2007).
1.1.2

Eskers

Eskers are winding ridges of glaciofluvial sediments (sand, gravel and cobbles) deposited in streams
beneath the ice sheet (Andersson et al., 2014). They are usually deposited in the north- south direction
parallel to the line of the deglaciation. Their length can vary from some hundred meters to more than
500 kilometers and with a height of up to 100 meters (Adrielsson, 2017).
The eskers have been subject to competing interests due to the many areas of use. Many roads are
located on eskers and have been so for a very long time (trafikverket, 2010). The material of the shaped
sand and gravel in the eskers have been attractive for building purposes and so they have been
subjected to mining (SGU, 2017). Further, most of the larger groundwater supplies in Sweden are
located in eskers and other glaciofluvial deposits (Knutson and Morfeldt, 2002).
1.1.3

Example of ATES in Sweden

Another ATES system located in the Stockholm esker, operational since 1989 is found in Frösundavik.
It’s installed to the head office of SAS and is located some 600 meters south east from study area of
this report.
The aquifer is constituted by glaciofluvial sediments of sand and gravel and the total volume is about
1.5 million m3. The esker material is placed in a rock valley which is open only to the lake Brunnsviken
in eastern direction and the continued placement of the esker heading north. It has a small catchment
area and the throughput of water in the aquifer is small. Given a groundwater inflow of 2-4 l/s and a
porosity of 25%, a theoretical groundwater turnover time is about 2.4 years (Åbyhammar et al., 1991).
The aquifer is mainly unconfined and the depth is varying between 15 and 25 m. The groundwater in
the aquifer has a hydraulic connection to Lake Brunnsviken.
The ATES installation was designed with two warm and three cold wells however a third warm well
was installed in 1988 in order to increase the heating effect (Åbyhammar et al., 1991). The actual
storage volume is approximately 800 000 m3. The wells have screening devices with a filter size of 23.6 mm depending on surrounding material. Total capacity for circulation of groundwater is 190 l/s.
The system is connected with a heat pump.
Experiences learned from operation of the system are several. The depth of the well screens was
decided from foremost hydraulic considerations, aiming to optimize the abstraction capacity. However
a bigger consideration should have been taken to thermal economy at the warm well pool as the
material is highly permeable. The heated groundwater flowed upwards and was hard to retrieve during
winter period. Hence, the thermal recover was negatively affected. Furthermore could the width of the
screen slots have been larger due to the coarse material and consequently a larger pumping capacity
obtained. However, the chosen width did still provided a good well capacity.
For the chemical aspects, it was early on stated that the northern part of the aquifer contained oxygen
deficient groundwater with soluble iron and manganese. The groundwater circulation system was
designed as a closed loop and the in- and outtake of groundwater were placed deep in the aquifer to
avoid intake of oxygen with precipitation of metals as a consequence. However these measures were
insufficient as deep groundwater were mixed with the shallow oxidized part of the aquifer and iron and
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manganese were precipitated causing clogging at one of the southern, shallow wells used for
infiltration.
According to the chemical analysis, the precipitation of iron appeared to have caused additional
precipitation of calcium carbonate (Åbyhammar et al., 1991). The well was later cleansed with
hydrochloric acid. After a time of operation with abstraction and injection at both well pools, no
further tendencies of clogging were observed.
In order to avoid iron and manganese precipitation causing clogging, Åbyhammar et al. (1991) suggest
that abstraction of groundwater should commence in shallow, more oxidized wells and injected to the
deep wells to oxidize the deeper groundwater.
Chemical sampling showed that concentrations of Fe, Mn, Ca, Mg, Cl, SO4 and HCO3 increased with
depth in the aquifer. Furthermore, the concentrations of Fe, Mn and Cl were increased at the north
part of the aquifer, closer located to Brunnsviken.
Regarding chloride and the hydraulic connection to Brunnsviken, there were concerns that a high
abstraction rate would cause saline intrusion. However, due to the fact that designed cooling demand
was excessive, abstraction was less than expected and no saline intrusion had been observed after
about three years of operation (Åbyhammar et al., 1991).
1.1.4

Other research

In the early days of thermal energy storage in aquifers, research done was mainly focused on
groundwater chemistry relating to operational issues concerning problems with precipitation of
especially CaCO3 in the heat exchanger or the screen of the injections wells caused clogging (Willemsen
and Apello, 1985; Holm et al. 1987). Results from experiments showed that carbonate precipitation is
due to heating and mixing ambient water with injected groundwater (Perlinger et al., 1987; Griffioen
and Appelo, 1993). Precipitation would occur at the warm well and dissolution at the cold well (Holm
et al. 1985; Brons et al. 1990; Griffoen and Apello1993). However at limited temperature increases
(<25°) calcite precipitation isn’t likely to occur (Drijver, 2011).
The more environmentally oriented research was aiming to detect risks to the surrounding
hydrological environment in vicinity of the ATES system. Studies were made to determine impact on
nearby drinking water supplies and whether ATES systems could to mobilize contaminants due to an
alteration of hydrochemical soil conditions (Bonte, 2013; Bonte et al., 2013a; Bonte et al., 2013b ;
Bonte et al., 2013c; Bonte el al., 2014).
A consequence of heated groundwater is often increasingly chemically reducing conditions. This may
be catalyzed by an increase in microbial reduction activity and release of organic carbon from the
sediment (Jesußek et al. 2013; Bonte et al., 2013b) which consumes oxygen during its biodegradation
(Domenico and Schwartz, 1998). Diversity and structure in microbial community is significantly
influenced by temperature when investigating a temperature range of 2 to 40°C (Brielmann et al.,
2011). Furthermore, Bonte et al., 2013a reported a significant increase in mobilized arsenic from soil
column experiments in a laboratory setting when subject to a temperature of 25°C in anoxic
conditions. The sediments and water used in the experiment were collected in two different parts in
the Netherlands. Whether the conditions for arsenic mobilization were particularly favorable in Dutch
groundwater conditions and whether the results can be generalized to apply in Swedish conditions
which typically have low arsenic concentrations could be subject to further studies.
Besides impact related to temperature, ATES systems give rise to mixing of groundwater. The potential
formation of iron hydroxide precipitates from mixing oxygen/nitrate rich with deeper iron rich
groundwater is well established (van Beek, 2010; Possemiers et al., 2016). Further, the oxidation of
minerals such as pyrite may cause acidification responsible for releasing major ions and trace metals
(Descourviéres et al., 2010; Bonte 2013c). In the longer term, reductive capacity and reactivity of the
sediments surrounding the injection well will slowly decrease (Descourviéres et al., 2010) and
homogenization of the natural redox zoning will occur (Bonte 2013c). Regarding mixing, it’s also
notable that in some literature, unconfined aquifers are considered to be more vulnerable to the
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mixing process as they show higher differences in water quality with depth (Bonte, 2011; Jesußek et
al., 2013, Possemiers et al., 2016).
It is important to note that many findings in the research of ATES, from heating of soil columns,
modelling etc., is from heating water temperature to a lot higher than 25°C as many experiments
involve temperatures of up to e.g.: 60°C (Bonte et al., 2013c), 70°C (Jesußek et al., 2013), 80°C (Bonte
et al., 2013b) and 90°C (Griffoen and Apello,1990). However the chemical impact from heating up to
less than 25°C, which applies to the majority of installed ATES in moderate climates, will have limited
chemical effect (Bonte et al., 2013c; Possemiers et al. 2014).
Another topic is the risk for saline mixing due to the abstraction process when the ATES system is
located on an (freshwater) aquifer, hydraulically connected with a water body of higher salinity. The
pumping process could give rise to saline intrusion (Smith, 2007). This topic is not only related to
ATES systems but rather a relevant issue for pumping in general, especially when situated in coastal
areas (Knutsson and Morfeldt, 2002). Other common sources of salinity are road salt (Earon et al.,
2012) and relic saltwater (Boman and Hanson, 2004).

1.2
1.2.1

Method
Study area

The study area is located in the northern part of Stockholm, at the north-western side of Lake
Brunnsviken, by the E4 highway. The evaluated ATES system is positioned on the Stockholm esker in
the property called Rosenborg 3 ( Figure 2).

Property

Figure 2. Study area in northern Stockholm.
1.2.2

Geological conditions

The main geological feature is the Stockholm esker stretching in the north- northwest direction. The
landscape is under the level of the highest marine shoreline giving a more complex soil stratigraphy
with deposits of clay but also remains of relic saltwater (Boman and Hanson, 2004).
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The top of the ridge of the esker has partly been subject to excavation due to a former use as gravel pit.
The core of the esker is passing through the southern side of the property (Figure 3).
The bedrock is constituted by acidic intrusive rock as well as metamorphic rock of sedimentary origin
(SGU, 2017) with varying elevation. It’s covered by rather thin layers of soil of foremost clay. The
landscape is further characterized by outcrops partly covered with till.

Figure 3. Soil map of study area.

1.2.3

Hydrological conditions

The recharge area for the esker where the property is located stretches about 1 km south to a water
divide at an elevated point called “Storkullen”. About 1km north there’s a variable water divider
between Lake Brunnsviken and the bay Edsviken. To the West, the recharge area stretches about
500m, however in the northern end in level with Bagartorp the recharge area is larger, about 1.5 km
wide (Figure 4).
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Figure 4. Groundwater map of the study area.

From the aquifer, there is a stated hydraulic connection to Lake Brunnsviken to the east. There is a
level of uncertainty about the exact locations of the water out/in-flow but according to the
environmental impact assessment (WSP, 2014), discharge goes into Lake Brunnsviken by diffuse
leakage through the bed sediments. Most likely it occurs mainly by the shallow parts of the bank since
more dense sediments should cover the deeper parts of the bed of Brunnsviken. The spread of the
esker is uncertain, however the mapped soil conditions suggest that part of the esker at the eastern
side is located under Lake Brunnsviken.
Lake Brunnsviken once belonged to the Baltic Sea, however the land uplift after the deglaciation
transformed the bay to a fresh water lake. In the 1960’s, a canal was constructed connecting the lake
with the Baltic again and consequently, Brunnsviken contains brackish water with a documented
salinity of 800 to 1600 mg/l according to the EIA. The groundwater level in the aquifer has been
shown to correlate with the water level in Brunnsviken (WSP, 2014), whether that relationship is
causal remains uncertain.
According to the EIA, the hydraulic conductivity of the esker was estimated from pumping tests to be
in the range of 2.5 − 2.9 ∙ 10−3 𝑚/𝑠. Prior to installation of the ATES system, it was considered feasible
to install several wells with an abstraction rate of 50-100 l/s. Drillings had shown that the main
geological material in the esker comprises of sand and gravel. However at the northern part it was
presented that the aquifer have fillings of finer grained material as silt.
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1.2.4

Chemical conditions

In relation to the quality standards set by the geological survey of Sweden (2013), the groundwater
chemistry in the study area prior to ATES is described below (Table 1). The concentrations are divided
into 5 classes from very low to very high (except for a few elements e.g. chloride having 6 classes) and
is based on the data sampling from the study area during a 7 month period.
Table 1. Elements with concentrations divided into classes.
Classification of groundwater chemistry prior to ATES
Element / Property
Alkalinity
Conductivity
pH
Total hardness
Cl
SO4
Al
As
Ca
Cd
Cr
Cu
Fe
Hg
K
Mg
Mn
Na
Ni
Pb
Zn

concentration
Very high
Very high
Moderate
High to very high
Relatively high to high
High to very high
Very low
Very low to moderate
Very high
Very low
Very low to low
Low to very high
Very low to very high
Very low
High
High
High
Moderate to high
Low to High
Very low
Very high

The groundwater is characterized by a high degree of hardness along with a high salinity. In addition,
there are high concentrations of some metals: Copper, Magnesium, Manganese and Zink.
As mentioned in the literature study, there are likely three possible sources that can be considered
when explaining the chloride content (Knutsson and Morfeldt2002). The first one is relic saltwater
originating from the Litorina Sea which existed after the latest glaciation period (Boman and Hansson,
2004). It contained higher salt concentration and is occurs within the area in Sweden located under
the highest marine coastline. According to the environmental impact assessment with reference to a
report by the geological survey of Sweden, the level of relic salt water in the esker is unknown.
Secondly is saltwater intrusion caused by wells located near the shoreline of saline water (Smith,
2007). Lake Brunnsviken having brackish water (WSP, 2014) has been shown to have a hydraulic
connection to the aquifer according to the EIA why lake water intake could be a factor explaining the
salinity.
Finally, there is also anthropogenic sources that may explain the salinity, as de-icing salt from roads or
dust binding salts (Knutsson and Morfeldt, 2002; Earon et al., 2012). It is notable that highway E4 is
located only some meters from the wells at Rosenborg 3.
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1.2.5

ATES installation – Rosenborg 3

The ATES system at property Rosenborg 3 consist of three warm wells at the north part of the aquifer
and two cold wells at the south part (Figure 5). Additionally, there is a reserve well located north. The
depths of the northern wells are restricted by the bedrock level why these wells are shallower than the
cold wells further south (Table 2). The cold well pool has an approximate temperature storing range of
6-12°C and the warm well pool will have a range between 8-19°C.

Figure 5. Well locations.

Table 1. Depth and filter length in the system.
Well

warm/cold side

Depth, [RH2000]

Filter length, (m)

BV01
BV02
BV03
BK01
BK02

Warm
Warm
Warm
Cold
Cold

-11.3
-7.3
-9.2
-15
-14

7
5
4
10
9

9

Figure 6. Estimated soil depth.
Maximum pumping/injection rate is 40 l/s and all wells are constructed to provide both abstraction
and injection. Abstraction and utilization of cold water from the south well pool is prognosticated to
occur during April to September. From October to March, abstraction for heating then occurs at the
north well pool.
The energy storage amounts to approximately 400 MWh at well pools given an average temperature
difference of 10 degrees. The energy will be utilized in connected buildings through ventilation
(heating and cooling batteries), heating system (radiators, floor- and ground heat), and the cooling
system (cooling baffles).
The groundwater circuit in the system is closed and no sources of contaminants should be in contact
with the groundwater system. All major pipes are constructed in steel except small pipes of copper
connected to taps, enabling water sampling within the technical system.
Table 3. well dimensions.
Well

Upper edge
[RH2000]

Length of pipe

Length of
filter

Well bottom
[RH2000]

B4
15W001
15W002
15W005
13W03
13W02
13W04
9501

5.96
4.16
3.59
6.06
6.09
6.86
3.16
5.11

14.24
7
10.4
16.05
18
14
4.93
8.85

1
1
1
1
2
1
1
1

– 8.28
– 2.84
– 6.81
– 9.99
– 11.92
– 7.14
– 1.78
– 3.75
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Distance:
upper edge to
ground level
0.87
0.72
0
0
0.52
1.05
0.26
0.88

1.2.6

Data sampling

Groundwater sampling in the study area started in January 2016 and continued to May 2017 (Table 5).
Data sampling was performed by for the consulting company Sweco, commissioned by the property
owner Vasakronan and the royal institute of technology, KTH. The sampling included in-situ
measurements with pumped water connected to a flow cell measuring following conditions:






Temperature, [°C]
Dissolved oxygen, [%]
Electrical conductivity, [µS/cm]
pH, [-]
Oxidation reduction potential, [mV]

Furthermore, groundwater samples for chemical analysis were collected using plastic bottles according
to a procedure recommended by the Swedish geotechnical society, 2013. Chemical analysis was
performed at ALS Scandinavia laboratory for standard fees. Analysis of concentrations for the
elements seen in Table 4 was ordered. Note that analysis of Chloride and Iodide was not included in
the initial package but was later included at 2016-05-01 and 2017-02-07 respectively. Proper
calibration for the equipment measuring dissolved oxygen started from the measurement which took
place 2017-02-07.
Table 4. Elements sampled.
Element
Aluminum, Al
Arsenic, As
Barium, Ba
Calcium, Ca
Cadmium, Cd
Cobalt, Co
Chloride, Cl
Chromium, Cr
Copper, Cu
Iron, Fe
Mercury, Hg
Iodine, I
Potassium, K

Element
Magnesium, Mg
Manganese, Mn
Molybdenum, Mo
Sodium, Na
Nickel, Ni
Phosphorus, P
Lead, Pb
Strontium, Sr
Vanadium, V
Zink, Zn
Alkalinity, HCO3
Total hardness, °dH
Sulfate, SO−2
4

Data sampling was done at observation wells, starting in January 2016 (Table 5). Prior to operation of
the ATES system, there was an operation test performed in February 2016. Operation of the ATES
system started October 2016.
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Table 5. Dates of sampling.
Date of measurement
2016-01-26
2016-02-08
2016-02-15
2016-02-22
2016-02-29
2016-05-01
2016-06-29
2016-09-06
2016-12-07
2017-02-07
2017-03-22
2017-05-23

Remark
Last sampling prior to operation test 1
Last sampling prior to operation test 2

Last sampling prior to operation
Post operation
Last sampling prior to change in cycle
Last sampling included in the study

Groundwater samples were collected by Jonathan Udén in 250 ml plastic containers after first
removing 3 well volumes of water from the observation wells throughout the aquifer. This was
consistently done close to maximum available depth of all the observation wells (Figure 7).

Figure 7. Sampling points.
Starting 2017-02-08, water sampling included water outtake of the ATES installation. The water was
extracted from taps and pipes at warm and cold well pools at time of abstraction/injection.
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1.2.7

Statistics

In this thesis, statistical analyses of hydro chemical parameters included Kruskal-Wallis test by ranks
and Principal Component Analyses (PCA). All statistical analyses were done in SPSS Statistics 24
software package.
The Kruskal-Wallis test by ranks is a statistical method to compare more than two independent
samples. The test is non-parametric and examines the population medians to decide whether they
differ significantly (Corder and Foreman, 2011). The Kruskal-Wallis test is a useful alternative to
analysis of variance (ANOVA) when the population in the dataset does not display a distribution of
normality. This was the case when testing for normality using the Shapiro-Wilk test, even if
considering a power transformation.
PCA is a method to reduce the dimensionality of a data set in which there are a large number of
interrelated variables while retaining as much as possible of the variation in the data set (Jolliffe,
2002). The data set is transformed into new variables, the principle components which are ordered so
that first components describes the most of the variation (Jolliffe, 2002) in a descending order with
orthogonal relations. Each of the factors in the components contributes in a certain extent to each
component and their loadings may be used to evaluate their relative importance to the component
which are calculated by dividing the squared factors with the initial eigenvalues of the component
(Abdi et al., 2013). Further, the individual loadings of the variables may be multiplied to the variance
explained by the appurtenant principal components to have weighted factors so that influential
chemical factors plays a greater part.
1.2.7.1

Euclidean distance

In many PCA’s found in literature, it has been common to choose two or three principal components to
be able to plot the results in 2D or 3D for having access to a pliant graphical representation. In this
thesis however, a new approach has been adapted. In order to retain a high extent of variance in the
analysis, an approach with distance ranking has been used. The number of principal components is
increased to an extent where the limitation is an eigenvalue of minimum 1. The Euclidean distances
(Eq. 1) are calculated between coordinates of the factors in the multidimensional space where
dimensionality is governed by the number of principal components. The distances for one chosen
factor to all other factors are calculated and then ranked in a table.
𝑑 = √(𝑥𝑛 − 𝑥1 )2 + (𝑥𝑛 − 𝑥2 )2 + . . . +(𝑥𝑛 − 𝑥𝑖 )2

(Eq. 1)

Where 𝑖 is the number of factors and 𝑛 is the selected item to rank against.
This procedure is done for all factors of interest, specifically the chemical indicators; redox,
temperature, specific conductance, total hardness, alkalinity. Further is it of interest to include factors
that has undergone a significant change according to the Kruskal-Wallis test by ranks.
The main purpose for this approach is to gain another type of overview of the results. Since there is
quite an extensive list of chemical factors included in the analysis, rather than to estimate the
interrelations in a plot, a system of listing will provide an accessible and hopefully more accurate
estimate.
1.2.7.2

Variables and groups

The whole data set of variables was divided into four ordinal groups for statistical evaluation. The first
group labeled ‘pre ATES’ consists of all measurements and samplings done prior to operation of the
ATES system. The second group labeled ‘post ATES’ is constituted by the same wells but post
operation of the system. The third and fourth groups consist of a new set of sampling points, allocated
to observation wells coupled to the abstraction / infiltration wells as well as taps installed to the pipes
of the ATES system. These groups are divided into the warm and cold side of the ATES and are labeled
‘warm wells’ and ‘cold wells’.
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The purpose of the division described is to form a baseline of surrounding wells (pre- and post ATES)
to which the ATES wells (warm and cold wells) can be compared against. That allows to discriminate
form changes in chemical parameters due to factors such as season, local anthropogenic effects etc.
Further, the temperature storage effects may be evaluated when the ATES wells are divided
accordingly.
The main question to be evaluated is whether the groups described above significantly deviates from
each other in the chemical parameters and if that is due to operation of the ATES. The Kruskal-Wallis
test by ranks will help to assess if the mean values from the warm and cold wells in the ATES will
differentiate from surrounding wells in the area and whether there is a disparity between warm and
cold storage.
The PCA will help to connect chemical parameters and study if they vary in the same way. It will clarify
whether variation is due the operation of the ATES as there are several expected effects for chemical
indicators as described in the literature study.
1.2.8
1.2.8.1

Geophysical survey
Resistivity

The basic principle of a resistivity survey is to inject currents into the ground and measure the
potential difference around electrodes at the surface (Ernstson and Kirsch, 2009). Contact problems,
depending on factors such as ground moisture and contact area are avoided when voltages are
measured around a second pair of electrodes using a high impedance voltmeter (Milsom and Eriksen,
2011). By measuring the difference in electric potential using two pairs, the apparent resistivity may be
calculated. Adding additional pairs of electrodes enables an extensive survey and there are different
arrays that enables various geometric advantages of whom Wenner and Schlumberger are the most
widely used (Milsom and Eriksen, 2011). With a multiple arrays setup, a two dimensional pseudosection may be constructed that shows the apparent resistivity in a profile (Earon, 2011).
1.2.8.2

Induced polarization

Induced polarization, (IP) is a widely used technique for exploring base metals (Milsom and Eriksen,
2011). Currents induced into the ground can cause structures to be electrically polarized. The physical
property that is measured in an IP survey is chargeability which describes how well a material can hold
a charge. An IP survey often comprises the same equipment as conventional resistivity surveys where
electrodes are connected in cables and with the same type of arrays (Milsom and Eriksen, 2011).
Two survey lines measuring both resistivity and IP were placed in the study area. Line 1 had a
placement perpendicular to the road while Line 2 was placed parallel with the road and in line with the
warm and cold wells of the ATES. Line 1 had a length of 46 meters with an electrode spacing of 1.0
meter and Line 2 had a length of 128 meters with an electrode spacing of 2.0 meters. The survey was
conducted in the 12 of May, 2017. Expected outcome if the origin of salinity would be the highway E4 is
a decreasing gradient of low resistivity perpendicular to the road.
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1.3
1.3.1

Results
Kruskal-Wallis test

Data from the groups labeled ‘pre ATES’, ‘post ATES’, ‘warm wells’ and ‘cold wells’ were analyzed,
using the Kruskal-Wallis test by ranks for testing the hypothesis that all median values of the chemical
parameters are equal based on a 95%-level of significance. All groups were treated as ordinal classes
while all their chemical parameters were treated as scale data. Significant differences were found in
temperature, pH, specific conductivity, total hardness, As, Ca, Cr, Fe, Mg, Mo, Si, Sr and Zn, (Figure
8).
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Figure 8. Box plots of the mean values for each group, which were found significantly deviant in the
Kruskal-Wallis test by ranks.
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Although redox potential did not display
deviant mean values to a statistically
significant degree, it is included in the results
(Figure 9). The cold wells shows a larger
variance compared to the other groups.
Throughout the sampling process, the variance
has steadily increased.
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1.3.2

PCA

The Kaiser-Meyer-Olkin measure of sampling
adequacy (KMO) describes in what extent the
variance of the items are overlapping by a
mean value and should preferably be higher
than 0.5 for the data to be suited for a PCA
(Hinton et al., 2014). The KMO in the PCA
performed in this study obtained a value of
0.686 and should therefore be considered
sufficient, however excluding more factors
could increase this value. The Bartlett’s test of
sphericity investigates whether the correlation
matrix from which the sample is extracted can
be assumed to be an identity matrix. That
would mean all items in the matrix are
independent which is not suitable, why a level
of significance lower than .05 is desired. This
was obtained in the study.

limited, the variance explained has been
reduced.

Table 6. Communalities of factors
Communalities
Factor
Redox

Extraction
0,578

Temp

0,446

SPC

0,927

Ca

0,942

Fe

0,371

From the anti-image correlation matrix the
KMO is displayed for every item in the PCA.
High extent of overlapping variance implies
that a high degree of variance is described by
fewer principal components why the analysis
benefits from excluding items that have a small
KMO, and are not considered to be
fundamental in the chemical analysis. Thus,
alkalinity, Cd, Co, Cr, DO, Hg, I, K, Ni, P, Pb
and Zn were excluded from the PCA.

Mg

0,728

Na

0,960

Si

0,843

Al

0,759

As

0,782

Ba

0,807

Cu

0,826

Mn

0,812

The communalities are a measure of the extent
of variation that is described by all the
components (Table 6). In the initial solution,
the components equals the number of factors
and all the variance is explained, thus it equals
one. In the column for the extracted model
where the number of components has been

Mo

0,835

Sr

0,904

V

0,836

Total hardness

0,972

Sulphate

0,831

Chloride

0,909

pH

0,406

Five principal components constituted the PCA in the study, all with an eigenvalue greater than one
(Table 7). The five components comprise a cumulative variance of 77 % from the whole data set.

Table 7. The eigenvalues for the five principal components.
Initial Eigenvalues
component

Total

percentage of
variance

Cumulative
percentage

1
2
3
4
5

7,072
3,766
1,951
1,424
1,261

35,358
18,831
9,756
7,119
6,304

35,358
54,189
63,945
71,064
77,367
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The resulting PCA according to the Euclidean distance ranking described earlier displays the ten
factors closest in variance to the factor in bold letters (Table 9). The elements with shortest distance to
each chemical parameter are the ones showing most equal variance.

Table 9. PCA with variance displayed with ranked distances.
Variance Ranking
Redox
Fe
pH
Temp
Sulphate
V
As
Mo
Mn
Cu
Al

Distance
1,25
1,63
2,00
2,12
2,30
2,34
2,41
2,50
2,76
2,83

Temperature
pH
Fe
Mo
Al
Sulphate
Mn
As
Redox
Ba
Mg

Distance
0,62
0,99
1,27
1,53
1,70
1,91
1,98
2,00
2,38
2,52

SPC
Cl
Na
Cu
pH

Distance
0,29
0,36
1,31
3,41

pH
Temperature
Fe
Mo
Redox

Distance
0,62
0,71
1,63
1,63

Temperature
Fe
Redox
Mn
Sulphate
Mo

3,77
3,83
3,94
3,86
4,02
4,18

Sulphate
Mn
Al
As
Cu
Ba

1,87
1,90
2,02
2,08
2,47
2,53

Total hardness
Sr
Ca

Distance
0,55
0,69

As
Sulphate
Mn

Distance
1,37
1,42

Mg
Ba

0,78
0,81

Ca
Fe

1,63
1,73

Si
Mn

0,82
1,46

Temperature
Ba

1,98
2,02

As
Mo

2,27
2,89

Mg
pH

2,06
2,08

Temperature

3,10

Si

2,11

Fe

2,14

Total hardness

2,27
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1.3.3

Sampling error

Sampling showed very high concentrations of metals at taps within the ATES system. The metals
where Cu, Pb and Zn, elements that correspond with the chemical composition of the copper pipe and
the attached brass tap. The highest sampled concentration displayed an increase of a factor thousand
compared to the initial values. These high concentrations were not considered representative for the
water located inside the pipes in the ATES system but rather an effect of not flushing out the taps
sufficiently before sampling. Hence these high concentrations were excluded from the analysis.
1.3.4

Resistivity and induced polarization

The left hand side of line 1 points towards the road at northeastern direction (Figure 10). The
topography has been considered for the line perpendicular to the road due to a distinct slope. The
inverse modelling gave an absolute error for the calculated apparent resistivity pseudo section
compared to the measured pseudo section of 13.4% while corresponding value for the IP was 6.4 %.

Figure 12. Line 1 modeled data of resistivity (above) and induced polarization (below).
Line 2 was parallel to the road and in line with both the cold and warm wells in the ATES, with a
survey line of 128 meters did not need to consider topography (Figure 11). The inverse modelling gave
an absolute error for the calculated apparent resistivity pseudo section compared to the measured
pseudo section of 5.6% while corresponding value for the IP was 9.8 %.
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Figure 13. Line 2 modeled data of resistivity (above) and induced polarization (below) modeled data.

1.4

Discussion

Regarding the environmental impact on groundwater quality from the ATES located in the study area,
the chemical parameters included in the analysis shows a state which suggest that groundwater quality
in the aquifer is not stressed from operation of the ATES. Overall, the chemical parameters are
unchanged regarding and what remains are tendencies regarding metal mobilization and precipitation.
However, when utilizing groundwater for ATES, it will be subject in some extent of altered conditions
which, in the right mix, could be the cause for a flushing of contaminants. For that reason, the proper
type of investigatory measures beforehand including soil sampling would establish whether an aquifer
is suitable for an ATES utilization.
Given the conditions of the groundwater, the pre-requisite was favorable for having an unsubstantial
impact on the surrounding environment. The aquifer in the esker displayed low concentrations of the
toxic metals why mobilization in large scale was not very likely. Preconditions did show high salinity.
However, it does not seem to accumulate in the aquifer as results gave a significantly lower level of
specific conductivity by the ATES wells.
These results are to this point in line with the Dutch studies, suggesting that limited temperature
increase will have limited environmental impact. However, it is important to consider the
preconditions. What could have been the cause of higher impact is a baseline where the initial
concentrations of contaminants, whether natural or anthropogenic, would occur in a high enough
extent. They would be vulnerable towards changes in chemical conditions seen in this study: redox, pH
and temperature.
As operation of the ATES started in December, the analysis seven months later is based on foremost
the cycle of cold energy storage, although less than two months storing warm energy has undergone as
well. Hence, a range of possible effects coupled to heated groundwater of higher temperature seen in
the literature study is unavailable for comparison.
As mentioned in the literature study, ATES systems give rise to mixing of groundwater. That is likely
the reason for the large variation of redox potential at the cold wells, displayed by the boxplot.
The first operation cycle for the ATES at Rosenborg 3 was running wintertime and therefore the
groundwater from the northern wells was abstracted and injected into the southern, cold well pool.
The northern wells don’t reach the same depth as their counterpart further south why the groundwater
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abstracted is likely to have a different characteristic due to redox zoning compared to the groundwater
where it is injected, hence an increase. Furthermore, there is a possibility that the silty fillings in the
northern wells give rise to unexpected flows, with abstraction of groundwater with higher redox
constituting a part of the injected water to the cold wells.
Evident from the Kruskal-Wallis test is an increase in pH in both of the well pools but particularly in
the cold wells when considering the median value. The inverse relation between pH and temperature
could explain the deviation between the ATES wells. This is also evident when observing the results
from the PCA as both factors show similar behavior in variance. Why there is an increased value of pH
in the ATES wells compared to rest of the wells remains uncertain.
Reported in Dutch research was significant increase in mobilized arsenic in soil column experiments
when subject to increase in temperature. For the extent of this storing period, mobile arsenic
concentrations has decreased compared to the conditions before the ATES was running. Mobilization
of Arsenic generally occurs at low redox potential and high pH. If any of the well pools display
conditions that favor arsenic mobilization it would rather be the cold wells with a slightly increased pH
but certainly a larger spread of redox potential, including the reducing conditions. The modest
decrease in arsenic concentrations in foremost the cold well pool could be treated as an indication that
mobilization is occurring in a small scale, however not by heating groundwater as was the topic in
mentioned research.
Whether a longer run of the ATES, including peak temperature, could manifest conditions that
enables mobilization remains to study however it does not seem very likely that a remarkable change
will occur, given the pre-conditions with low concentrations.
Evident from the Kruskal-Wallis test and displayed by the boxplots are significantly lower specific
conductivity as well as total hardness at the ATES wells compared to the base group of wells. The
concentrations of Calcium and Magnesium naturally follows that pattern as they by definition
constitutes total hardness. The higher degree of hardness at the base group of wells might indicate that
they are subject to salinization in a higher extent than the ATES wells. It’s common for sodium ions to
be exchanged for calcium and magnesium ions in groundwater, hence the increase.
The expected sensitivity to redox potential for iron is established when combining the PCA results with
the box plot. The cold wells in the ATES having displayed a large variance in redox potential also show
a larger variance in iron concentration. This amplifies the importance of having low concentrations of
iron (and manganese) in the groundwater when planning for an ATES in order to avoid clogging
effects from iron hydroxides.
As seen under the results for the Kruskal-Wallis test, the concentration of Zn has increased
significantly at the warm wells. This was the same well pool where the taps displayed really high
concentrations of metals, enough to be excluded from the analysis, Zn being one of them. Meanwhile
in the PCA, Zn was excluded due to low covariance with other factors which implies that the strong
increase in Zn is not due to change from some chemical property. It is more likely that it originates
from a structural part of the ATES installation, perhaps the very same tap. A possible source of error
would otherwise be the lab analysis.
1.4.1

2D resistivity

The geophysical surveys of 2D-resistivity and induced polarization was conducted with the aim to
elucidate whether the rather high concentrations of chloride originated from the road located in the
immediate vicinity of the aquifer. However, the results shows somewhat unexpected characteristics as
the resistivity overall are extremely low compared to the natural settings that would be expected. That
could be due to disturbance of man-made structures. For that reason, the expected plume of
conductive material is hard to differentiate from the surrounding material as the resistivities in general
are so low.
It seems likely that the survey was subject to a high level of disturbance from the surrounding
environment and possibly man-made structures in the soil and it has to be concluded that a high level
of uncertainty is connected to the survey.
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1.4.2

Uncertainties of the study

One of the fundamental assumptions made in this study is that base group of wells surrounding the
ATES and the warm and cold wells within the ATES are equated and would display similar
groundwater chemistry in a zero alternative with no ATES installed. This is not necessarily true, as the
wells installed for the ATES are slightly deeper in general and may display properties that deviates for
example in redox zoning. For that reason, there might be effects that are attributed to the ATES, but in
reality are effects of deviation in groundwater properties. In favor of the chosen methodology is that
rather big changes in indictors such as redox would note very likely take place, if not the ATES system
would redistribute the groundwater as it does.
The other assumption that could be questioned is whether the other wells could be affected by
operating the ATES. In that scenario, deviation between the groups would be reduced or missed
altogether. Further, that could apply in higher extent for some factors than others could.
Whether or not to exclude the very high concentrations of Cu, Pb and Zn that were found in the taps by
the warm wells of the ATES could be argued. However since the chemical composition could be
allocated to the pipes and taps with rather high certainty, and with knowledge of the phenomena with
high metallic concentrations in unflushed taps, the decision was rather easy after all. Whether or not
the increased concentrations of Zn in the nearby observation well (discussed earlier) are linked to the
supposedly unflushed tap is harder to determine. In any case would it be related to operation of the
ATES and ought to be treated as an environmental impact.
1.4.3

Further research

Based on the results from foremost the PCA for this period, it enables us to anticipate some of the
groundwater changes that lies ahead. As temperature raises, factors showing similar variance will
likely follow in their own pattern. Except for the possible effects from storing higher temperatures of
thermal energy, it is of high interest to study the time frame for the homogenization of the natural
zoning for the two well pools. In addition, the reductive capacity and reactivity of the sediments
surrounding the ATES wells are expected to slowly decrease which also could elucidate whether
groundwater is foremost circulated within the aquifer or if the hydraulic connection is somewhat
limited with an inflow from some unexpected direction is occurring.
Harder to predict is the variation in salinity. A longer term of sampling could elucidate whether
chloride concentrations are stable or not. Season might be an important factor as cold weather is
coupled with the use of de-icing salts. In a scenario with accumulation occurring in the abstraction
wells for example, targeted efforts could be done. That could include using divers monitoring the
specific conductivity at certain wells to help identify the origin.
Another topic that would be interesting to study is the flow paths at the northern wells. A tracer test
could be helpful in identifying whether groundwater travels in another part to the wells than from the
main aquifer. To have a tracer injected along with the slope of the bedrock may be one useful test.

1.5

Conclusions and recommendations

With the ATES having operated for one cycle of cold storage and with some month into the warm
storage period, chemical parameters shows a state which suggest that groundwater quality in the
aquifer is not stressed from operation of the ATES. Tendencies are that metals like As and Mg has
reduced and likewise with the salinity compared to the base group of wells. The increase that is notable
is that in Cd. The cause is uncertain, however it may be attributed to some uncertainties of the warm
well with a deviation in geological properties.
When planning for an ATES, it is of high importance to consider the chemical and hydrogeological
conditions. Given the raised temperature and expected effects in redox and pH, the extent of
environmental impact from ATES is set by the preconditions in hydrogeology. Pre-investigatory water
sampling should be complimented by soil sampling for a full understanding of the potential for
flushing of contaminants.
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In order to exploit the possibilities of implementing more ATES systems, it should be well established
what are the prerequisites to have a well-functioning ATES without causing environmental stress. For
that reason, different types of aquifers should be studied to enhance the knowledge within the field,
both on local and international scale.
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