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The effect of urban heat islands on geothermal potential: examples
from Quaternary aquifers in Finland

Teppo Arola - Kirsti Korkka-Niemi

Abstract The use of renewable energy can be enhanced
by utilising groundwater reservoirs for heating and
cooling purposes. The urbanisation effect on the peak
heating and peak cooling capacity of groundwater in a
cold groundwater region was investigated. Groundwater
temperatures were measured and energy potentials calcu-
lated from three partly urbanised aquifers situated between
the latitudes of 60° 25'N and 60° 59'N in Finland. The
average groundwater temperature below the zone of
seasonal temperature fluctuations was 3—4 °C higher in
the city centres than in the rural areas. The study
demonstrated that due to warmer groundwater, approxi-
mately 50-60 % more peak heating power could be
utilized from populated areas compared with rural areas.
In contrast, approximately 40-50 % less peak cooling
power could be utilised. Urbanisation significantly in-
creases the possibility of utilising local heat energy from
groundwater within a wider region of naturally cold
groundwater. Despite the warming in urban areas, ground-
water still remains attractive as a source of cooling energy.
More research is needed in order to determine the long-
term energy capacity of groundwater, i.e. the design
power, in urbanised areas of cold regions.
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Introduction

The use of renewable energy systems (RES) is expected to

increase globally, as it provides local energy that is not
dependent on the international energy transport market
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and reduces the emission of greenhouse gasses (Andea
et al. 2010). The EU is promoting the use of RES in
Europe through Directive 2009-28-EN. This directive has
set a target of 38 % for the share of RES in the gross
overall energy consumption of Finland by 2020. In 2010,
RES accounted for 32.2 % of the overall energy
consumption of Finland, 3.2 % of which was produced
by heat pumps (Statistics Finland 2012). Although heat
pumps produced only a minor proportion of the total
Finnish RES consumed in 2010, the amount of energy
from heat pumps is expected to rise from approximately 4
TWh at present to 8 TWh by 2020 (Ministry of
Employment and the Economy 2010). One solution to
increase RES is to exploit groundwater energy by means
of heat pumps or heat exchangers.

One technique used to exploit groundwater energy is
called an open loop energy system or open system (Bonte
et al. 2011; Haehlein et al. 2010). Open loop heating and
cooling systems extract thermal energy from and/or
discharge waste heat into bodies of water such as aquifers
and lakes. Water is pumped from the body of water
through a heat-transfer system and is returned to the
environment at a lower temperature for heating applica-
tions and a higher temperature for cooling applications. In
most cases, groundwater is pumped from an abstraction
well and discharged into the subsurface via an injection
well (Sanner 2001). If energy is exploited by a heat pump,
the term groundwater heat pump (GWHP) system is also
used. GWHP systems have been successfully used for
energy purposes in North America and Europe since the
1920s (Banks 2012; Ferguson and Woodbury 2006).
Large-scale groundwater utilisation experiments were
conducted in Finland in the late 1970s and early 1980s
with positive results (lihola et al. 1988). The Finnish
geological environment, where high-yielding glaciofluvial
sand and gravel aquifers exist at a depth of only a few
metres, provides easily exploitable energy reservoirs.
Approximately 56,500 ha of aquifers in Finland, compris-
ing 801 groundwater areas (Finnish Environment Institute
2012), are under urban or industrial land use (Finnish
Environment Institute 2006). These aquifers are located
around the country, and near or under all major cities.
However, groundwater is not a widely used energy source
in Finland.

Yearly and daily groundwater temperature variations
are minimal compared with temperature variations in the
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air or in lake or river water (Malkki and Soveri 1986;
Silliman and Booth 1993). Groundwater temperatures to
depths of approximately 10-25 m are generally equal to
the mean air temperature in moderate and warm climates
(Banks 2012; Budel 1982; Kasenov 2001). For example,
according to the Irish Meteorological Service, mean
annual air temperatures in Ireland generally range between
9 and 11 °C. By comparison, the average groundwater
temperatures range between 8 and 11 °C (Allen et al.
2003). The mean air temperature in Finland was approx-
imately 2.3 °C during the time period from 1981 to 2010
(Tietdvédinen et al. 2010), while the mean groundwater
temperature varied from 3.0 to 6.6 °C (Milkki and Soveri
1986; Oikari 1981). Similar results demonstrating higher
groundwater than surface temperatures have been reported
from other northern areas such as Russian Siberia (Banks
et al. 2004; Parnachev et al. 1999), Canada (Ferguson and
Woodbury 2004; Parsons 1970) and Sweden (Rosen et al.
2001). These temperature differences are mainly due to
two reasons—firstly, in winter the snow cover functions as
an insulator, preventing cold air conduction into the
subsurface layers; secondly, frost is formed when topsoil
is cooled below the freezing point of water. This change in
the state of water releases latent heat into the soil
(McKenzie et al. 2007; Soveri 1985; Woo and Marsh
2005). Frost also acts as an insulator, reducing the flow of
cold meltwater into deeper soil layers in early spring,
when the melting of snow begins (Soveri 1985).
Urbanisation increases the air and subsurface temper-
ature in cities (Bornstein 1968; Ferguson and Woodbury
2004; Oke 1973; Preston-Whyte 1970). This phenomenon
is called the urban heat island (UHI) effect (Howard
1818 in. Landsberg 1981). The air UHI effect is dependent
on numerous factors such as the size of the city and the
population (Karl et al. 1988; Oke 1973); even solitary
shopping centres have been found to form minor local
UHIs (Suomi and Kéyhkd 2011). Many studies have
suggested that the main reason for the UHI effect is the
replacement of natural vegetation by artificial surfaces
such as concrete and tarmac (Allen et al. 2003; Cotton and
Pielke 1995; Landsberg 1981). According to Ferguson and
Woodbury (2004) and Leppéharju (2008), the heat loss
from buildings increases the subsurface temperature by
several degrees. Since air and subsurface soil temperatures
significantly influence groundwater temperatures, the
latter should be higher in urbanised than in rural areas.
Two studies have determined groundwater in the
Winnipeg area (Canada) to be 2—5 °C warmer than outside
the city (Ferguson and Woodbury 2004; Zhu et al. 2010).
Similar results have also reported from Germany (Kerl
et al. 2012; Menberg et al. 2013a), Ireland (ERA 1991 in.
Allen et al. 1999), Japan (Tanicughi et al. 2007), Turkey
(Yalcin and Yetemen 2009) and the UK (Banks et al.
2009). Leppaharju (2008) detected elevated groundwater
temperatures from Espoo, southern Finland, concluding
that the further the measurement point was from the
artificial land surface, the lower was the groundwater
temperature. Heat leakage into the ground due to heat
conduction from buildings was the most likely
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explanation for the elevated groundwater temperatures in
Winnipeg (Ferguson and Woodbury 2007). Research
conducted in Ireland in a glaciofluvial buried valley area
with moderate groundwater temperatures (Allen et al.
2003) revealed that the heat island effect improved the
economics of GWHP systems for heating.

The urbanisation effect on groundwater energy utilisation
from shallow Quaternary aquifers situated in northern
regions has remained undetermined. The present study
investigated whether urbanisation could enable the more
extensive use of groundwater for heating energy purposes in
a snow-dominated, cold groundwater region. Secondly, it
was aimed to measure the influence of urbanisation on the
use of groundwater for cooling purposes.

Area description, material and methods

Three aquifers situated under three cities in southern Finland,
Turku, Lohja and Lahti, were selected for this study (Fig. 1).
The selection was made because natural groundwater
temperatures are higher in southern than in northern parts of
the country (Malkki and Soveri 1986). The cities are situated
north of 60° latitude, and the population density is low,
especially in the Lohja area (Table 1). The climate in Turku
and Lohja is a mixture of coastal and inland types, while that
in Lahti is mainly of the inland type, although Lahti’s climate
is affected by the adjacent Lake Vesijarvi (Alalammi 1987).
The winter snow cover lasts for 85-100 days in Turku, 100—
115 days in Lohja and 130-145 days in Lahti. According to
the Finnish Meteorological Institute, permanent snow cover
occurs from the end of December until the end of March in
Turku and Lohja, and from the end of November until mid-
April in the Lahti region.

The site selection criteria included the availability of
groundwater monitoring wells in the city centre, as well as
in urban and rural areas of the aquifer, and background
information on the soil structure and groundwater condi-
tions. A city centre area denotes a downtown area
including office buildings and apartments with a height
of several floors that are built close together or are
connected to one another (Fig. 2). An urban area denotes a
planned area that is mostly in industrial use or is occupied
by individual houses and is less populated than a city
centre and a rural area denotes an area where no buildings
exist and land use is only related to recreation.

This study aimed to identify monitoring wells that are
situated in an urban area, but are separated from the city centre
so that possible heat movement with groundwater flow from
the city centre to urban area would not affect the groundwater
temperatures in the area concermned. The monitoring wells
were selected in areas where groundwater pumping would not
influence the groundwater flow conditions.

Geology and hydrogeology of the research areas

The bedrock in the research areas is dominated by
plutonic and metamorphic rocks, including granites,
gneisses and amphibolites, and is associated with the
Svecofennian (1970-1780 Ma) orogeny (Karhunen 2004;
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Fig. 1 Location map of Turku, Lohja and Lahti. Finland’s capital, Helsinki, is also shown. (Basemap database © Esri, DeLorme, Navteq.
With permission from Golder Associates global ESRI licence)
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Lehijarvi 1964; The Geological Survey of Finland 2012). and the Holocene (Lahermo et al. 1990; Lunkka et al.
The bedrock is mainly covered by glacial and postglacial 2004; Saarnisto and Salonen 1995). The investigated
sediments deposited during the Weichselian glacial stage aquifers are located in glaciofluvial sand and gravel

Table 1 General information on the selected cities (Statistics of Finland 2012)

City Population (31 Dec. 2011) Inhabitants/km?” land City location Location

Turku 178,630 726 Coastal city at the mouth of a river 60°27.1'N/22°16.2'E
Lohja 39,726 114 Inland city on the Salpausselkd ridge 60°25'N/22°083'E
Lahti 102,308 758 Inland city on the Salpausselkd ridge 60°59.1'N/25°40.4'E
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Fig. 2 Aecrial photographs demonstrating different research areas—a city centre, b urban, and ¢ rural. The orientation and scale is identical

in every picture. The example is from Turku

deposits with a thickness from a few metres to some tens
of metres.

Turku

Located beneath the city of Turku is a northwest to
southeast-oriented esker. The available drilling informa-
tion indicated that the depth of the sand and gravel
deposits is approximately 20 m (Rantala and Arola 2004).
The esker is partly covered by clay deposits to a depth of
over 10 m (Niemeld et al. 1987). Large areas of sand and
gravel have been exploited for building purposes, mainly
in the 20th century, and have subsequently been substitut-
ed with mixed filling material (Rantala and Arola 2004).
The groundwater piezometric level varies from 1 to 15 m
below the ground surface (Finnish Environment Institute
2012), and the estimated volume of the aquifer in the
measured area is approximately 0.046 km®. In the research
area is located the Kaarninko water intake plant, which
has Water Rights Court permission to pump groundwater
at a rate of 2,500 m3/day (Rantala and Arola 2004).

Lohja

The city of Lohja and its surrounding areas are mostly
located on the Salpauselkd I end moraine, which formed
approximately 12,100-12,300 years ago and is mainly
composed of glaciofluvial material, but moraine ridges,
mainly till, also exist (Lunkka et al. 2004). Hence, the
Lohja area is typified by thick sand and gravel deposits
with fine-grained silt and clay deposits, as well as till,
especially on the northern, proximal side of the end
moraine complex. According to the available drilling
information, the average depth of the sand and gravel
deposits varies from 30 to 60 m (Arola et al. 2011). The
groundwater piezometric level varies from 2 to 40 m
below the ground surface (Finnish Environment Institute
2012), and the estimated volume of the aquifer in the
measured area is approximately 0.41 km?.

Groundwater is pumped from 12 groundwater intake
plants situated on the Salpauselkd I formation in the Lohja
area. According to the Water Rights Court permission for
water intake plants and the volume of pumped
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groundwater in 2010, a total of 11,650 m?®/day of
groundwater can be utilised from the aquifer (Arola
et al. 2011).

Lahti

Lahti is situated on the same Salpausselkd I formation as
Lohja, and hence has similar soil structures, consisting
among others of sand and/or gravel deposits several tens
of metres thick. The city of Lahti, especially its southern
parts, is located on a large subglacial delta formation.
Geographically, Salpausselkd turns from a southwest—
northeast direction to a west—east direction in the Lahti
city area, since Lahti is located on the confluence of two
ancient ice lobes, the Baltic and the Lake Finland ice lobe
(Punkari 1982). The groundwater piezometric level varies
from 2 to 55 m below the ground surface (Finnish
Environment Institute 2012), and the estimated volume
of the aquifer in the measured area is approximately
0.38 km®. Groundwater is pumped from 12 groundwater
intake plants situated on the Salpauselki I formation, and
permits allow the pumping of 35,500 m*/day groundwater
from the aquifer (Méyranpad 2012).

Field measurements and statistical analyses

In the first stage of this project, groundwater temperatures
and piezometric levels were examined from 10 monitoring
wells situated in the Turku aquifer, 14 monitoring wells
situated in the Lohja aquifer and 13 monitoring wells
situated in the Lahti aquifer (see Table 2). The weather, air
temperature, sampling time and the land use of the area,
especially the location of district heating pipes near a
monitoring well, were also observed. The groundwater
level was measured using an electronic water level gauge,
and the groundwater temperature using a YSI-556 MPS
and/or Eijelkamp Diver data logger. Groundwater temper-
atures were surveyed from wells in the Turku area using
both the YSI and Diver instruments to make comparative
measurements. Tables to describe the measured informa-
tion, temperature profiles for the groundwater in the
monitoring wells and groundwater temperature maps were
also prepared.

DOI 10.1007/s10040-014-1174-5
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The groundwater temperature was measured at approx-
imately 1-m intervals from the top of the water column to
the bottom of each monitoring well. The measurements
were recorded in March 2012 and September 2012,
representing groundwater temperatures after winter and
summer. Well 10 in Turku and GA1/TB Ojamo in Lohja
were covered by snow and could not be located and
investigated in March.

Analysis of covariance (ANCOVA) was used to
determine how important the area characteristics (land
use, aquifer type or aquifer zone), well depth or water
column thickness are in average water temperatures or
temperature fluctuation zone. Regression tree analyses
(RTA) is a tool to construct a set of decision rules on the
predictor variables and it was used to determine the most
effective predictors of average groundwater temperatures.
In addition, Pearson correlation coefficient for numerical
variables was calculated. Statistical analyses were per-
formed by SPSS, STATISTICA and R.

Energy calculations
In the second phase, the effect of changes in groundwater
temperatures for the peak heating and peak cooling energy
capacity were calculated. Groundwater temperature data
measured in spring and autumn were combined to
calculate the average groundwater temperatures for differ-
ent land use areas at the aquifer in question. Only
temperatures below the zone affected by seasonal temper-
ature fluctuations, i.e. where groundwater temperatures are
constant, were used in calculations.

The peak heating power capacity (Hpeax) producible by
a groundwater heat pump (GWHP) and the peak cooling
power capacity (Cpea) producible by a heat exchanger
were calculated using the following equations:

Peak heating power(W) : Hpeqp = F* AT " Sveyy/ 1-(1 / COPy)

(1)

Peak cooling power(W) : Cpogr = F~ AT " Sveya/ 1 + (1 / COP)

(2)

where F=flow of water (1 s '), AT=difference between
incoming and outgoing temperature in the heat pump/heat
exchanger — temperature drop in heating mode and
temperature rise in cooling mode (K), Sycwa=specific
heat capacity of water (J I ' K'"), COP};=coefficient of
performance for heating (dimensionless), and COPc=
coefficient of performance for cooling (dimensionless;
Allen et al. 2003; Banks 2012).

The Water Rights Court permit values for groundwater
pumping (Arola et al. 2011; Méyranpdd 2012; Rantala and
Arola 2004), supplemented by the volume of pumped
groundwater in 2010 in the Lohja aquifer (Arola et al.
2011), were used as water flow values (F) in energy
calculations.

Hydrogeology Journal (2014) 22: 1953-1967

Groundwater can be utilised down to a temperature of
+1 °C in the heating mode without freezing it. Hence, AT
is 4.5 °C if the initial groundwater temperature is 5.5 °C.
For cooling simulation, the theoretical upper limit for the
groundwater temperature is the air temperature inside
buildings. However, reported average groundwater return
temperatures in cooling systems have ranged from 12 to
16 °C in Canada (Cruickshanks and Adsett 1994),
Belgium (Bakema and van der Hengel 1994) Denmark
(Sorensen et al. 1994) and Sweden (Andersson 1994).
Based on previous studies and noting the Nordic location
of Finland, a maximum groundwater return temperature of
12 °C was used for cooling calculations. Hence, AT for
cooling is 6.5 °C if the initial groundwater temperature is
5.5 °C.

The specific heat capacities of water were taken from
Yaws (1998). Based on the information presented by
Allen et al. (2003), Bayer et al. (2011), Saner et al. (2010)
and the European Heat Pump Association, EHPA (2009),
a COPy of 3.5 and COP¢ of 25 was used in this analysis.

Results

Aquifer measurements

Groundwater temperature variations of 4.7-13.7 °C were
observed between aquifers. The closer the monitoring well
was to the centre of the city, the more elevated were the
groundwater temperatures. The results of all temperature
measurements in rural, urban and city centre areas are
presented in box plot format in Fig. 3, which includes
measurements from all three aquifers. Altogether, 189
temperature measurements were taken from monitoring
wells situated in rural areas, 515 from urban areas and 969
from city centre areas. The median groundwater temper-
ature was 6.2 °C in rural, 7.4 °C in urban and 9.4 °C in
city centre areas.

A summary of the results and monitoring well
details is presented in Table 2, and groundwater
temperature profiles are provided in Figs. 4, 5 and 6.
Table 2 presents the monitoring well construction,
aquifer information, the average groundwater tempera-
ture below the zone affected by seasonal temperature
fluctuations and the thickness of the fluctuation zone.
It also describes the land use of monitoring well areas
and provides hydrogeological information on the
aquifer in question. In Table 2, the covered area is
an area where the rainfall infiltration rate is extremely
low, from 10°® to 107! cm/s, due to the artificial land
surface and/or clay deposits near the monitoring well
in question. The table shows that most of the
observation wells were situated in city centre or urban
areas. However, a small number of observation wells
for each city were located in rural areas.
Approximately 75 % of the observation wells have
screens penetrating only part of the aquifer. The
location of district heat pipes is also marked in the
tables if they occurred within 15 m from the
monitoring well.

DOI 10.1007/s10040-014-1174-5
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In the Turku aquifer, the minimum observed ground-
water temperature was 4.7 °C (well 2) and the maximum
13.0 °C (Hp 7; Fig. 4). The zone affected by seasonal
temperature fluctuations in Turku varied in most wells
between 2 and 4 m. Exceptions include well 4, where the
fluctuation zone was 5 m, and wells 10 and GA1, where
no fluctuation zone was observed in the autumn and only
a 1-m fluctuation zone in spring in well GA1. The data
indicate no clear seasonal thermal fluctuation zone when
the depth of groundwater piezometric head extended from
9 to 10 m from the ground surface.

In the Lohja aquifer, the minimum observed ground-
water temperature was 5.6 °C (SK100) and the maximum
13.7 °C (L214; Fig. 5). The seasonal thermal fluctuation
zone in Lohja aquifer varied between 1 and 2.5 m. The
data indicate no clear seasonal thermal fluctuation zone
when the depth of groundwater piezometric head extended
14 m from the ground surface. However, there was no

clear trend for the existence of a fluctuation zone. For
example, no fluctuation zone was observed in well GA6,
even though the groundwater level was at a depth of 7.5 m
below the ground surface. At the same time, a I-m
fluctuation zone was observed in well GA1/KTK at a
depth of 11.5 to 12.5 m below the ground surface. At well
5.07, the groundwater temperature was constant through-
out the water column, but the temperature was between
8.4 and 8.6 °C in spring and between 9.5 and 9.6 °C in
autumn; hence, seasonal temperature variations could be
observed in the whole water column, and not only in the
thermal fluctuation zone.

In the Lahti aquifer, the minimum observed ground-
water temperature was 5.8 °C (well 159) and the
maximum 13.7 °C (GA4/Shell; Fig. 6). The thickness
of the seasonal fluctuation zone in the Lahti aquifer
varied between 1 and 5 m. The presence of the
fluctuation zone followed no clear pattern. For exam-
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Fig. 4 Observed groundwater temperatures in the Turku aquifer in a March 2012 and b September 2012. A triangle indicates a
monitoring well situated in a rural area, a square in an urban area and a dot in the city centre. The names of the monitored wells are also

indicated
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ple, no fluctuation zone was observed in well Sk1/Hp,
even though the groundwater level was at a depth of
11.5 m below the ground surface. At the same time, a
1-m fluctuation zone was observed in well 159 in
autumn in the depth range of 26-27 m below the
ground surface.

Results of energy calculations
Table 3 summarises the parameters of groundwater flow,
results of AT calculations and the specific heat capacity of
water at the existing temperature for different land uses.
The specific heat capacity is temperature dependent and,
hence, fluctuates according to changes in the groundwater
temperature.

Significant differences were observed in the peak
heating and cooling power of groundwater from different
land use areas. The peak heating power (Hpea) Was

approximately 1.5 times greater in city centres than in
rural areas in all cities (Table 4). The peak cooling power
(Cpeak) Was 39 % less in the city centre than in the rural
area in Turku aquifer, 50 % in Lohja and 36 % in Lahti
aquifer, respectively. In terms of kilowatts, over 500 kW
greater peak heating power could be utilised from the city
centre than from rural areas in Turku, over 2,300 kW more
in Lohja and nearly 7,100 kW more in Lahti.

Discussion

Groundwater temperatures

The highest groundwater temperatures were recorded near
large buildings, namely an industrial building in Turku, an
apartment building complex in Lohja and between an
apartment building complex and a concert hall in Lahti.
District heating pipes may also have locally elevated the
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Fig. 6 Observed groundwater temperatures in the Lahti aquifer in a March 2012 and b September 2012. A triangle indicates a monitoring
well situated in a rural area, a square in an urban area and a dot in the city centre. The names of the monitored wells are also indicated
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Table 3 Parameters of groundwater flow (F), temperature difference (AT) and specific heat capacity of water (Sycwar) used for energy

calculations in the Turku, Lohja and Lahti aquifers

Heat Cool

Parameter Turku Lohja Lahti Turku Lohja Lahti Units

F 28.93 134.84 410.88 28.93 134.84 410.88 Ls'

AT rural 5.3 5.0 5.8 5.7 6.0 6.2 K

AT urban 6.7 6.6 6.9 44 43 4.1 K

AT city centre 8.8 8.0 8.8 2.2 3.0 23 K

Svcwar rural 4,201 4,202 4,200 4,200 4,200 4,199 JLU k!
Svcwat urban 4,198 4,198 4,198 4,204 4,204 4,205 JLU k!
Svewat City centre 4,194 4,196 4,194 4,210 4,208 4,210 JLU k!

groundwater temperatures, but no clear warming trend
near heating pipes was observed. The warming effect of
district heating pipes on the subsurface was observed
in March, when the snow had melted on the ground
surface above the heating pipe. In Germany, the
thermal energy input to the subsurface from district
heating pipes was reported to be approximately 10 %
of the total energy input, and was determined to be
equal to the heat leakage from buildings (Menberg
et al. 2013b). This may explain why heat loss from
buildings had the most significant effect on groundwa-
ter temperatures, while no clear connection between
district heating pipes and elevated groundwater tem-
peratures was detected. Even though the effects of
urbanisation on groundwater temperatures were clear,
there were significant differences in groundwater
temperatures within areas having the same type of
land use and aquifer conditions. This may indicate that
local, small-scale construction can influence the
groundwater temperature. No sites that use groundwa-
ter as an energy source are located near the research
area.

Differences in groundwater flow velocities inside an
aquifer may influence the measured temperatures at
monitoring wells. Particularly for a confined aquifer with
a low groundwater flow rate, the temperature recorded in a

monitoring well may reflect the subsurface soil tempera-
ture more than the groundwater temperature. In most
cases, the temperature remained constant below the
seasonal fluctuation zone.

According to ANCOVA (Table 2) there is a statistically
significant correlation between average groundwater tem-
perature and land use of the areas (p<0.005, The F test
=13.7). All comparisons between the average groundwater
temperature and for the different land use classes are
significant (Fig. 3). Average groundwater temperature
correlates weakly, but statistically significantly (p <0.05)
with groundwater level (¢=—0.36) and temperature sea-
sonal fluctuation zone (¢=-0.35). The refers to Pearson
correlation coefficient. ANCOVA analyses show the
statistically significant correlation between temperature
seasonal fluctuation zone and well depth (p<0.005, The Z
test=13.2). Temperature seasonal fluctuation zone has
strong, statistically significant (p<0.001) correlation
(Pearson) between groundwater level (¢=—0.68) and well
depth (9=-0.55).

According to RTA, city centre land use predicts the
warm groundwater temperature best. If the land use is
rural or urban, the most effective groundwater temperature
predictor is the water column thickness. The average
groundwater temperature is higher in aquifers where the
water column thickness is below 8.25 m.

Table 4 Results of energy calculations for Turku, Lohja and Lahti. The results are separated according to land use. In the column
“Difference from rural area (kI¥)”, the results from the rural area of each city serve as a reference level for comparison with the results of
urban and city centre area calculations. Percentage differences in both peak heating and peak cooling in kilowatts are presented

Heat Cool
Area Peak heat power Difference Percentages Peak cool power Difference Percentages
from rural area from rural area from rural area from rural area
(kW) (kW) (%) (kW) (kW) (%)
Turku city
Rural 907 0 100 663 0 100
Urban 1,131 224 125 509 —154 77
City centre 1,490 583 164 261 —402 39
Lohja city
Rural 3,974 0 100 3,262 0 100
Urban 5,246 1,272 132 2,333 -929 72
City centre 6,337 2,363 159 1,637 -1,625 50
Lahti city
Rural 14,012 0 100 10,285 0 100
Urban 16,565 2,553 118 6,878 3,407 67
City centre 21,109 7,097 151 3,747 —6,538 36
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Groundwater temperature data below the zone
affected by seasonal temperature fluctuation from
spring and autumn were combined and are presented
on the maps in Figs. 7-9. Hence, the maps present
yearly average groundwater temperatures. In the Turku
aquifer (Fig. 7), the average groundwater temperatures
were between 6.2 and 6.8 °C in the rural area,
between 7.1 and 8.2 °C in the urban area and between
94 and 10.3 °C in the city centre. Groundwater
temperatures decreased from the city centre to rural
area, but were elevated again in the separate urban
area where monitoring well GA1 is located.

Groundwater temperatures in Lohja were between 5.8
and 6.2 °C in the rural area, between 6.9 and 8.9 °C in the
urban area and between 7.8 and 9.9 °C in the city centre
(Fig. 8). Similar to the (separated) urban area in Turku,
elevated groundwater temperatures were recorded in the
industrial areas in Lohja, as can be seen at monitoring
wells 5.07 and LEM A.

Figure 9 presents the groundwater temperatures
below the seasonal fluctuation zone in the Lahti
aquifer. The groundwater temperature recorded in the
rural area (well 159) was 5.8 °C. Temperatures in
urban area varied between 7.1 and 9.6 °C. The latter
was the temperature in well GA2/TB, which may not
be representative. The peak groundwater temperature
observed in well GA2/TB is suggested to be due to

Hydrogeology Journal (2014) 22: 1953-1967

street construction work that may have allowed warm
surface water flow to the well. The well was situated
less than 5 m from the excavation area. Excluding
GA2/TB, average urban area temperatures varied
between 7.1 and 8.0 °C. Temperatures in the city
centre area varied between 8.7 and 11.4 °C. Similarly
as in Turku and Lohja, the separate urban area had an
elevated groundwater temperature, as could be seen at
monitoring well SK1/Hp. However, the raised temper-
ature of well SK1/Hp may also be a result of heat
leakage from a district heating pipe, which was located
15 m from the monitoring well.

A UHI effect with an average air temperature
difference of 1.9 °C has been reported in the Turku
area (Suomi and Kéayhko 2011). Even though a UHI
effect could also exist in Lohja and Lahti, the changes
in the air temperature cannot alone explain the
differences of several degrees in the observed
groundwater temperatures. In geological formations in
southern and western Finland, similar to those
investigated in this study, the temperatures of over
1,000 springs were analysed in the late 19th century.
Moberg (1890, 1889, 1888) reported that groundwater
temperatures of springs in the Turku, Lohja and Lahti
areas ranged from 5.5—7 °C. Despite the large number
of measurements, the data are only indicative, because
all the measurements were carried out in summer and

DOI 10.1007/s10040-014-1174-5



‘ City centre

O Urban area
‘ Rural area

1963

Lohja
GA6 ]
L214/(7-77) Gf\1IKTK LEGEND:
(9'86 (GAS) & 2 T Oave;a19<36 .
9.03 P
GA1/TB OjamJ. PK1 Keko o o160
@) (239 (7.19) 2 7_1 8_0
GA2 SK200 O 81-90
3 o O 01106
8 SK100 1-10.
(6.19)
GA1ITB. 10.1-11.0
(8.03) ( )
0 1000/2 000 4000 6 000 8 000 O11»1 -12.0

Fig. 8 Average groundwater temperatures (7) below the seasonal mixing zone in the Lohja aquifer. The size of the symbol indicates the
temperature category. The name of each monitoring well and the average groundwater temperature (°C) are also shown. The colour of the
symbols indicates the land use and the black line indicates the estimated aquifer location. Basemap database © National Land Survey of

Finland

the influence of solar radiation on the spring water was
clear, as also noted by Moberg (1888). The results for
groundwater temperatures from rural areas in this study
were similar to those observed over 100 years ago and,
hence, groundwater temperatures from rural areas are
representative as background temperatures in energy
calculations.

Energy utilisation

Because groundwater temperature differences between
different land use areas were largely similar in all
aquifers, the ratio of utilisable energy was also
similar. Thus, it is possible to estimate the changes
in heating and cooling capacities by measuring the
groundwater temperatures and knowing the
hydrogeological environment. The peak heating and
peak cooling power capacity were calculated, which
can be used as an estimate when mapping the energy
potential for large areas. However, in real situations,
the continuously utilisable groundwater energy for
heating and cooling, i.e. the design power, will most
likely differ from the calculated peak power. This is
due to groundwater pumping, which allows rapid
groundwater flow and may reduce the local ground-
water ‘heat island’ effect.

Hydrogeology Journal (2014) 22: 1953-1967

The increased proportional heating capacity in
shallow Pleistocene aquifers is rather similar in
Finland to that in Ireland and Germany. Investigations
in Ireland by Allen et al. (2003) and Allen and
Milenic (2003) revealed that in the area of a
Pleistocene gravel aquifer, both the heating and
cooling resource was approximately 1.6 times greater
in an urban than in a rural area. The reason for the
higher cooling capacity in urban areas was that Allen
and Milenic (2003) assumed concurrent groundwater
energy use for heating and cooling; cooled groundwa-
ter leaving a heat pump was transferred directly to a
heat exchanger for cooling purposes. This assumption
cannot be applied in cold regions, as the time period
when both heating and cooling is demanded in
buildings is minimal (Jylhd et al. 2011; Kalamees
et al. 2011). As the groundwater temperatures in the
Pleistocene gravel plain in Munich were observed to
be 8-10° higher under populated than rural areas (Kerl
et al. 2012), it can be estimated that the peak heat
power would be at least 1.5 times higher in an urban
area than in a rural area.

The assumption of using groundwater at constant
temperatures, i.e. the temperatures observed below the
seasonal fluctuation zone (Fig. 10), is made because
most open loop systems are planned to avoid seasonal

DOI 10.1007/s10040-014-1174-5



1964

Lahti

Well159
.(5.8)

L\

LEGEND:

T average
o 51-6.0
O 6.1-7.0
O 71-80

O 81-90
O 9.1-100

O 10.1-11.0
O 11.1-12.0

. City centre

O Urban area
‘ Rural area

0 625 1250

2500

GA1/TB
(8.98),

Well21
GAA4/Shell (9.1)

(9.59) Well22
(11.4) Well126
GA1/Shell .(8'71)

(10.74)
GA2 O GA1 HP5 PR
(7.59) 7 (7.32) Q) (7.61)

A

GA2/TB

GA7/TB (9:55)

(7.97)

SKﬂIHP

(7.11‘)\

Fig. 9 Average groundwater temperatures (7) below the seasonal mixing zone in the Lahti aquifer. The size of the symbol indicates the
temperature category. The name of each monitoring well and the average groundwater temperature (°C) are also shown. The colour of
symbols indicates the land use and the black line indicates the estimated aquifer location. Basemap database © National Land Survey of

Finland

variations in groundwater

temperatures. To avoid

seasonal temperature variations, a production well is
not screened through the whole aquifer and/or the
pump is placed near the bottom of the production well.
This assumption is made even though the groundwater
flow from the injection well to the abstraction well
may cause groundwater with a non-constant tempera-

ture to flow to the pump.

4

No measurements are available for COPy or COP¢ or
the seasonal performance factor (SPF) from modern
Finnish open loop systems; hence, the COPy and COP¢
values available from the literature were used. Cooling
was obtained through the use of heat exchangers rather
than a GWHP. The COP for cooling was calculated,
because a cooling system uses an electrical water pump to

circulate groundwater.
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Fig. 10 The principle of the groundwater temperature data analysis used to calculate the energy potential. Each diamond represents a
single measurement in spring and each square a measurement in autumn. This dataset, recorded by a data logger, is from well L214 in the

Lohja aquifer
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Conclusions

Due to urbanisation, groundwater can form a signifi-
cant local renewable energy source for heating in
Finland. The data indicate that urbanisation, especially
heat loss from buildings, has elevated groundwater
temperatures in the investigated cities. The average
groundwater temperatures below the seasonal fluctua-
tion zone were 1.3-2.0 °C higher in the urban area
and 3.0-4.0 °C higher in the city centre of the
investigated cities than in the rural area around them.
ANCOVA and RTA analyses show that average
groundwater temperature in the saturated zone is
strongly predicted by urbanization stage of the land
use. Furthermore, the average groundwater temperature
is higher in the areas where the unsaturated zone is
thin. The results of ANCOVA analyses indicate that
the temperature seasonal fluctuation zone is the
thickest in covered areas, in shallow wells and when
the unsaturated zone is thin.

Warmer groundwater enables a 50-60 % higher peak
heating load utilisation from the city centre than rural
areas in Turku, Lohja and Lahti. One reason for the very
limited utilisation of groundwater as a source of heating
energy in Finland may be that the urbanisation effect on
groundwater temperatures has not previously been
recognized.

Due to elevated groundwater temperatures, more
heating and less cooling power can be utilised from
populated than rural areas. The peak cooling loads
decrease by approximately 40-50 % in populated areas
compared to rural ones. However, groundwater still
constitutes an effective cooling energy utilisation process
in Finland, because groundwater temperatures, even in
urbanised areas, remain below air temperatures during the
summer and the COP for cooling is extremely high.
Cooling is also only needed for a limited period in
Finland, mostly from June to August.

More research is needed to evaluate the comparability
of peak and design power along with heat leakage from
buildings and its influence on groundwater temperatures
during the continuous groundwater pumping stage. This
could be conducted at a site where hydro- and
thermogeological conditions are known before installing
a GWHP energy system. Further research is also needed to
determine the possible urbanisation effect on groundwater
energy use in the area north of the Arctic Circle. Because
local building types significantly affect groundwater
temperatures, the peak heating and cooling power, as well
as the design power, have to be carefully measured at each
groundwater energy utilisation site.
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