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H I G H L I G H T S

• A spatially resolved model of subsurface
anthropogenic heat fluxes is developed.
• The most dominant local heat fluxes are
caused by district heating networks.
• Heat flow mainly stems from buildings
and elevated ground surface tempera-
tures.
• The thermal gradient of the unsaturated
zone greatly impacts the heat fluxes.
• Subsurface anthropogenic heat fluxes
provide a sustainable geothermal po-
tential.
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Urban heat islands in the subsurface contain large quantities of energy in the form of elevated groundwater tem-
peratures caused by anthropogenic heat fluxes (AHFS) into the subsurface. The objective of this study is to quan-
tify these AHFS and the heat flow they generate in two German cities, Karlsruhe and Cologne. Thus, statistical and
spatial analytical heat fluxmodels were developed for both cities. The models include the spatial representation
of various sources of AHFS: (1) elevated ground surface temperatures, (2) basements, (3) sewage systems,
(4) sewage leakage, (5) subway tunnels, and (6) district heating networks. The results show that the district
heating networks induce the largest AHFS with values greater than 60W/m2 and one order of magnitude higher
than fluxes from other sources. A covariance analysis indicates that the spatial distribution of the total flux
depends mainly on the thermal gradient in the unsaturated zone. On a citywide scale, basements and elevated
ground surface temperatures are the dominant sources of heat flow. Overall, 2.1 PJ/a and 1.0 PJ/a of heat are
accumulated on average in Karlsruhe and thewestern part of Cologne, respectively. Extracting this anthropogen-
ically originated energy could sustainably supply significant parts of the urban heating demand. Furthermore,
using this heat could also keep groundwater temperatures from rising further.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

A warming of urban areas can be observed worldwide (Oke, 1973).
The Urban Heat Island (UHI) phenomenon, as it is called, exists in all

diverse layers of a city: from atmosphere (Bowler et al., 2010;
Jauregui, 1997; Santamouris et al., 2001) to surface (Li and Bou-Zeid,
2014; Peng et al., 2012) to groundwater (Beltrami et al., 2005;
Menberg et al., 2013a,b; Taniguchi et al., 2007). While various unfavor-
able issues such as increasedmortality rates during heatwaves (Gabriel
and Endlicher, 2011) and regional atmospheric pollution (Sarrat et al.,
2006) originate from the UHI in the atmosphere, the urban heat island
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in the subsurface (SUHI) can be beneficial. The increased groundwater
and subsurface temperatures provide economic and ecological advan-
tages for the use of shallow geothermal energy systems located in
SUHI (Allen et al., 2003). Arola and Korkka-Niemi (2014) showed that
in southern Finland about 50–60% more peak heating power could be
utilized from urban areas in contrast to rural areas. Furthermore, the
geothermal potential of SUHI exceeds the annual residential heating de-
mand in many urban areas (Zhu et al., 2010). Extracting this energy ef-
ficiently could save or even reduce CO2 emissions and other greenhouse
gases (Bayer et al., 2012; Blum et al., 2010). Hähnlein et al. (2013) con-
clude that a shallow geothermal system is only sustainable, if the gener-
ated energy is mainly renewable energy. Hence, energy sources of the
SUHI should be evaluated and anthropogenic heat fluxes (AHFS) into
the subsurface of urban areas should be quantified.
Anthropogenic heat has long been discussed regarding the above

ground UHI, where it describes the waste heat of human activities
such as intense energy use, power generation and vehicular traffic
(Taha, 1997). The anthropogenic heat flux in the atmosphere (AHFA),
for example, was simulated from global to city scale by Allen et al.
(2011). Its impact on Tokyo was modeled by Ichinose et al. (1999),
who found a 1 K temperature increase. For Chicago, San Francisco, Los
Angeles, and Philadelphia, Sailor and Lu (2004) showed that the AHFA
on a citywide scale is between 10 and 80 W/m2.
Urban heat islands in the subsurface (SUHI) have been observed in

various cities worldwide such as Virginia Beach, USA (Eggleston and
McCoy, 2014), Winnipeg, Canada (Ferguson and Woodbury, 2007),
London, UK (Headon et al., 2009), Oberhausen, Germany (Muller
et al., 2014), Istanbul, Turkey (Yalcin and Yetemen, 2009), Jakarta,
Indonesia (Lubis et al., 2013), Osaka, Japan, and Bangkok, Thailand
(Taniguchi et al., 2009). Some studies focus on the influence of rain
and hydrological transport of heat (Kertesz and Sansalone, 2014;
Kollet et al., 2009) on these thermal anomalies. In Cologne, Zhu et al.
(2014) used a numerical flow and heat transportmodel to generate var-
ious groundwater temperature depth-profiles and compared themwith
measured profiles. It shows mechanisms such as vertical conductive
heat input, horizontal advection and transverse dispersion to be the
main thermal transport mechanisms. Overall, the consensus view is
that anthropogenic heat is the dominant source of the SUHI.
Menberg et al. (2013b) define the anthropogenic heat flux (AHFS)

into the subsurface as the heat input into shallow urban aquifers caused
by various anthropogenic heat sources. Previously they identified the
following main anthropogenic heat sources: increased ground surface
temperature (GST), buildings and basements, road tunnels, sewage net-
works, sewage leakages, district heating systems, subway systems,
reinjections of thermal waste water and other geothermal energy sys-
tems such as ground source heat pump (GSHP) and groundwater heat
pump systems (GWHP) (Menberg et al., 2013a).
In contrast, Hötzl and Makurat (1981) developed a first approach to

quantify the heat flow balance of the SUHI in Karlsruhe. They identified
solar irradiation, the geothermal heat flow, sewage and district heating
networks, reinjection of thermalwastewater, and basements as possible
heat sources. Furthermore, they estimated the amount of heat
transported into the entire urban subsurface for each of these sources,
identifying solar insolation and the sewage system to be the dominant
heat sources. The revised model by Menberg et al. (2013b) includes el-
evated GST, buildings, reinjection of thermal wastewater, sewage net-
work, sewage leakage, and district heating network as a source of
anthropogenic heat. A regionalized anthropogenic heat flux model
was introduced to account for the uncertainty of all parameters needed
for an analytical solution. They performed one Monte Carlo simulation
over the entire study area in which groundwater temperatures
(GWT), groundwater depth, building density, and basement depth
were linked to their spatial distribution. Thus, they were able to esti-
mate the city-scale mean of all individual heat fluxes and the total
amount of energy entering the aquifer. For both studied years, 1977
and 2011, elevated ground surface temperatures (GST) were the

dominant heat source. Furthermore, a spatial analysis of heat fluxes
from buildings was introduced, exhibiting a considerable range
between −0.1 and N10 W/m2. In Basel, Switzerland, Epting et al.
(2013) used a numerical heat transport model to compare the cumula-
tive heat fluxes in 2010 from natural and anthropogenic boundaries.
They defined these anthropogenic boundaries as reinjection of thermal
wastewater as well as small, large, and deep buildings. The absolute
heat flux from these different types of buildings was determined to be
1.8 × 10−1 W/m2, 3.0 × 10−11 W/m2 and 16 W/m2, respectively.
Although several previous studies analyzed various AHFS, currently,

there is no method available that gives a complete and detailed picture
of the spatial distribution of AHFS. However, in combination with aqui-
fer scale models (e.g. central London, Herbert et al., 2013), the detailed
spatial distribution of AHFS is a crucial requirement for the development
of a sustainable thermal energy management tool. The objective of the
present study is therefore to introduce amethod that quantifies the ver-
tical AHFS from various heat sources through the unsaturated zone into
the groundwater and displays their spatial distribution. This two-
dimensional approach builds up on the model framework developed
by Menberg et al. (2013b); however, it separates spatial variability
and uncertainty of the input parameters. Hence, a more accurate deter-
mination of heat fluxes is obtained. In addition, the heat flux model is
applied in two German cities, Karlsruhe and Cologne, providing a com-
parison of the determined AHFS. Finally, we investigate the possible im-
plications of the AHFS on thermal groundwater use by comparing the
annual thermal recharge of AHFS with the residential space heating de-
mand to evaluate the potential of the SUHI as a sustainable source of
thermal energy.

2. Material and methods

2.1. Study sites

The chosen study areas cover major parts of two German cities:
Karlsruhe, located in the south-west of Germany close to the Rhine,
and Cologne, located in the west of Germany next to the Rhine
(Fig. 1). Both study sites are limited to areas dominated by urban
land-use, i.e. mostly built-up areas, within the city districts. Large
green spaces, such as woodlands and agricultural areas, at the borders
of the city districts are not included in the investigations. In the follow-
ing, the geology, hydrogeology, groundwater temperatures (GWT), and
urban infrastructures of these cities are described. An overview and
general statistics of both study areas can be found in Table 1.

2.1.1. Karlsruhe
Karlsruhe is in the state of Baden-Württemberg at 49°00′ N and

8°24′ E, 115 m above sea level and is the smaller of the two cities in re-
spect to size and population (Table 1).

2.1.1.1. Geology, hydrogeology, and groundwater temperatures. Karlsruhe
is located in the Upper Rhine Graben, a Cenozoic continental rift valley
filled by Quaternary and Tertiary sediments. The Quaternary sediments
with a varying thickness of around 150 m are dominated by sands and
gravels showingminor contents of silts, clays and stones. The unsaturat-
ed zoneof the study site consistsmostly of sands and gravels (Geyer and
Gwinner, 2011).
The upper aquifer has a thickness of up to 20 m, and the general

groundwater flow direction is northwest towards the Rhine. In total,
82 groundwater monitoring wells in the study area are equipped with
Ackermann WPS05 data loggers. These wells are continuously moni-
tored by the Public Works Service Karlsruhe. Measurements of ground-
water temperatures (GWT) and hydraulic heads are daily recorded
(accuracy: 0.1 °C) at 7 AM at 2 to 3 m below the water surface. Well lo-
cations, weather station, and seasonal variability of GWT for three se-
lected wells are exemplary shown in Fig. S1 (supporting information).
To disregard the inter-annual variations in GWT and groundwater
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depth, the mean annual GWT and groundwater levels of the annual
cycle between March 2011 and 2012 are used in this study. Both GWT
and groundwater level were interpolated by Menberg et al. (2013a,b)
using kriging in GIS (ESRI® ArcInfo™ 10.0) and are shown in Fig. 1
with a resolution of 15 m × 15 m. The arithmetic mean of the GWT is
13.2 ± 1.3 °C. Its maximum is located northwest of the city center,
where it reachesmore than 16 °C. A secondminor hot spot is located di-
rectly under the city center, where temperatures up to 15 °Cweremea-
sured. The inner quantile range urban heat island intensity (UHII90–10)
that cuts the lowest and highest 10% of the temperatures before calcu-
lating the urban heat island intensity is 1.9 K (Menberg et al., 2013a).
The average groundwater depth is 5.4± 2.1m below the surface. At

its deepest points in the western part, the water table reaches 10.4 m
below the surface, while the eastern area exhibits shallow groundwater
at around 3 m below the surface.

2.1.1.2. Urban infrastructures. According to the GMES Urban Atlas, 83% of
the study area in Karlsruhe is shaped by urban land use and consists of

residential, commercial, and industrial units, roads and rail networks,
etc. The overall building density is 21.0%, with the highest densities in
the city center (Fig. 2).
Fig. 3 shows the sewage system and the district-heating network of

Karlsruhe. The sewage system is a combined (rainwater and sanitary)
system in the city center and a separate sewage system in the suburbs.
The district heating network has been used since the early 19th century.
Today, it is about 90 km long and connected to 23,500 households with
an available power output of 25 PJ/a. In 2001, a survey performed by the
newspaper for local economy (Zeitung für kommunale Wirtschaft, Zfk)
showed that the heat loss is about 10%.
Geothermal applications, such as reinjection wells for industrial

thermalwastewater, are also operating in Karlsruhe (Fig. 3). The current
maximum licensed reinjection temperature is 20 °C (Hähnlein et al.,
2010). In Karlsruhe about 4.5 Million m3 of thermal wastewater are
reinjected each year in 29 wells, altogether transporting slightly less
than 0.1 PJ into the groundwater (Menberg et al., 2013b).

2.1.2. Cologne
Cologne is located in the state of North Rhine-Westphalia about

300 km further downstream along the Rhine. The city lies at 50°56′ N
and 6°57′ E at 53 m above sea level. Due to the large number of obser-
vation wells needed for the spatial assessment of groundwater charac-
teristics in this study, the study area is limited to the urban area on
the western bank of the Rhine. It thus covers only about a quarter of
the total city area.

2.1.2.1. Geology, hydrogeology, and groundwater temperatures. Cologne is
located in the south of the Lower Rhine Basin. Above the Paleozoic bed-
rock are Tertiary and Quaternary layers. The shallow subsurface is com-
posed of 15 to 25 m thick Pleistocene terrace deposits that, like in
Karlsruhe, predominantly consist of gravels and sands (Balke, 1973).
The uppermost aquifer has a thickness of about 30mand the general

flow direction is northeast towards the receiving stream, the Rhine.
GWT and groundwater levels (accuracy of 0.01 m) were measured in
73 groundwater wells between September and October 2009 using
SEBA KLL-T logging equipment. GWTs were measured at 1 m below
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Fig. 1. Location of the study areas with annual mean groundwater level maps and annual mean groundwater temperature maps. Groundwater temperature in Karlsruhe was measured
daily at about 9mbelow the surface in 2011. The groundwater temperature inColognewasmeasured at about 11mbelowsurface in 2009. Specificwell locations are shown in Figs. S1 and
S2 (Supplementary material).

Table 1
General statistical information on both study areas. Note that the study area of Cologne
covers only the western part of the city.

Study site Karlsruhe Cologne

Year of measurements 2011 2009
Area [km2] 61.9 81.3
Building density [%] 21.0 21.6
Population 286,000a 485,000b

Mean air temperature [°C] 11.5c 11.4c

Mean ground surface temperature [°C] 14.4d 14.7d

Number of groundwater wells 82 73
Mean groundwater temperature [°C] 13.2 12.7
Mean groundwater depth [m] 5.4 10.2
Groundwater measurement depth [m below groundwater] 2–3 1

a Office for urban development, Karlsruhe (Stadt Karlsruhe, Amt für Stadtentwicklung).
b Office for urban development and statistics, Cologne (Stadt Köln, Amt für

Stadtentwicklung und Statistik).
c German Weather Service (Deutscher Wetterdienst, DWD).
d Own calculations (see Section 2.2).
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the water table (approximately 11 m under the surface). At this depth
the annual temperature variations are insignificant compared to the ac-
curacy of 0.1 °C in most wells (Jung, 2013). The mean GWT is 12.7 ±
1.3 °C and the average observed groundwater level is 10.2 ± 6.1 m
below the surface. GWT and depth were interpolated by Jung (2013)
and Menberg et al. (2013a) using kriging (Table 1; Fig. 1). GWT in Co-
logne reaches a maximum of 16.2 °C in the city center under the main
railway station. The UHII10–90 is 2.1 K (Menberg et al., 2013a). The
groundwater level in the northeast, close to the Rhine, is reaching up

to 2m below the surface, whereas it is 20m below surface in the south-
west of the city.

2.1.2.2. Urban infrastructures. In Cologne, 97% of the study area is shaped
by urban land use (GMESUrban Atlas). Using the estatemap of Cologne,
the building density is estimated with 21.6% (Table 1). Again, the
highest densities are found primarily in the city center, but also in
industrial areas (Fig. 2). A subway system exists with about 19 km of
underground rail inside the study area (Fig. 3). Although Cologne has

Cologne

..
..Cologne

Karlsruhe

Karlsruhe

0 1 2 km

Building density

10 % 20 % 30 % 40 % 50 %

100 %60 % 70 % 80 % 90 %

Fig. 2. Building density of Karlsruhe and Cologne.

Cologne

..
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Other georthermal
energy systems

Reinjection of
thermal waste water

Subway Sewage system

District heating network

20 TJ/a

Fig. 3. Location of sewage-, district heating-, and subway systems in the study areas as well as the location of industrial reinjection wells of thermal wastewater and other geothermal
energy systems such as GSHP and GWHP systems. As of 2011 Karlsruhe does not have a subway system. Information on the location of the district heating network in Cologne was
not available.
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a district heating network, no utility plan was accessible. However, its
power output inside the study area (western bank) is 0.8 PJ/a with a
heat loss of around 6% (Zfk, 2001).
While both reinjections of thermal wastewater and other geother-

mal energy systems, such as GSHP and GWHP systems, exist in Cologne,
the latter aremore frequent. Overall 33 TJ/a are extracted for heating in-
side the study area, while the cooling load only accounts for 6 TJ/a
(Fig. 3).

2.2. Ground surface temperatures

Ground surface temperatures (GST) in both cities are determined ac-
cording to the different surfacematerials within the urban environment
and the characteristic deviation of the GST of these individual surface
types from the ambient air temperature. Dědeček et al. (2012) mea-
sured the difference ΔT between ambient air temperature and GST for
several surface types, such as grass surfaces (0.2–0.8 °C), sand and
bare soil (1.5–2.0 °C), and asphalt (4.0–5.0 °C). We estimate the GST
by adding these temperature differences to the air temperature accord-
ing to the land use types within each city. The share of the different sur-
face types in each individual land use type is adopted from the land use
categorization of the Global Monitoring for Environment and Security
(GMES) Urban Atlas (Table 2). Annual mean air temperatures are mea-
sured by the GermanWeather Service (DeutscherWetterdienst, DWD).
In both cities the meteorological stations are located at nearby airports
(Figs. S1 and S2, Supplementary material). The average air temperature
was 11.5 °C in Karlsruhe and 11.4 °C in Cologne. Unfortunately the spa-
tial distribution of the air temperatures was not available and thus air
temperature differences within the study areas had to be neglected.
However, we believe them to be insignificant compared to the range
of ΔT (Table 2).

2.3. Mathematical modeling of the anthropogenic heat flux into the
subsurface

2.3.1. Local anthropogenic heat flux model
Our heat flux model focuses on the unsaturated zone quantifying

mean annual heat fluxes from the heat sources to the top of and there-
fore into the aquifer. In the unsaturated zone, temperature gradients
and heat fluxes in the vertical direction are dominant (Taylor and
Stefan, 2009). Hence, only vertical anthropogenic heat fluxes through
the unsaturated zone are quantified. Fluxes from geothermal energy

systems that interact directly and horizontally with the groundwater
are not considered, yielding six heat sources for AHFS: (1) elevated
ground surface temperatures (GST), (2) basements (i.e. buildings),
(3) sewage systems, (4) sewage leakage, (5) subway tunnels, and
(6) district heating networks (see Fig. 4).
In this study, the regional anthropogenic heat flux model (Menberg

et al., 2013b)was further developed.While still using a statistical and an-
alytical approach, we introduce a local anthropogenic heat flux model,
which analyzes all dominant heat fluxes spatially by determining them

Table 2
Assumed ground surface temperatures for different land uses.

Land-use description Surface typesa [%] ΔTb [K] Area covered [%]

Sand and bare soil Grass Asphalt Min Median Max Karlsruhe Cologne

Forests 0 100 0 0.20 0.50 0.80 9.2 0.5
Green urban areas 0 100 0 0.20 0.50 0.80 7.9 7.6
Discontinuous very low density urban fabric (S.L. b 10%) 10 85 5 0.52 0.83 1.13 5.3 –

Agricultural + semi-natural areas + wetlands 50 50 0 0.85 1.13 1.40 0.0 3.2
Discontinuous low density urban fabric (S.L.: 10%–30%) 10 70 20 1.09 1.43 1.76 0.2 0.2
Construction sites 100 0 0 1.50 1.75 2.00 7.6 4.8
Mineral extraction and dump sites 100 0 0 1.50 1.75 2.00 0.9 0.7
Water bodies 100 0 0 1.50 1.75 2.00 0.9 0.4
Land without current use 100 0 0 1.50 1.75 2.00 0.1 0.0
Sports and leisure facilities 25 50 25 1.48 1.81 2.15 1.5 0.9
Railways and associated land 90 0 10 1.75 2.03 2.30 2.9 2.8
Discontinuous medium density urban fabric (S.L.: 30%–50%) 10 50 40 1.85 2.23 2.60 5.8 2.4
Discontinuous dense urban fabric (S.L.: 50%–80%) 10 25 65 2.80 3.23 3.65 15.6 18.8
Port areas 25 0 75 3.38 3.81 4.25 2.2 7.3
Continuous urban fabric (S.L. N 80%) 5 10 85 3.50 3.96 4.43 10.4 19.8
Industrial, commercial, public, military and private units 5 0 95 3.88 4.36 4.85 19.9 20.1
Isolated structures 0 0 100 4.00 4.50 5.00 1.5 0.3
Fast transit roads and associated land 0 0 100 4.00 4.50 5.00 0.1 –

Other roads and associated land 0 0 100 4.00 4.50 5.00 7.9 10.4

a GMES Urban Atlas.
b Dědeček et al. (2012); S.L.: sealing layer.

Geothermal heat flux

(6) Heat flux
from the district
heating network

(5) Heat
flux from
subway
tunnels

Storage
or ground
heat flux

(3) Heat
flux from
sewage
systems

(4) Heat
flux from
sewage
leakage

U

(2) Heat flux
from buildings

(1) Heat flux
from elevated
GST

Fig. 4. Overview of the different studied heat fluxes: (1) heat flux from elevated ground
surface temperatures (GST), (2) heat flux from buildings (i.e. basements), (3) heat flux
from sewage systems, (4) heat flux from sewage leakage, (5) heat flux from subway tun-
nels, and (6) heat flux from district heating networks. The sum of the heat fluxes
(1)–(6) represents the total anthropogenic heat flux into the subsurface (qtot) determined
in this study (Eq. (8)).
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for each pixel ij of the study area (resolution: 15 m × 15 m) individually.
Thus, a spatially resolved heat flux map is obtained.
To account not only for the spatial variability, but also for uncer-

tainties and the natural ranges of parameters, such as thermal conduc-
tivity and basement depth, a Monte Carlo (MC) approach with 800
iterations is employed to determine the fluxes in each pixel. The as-
sumed parameter ranges used in the MC simulation are shown in
Table 3. In all cases, a triangular distribution is chosen, defined by amin-
imum, a maximum and mode value stating the value with the highest
probability. Where applicable, the parameter ranges previously applied
byMenberg et al. (2013b) are also used here. In contrast to the previous
work, we thus separate spatial variability (e.g. different groundwater
temperatures in different pixels), from plain uncertainty (e.g. measure-
ment accuracy), allowing a more accurate determination of heat fluxes
and heat flow. In the following, both spatial variability and uncertainty
will be expressed in the form of a standard deviation.
The model comprises three steps. First, the heat flux of all individual

AHFS sources in each pixel ij is determined using a Monte Carlo simula-
tion. Second the anthropogenic heat flux per pixel ij is determined,
which describes the average heat flux of the pixel. Third, the anthropo-
genic heat fluxes of all pixels are summed up to determine the heat
flow, i.e. the energy amount transported into the aquifer over the
whole study area in the span of one year.

2.3.2. Anthropogenic heat flux from individual sources
The anthropogenic heat flux from individual sources represents the

energy per square meter and second that each AHFS source transports
into the groundwater. Most of the energy is transferred by conductive
heat transport processes and can be determined using Fourier's law
|q| = λ ⋅ ∇T= λ ⋅ ΔT/Δd. Here λ is the thermal conductivity and ∇T
the thermal gradient that can be derived by dividing the difference in

temperatureΔT by the distanceΔd between two points. For the anthro-
pogenic heat fluxes from elevated ground surface temperatures (qGST)
the temperature gradient depends on the difference between GST
(TGS) and GWT (TGW) as well as on the depth dGW of the water table
(see Fig. 4). It can be calculated as follows:

qi jGST ¼ λ �
TGS− T i jGW þ δTGW

� �

di jGW þ δdGW
: ð1Þ

Here δTGW and δdGW are the uncertainties of themeasured value. The
index ij indicates different values for different pixels ij. The assumed
ranges can be found in Table 3. qGST is determined for every pixel with
a building density of less than 100%.
Anthropogenic heat fluxes from buildings (see Fig. 4) are calculated

for each pixel ij with a building density ofmore than 0%. Here, the differ-
ence between the temperatures inside buildings/basements (TB) and
GWT, as well as the vertical distance between building depth (dB) and
groundwater depth, determine the thermal gradient, leading to the fol-
lowing equation:

qi jBld ¼ λ �
TB− T i jGW þ δTGW

� �

di jGW þ δdGW
� �

−dB
: ð2Þ

Thermal insulation of buildings is not considered here, because in
Germany, ground slab isolation was not implemented into construction
regulations until the late 1990s (DIN 4108–2), leaving most buildings
without insulation. Buildings that reach into the aquifer are still separat-
ed from the groundwater by the concrete slab of the basement. Thus, a

Table 3
Assumed parameter range distribution for the Monte Carlo simulation. Triangular distribution was used as a standard.

Heat flux process Parameter Name Unit Karlsruhe Cologne

Minimum Mode Maximum Minimum Mode Maximum

Increased GST λ Thermal conductivity a W/mK 0.3 1 1.8 0.3 1 1.8
TGS
ij Ground surface temperature °C See Table 2 and Fig. 5 See Table 2 and Fig. 5
TGW
ij Groundwater temperature °C See Fig. 1 See Fig. 1
δTGW Accuracy groundwater temperature °C −0.1 0 0.1 −0.1 0 0.1
dGW
ij Groundwater depth m See Fig. 1 See Fig. 1
δdGW Accuracy groundwater depth m −0.01 0 0.01 −0.01 0 0.01
bfij Building density % See Fig. 2 See Fig. 2
δbf Uncertainty of building density % −5 0 5 −5 0 5

Buildings TB Temperature of basement/ground floor b °C 15 17.5 20 15 17.5 20
dB Basement depth m 0 2.5 6 0 2.5 6

Sewage system TSS Sewage temperaturec,d °C 12 18.5 25 10.33 17.59 26.8
dSS Depth of sewage drainse,d m 1 2 5 1 2 5
DSS Diameter of sewage drainsf,d m 0.1 0.4 2 0.08 0.3 4.6
lSS Length of sewage networkc,e,d m 770,000 880,000 990,000 907,051.5 1,007,835 1,108,618.5

Sewage leakage cpSS Heat capacity of wastewater c J/kgK 3708 4120 4532 3708 4120 4532
ρSS Density of wastewaterc kg/m3 990 1100 1210 990 1100 1210
VSS Annual wastewater volumec,d m3/a 33,997,000 35,707,500 37,418,000 48,873,592 49,000,000 50,873,592
rL Leakage ratef % 5 15 25 5 15 25

District heating PDH Heat loss from district heating pipesc,g MW 7.99 9.13 10.27 1.25 1.39 1.53
rd Percentage heat flux directed downwards % 25 37.5 50 25 37.5 50
DDH Diameter of district heating pipes f m 0.1 0.4 2 – – –

lDH Length of district heating network m 85,500 90,000 94,500 – – –

Subway system TSW Subway system temperatureh °C – – – 10 18.6 25.5
lSW Length of subway systemh m – – – 19,000 20,000 21,000
DSW Diameter of subway systemh m – – – 6.9 7 7.3
tSW Thickness of subway tunnel walls h m – – – – 1.1 –

a Menberg et al. (2013c), VDI 4640 (2010).
b DIN EN ISO 13370 (2008).
c Makurat (1980).
d Municipal drainage operator of Cologne (Köln, Stadtentwässerungsbetriebe).
e Civil engineering department Karlsruhe (Stadt Karlsruhe, Tiefbauamt).
f Eiswirth et al. (2002), Klinger (2007).
g Rheinenergie, 2011.
h Public transport company, Cologne (Kölner Verkehrsbetriebe, KVB).
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minimal distance between heat source and groundwater of 30 cm was
assumed. Heat flux from basement walls was not considered.
Anthropogenic heat flux from the sewage system (see Fig. 4) is de-

termined for every pixel, in which sewage drains are present. It comes
in two ways: first, there is the conductive heat transfer (qSS), represent-
ed again based on Fourier's law:

qi jSS ¼ λ �
TSS− T i jGW þ δTGW

� �

di jGW þ δdGW
� �

−dSS
: ð3Þ

Sewage pipes that reach into the aquifer are still separated from the
groundwater by their mantle. Thus, a minimal distance between heat
source and groundwater of 10 cm was assumed.
Second, there is an advective heat transfer representing sewage

leakage (qSL). To quantify the heat flux from sewage leakage, the energy
content of the leaked water is estimated and divided by the area cov-
ered by the sewage system within the pixel:

qi jSL ¼ cpSSρSSrL � TSS− T i jGW þ δTGW
� �h i

� VSS
lSSDSS

: ð4Þ

Here, cpSS is the heat capacity of waste water, ρSS the density, rL the
leakage rate, VSS the volume of wastewater, lSS the length of the sewage
system, and DSS the diameter of the sewage system.
Anthropogenic heat fluxes originating from the subway system (see

Fig. 4) are determined for all relevant pixels using Fourier's law. Howev-
er, the subway tunnels in Cologne run under the groundwater level at
around 19 m below surface (Kölner Verkehrsbetriebe, 2013). Hence,
groundwater and heat source are merely separated by the tunnel
walls with a thickness tSW of 1.1 m:

qi jSW ¼ λ �
TSW− T i jGW þ δTGW

� �

tSW
: ð5Þ

Anthropogenic heat flux from the district heating network (see
Fig. 4) is determined for all relevant pixels. The downwards directed
percentage rd of the systems heat loss PDH is taken and divided by the
area covered by the district heating network leading to the following
equation:

qi jDH ¼ PDH � rDH �
1

lDH � DDH
ð6Þ

Due to the chosen approach the heat flux from the district heating
networks shows no spatial variability.

2.3.3. Anthropogenic heat flux per pixel

The anthropogenic heatfluxqi j per pixel is determined by scaling the
anthropogenic heat fluxes of the individual sources to the reference
area, i.e. the pixel size, of 15 m × 15m. This is done for each heat source
independently before the individual heat fluxes per pixel are added up
to give the total heat flux of all anthropogenic heat sources for each
pixel ij:

qi jtot ¼ qi jGST � 1− bf i j þ δbf
� �h izfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{qi jGST

þqi jBld � bf i j þ δbf
� �zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{qi jBld

þqi jSS �
lSSDSS
APixelNSS

zfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflffl{qi jSS

þqi jSL �
lSSDSS
APixelNSS|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
qi jSL

þqi jSW �
lSWDSW
APixelNSW|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
qi jSW

þqi jDH �
lDHDDH
APixelNDH|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
qi jDH

:

ð7Þ

To transfer the reference area to the pixel size, the building density
(bf) is used for heat fluxes from increased GST and from buildings. For

all other AHFS sources, the heat fluxes per pixel are calculated bymulti-
plying the anthropogenic heat fluxes with the fraction of the total area
covered by the heat source (i.e. length l × diameter D), and the total
area of the relevant pixels (area APixel of one pixel × number N of rele-
vant pixels).

2.3.4. Heat flow
The total anthropogenic heatflow into the subsurface Itot is the ener-

gy input per year of the entire study area and is obtained by adding up
the anthropogenic heat flux of every pixel as follows:

Itot ¼ APixel �
X
i j

qi jtot: ð8Þ

In addition, the heat flow generated by each individual AHFS source
is determined accordingly.

2.4. Geothermal potential

The analysis of the geothermal potential Q/Ph offers a comparison of
the potential heat content of the aquifer Q to the annual residential
space heating demand Ph. The potential heat content of the aquifer is
the geothermal heat content of the urban aquifer for a given tempera-
ture reduction ΔT. It can be estimated using the following equation
(Balke, 1977; Zhu et al., 2010):

Q ¼ QW þ QS ¼ A � d � n � cp;W � ΔT þ A � d � 1−nð Þ � cp;s � ΔT : ð9Þ

Here QW and QS are the potential heat contents of groundwater and
solid respectively, A is the urban area, d is the aquifer thickness, n is the
porosity of the aquifer, and cp,W and cp,s are the volumetric heat capaci-
ties of water and solid.
The annual residential space heating demand Ph is estimated as

follows:

Ph ¼ ALS � p � qhd ð10Þ

where ALS is the average living space per person, p is the population and
qhd is the average annual unit heating demand (Zhu et al., 2010). The pa-
rameter values for both study sites are listed in Table 4.
In this study, we further introduce the sustainable geothermal po-

tential Itot/Ph that compares the annual anthropogenic heat input into
the aquifer (i.e. the heat flow Itot from above) to the annual residential
space heating demand and hence, describes the capacity of sustainable
energy usage.

3. Results and discussion

3.1. Ground surface temperatures

The results of the estimated GST are shown in Fig. 5 and Table 2. The
mean GST in Karlsruhe is 14.4 °C and in Cologne 14.7 °C. This difference
can be explained by a higher percentage of sealed areas in Cologne
(Table 2).

3.2. Anthropogenic heat flux into the subsurface

3.2.1. Anthropogenic heat flux from individual sources
The results for the anthropogenic heat fluxes of all evaluated indi-

vidual AHFS sources are shown in Fig. 6 (and Table S1). The most
dominant source of AHFS is the district heating network in Karlsruhe
with an average AHFS of 62.8 W/m2 and an uncertainty (in the form of
standard deviation) of ±42.9 W/m2, which is one order of magnitude
more than fluxes from any other AHFS source.
Increased GST is the least dominant source of anthropogenic heat flux

with values of 0.24 ± 0.11 W/m2 in Karlsruhe and 0.21 ± 0.06 W/m2 in
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Cologne. Fluxes from increased GST correspond to the storage or ground
heat fluxes (see Fig. 4) that are commonly used in literature to describe
the energy balance of the surface. Storage heat fluxes in Basel,
Switzerland, were measured hourly over the span of three days (8th,
25th and 26th June 2002) by Rigo and Parlow (2007). They found fluxes
ranging from about −90 at night to 240 W/m2 at daytime. Similarly
Liebethal and Foken (2007) measured rural storage fluxes near
Lindenberg in Germany on 10th June 2003 finding fluxes ranging from
−50 at night to 150 W/m2 around noon. While the here presented
AHFS from elevated GST fall within range of both of these studies, it is im-
portant to note that both studies analyzed only a short time frame in the
summer month of June and are therefore expected to be elevated com-
pared to the annual mean. A time series of 37 years of monthly measure-
ments of storage heat flux in a rural site in Eastern Minnesota was
presented by Baker and Baker (2002). Here the storage heat flux ranges
between −6 and 6 W/m2 at 1.6 m depth and is better comparable to
our findings of annual flux from elevated GST through the entire unsatu-
rated zone. Furthermore, in 2013 the Intergovernmental Panel on Climate

Change (IPCC, 2013; Wild et al., 2013) analyzed a time frame of two de-
cades. On a global scale, they estimated storage heat fluxes as the residual
from the energy balance of the surface from 0.2 to 1.0 W/m2, with the
higher values representing fluxes into the ocean. This agrees well with
our results for AHFs from increased GST. In contrast, Beltrami et al.
(2006) discussed the absorbed ground surface heatflux in the continental
Northern Hemisphere using borehole temperature profiles of up to
400 m depth. They determined absorbed fluxes ranging from 0.025 to
0.075 W/m2 in central Europe for the time period from 1930 to 1980.
The results for anthropogenic fluxes from buildings into the ground-

water (3.61 ± 3.37 W/m2 in Karlsruhe; 0.57 ± 0.47 W/m2 in Cologne)
are on the lower end of the fluxes through the ground floor slabs of a
building, which range between 0 and 20 W/m2 (Rees et al., 2000;
Thomas and Rees, 1999). However, they agree well with the estimation
of ~2 W/m2 heat loss directly beneath a building (Ferguson and
Woodbury, 2004). In Karlsruhe, fluxes frombuildings aswell as conduc-
tive fluxes from the sewage system (4.73 ± 6.72 W/m2 in Karlsruhe;
0.94 ± 0.77W/m2 in Cologne) are significantly higher than in Cologne.

Table 4
Assumed parameters for the estimation of the potential heat content of the aquifer and residential space heating demand.

Parameter Name Unit Karlsruhe Cologne

Mean Uncertainty Mean Uncertainty

A Urban area a km2 61.9 – 81.3 –

D Aquifer thickness m 30 20 20 10
N Porosity of the aquifer % 20 5 20 5
cp,W Volumetric heat capacity of waterb kJ/m3K 4150 – 4150 –

cp,S Volumetric heat capacity of solid b kJ/m3K 2400 200 2150 50
ΔT Temperature reduction c K 4 – 4 –

Q Potential heat content of the aquifer PJ 20 14 17 9
ALS Average living space per person d m2 43 – 42.3 –

p Populations – 286,000 500 485,000 500
qhd Average annual heating demand e kJ/m2 525,600 180,000 525,600 180,000
Ph Annual space heating demand PJ 7 2 11 4

Capacity for space heating Years−1 3.1 2.4 1.5 1.0

a See Table 1.
b VDI 4640 (2010).
c Zhu et al. (2010).
d Timm (2008).
e Nitsch (2002).

Cologne

..
..Cologne

Karlsruhe

0 1 2 km
Ground surface temperature

11.9 °C 16.0 °C

Karlsruhe

Fig. 5. Estimated mean ground surface temperatures (GST) in Karlsruhe and Cologne.
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This is also reflected in the long-tailed distribution of fluxes in Karlsruhe
(Fig. 6), where 4% of all buildings and 15% of the sewage system gener-
ate fluxes above 10 W/m2. In contrast in Cologne less than 0.01% of all
fluxes from buildings and 1% of all conductive fluxes from sewage
systems are above 10 W/m2. The obvious explanation is that due to the
higher groundwater levels in Karlsruhe 40% of all buildings and 1% of all
sewage pipes are only 2 m above the groundwater level. Furthermore,
2% of all buildings reach into the groundwater, leaving the concrete slab
of the basement (thickness: 30 cm) to separate groundwater and anthro-
pogenic heat source. Thesemarginal distances between groundwater and
heat source lead to a high thermal gradient and therefore to a high an-
thropogenic heat flux. These findings corroborate the results for Basel,
Switzerland, which show a dominant heat flux of 16 W/m2 for buildings
reaching into the groundwater, while other buildings generate fluxes of
less than 1 W/m2 (Epting et al., 2013). Furthermore, our models show

that the anthropogenic heat flux from buildings in Karlsruhe can be
decreased by 45% to 2.0 ± 0.8 W/m2 (with a spatial variability of
1.8 W/m2), if the assumed basement depth is reduced by only
0.4 m, following the model of Menberg et al. (2013b).

3.2.2. Anthropogenic heat flux per pixel
The anthropogenic heat flux of the average pixel is 1.10 W/m2 for

Karlsruhe and 0.39 W/m2 for Cologne, respectively (Fig. 7 and Table S2).
In contrast, the geothermal heat flux (see Fig. 4) in Karlsruhe is
only about 0.08 W/m2 (Cermak and Rybach, 1979) and in Cologne
0.06 W/m2 (Balke, 1977), indicating that AHFS dominate the heat
flux into the urban aquifer.
Karlsruhe once again shows significantly higher fluxes and a wider

distribution compared to Cologne. This is also reflected in the values
of the standard deviation of both the spatial variability (1.49 W/m2 in
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Karlsruhe; 0.38W/m2 in Cologne), as well as the uncertainty (0.73W/m2

in Karlsruhe; 0.12W/m2 in Cologne) of the results. The reason is the com-
paratively high groundwater level in Karlsruhe and the assigned uncer-
tainty in the basement depth (0–6 m), which, in combination, result in
a large and strongly variable thermal gradient, especially under buildings.
The spatial variability of the anthropogenic heat flux per pixel is

depicted in Fig. 8. Cologne shows a comparatively homogeneous distri-
bution with the highest fluxes along the subway line and next to the
sewage network near the Rhine— in the area with the highest ground-
water level. The northeast of Cologne reveals generally higher fluxes
than the southwest, originating from a low groundwater temperature
combined with elevated GST and again comparatively high groundwa-
ter levels. In this area, the largest GWHP system is installed with a
heating load of 13.8 TJ/a. In this particular location, the heating efficien-
cy of the geothermal installation is reduced by the low GWT, but at the
same time, the sustainability of the system is increased through the high
local AHFs.
The highest fluxes in Karlsruhe are found to the east of the city cen-

ter, where groundwater levels are highest. In the western part, it is
mostly the district-heating network that leads to particularly high
heat fluxes. Negative AHFS, i.e. fluxes from the groundwater to the sur-
face, occur mainly in park areas, where the estimated ground surface
temperature is lower than the groundwater temperature. Such green
spaces are more common in Karlsruhe than in Cologne.

3.2.3. Heat flow
The sum of these upward directed fluxes accumulates to a median

heat flow of −0.07 PJ/a in Karlsruhe and to only −0.01 PJ/a in the
western part of Cologne. However, they are insignificant compared
to the downward directed fluxes that accumulate to a median of
1.67 PJ/a in Karlsruhe and 0.95 PJ/a in Cologne. The overall energy
balance is shown in Fig. 9 and Table S3. Themean of the total anthropo-
genic heat flow of Karlsruhe yields 2.1 ± 1.4 PJ/a, more than double that
of Cologne (1.0 ± 0.3 PJ/a). The most dominant contributors of heat
in Karlsruhe are buildings/basements with 1.5 ± 1.4 PJ/a. In Cologne,
buildings generally do not reach into the groundwater and therefore
only account for 0.3 ± 0.1 PJ/a. Nonetheless, they are the second
most dominant AHFS source. Although insignificant regarding the

anthropogenic heatflux of all individual sources, increased ground surface
temperatures (GST) are the most dominant contributor of anthropogenic
heatflow inCologne,with values of 0.4±0.1 PJ/a due to the spatial extent
of the affected areas. In Karlsruhe, fluxes from increased GST generate a
heat flow of 0.3 ± 0.1 PJ/a, which represents the second largest source
of anthropogenic heat flow in the groundwater. In contrast, fluxes caused
by industrial reinjection of thermal waste water and other geothermal
systems account for only 0.08 PJ/a in Karlsruhe and−0.03 PJ/a in Cologne
(Jung, 2013; Menberg et al., 2013b).
Although being dominant regarding anthropogenic fluxes from indi-

vidual sources, the district heating networks of each study area only ac-
count for a minor heat flow of 0.11 ± 0.02 PJ/a in Karlsruhe and 0.02 ±
0.01 PJ/a in Cologne, respectively (Table S3). For Karlsruhe, Menberg
(2013) determined similar values with minor differences for the heat
flow from buildings and from increased GST. This can easily be ex-
plained by the different estimations for basement depths and GST in
both studies. Overall, the separation of spatial variability and uncertain-
ty introduced in this study reduces the standard deviation of the total
flow by 87% in comparison to the previous approach by Menberg
(2013).

3.2.4. Covariance analysis
To analyze themodel sensitivity in relation to the uncertainty of the

Monte Carlo simulation, Spearman's rank correlation coefficients be-
tween the total heat flow and the parameter range distributions are de-
termined (Fig. 9, Table 3). The results are illustrated in Fig. 10a); a
detailed list of all parameters and their statistical significance p is
given in Table S4 (supporting information). As expected, the uncertain-
ty of basement depth shows the highest correlation to the heat flow in
Karlsruhe, whereas it has only a minor influence on fluxes in Cologne,
where buildings rarely reach into the groundwater.
Sewage temperature and the percentage of downwards directed

heat flux show slightly elevated correlations in Cologne, confirming
that the advective fluxes are more important in a city with a low ther-
mal gradient. As expected, the heat flow of both cities is highly affected
by the thermal conductivity, a parameter that is not expected to show a
significant spatial variability in our study areas, due to the geological
settings. However, since no measured values from within the study

Cologne
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Karlsruhe

0 1 2 kmAnthropgenic heat flux
into the urban aquifer
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Fig. 8. Total anthropogenic heatfluxper pixel into the groundwater of both study areas, Karlsruhe and Cologne.Negativefluxes indicatefluxes from groundwater to the surface. The spatial
resolution is 15 m × 15 m.
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site were available, a broad range of 0.3 to 1.8W/mK (Table 3) was cho-
sen to account for all eventualities.
To analyze the model sensitivity in relation to the spatial variability

of its input parameters, Spearman's rank correlation coefficients be-
tween the spatial variability of the total heat flux and the input param-
eters are determined (Figs. 1, 2, 4 and 8). The results are illustrated in
Fig. 10b). A detailed list of all parameters and their statistical signifi-
cance p is given in Table S5 (supporting information). The spatial vari-
ability of the thermal gradient ∇T = (TGS − TGW)/dGW is most
influential regarding the spatial variability of the anthropogenic heat
flux per pixel. However, nearly all uncertainties of the thermal gradient
stem from the GST, which itself shows a high influence on the spatial
variability of the anthropogenic heatflux per pixel. For further improve-
ment of this method, it is therefore recommended to focus on spatial
measurements of GST data in urban areas. Besides the thermal gradient

and its linked parameters, building density is the most significant
parameter.

3.3. Implications

Fig. 11 shows the potential heat content of the aquifer for a temper-
ature reduction of 4 K, annual residential space heating demand and the
annual anthropogenic heat flow determined for both study sites. The
mean values and the uncertainties of the potential heat input as well
as the annual heating demand are also given in Table 4. The heat content
of the aquifer in Karlsruhe could provide enough heat to cover the space
heating demand for 3.1 ± 2.4 years, while western Cologne's aquifer
only yields heat for 1.5 ± 1 years. These differences in the geothermal
potential stem from a thinner aquifer in Cologne in combination with
a higher population and therefore higher space heating demand inside
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the study area. An earlier study of the entiremunicipal Cologne showed
a capacity for space heating in between 2.5 and 10.7 years for a temper-
ature reduction of 2 to 6 K and assuming a rather optimistic average an-
nual heating demand of 180,000 kJ/m2 (Zhu et al., 2010). Furthermore,
inWestminster, a large proportion of buildings could support their own
heating demand using GSHPs without losing control of ground thermal
capacity (Zhang et al., 2014). In Finland, 25% to 40% of annually con-
structed residential buildings could be heated utilizing groundwater
(Arola et al., 2014). However, using the heat content of the aquifer for
space heating will cool the urban aquifer by several degrees. In order
to sustainably utilize the geothermal potential, the energy budget of
all geothermal energy systems combined – heating and cooling – should
not exceed the annual anthropogenic heat input into the aquifer. Never-
theless, assuming a steady-state system, this energy could sustainably
supply 32% of the annual residential space heating demand in Karlsruhe
and 9% in Cologne. This would be even more if additional cooling sys-
tems were to be installed. This also neglects that cooling of the ground
would increase the conductive heat flux and thus the thermal replenish-
ment of the aquifer. However, currently, a total of only about 0.03 PJ of
heat are extracted in the study area of Cologne each year. This is merely
5% of the annual heat flow generated by AHFS. In Karlsruhe, there are
currently no significant industrial geothermal heating systems in
place. On the contrary, 0.1 PJ of energy are transported into the ground-
water each year mainly due to reinjection of thermal wastewater.

4. Conclusions

The development of a sustainable geothermal energy concept
should be the goal of cities that want to use renewable energies such
as shallow geothermal energy or thermally manage their groundwater
resources. Here, a 2D statistical analytical heat flux model was devel-
oped and successfully applied to the cities of Karlsruhe and Cologne,
Germany. The heat flux model gives a spatial representation of the ver-
tical subsurface anthropogenic heat fluxes into urban aquifers. Hence, a
sustainable thermal energy management tool could be developed for
both cities.

We found that district heating pipes are the dominant source of an-
thropogenic heat fluxes with average values of more than 60 W/m2,
more than one order of magnitude higher than all other heat sources.
Only sewage pipes and basements reaching into the groundwater are
the cause of equally extraordinary heat sources with maximal fluxes
of 40W/m2 and 14W/m2, respectively. These can be found in Karlsruhe,
where the groundwater level is on average only 5.4mbelow the subsur-
face. In the studied western part of Cologne, with a mean groundwater
depth of 10.2 m, buildings and the sewage system do not reach into the
groundwater. Thus, their fluxes show onlyminor spatial variability. Fur-
thermore, in Cologne, the total AHFS is lower (0.39 ± 0.12W/m2) and
has a lower spatial variability (±0.38 W/m2) than the total AHFS in
Karlsruhe (1.10 ± 0.73 W/m2; spatial variability of ±1.49 W/m2).
While dominating the local anthropogenic fluxes, the district

heating network is insignificant for the citywide AHFS budget in both
cities. Heat from buildings (1.51 ± 1.36 PJ/a in Karlsruhe; 0.31 ±
0.14 PJ/a in western Cologne) and elevated GST (0.34 ± 0.10 PJ/a in
Karlsruhe; 0.42 ± 0.13 PJ/a in western Cologne) are dominant contrib-
utors of the anthropogenic heat flow into the urban aquifer. In Karlsru-
he, buildings are the source of 70% (in Cologne 30%) of the annual heat
transported into the groundwater, which is mainly caused by buildings
reaching into or close to the groundwater. A covariance analysis con-
firmed these findings. Hence, basement depth is the most influential
factor to citywide heat flow in cities with a high groundwater level.
The spatial distribution of fluxes, however, is mostly influenced by

the thermal gradient of the unsaturated zone. A cold GWT combined
with a high GST, as well as a high groundwater level, results in elevated
fluxes like in the east of Karlsruhe. Overall, 2.15 ± 1.42 PJ and 0.99 ±
0.32 PJ of thermal energy are annually transported into the groundwa-
ter of Karlsruhe and western Cologne due to AHFS. This is sufficient to
sustainably cover 32% and 9% of the annual residential space heating de-
mand of Karlsruhe and western Cologne, respectively.
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