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Abstract
Meeting the rising energy demands of cities is a global challenge. Exploitation of the additional
heat in the subsurface associated with the subsurface urban heat island (SUHI) has been proposed
to address the heating demands. For the sustainable use of this heat it is crucial to understand how
SUHIs evolve. To date, there have been no comprehensive studies showing how temperature
anomalies beneath cities change over time scales of decades. Here, we reveal the long-term increase
of temperatures in the groundwater beneath Cologne, Germany from 1973 to 2020. The rise in
groundwater temperature trails atmospheric temperature rise in the rural areas and exceeds the
rise in atmospheric temperature in the urban center. However, the amount of heat that is currently
stored each year in the thin shallow aquifer reaches only 1% of the annual heating demand. The
majority of the anthropogenic heat passes by the vertical extent of the aquifer or is discharged by
the adjacent river. Overall the geothermal resource of the urban ground remains largely underused
and heat extraction as well as combined heating and cooling could substantially raise the
geothermal potential to supply the city’s demand.

1. Introduction

Emerging urban expansion and densification cause
warming in cities. So-called urban heat islands
(UHIs) overprint natural conditions in the atmo-
sphere, at the surface and also in the subsurface [1, 2].
Above ground UHIs have a negative connotation as
increased heat stress raises mortality especially dur-
ing the warm period [3, 4]. Conversely, subsurface
UHIs (SUHIs) can have beneficial effects on the shal-
low geothermal potential of urban aquifers [5, 6]. The
rising energy demand for heating and cooling forced
by socioeconomic trends and higher cooling loads in
response to climate change [7–9] is amplified in cities
as the proportion of people who are living in cities is
to rise continuously in the 21st century [10, 11].
We are facing this rising energy demand under the

necessity to mitigate greenhouse gas emissions and to
achieve better integration of renewable energies into

our cities [12]. Compared to transmission of electric
power, transportation and distribution of thermal
energy is not feasible at larger scales [13]. Accessing
shallow geothermal energy fromurban aquifers yields
one of, if not the, most promising alternative to com-
bustion of fossil fuels for thermal applications in cit-
ies. Shallow geothermal applications in cities bene-
fit from elevated urban underground temperature in
comparison to natural conditions [14, 15]. Given the
relatively high energy density of soil and groundwa-
ter, this significantly elevates the potential of shallow
geothermal systems for heating [5, 6, 16]. Vice versa,
elevated temperatures in urban aquifers decrease the
potential for space cooling with geothermal energy.
Efficient planning and implementation as well as

sustainable operation of shallow geothermal units in
urban aquifers require a detailed conceptual know-
ledge and understanding of the processes that lead to
the formation of SUHIs.While above ground theUHI
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Figure 1. (a) Urban underground temperature anomalies. Colors indicate the magnitude of the temperature anomaly in K
Markers represent the studied medium. Triangles represent studies in soils at depths shallower than 2 m bgl. Circles and stars are
studies in groundwater that either propose stationary temperatures (circles) or transient analysis (stars with labels of city names
and studied time periods). (b) Location of temperature monitoring stations in the greater region of Cologne. City zones (city
center, inner city, outer city and outskirts) are highlighted for the reference area. Base map accessed from maps.stamen.com
(27 May 2021).

phenomenon is well studied and monitored, little so
can be said for underground conditions even though
SUHI effects have been reported in more than 50 cit-
ies globally (figure 1) [2, 16–56]. SUHIs are formed
by anthropogenic surface warming that propagates
into the subsurface and is enhanced by buried infra-
structures, especially if these reach into the water-
saturated zone [57–59]. In the subsurface, UHIs typ-
ically have average temperature increases between 1 K
and 3 K beneath the entire urbanized area, but with
pronounced local hot spots. As heat transfer is much
slower in the subsurface, short-phased surface vari-
ations, such as the seasonal signal, fuse into a year-
round stable temperature at depths greater than 10 m
below ground level (bgl).
Due to the scarcity in underground temperat-

ure monitoring, available studies provide mostly sta-
tionary descriptions of the thermal field. Studies
that report urban underground temperature over
time are extremely rare and typically only com-
prise few years. Especially in studies covering less

than five years, extreme temperature rises that loc-
ally exceed +2 K dec−1 (per decade) are reported
[32, 40, 43], while also average temperature rises are
above +0.5 K dec−1 [23, 40, 43]. In many places
urban temperature rise more than doubles the expec-
ted surface warming in response to climate change
[22, 60]. Despite these insights, there is a lack of evid-
ence on how urban underground jointly responds to
climate change and anthropogenic warming.
To quantify the geothermal potential of cities,

most studies assess the theoretical geothermal poten-
tial (TGP) [6], which is the available heat in place
for a stationary temperature distribution above nat-
ural conditions. The TGP is based on depleting the
additional energy in the reservoir and it could be
shown that it could in theory supply the annual heat-
ing demand in cities for multiple years [5].
The objective of this study is to reveal the long-

term evolution of the SUHI phenomena and its sig-
nificance for future shallow geothermal energy sup-
ply in cities. We want to fill this research gap by
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presenting unique city-wide subsurface temperature
records for the city of Cologne, starting in 1973 [61].
Cologne is one of few cities where extensive ground-
water temperature (GWT) monitoring has been per-
formed since the 1970s [61–63] with an urban under-
ground temperature anomaly of up to 4 K reported
already in 1974. These early works date back more
than three decades before the term SUHI was phrased
[2] and are backed up by a variety of recent stud-
ies [5, 35, 64–69]. We demonstrate how the thermal
field develops and how the urban aquifer is charged
by anthropogenic heat emission and climate change.
These results offer a unique insight into heat storage
rates and SUHI evolution based on data monitored
over nearly half a century.

2. Materials andmethods

2.1. Hydrogeology and aquifer structure
The region of interest is located south of the Lower
Rhine Basin. The shallow subsurface is composed of
Quaternary terrace deposits, that are underlain by
Tertiary sediments. The Quaternary deposits host an
unconfined aquifer thatmainly consists of gravels and
sands, while the underlying Tertiary clays, silts, lignite
and soft coals down to 200 m bgl function as aquit-
ard [66, 70–72]. The Quaternary-Tertiary bound-
ary (QTB) was used to delineate the bottom of the
aquifer. QTB depths are composited from 440 depth
values frommonitoringwells [73], 97 public borehole
profiles [74], and supported by 676 resolved from the
isolines of the Quaternary basis map that was kindly
provided by the geological survey of North Rhine-
Westphalia. Interpolated QTB range between 15 and
81 m asl (above sea level) in the model area. Surface
elevation of the public 1 m digital elevation model
(DEM) tiles [75] were composited and resampled to
100 m resolution.

2.2. Groundwater data
Groundwater data can be classified into three groups:
temperature depth logs, temperature and hydraulic
head continuous loggers, and temperature recorded
during groundwater quality measurements. In total,
266 wells with temperature monitoring were selec-
ted for the analysis. Temperature depth logs have been
performed in 1973 [61], 1977 [62], in 2009 and
2012 [5, 66], and between 2018 and 2020. Temperat-
ures were recorded in-situ without pumping as pro-
files measured from top to bottom. The vertical res-
olution is increasing towards greater depths and is
between 1 and 5 m. Different standard temperat-
ure level meters (e.g. SEBA KLL-T) with an accur-
acy between 0.05 and 0.1 K were used. The drift in
absolute temperature between these devices is typ-
ically below 0.2 K. For the measurement campaigns
in 1973 and 1977 not all recorded profiles were pre-
served over time. Data from the years 1973 to 1977

are digitized from aquifer temperature maps meas-
ured 0.5 m below groundwater level (GWL) in 1973
and in 15 and 20 m bgl in 1977. Temperature and
hydraulic head continuous loggers are maintained by
government institutions (city and district govern-
ment of Cologne), water suppliers (Rheinenergie AG)
and a non-profit public body (Erftverband). Tem-
perature timeseries are available only for 77 stations
maintained by the Rheinenergie AG. At these stand-
ard groundwater monitoring loggers with temperat-
ure accuracy <0.3 K and precision <0.1 K are typically
installed less than 5 m bgl. Hydraulic head measure-
ments, both manual and logged, were used from 968
stations [73].GWT recorded during groundwater qual-
ity measurements are recorded on-site during pump-
ing. These data have high measurement errors <1 K
due to exposure to surface condition, temperature
changes caused during pumping, and differences in
the sampling routine. Accuracy and precision of the
used probes are below 0.2 K.
In this study we use the term aquifer temper-

ature as a measure for the temperature at depths
between 15 and 25 m bgl. This depth interval was
cropped from temperature logs and available quality
and logger data, because it is typically below the water
table, within the vertical extent of the aquifer, and
the depth in which historic temperature records are
available [61, 62]. To resolve the aquifer temperature
for each station, annual arithmetic means from the
three data groups were calculated separately. After-
wards, themean of these was calculated where applic-
able for each station, which resulted in 2999 annual
mean values at 253 stations. Gaps in the annual mean
values of the aquifer temperature were filled by linear
interpolation within the data limits to achieve higher
temporal coverage. Hereby, 1662 at 159 stations were
filled. The total number of annualmean values for the
aquifer is 4661 at 253 stations.
Groundwater data are analyzed on an annual basis

in this study. However, seasonal variations at depths
between 15 and 25mbgl are above the typical temper-
ature range in natural conditions that is below 0.1 K
for depths below 15 m bgl. The mean seasonal tem-
perature range observed at 57 stations in quarterly
repeated temperature logs between September 2018
and 2019 is 0.5 K at 15 m bgl, 0.2 K at 20 m bgl,
and 0.1 K at 30 m bgl. The year-to-year variability
or annual reproducibility, expressed by the difference
of the September temperature in 2019 and 2018 is
around+0.1 K for the entire depth interval. Perman-
ently installed loggers in the area indicate the same
seasonal temperature range and year-to-year variab-
ility as the quarterly temperature logs.

2.3. TGP
The TGP defines the additional energy content in a
reservoir towards natural conditions, without taking
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Figure 2.Methodology flowchart.

into account technical accessibility, economic feasib-
ility and legislative regulations [6]. TGP can be cal-
culated for water saturated porous aquifers by the
equation [5, 6, 61]:

TGP= ((1− n)× cw+ n × cs) × ∆T×A× d,

where n is the porosity, cw and cs are the volumetric
heat capacities of the fluid (4.15 MJ K−1 m−3) and
porous media (2.1 MJ K−1 m−3).∆T (K) is the tem-
perature difference (∆T = T1 − T0) between local
aquifer temperature (T1) and the proposed natural
background temperature in 1973 of 10.8 ◦C (T0). The
TGP was calculated for a respective reservoir volume
that was discretized by a 100 × 100 m grid (A) with
variable saturated thickness (d). The saturated thick-
ness (d = min(min(GWL, DEM) − QTB), 0)) was
calculated between the GWL, the DEM surface eleva-
tion, and the QTB (figure 2).

2.4. Spatial interpolation and time resolution
TGP, aquifer temperature and hydraulic heads were
gathered as annual mean values and calculated for
each year from 1973 to 2020. The QTB was assumed
to be constant through time and calculated from all
available data. All data is interpolated using standard
inverse distance weighting on a 100 m × 100 m grid
considering the nearest 15 data points and to a power
of 1.5. Interpolated surfaces were smoothed by apply-
ing a Gaussian filter with two standard deviations.

2.5. Comparative data
To compare trends in GWT air temperature data
were accessed from the Climate Data Center [76]
of the German Meteorological Survey (DWD). Data
was recorded hourly 2 m above ground, quality con-
trolled, and resampled by the DWD. To relate the
resolved TGP to regional residential space heating
demand statistics for Germany [77] were projected to
the city zones by the number of inhabitants in 2020

of the town quarters [78] and surrounding municip-
alities [79]. To reduce annual variations, the mean of
the annual residential space heating demand between
2010 and 2020 was taken as a reference.

3. Results and discussion

3.1. Aquifer temperature
The GWT in the Cologne area is conditioned by
a SUHI phenomenon with the temperature being
highest underneath the city center and gradually
decreasing towards the rural areas. The presented
temperatures are monitored in the typical depth of
the shallow aquifer between 15 and 25m bgl.We refer
to four zones of decreasing age and building density,
from the city center, inner and outer city, to the out-
skirts. Figure 3 delineates the spatial distribution of
the aquifer temperature beneathCologne displayed as
mean value of eight year periods since 1973. In every
time period, temperature declines from the city cen-
ter area towards the outskirts over the past 48 years.
The temperature anomaly between the city center and
the outskirts varies in time and rises by roughly 60%
from +1.8 K in the 1973–1980 period to +2.9 K in
the 2013–2020 period. Within the city zones temper-
ature rise is highest in the city center at +2.0 K and
significantly lower in the outer city and outskirts at
below +1 K difference between the 2013–2020 and
the 1973–1980 period (figure 3).
To better describe groundwater warming we per-

formed regression analysis of the regional annual
mean values of the aquifer in the four city zones,
as well as in timeseries sensed at individual wells,
and compared these to changes in ambient air tem-
perature. The rate at which aquifer temperature is
increasing is displayed versus the temperature in
2020 in figure 4. Assuming a linear behavior, the
annual mean aquifer temperature in the city zones
reveals a positive temperature shift of 0.52 ± 0.01,
0.29 ± 0.01, 0.22 ± 0.01, 0.24 ± 0.02 K dec−1 for
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Figure 3.Mean aquifer temperature between 15 and 25 m bgl of eight year periods. Observation wells with data in the respective
period are given as black dots. Regional extent is 13 km× 13 km.

Figure 4. Temperature trends of 64 individual wells,
regional mean in city zones, and 2 m air temperature. Error
bars represent the standard errors of the linear regression.

the city center, inner and outer city and outskirts,
respectively (figure 4). The annual means of the city
zones indicate a strong correlation with time suppor-
ted by squared Pearson correlation coefficients ran-
ging between 0.97 and 0.84. The city zone values are
supported by linear regression results of time series
at individual wells, displayed in figure 4, that com-
prise at least 30 years and have a median slope of
0.37 K dec−1. Three of 64 timeseries exceeded a mean
squared error towards the regression line of 0.5 K.
Two of them are the actual maximum and minimum
slopes at 1.06 and −0.37 K dec−1. Sixty-three out of
the 64wells indicate a positive temperature trend, and
the one well that carries a negative trend is next to a
flooded open pit mine with monitoring starting after
reclamation in 1978. Themaximum slope is observed
directly in the city center and indicates a high rise in

temperature with more than 20 ◦Cmeasured in 2020
(15 ◦C–16 ◦C in 2009, and 17 ◦C–18 ◦C in 2018 and
2019).
Between 1973 and 2020, ambient annual air tem-

perature means indicate a rise of 0.31± 0.06 K dec−1
(R2 = 0.34). Compared to aquifer temperature gradi-
ents in the rural parts (outskirts and outer city), the
lapse rate in air temperature is about 25% higher.
This trailing equals rates that are typically found
when comparing temperature in air to the shallow
subsurface [65, 80, 81]. The underground temperat-
ure gradient in the city center is contrarily exceeding
atmospheric temperature rise and can be attributed to
higher anthropogenic heat fluxes caused by a higher
building density, surface imperviousness, and more
underground buildings in this area [64]. Subsurface
temperature shift in the inner city reflects a trans-
ition between the rural outskirts and the city center.
It is assumed that the temperature rise in response
to heated basements and surfaces is limited as the
heat flux is effectively reduced when subsurface tem-
perature is at the same level as the basement tem-
perature. The strongest increase in temperature is
observed between the 1980s and the middle of the
2000s, in which the rise in temperature is highest in
all areas (cf table 1). Between the second (1981–1988)
and fourth (1997–2004) period, temperature rise per
period is highest at roughly +0.5 K in the city cen-
ter and +0.3 K in the other city parts. In the past
two periods (2005–2012 and 2013–2020) the tem-
perature increase per period is reduced to +0.3 K in
the city center and to around +0.1 K or below in
the other city areas per period and in the same mag-
nitude as between the first two periods (1973–1980
and 1981–1988).
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Table 1.Mean aquifer temperature of eight year periods in the different city zones. Temperature is given in ◦C with the standard
deviation in brackets (±1σ).

City zone 1973–1980 1981–1988 1989–1996 1997–2004 2005–2012 2013–2020

City center 13.2 (±0.5) 13.5 (±0.5) 14.1 (±0.5) 14.6 (±0.6) 14.9 (±0.6) 15.2 (±0.8)
Inner city 12.6 (±0.5) 12.7 (±0.6) 13.0 (±0.6) 13.3 (±0.7) 13.6 (±0.7) 13.7 (±0.6)
Outer city 12.0 (±0.5) 12.0 (±0.5) 12.3 (±0.4) 12.6 (±0.4) 12.7 (±0.3) 12.7 (±0.3)
Outskirts 11.4 (±0.4) 11.4 (±0.3) 11.8 (±0.4) 12.1 (±0.4) 12.2 (±0.3) 12.3 (±0.3)
Total 11.8 (±0.6) 11.9 (±0.7) 12.2 (±0.7) 12.5 (±0.7) 12.6 (±0.7) 12.7 (±0.8)

Figure 5. Theoretical geothermal potential of eight year periods. Regional extent is 13 km× 13 km.

3.2. TGP of shallow urban groundwater
We quantified the TGP of the urban aquifer based
on the vertical extent of the aquifer, the water sat-
urated thickness, and the aquifer temperature. The
TGP mirrors the trends seen in aquifer temperature
and is highest in the city center area in all periods,
while increasing over time as illustrated in figure 5.
In all city zones, TGP exhibits a strictly increasing
trend over time with mean values (±1 std. dev.) of
117, 83, 49, and 18 TJ km−2 in the 1973–80 period
and 202, 130, 79, and 43 TJ km−2 in the 2013–20
period in the city center, inner city, outer city and
outskirts, respectively. In the SW of the study area the
TGP is zero, because the Quaternary terrace deposits
that host the aquifer wedge out in this region.
While the TGP density is highest in the central

parts, the total energy content is actually lowest in
the city center at 936 TJ, due to the small fraction
of the city area (cf table 2). Compared to the estim-
ated residential heating demand for this area, the city
center yields the highest capacity for supplying resid-
ential space heating. The additional energy stored in
the city center in the 2013–20 period would equal the
demand of about 1 year. In the surrounding city zones
this ratio is slightly lower, equaling between 79% and
95% of the annual residential heating demand.

However, this stationary calculation of the TGP
as a one-time extractable heat reservoir formed by
anthropogenic heating on top of the potential of
natural conditions and neglects transient effects and
technical accessibility of the energy. To resolve the
energy that is constantly stored in the aquifer we per-
formed a linear regression of the annual area means
of the four city zones (figure 6). The regression yields
a storage rate of 27 mW m−2 for the total area, and
70, 39, 26, 22 mW m−2 for the respective city zones
(table 2). Even though heat storage is three mag-
nitudes higher in the city center when compared to
the outskirts, the heat stored in the aquifer each year
equals only 1% of the thermal demand. These stor-
age rates are also significantly lower than the aver-
age anthropogenic heat flux of 390 mW m−2 from
the surface towards the aquifer that was calculated
by Benz et al [64] using a 1D analytical model for
this area. This implies that only about 5%–20% of
the energy that is released into urban underground
is also stored within the aquifer in the form of heat.
The calculated shares of the TGP reflect the observed
energy growth of the aquifers thermal reservoir in
time and are related to an average thermal demand,
which either over- or underestimates the potential, as
heating loads in Germany have an annual variation
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Figure 6. (a) Total theoretical geothermal potential (TGP)
of city zones for eight year periods. Error lines indicate
standard deviation in zonal distributions. (b) Cumulative
and absolute TGP change per period. (c) Interquartile
range (IQR) and median TGP per area for city zones.

of around ±10%. In addition, the actual operat-
ive potential for shallow geothermal systems will be
muchhigher if we considermixed heating and cooling
applications, transient heat transport, and if a deple-
tion of the of the thermal reservoir is allowed. The
thermal conditions in the aquifer tend to equilibrate
from the year 2000 and onwards (figure 6(b)) and
the net heat gain thus declines over time. However,
recharge of the shallow ground would dynamically
adapt if more energy would be extracted. In order to
describe dynamic phenomenons such as groundwa-
ter flow, heat loss towards the aquifer boundaries, or
changes caused by shallow geothermal systems under
specific thermal loads, a numerical model would be
needed which is beyond the scope of this study.
The gross energy which is not stored in the

aquifer is transported by groundwater advection out-
side its vertical or lateral extent. Vertical conductive
heat transport towards greater depths in this area is
less efficient than lateral advective heat transport by
groundwater flow, that is oriented in north-eastern
direction towards the receiving stream. Numerical
model results of this area suggest that the annual heat
loss towards the river is around 610 TJ per year [66],
that equals 5% of the total TGP. In vertical direction

the shallow aquifer is typically at depths between 10
to 30 m bgl. In this zone, shallow geothermal energy
can be effectively harnessed by especially open-loop
groundwater heat pump systems. Anthropogenic heat
is also stored in the underlying aquitard down to a
depth of at least 100m bgl as is evident from borehole
temperature logs andmodel results [66]. Similar pen-
etration depths between 60 and 130 m bgl are repor-
ted for other cities [46, 51, 82]. The energy stored in
the underlying aquitard could also be accessed using
for example borehole heat exchangers in combination
with ground source heat pump systems. In addition,
the UHI phenomenon affects the unsaturated zone.
Analytical simulation shows that under natural and
urban green surfaces the heat flux can be reversed and
cool the urban subsurface [64, 83]. Natural surfaces
also have major cooling effects on atmospheric UHIs
[84].
To quantify heat losses and heat fluxes inside

and outside the aquifer spatially and temporally,
detailed numerical models can be used. Models of
comparable urban aquifers containing river bound-
aries [23, 57, 85] revealed that rivers can have a signi-
ficant effect on the thermal state of urban aquifers by
infiltration and exfiltration in the river beds and by
flooding events. Such models can also be employed
to balance heat fluxes based on implemented sur-
face boundary conditions. Recent modeling results
for Cardiff (UK) suggest surface averaged heat fluxes
at a rate of 60 mWm−2 at 20 m bgl [86].

3.3. Further implications
Urban subsurface is characterized by temperatures
that are anthropogenically altered by continuous heat
release over large areas and long periods. The oppor-
tunity to extract the accumulated heat is often over-
looked, and together with the naturally stored heat,
shallow geothermal energy will gain importance for
integrated heat supply in cities. Clearly, as demon-
strated for the city of Cologne, SUHIs tend to reach
a quasi-steady thermal condition that follows atmo-
spheric warming, and the urban heat in place as
expressed by the TGP thus will not substantially
increase more than elsewhere in the future. How-
ever, the geothermal usage potential can substan-
tially be enhanced by active urban-scale subsurface
heat extraction, which accelerates the ground heat
gain and thus stimulates large-scale urban heat recyc-
ling. This means, by concerted application of great
numbers of ground source and groundwater heat
pump systems [14, 15, 49], the urban underground
will absorb more energy while losing less heat in-
situ by lateral groundwater flow and exfiltration to
rivers. Such active subsurface temperature regulation
will not only be beneficial for heat supply, but is
essential for facilitating effective cooling by utiliza-
tion of groundwater. This bivalent use of aquifers as
heat source and sink is the ideal solution, especially
considering that in many cities the thermal stress
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for shallow aquifers is augmented by residential and
industrial cooling demands [87]. The relative import-
ance of cooling will increase in the future with global
warming and improved insulation of buildings.
Active control and regulation of further heat

accumulation is necessary not only for optimiz-
ing urban subsurface geothermal use. Warming of
aquifers deteriorates groundwater quality by oxygen
depletion and enhanced mobilization of contam-
inants. Warmed groundwater stimulates growth of
pathogenic microbes while modifying biodiversity
and character of groundwater ecosystems [88, 89].
For buried structures, there is a need for thermal
insulation, and especially the temperature of drink-
ing water is reported to rise in cities due to warming
of the buried supply network [90].

4. Conclusions

Based on five decades of monitoring for the city of
Cologne, we found that the shallow aquifer tem-
perature is rising continuously. In the city center,
where urbanization is most dense, temperature rise
is highest at a rate of 0.52 K dec−1. This decreases
towards the outer city and outskirts where it is less
than half as high at rates of 0.22 and 0.24 K dec−1.
Compared to the rise in ambient surface temperat-
ure of 0.31 K dec−1, rates in the shallow subsurface
of the less densely populated areas indicate the expec-
ted trailing response to atmospheric climate vari-
ations, while in the city center subsurface warming
is increased compared to surface warming. A SUHI
is present since the start of recordings but is rising
in intensity over time. In the 1970s aquifer temperat-
ure in the city center was elevated by+1.8 K on aver-
age towards the rural area. This temperature anomaly
expanded by about 60% to +2.9 K in recent years. It
is expected that the SUHI phenomenon will continue
as a response to atmospheric warming. However, we
see a reduction of the rate at which urban subsur-
face is heated in the past two decades. This suggests
that the aquifer is approaching a temperature level at
which the steady temperature from buried infrastruc-
ture and basements result in reduced thermal gradi-
ents and equilibrated heat fluxes.
The elevated temperature translates to additional

heat that is stored in the aquifer. Compared to natural
conditions in the 1970s, the additional heat stored in
the aquifer domain equals the city’s residential heat-
ing demand of around one year. However, the rate at
which energy accumulates is relatively low and equals
only about 1% of the residential heating demand.
Compared to calculations of the anthropogenic heat
flux into the urban subsurface, the rate at which
energy is stored in the aquifer domain over time is one
magnitude lower. The low storage ratio of the emitted
waste heat is attributed to both lateral heat transport
towards the adjacent river and vertical surpassing of
the depths of the aquifer. This implies that on the one

hand, the capacity of using only the aquifer for sus-
tainable space heating is not promising, and that on
the other hand, the heat reaching the groundwater is
to a large proportion trespassing the thin aquifer layer
and not stored over time.
However, the potential for modern shallow geo-

thermal units that combine heating and cooling is
not based on depletion of a thermal reservoir. Sus-
tainable operation of such aquifer thermal energy
storage systems relies heavily on balancing heating
and cooling loads and achieving constant year-to-year
temperature in the reservoir. For these systems, the
SUHI phenomenon acts as a regional imbalance and
is a major factor to be considered to achieve longev-
ity and sustainability. Especially cooling applications
suffer from higher ground temperature but see a
rising demand in response to climate, technological
and socio-economical change. The observed trend in
reduction of the heat accumulation in recent times
could be crucial for the availability of urban under-
ground as a promising resource for cooling applica-
tions, and a key component in the transition towards
renewables.
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