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• Heat flux into the underground is quan-
tified for 4 heat sources and 15 wells.

• Heat flux in Osaka is considerably lower
than previously determined flux in
Europe.

• Sealed surfaces and buildings contribute
equally to urban subsurface warming.

• Temporal analysis reveals little variation
in annual heat input.

• For undisturbed wells heat accumula-
tion correlates to heat input, but is
lower.
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Inmetropolitan areas, shallow groundwater temperatures are affected by anthropogenic heat sources. The resulting
thermal conditions in the subsurface are highly site-specific, and spatial and temporal trends have only been re-
vealed for a few cities. In this study, the anthropogenic heat input is quantified for 15 locations in Osaka, Japan
using an analytical, one-dimensional conductive heat transport model. Mean anthropogenic fluxes into the subsur-
face are determined annually between 2003 and 2011. The model depicts fluxes from buildings and from different
land cover types separately. Themain objective is to compare the predicted annual mean heat input to heat storage
increase, and to identify site-specific factors relevant for the thermal evolution of the underground at each well lo-
cation. Our results indicate that mean fluxes from asphalt covered areas (0.28 ± 0.07 W/m2) and from buildings
(0.32 ± 0.18 W/m2) are significantly higher than fluxes from unpaved (0.06 ± 0.06 W/m2) and grass-covered
(−0.04 ± 0.06 W/m2) areas. Furthermore, the temporal variation of mean fluxes from buildings is stable over the
studied time period, while annual mean fluxes from asphalt, grass and unpaved areas vary as much as 0.8 MJ/m2.
Still, the uncertainty associated with the combined annual heat input of all heat sources is slightly higher than the
changes between the years. Overall, the predicted cumulative heat input (2003 to 2011) at the wells ranges from
4MJ/m2 to 60MJ/m2. Comparing these results to heat storage increase, additional local heatfluxes, such as fromcon-
structionwork or a sewage treatment plant, have to be considered for about 1/3 of thewells. In addition, it becomes
apparent that a significant percentage of determined anthropogenic heat input is not stored in the urban aquifer and
heat input is predicted to be considerably higher than heat storage increase.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Today N50% of humanity lives within an urban environment (United
Nations, 2015). Here temperatures are commonly elevated compared to
the rural background (Oke, 1973). These resulting urban heat islands
(UHI) are primarily a concern in the atmosphere, where they have far
reaching and mainly negative implications on human health (Patz
et al., 2005; Vandentorren et al., 2006) and energy consumption
(Ewing and Rong, 2008; Kolokotroni et al., 2006; Santamouris, 2014).
Moreover, they are also present in the underlying aquifers (Attard
et al., 2016; Bucci et al., 2017; Epting and Huggenberger, 2013;
Ferguson and Woodbury, 2004, 2007; Huang et al., 2009; Menberg
et al., 2013a; Müller et al., 2014; Taniguchi et al., 2007; Taniguchi
et al., 2009; Yalcin and Yetemen, 2009). In fact, in many cities, urban
heat islands appear to be more pronounced in the subsurface than in
the atmosphere and at the surface (Benz et al., 2016; Benz et al., 2017b).

Amainmotivation for exploring the thermal conditions beneath cit-
ies is the growing interest in geothermal energy (Arola and Korkka-
Niemi, 2014; Benz et al., 2015; Epting et al., 2017; García-Gil et al.,
2014; Mueller et al., 2018). In Europe, in the USA, and in Japan, 80%,
60%, and approximately 50% of the residential energy consumption is
used for water and space heating (Eurostat, 2017; Komiyama and
Marnay, 2008; U.S. Energy Information Administration (EIA), 2012).
Decarbonizing this energy would lead to an overall improvement of
the sustainability of our current energy management. For instance, a
study in California found that decarbonizing water heating alone could
result in savings of over 10million tons of annual greenhouse gas emis-
sion (Raghavan et al., 2017). Oneway to decarbonize heating is through
the use of shallow geothermal energy. Shallow geothermal applications
such as groundwater heat pump (GWHP) systems and ground source
heat pump (GSHP) systems, usually equipped with vertical borehole
heat exchangers (BHE), are expected to increase in numbersworldwide
(Bayer et al., 2012). In subsurface urban heat islands (SUHI), an in-
creased geothermal potential for utilizing the shallow urban ground
and groundwater for heating purposes is reported (Allen et al., 2003;
Farr et al., 2017; Herbert et al., 2013; Rivera et al., 2017; Zhu et al.,
2010). As geothermal systems are applied for decades, the local thermal
evolution in the subsurface is of major interest for these commonly
small scale applications. So far, however, there is little known about
the annual variations of anthropogenic heat fluxes into the subsurface
and their long-term effects on the thermal conditions of the urban
underground.

Local effects in urban settings are often examined for individual
borehole temperature profiles (Colombani et al., 2016; Dettwiller,
1970; Reiter, 2006; Westaway et al., 2015) and were captured in two-
or three-dimensional borehole temperature models by Dědeček et al.
(2012) and Bayer et al. (2016). City-wide analyses were previously per-
formed especially for central European cities such as Karlsruhe and Co-
logne in Germany, and Basel in Switzerland (Benz et al., 2015; Epting
and Huggenberger, 2013; Menberg et al., 2013b; Mueller et al., 2018).
Menberg et al. (2013b) compared the conditions observed in recent
city-wide groundwater measurements in Karlsruhe to those from the
1970s to identify general trends, and Mueller et al. (2018) set up a
three-dimensional (3D) groundwater flow and heat transport model
to assess the potentially usable shallow geothermal energy in Basel.
However, previous studies have not focused on the annual variation of
temperatures and heat fluxes at local observation wells.

In general, there are two basic ways to investigate the evolution of
the thermal regime around a borehole as well as the role of potential
heat sources: Either a single temperature profile is logged and
reproduced by a calibrated heat transport model, or temperature pro-
files taken at different times are compared. While simplified assump-
tions can be made for the governing processes, meaningful results
from single temperature logs can only be achieved when the physical
ground properties are well known. This is commonly feasible with
one-dimensional conduction (and advection) models which are mainly
used in borehole climatology to reconstruct ground surface temperature
history (Bodri and Cermak, 2011; Goto et al., 2005; Kurylyk et al., 2014;
Kurylyk and MacQuarrie, 2014). These may also be suitable to infer the
onset of urbanization (Taniguchi et al., 2007), and to quantify the contri-
butions from different heat sources and processes. However, as shown
for example by Colombani et al. (2016), the superpositioning of multi-
ple effects renders it often impossible to distinguish their individual
contributions and thus to predict the evolution of anthropogenic heat
fluxes.

To explore, the long-term behavior of the groundwater thermal re-
gime, repeated profiles should ideally be taken with at least several
years between measurements (Bense et al., 2017; Bense and Kurylyk,
2017; Ferguson and Woodbury, 2007). The study by Cermak et al.
(2017) reports accelerated heat flux through artificial land covers such
as asphalted ground, which is based on eleven years of monitoring of
the upper 50 cm beneath different land cover types. Kooi (2008) exam-
ined borehole temperature profiles in 16 wells in the Netherlands,
which had been measured again after around three decades. This
study revealed the crucial insight obtained from repeatedmeasurement
to estimate the role of different site characteristics, groundwater effects
and land use changes, but similar to thework by Šafanda et al. (2007) in
other European countries, the role of urban conditions was not in the
foreground. In contrast, Yamano et al. (2009) presented profiles re-
corded within around two years in a selected well of Taipei, and re-
peated measurements between 1993 and 2006 from another well
close to a museum 50 km NE of Osaka. As a consequence of permanent
heat loss from the building of this museum, a nearly linear increase of
the ground temperature was observed. Ferguson and Woodbury
(2007) investigated trends in wells in Winnipeg measured in 2002
and 2007, and a qualitative explanation of observed temperature
changes in some wells was presented. Warming trends were
interpreted by heat release from a re-occupied building and by en-
hanced heat injection, and as potential causes of local cooling,
demolishing of a building and changes in the ambient groundwater
flow regimewere proposed. A quantitative analysis however is missing.

In the present study, the annual anthropogenic heat input into the
shallow urban aquifer beneath Osaka, Japan is quantified based on
well temperature logs from 2003 and 2011. Fluxes from different land
cover types and buildings are analyzed separately in order to better un-
derstand the concerted influence of individual heat sources on the pre-
vailing subsurface urban heat island over the years. The main objective
is to compare the heat fluxes predicted from a one-dimensional (1D)
conduction model to the heat storage increase. This comparison will
ideally enable model evaluation and identification of site-specific fac-
tors relevant for the thermal evolution around monitoring wells.
2. Materials and methods

2.1. Study area

Osaka is the third largest city of Japan and located at Osaka Bay west
of the Seto Inland Sea. While the city itself has a population of 2.7 mil-
lion, it is part of the Keihanshin city clusterwith Kyoto and Kobe hosting
a total population of close to 20million. Osaka is located in a temperate
climate with hot summers and no dry season (Peel et al., 2007). The
upper layer of the urban underground consists of alternating layers of
sands, gravels, clay and silts (Fig. S1) with a thickness of 30 to 50 m. A
more detailed insight into the geological setting of Osaka can be found
in Mitamura et al. (1994) and in reports from the Kansai Geo-
informatic Network (KG-NET, 2007). Groundwater depth ranges from
4 to 14 m below ground (Figs. A1 and S2) with complex but slow
groundwater flow, mainly in the direction of the river delta at Osaka
Bay. A detailed map of the local hydrological conditions is available on-
line from the JapanMinistry of Land, Infrastructure, Transport and Tour-
ism, Land and Water Bureau, National Land Survey Division (2018).
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Several groundwater observation wells in the city are managed by
the municipality in order to collect additional information on ground
subsidence, which was observed from the early 1930s onward due to
excessive groundwater pumping. After regulations, subsidence declined
and groundwater levels in the Osaka plain are now rather stable
(Mitamura et al., 1994; Taniguchi and Uemura, 2005). In the year
2003, temperatures in 34 boreholes were measured by Taniguchi and
Uemura (2005) in 1 m vertical intervals and again by Arimoto et al.
(2015) in 2011. Here, those 15 wells are analyzed that are deep enough
(~60 m) to capture the entire increase in heat storage and that have a
groundwater depth ≤ 20 m (Fig. 1). For consistency, the nomenclature
from Taniguchi and Uemura (2005) is adopted. In their study, they
discussed the impact of vertical groundwater flux and temperature
change of the last 120 years on selected borehole temperature profiles.
They found that warming due to urbanization had occurred earlier
within the city center than in the surrounding areas. Since they ob-
served seasonal variation in temperatures down to 18 m, we chose
20 m depth as the reference level for this study. This means that focus
is set on the long term thermal evolution of groundwater below a
depth of 20 m.

2.2. Anthropogenic heat input

2.2.1. Methodology
In this study, the cumulative anthropogenic heat input into the un-

derground is quantified at each well location for four different heat
sources: heat from (1) buildings, heat from surfaces covered by (2) as-
phalt, (3) sand and bare soil, and (4) grass. Fluxes from elevated surface
temperatures and buildings were previously determined as dominant
on a city-wide scale (Benz et al., 2015, 2016; Menberg et al., 2013b).
Fig. 1.Mapof all wells and theweather station inOsaka, and corresponding groundwater tempe
a depth of around21m.Dashed lines denote the depth of 20m taken as reference level in this stu
to the web version of this article.)
Hence, heat sources found to beminor by these studies, such as the sew-
age system, are not considered here. The effect fromunderground struc-
tures is also not accounted for, because such structures are not present
near any of the wells and residential buildings in Osaka typically have
no basement.

Overall the procedure consists of three steps: First, the annual mean
heat flux qj

i is quantified for each year i and each heat source j; next, the
combined annual heat inputQI

i of all heat sources is determined for each
year; finally, they are added up to give the cumulative heat input QI be-
tween 2003 and 2011.

2.2.1.1. Heat flux. Annual mean, vertical heat flux is quantifiedwith a 1D,
statistical, analytical heat fluxmodel based on themodels introduced by
Menberg et al. (2013b) and Benz et al. (2015). It uses a Monte Carlo ap-
proach here: 800 iterations following Benz et al. (2015) to represent the
uncertainty and natural range of all input parameters. It is formulated to
quantify heat fluxes to the reference level D=20m depth at the 15 se-
lected well locations, considering the different lithological layers and
building insulation.

The analyzed four types of heat input are by conduction and annual
mean fluxes [W/m2] are therefore quantified by Fourier's law:

qij ¼ λi
j �
Ti
j−Ti

GW

D
ð1Þ

Ti
GW is the groundwater temperature at 20m depth for each year i, Tji

is the temperature of each heat source j, here building or surface
(asphalt, sand, or grass) temperature, and λji is the thermal conductivity
between the heat source and D = 20 m.
ratures in 2003 (blue) and 2011 (red). Inwell #1 temperatureswere onlymeasured below
dy. (For interpretation of the references to color in thisfigure legend, the reader is referred

Image of Fig. 1
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2.2.1.2. Annual heat input. The annual heat inputQI
i [MJ/m2] of each year

i is a combination of fluxes qji of the individual heat sources j and de-
pends on the land cover density (e.g. asphalted area per surface area)
or building density (area of building per surface area) ρji around each
well:

Qi
I ¼

X
ρi
j � qij ð2Þ

2.2.1.3. Cumulative heat input. To determine the cumulative anthropo-
genic heat inputQI [MJ/m2] between 2003 and 2011, the annual heat in-
puts of the individual years are added up:

QI ¼ ∑2010
i¼2003Q

i
I ð3Þ

2.2.2. Model parameter values
All parameter values except measured groundwater temperature

and depth are considered uncertain and therefore varied within a
Monte Carlo analysis assuming a triangular distribution defined bymin-
imum, mode and maximum values.

2.2.2.1. Thermal conductivity.When quantifying fluxes from the different
surface cover types (sand and bare soil, asphalt, and grass), the thermal
conductivity of the underground down to 20 m depth is approximated
by the thickness-weighted harmonic mean of the thermal conductivi-
ties of the individual lithological layers (Fig. S1, Table 1). As site-
specific values are not available, thermal conductivity was taken from
theVDI (2010). To account for the associated uncertainties,mode values
were set to each characteristic value, and the given range is used asmin-
imum andmaximum.We distinguish unsaturated and saturated layers,
which differ each year depending on the water table. For the unsatu-
rated zone median values of saturated and dry media were taken into
account for each of the analyzed facies. Since the water table was only
measured in 2003 and 2011 (Fig. S2), assuming constant boundary con-
ditions, a linear change between these years was assumed (Fig. A1).

For computing heat release from buildings, the underfloor of the
structure has to be considered. Following the Building Standard Law –
Construction Order, Article 22 of Japan, the underfloor of a building
has be at least 0.45 m of space or concrete (Hasegawa, 2013). Hence,
the modelled top 0.45 m of the ground are replaced by underfloor in
the simulated lithological columns (Fig. S1), and based on this the har-
monic mean is determined. For the assumed thermal conductivity of
the underfloor, values were set as follows: minimum of 0.02 W/mK
(representing an air filled underfloor); mode of 0.16 W/mK (concrete
with 10 cm glass wool insulation); maximum of 1.6 W/mK (concrete
without insulation) (VDI, 2010).

2.2.2.2. Surface and building temperatures. To quantify fluxes from build-
ings, temperatures of the lowest floor are taken as reference. In Osaka
these rooms are commonly equipped with air conditioning devices.
Hence, annual mean room temperature according to the “Technical
standards concerning maintenance and cleaning of air conditioning
Table 1
Values for the thermal conductivity of the unsaturated zone (λunsat) and of the aquifer
(λaquifer) used in the heat inputmodel as well values for the heat capacity CV used to quan-
tify the increase in heat storage. The lithology of each well is depicted in Fig. S1.

λunsat [W/mK]a λaquifer [W/mK]a CV [MJ/m3K]a

Min Mode Max Min Mode Max Min Max

Sand 1.0 1.4 1.9 2.0 2.4 3.0 2.2 2.8
Gravel 0.9 1.1 1.7 1.6 1.8 2.5 2.2 2.6
Silt or clay 0.7 1.1 2.0 1.1 1.8 3.1 2.0 2.8
Silt or clay mixed
with sand

0.8 1.2 1.9 1.6 2.1 3.0 2.1 2.8

a VDI 4640 (2010).
equipment, etc.” established by the Ministry of Health, Labor and
Welfare, Japan are set as model parameter values: minimum of 17 °C;
mode of 22.5 °C; and maximum of 28 °C. Building temperatures are as-
sumed to be independent of outside temperatures and are not varied for
different years.

For the different land cover types, ground surface temperatures are
needed to quantify heat flux into the subsurface. They are estimated
by adding a land cover dependent offsetΔT to a background air temper-
ature. Offsets ΔT were measured by Dědeček et al. (2012) for asphalt
(min: 4.0 K; mode: 4.5 K; max: 5.0 K), sand and bare soil (min: 1.0 K;
mode: 1.75 K; max: 2.0 K), and grass (min: 0.2 K; mode: 0.5 K; max:
0.8 K). These values were also previously used by Benz et al. (2015) to
estimate ground surface temperatures and differences between the in-
dividual land covers agree with results from a ground surface tempera-
ture simulation by Herb et al. (2008). Air temperatures in central Osaka
are observed by the JapanMeteorological Agency (Fig. 1). Fig. A1 shows
annual mean air temperatures from 2003 to 2011.

2.2.2.3. Groundwater temperatures. As descripted in Section 2.1. Study
Area, groundwater temperatures were measured in 2003 and in 2011
(Fig. S2). Assuming constant thermal boundary conditions, a logarith-
mic temperature change between these years was assumed for the ref-
erence depth of 20 m (Fig. A1).

2.2.2.4. Land cover densities and building density. For each well, the sur-
rounding land cover types and buildings are given in Fig. 2. Buildings,
water ways and the sea, green areas (such as parks and gardens), and
asphalt covered locations (such as streets and parking lots) were ex-
tracted from open street maps and updated manually from the satellite
imagery of Google maps. The background is considered sand and bare
soil. For two wells, land cover changed during the analyzed timeframe.
East of well #10 a building was constructed in 2007 and some areas
were paved that were previously bare. Also, major construction work
began in 2007 just south of well #25; it was not completed by the end
of the analyzed period in 2011.Whilewewere unable to identify thena-
ture of this constructionwork, satellite imagery reveals the construction
of several temporary warehouses and implies the existence of a deep
excavation. Within the model, this unfinished construction is described
as a land cover change from grass to bare soil.

Land cover and buildingdensitieswere determined for the areas sur-
rounding each well. In our 1D conductive heat flux model, the radius of
this area is varied within the Monte Carlo approach from 1 to 100 m
(Fig. S3) to account for the expected range, caused for example by differ-
ent lithology and by the geometry of heat sources on the surface. The ra-
dius of 100 m was chosen as a maximum distance as this is the
approximate extent of the thermally affected zone of an underground
structure (Attard et al., 2016). Heat sources outside of this radius are
therefore unlikely to have a significant impact on heat storage increase
at the well location. Hence, building density and land cover density
were determined for all possible areas with a radius of up to 100 m
(1 m steps, Fig. 2). While densities for most wells are independent of
time, the above mentioned land cover changes around wells #10 and
#25 yielded a local change in land use density since 2007 for these
two wells. Areas covered bywater are not considered in our conductive
heat flux model, but heat transport through advection is expected at
these boundaries.

2.3. Increase in heat storage

The increase in heat storage QS between 2003 and 2011 below a
depth of D = 20 m is determined for all wells. The maximum depth
was set to 100 m below ground.

QS ¼
Z 100 m

D¼20 m
CV Dð Þ T2011 Dð Þ−T2003 Dð Þð Þ dD ð4Þ



Fig. 2. Buildings (grey) and land cover around all well locations (red dot). Land covered by asphalt such as streets or parking lots are depicted in red, land covered by grass is green andwater is
given in blue.Within this study buildings and land cover typeswithin a radius of up to of 100m (black circle) are considered. For wells #10 and #25 areas affected by the land cover changes in
2007 are framed with a thin grey line and shown in striped colors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Here T2011(D) and T2003(D) are groundwater temperature depth pro-
filesmeasured in 2011 and 2003 in steps of 1m respectively (Fig. 1), and
CV(D) is the heat capacity at any given depth D. It is derived from the li-
thology of each well (Fig. S1) using values given in Table 1. As all wells
apart from well #34 are within a single aquifer, only saturated media
were assumed. Still, there is a natural range within the heat capacity
of certainmedia (here represented bymaximumandminimumvalues),
and a Monte Carlo approach (uniform distribution of heat capacity)
with 800 iterations was used.

3. Results and discussion

3.1. Heat flux

Fig. 3 shows heat flux from (1) buildings and fluxes from surfaces
covered by (2) asphalt, (3) sand and bare soil, and (4) grass for all
wells (Eq. (1)). Mean values are provided in Table A1. In agreement
Fig. 3. Anthropogenic heat flux into the subsurface (Eq. (1)) at the well locations for flux from
(yellow), and by grass (green). The black lines in the boxplot indicate median values, the bar
the 75th percentile (p75). Whiskers span from the lowest value higher than p25 − 1.5 · IQR
color in this figure legend, the reader is referred to the web version of this article.)
with previous findings (Benz et al., 2015; Menberg et al., 2013b), build-
ings reveal to be themost dominant source of heat fluxwith on average
0.32± 0.18W/m2. In comparison, studies in Europe foundmuch higher
fluxes of 3.61±3.37W/m2 in Karlsruhe, Germany, 0.57±0.25W/m2 in
Cologne, Germany (Benz et al., 2015) and 5.9 to 8.0 W/m2 in Basel,
Switzerland (Mueller et al., 2018). The different results can mainly be
attributed to different insulation and temperatures of buildings, and a
lack of basements within Osaka, resulting in a greater distance between
groundwater and building and therefore a lower thermal gradient.

The second most relevant energy flux originates from paved sur-
faces. With a mean value of 0.28 ± 0.07 W/m2 it reaches about 87% of
the fluxes from buildings, but with a significantly lower standard devi-
ation. This can be attributed to the uncertainties and ranges associated
with building temperature (17 °C to 28 °C) and insulation. We can
therefore expect that in areas with modern housing and better insula-
tion, flux from asphalt exceeds the heat flux from buildings, at least in
the absence of basements. Accordingly, a study carried out in the area
buildings (grey) and flux from the surface covered by asphalt (red), by sand or bare soil
s correspond to the inner quartile range (IQR) ranging from the 25th percentile (p25) to
to the highest value lower than p75 + 1.5 · IQR. (For interpretation of the references to

Image of Fig. 2
Image of Fig. 3


Fig. 4.Mean annual heat input (Eq. (2)) of all wells for the studied time period. Shown are
the total heat input in form of a clear bar and in color the individual components: heat
input from buildings (grey), asphalt (red), sand and bare soil (yellow), and grass
(green). Error bars give the standard deviation. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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of Zurich, Switzerland, identified asphalt as the dominating driver of
subsurface temperatures in one well and buildings and asphalt to be
of equal importance at another well (Bayer et al., 2016).

Mean heat fluxes from sand and bare soil are 0.06 ± 0.06 W/m2 and
fluxes from grass covered land are −0.04 ± 0.06 W/m2. Overall mean
flux from grass is negative for ten out of the 15 analyzed wells with the
lowest value of −0.11 ± 0.03 W/m2 at well #28 where ground water
temperatures are highest. This indicates that, within urban green spaces,
the SUHI is contributing to the surface urbanheat island. Similar, however
only qualitative, observations were previously made in Germany (Benz
et al., 2015). Still, this impact of green spaces ismost likelymarginal as an-
thropogenic heat flux feeding atmospheric heat islands is commonly be-
tween 10 and 50 W/m2 (Arnfield, 2003), and thus orders of magnitudes
higher. A study set in Tokyo even identified fluxes as high as
1590 W/m2 in daytime in winter (Ichinose et al., 1999).

Because previous studies did not quantify heat flux into the subsur-
face from different land cover types individually, results are difficult to
compare. Within Germany, flux from the surface regardless of land
cover type was determined to be 0.24 ± 0.11 W/m2 in Karlsruhe and
0.21 ± 0.06W/m2 in Cologne (Benz et al., 2015). These values are com-
parablewith thefluxes from asphalt in Osaka. This can be attributed to a
slightly higher thermal gradient in Germany than in Osaka, caused by
higher groundwater temperatures and a deeper reference level D =
20 m in Japan.

When comparing the individual wells, fluxes at wells #9, #10, and
#14 are highest (Table A1). All these wells are located in the north-
eastern part of the city within 700 m of the Yodo River (Fig. 1). The
high fluxes are caused by comparably low groundwater temperatures
and a high water table (Figs. A1 and S2). Since groundwater flow is in
general towards Osaka bay and the city center along the river, these rel-
ative low temperatures are likely influenced in part by inflowing
groundwater from the less densely populated suburbs.

3.2. Annual heat input

Results for the combined annual heat input (Eq. (2)) as well as annual
heat input of the individual heat sources are given in Figs. 4, S4 and
Table S1. The mean combined annual heat input of all wells ranges from
4.0±2.7MJ/m2 in 2006 and 2008 to 5.9±2.6MJ/m2 in 2003. In compar-
ison, the annual demand for space andwater heating of the Japanese res-
idential sector is roughly about 1200 PJ in total or b10 GJ per person
(Komiyama and Marnay, 2008). Accordingly, the annual anthropogenic
heat input into Osaka's groundwater (12,000 persons per km2) could be
sufficient to sustainably cover between 3 and 5% of the heating demand.
In comparison, the sustainable geothermal potential for space heating in
Karlsruhe and Cologne, Germany, is 32% and 9%, respectively (Benz
et al., 2015), due to lower population density and higher heat fluxes.
However, heating and cooling degree days in Osaka, which quantify the
need for space heating and cooling fromoutside temperatures, are similar
(Sivak, 2009). If cooling demand was to be covered with groundwater
systems, anthropogenic heat input and therefore the sustainable geother-
mal potential for heating would increase notably. Still, it must be noted
that the heating demand is highest for cold years, and this is when heat
input from the surface into groundwater is lowest.

Highest annual heat input is determined for wells #17 and #14
(Table S1). These, together with wells #9 and #10, also show some of
the highest heat fluxes (Fig. 3). However, building density at wells #17
and #14 is considerably higher than at wells #9 and #10 leading to an
overall higher annual heat input. Lowest annual heat input is determined
for well #25 with an average of only 0.4 ± 2.4 MJ/m2 per year. This well
has the highest fraction of grass cover surrounding it of all locations. Ad-
ditionally, wells #10 and #25 experienced close by land cover changes
in 2007 (Figs. 2 and S3). Near well #10, a building was constructed on a
previously unpaved area and some locations were paved. Still, these
land cover changes show little effect on annual heat input, and mean
values even decrease from 5.8 ± 1.4 MJ/m2 before 2007 to 5.6 ±
1.3 MJ/m2 afterwards due to the unusually high surface temperatures in
2004 (Figs. A1 and S4). Similarly, the land use changes south of well
#25 have little effect on annual heat input, andmean values also decrease
(from 0.5± 2.5MJ/m2 to 0.4± 2.3MJ/m2) (Fig. S4).While amuch larger
area is affected here than at well #10, decreasing heat output due to loss
of green space is counteracted by increasing groundwater temperatures
making the remaining grass covered area more impactful on the com-
bined annual heat input. Because heat flux from sand is approximately
zero at this location (Fig. S3), increasing sand cover does not affect the
heat input significantly.

For all wells, heat input from sand covered areas and green spaces
show the highest relative annual variation of N100% throughout the
years. Heat input from asphalt has the same absolute variation
(~0.5 MJ/m2 for the mean heat input of all wells). However, it is higher
in absolute value and has a higher uncertainty, making it a more stable
source of anthropogenic heat input into the underground than the other
land cover types. Heat input from buildings varies the least with differ-
ences of only 0.05 MJ/m2 between years. This implies that buildings are
the most reliable source for the shallow geothermal potential and shal-
low geothermal heat pumps applied in urban areas essentially perform
heat recycling. Overall, the two most dominant sources of heat input,
buildings and asphalt, are also the most stable sources of heat input
and for most wells variation between years is less than the uncertainty
for the individual years. Among the three input parameters changing
over time – air temperature, groundwater temperatures and groundwa-
ter depth– air temperature has the highest impact on annual heat input.
Pearson correlation between mean annual heat input and air tempera-
tures is above 0.9 (p-value b0.001) for all wells (Table S2). There is no
correlation found between annual heat input and groundwater temper-
ature or groundwater depth (p-value≫ 0.2).
3.3. Cumulative anthropogenic heat input and increase in heat storage

Results for the cumulative heat input (Eq. (3)) and the increase in
heat storage (Eq. (4)) are provided in Fig. 5 and Table S1. The difference
betweenmedian heat input andmedian increase in heat storage ranges
from 33MJ/m2 inwells #4 and #30 to−25MJ/m2 inwell #25; both pa-
rameters do not correlate (correlation coefficient: −0.2; p-value: 0.4).
In general, themodeled heat input fromanthropogenic sources is higher
than the observed increase in heat storage for eleven out of the 15 ana-
lyzed observation wells. However, for the four wells where the deter-
mined heat input is lower than heat storage increase, additional heat
sources or anomalies not considered in our model could be identified:

Image of Fig. 4


Fig. 5. Relationship between cumulative heat input from anthropogenic sources (QI in purple, Eq. (3)) and increase in heat storage (QS in blue, Eq. (4)) during the 8 years from 2003 to
2011. (a) As in Fig. 4 the black lines in the boxplot indicate median values, the bars correspond to the inner quartile range (IQR) ranging from the 25th percentile (p25) to the 75th
percentile (p75). Whiskers span from the lowest value higher than p25 − 1.5 · IQR to the highest value lower than p75 + 1.5 · IQR. (b) Direct comparison between heat storage (x-
axis) and heat input (y-axis). Shown are median values and interquartile ranges. Wells for which additional heat sources could be identified are marked in red. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

1133S.A. Benz et al. / Science of the Total Environment 643 (2018) 1127–1136
Well #19 (mean heat input: 22.9 ± 13.6 MJ/m2; mean increase in
heat storage: 26.8 ± 0.9 MJ/m2) is located a little N100 m west of the
Osaka Pool, which has a large underground parking garage. As ground-
water is generally flowing westwards at this location, the parking ga-
rage is expected to influence groundwater temperatures at the well.
Numerical simulations of conditions beneath Basel, Switzerland and
Paris, France, found temperature anomalies caused by underground
structures in the saturated zone to reach up to several 100 m down-
stream (Attard et al., 2016; Epting et al., 2017).

Well #24 (mean heat input: 15.1 ± 11.2 MJ/m2; mean increase in
heat storage: 27.1 ± 1.1 MJ/m2) is positioned in Ohama park on top of
a small artificial hill with an elevation of approximately 2–3 m. Thus,
most heat sources surrounding this well, mainly all paved areas and
most buildings, are at a lower elevation than the top of the well and
b20mabove our reference depth. Accordingly, the real thermal gradient
and therefore heat fluxes and input aremost probably higher thanwhat
the 1D model predicts.

Well #28 (mean heat input: 15.4 ± 9.6 MJ/m2; mean increase in
heat storage: 35.2 ± 1.2 MJ/m2) is located on the property of a waste
water treatment plant, which uses an activated sludge process. Such
processes are operated at a temperature between 30 and 38 °C or
49–57 °C (Qasim, 1999), and represent an additional local heat source
for groundwater.

As discussed before, areas close to well #25 (mean heat input: 3.6 ±
18.0 MJ/m2; mean increase in heat storage: 28.9 ± 0.8 MJ/m2) were un-
dergoingmajor constructionwork that started in 2007, including the con-
struction of several temporarywarehouses. Itwas only completed in 2014
three years after the here analyzed timeframe. While this work was im-
plemented in our model as a land cover change, comparison to heat
input indicates that the construction work had a much more extensive
impact on groundwater temperatures than only the associated land
cover changes. Because groundwater temperatures in well #25 were
also measured in 1999, we were able to additionally quantify the heat
input andheat storage increase between1999 and2003 for thiswell. Dur-
ing this time, there was no construction work and heat input and heat
storage increase compare much better (mean heat input: 3.9 ±
8.3 MJ/m2; mean increase in heat storage: 7.4 ± 0.4 MJ/m2) (Fig. S5).
However, heat storage increase is still underestimated, indicating that ad-
ditional fluxes might be present or that our method overestimates the
cooling effect of green areas.Well #25 is the only location, where it is nei-
ther asphalt nor buildings but grass cover that is dominant. As surface
temperature estimates in this study are based on measurements in
Prague, Czech Republic, we cannot rule out that, for example, vegetation
in Osaka, Japan, has a different impact on temperatures.
Minor constructionworkwas also observed close towell #10.While
heat input (45.7 ± 7.9 MJ/m2) and increase in heat storage (39.5 ±
1.0 MJ/m2) agree quite well, it is likely that the impact of the construc-
tion work is still present. For all other wells without an additional heat
source nearby, the predicted heat input is significantly higher than
heat storage increase. Hence, we have to consider that the underestima-
tion of the construction work near well #10 and the discrepancies be-
tween heat input and heat accumulation, as observed in all other
wells, just cancel each other out. In general, it appears that not all of
the anthropogenic heat input into the subsurface is stored there.

When all fivewells, for which additional heat sources could be iden-
tified, are discounted, correlation between modeled heat input and in-
crease in heat storage becomes reasonable with 0.7 (p-value: 0.03),
but predicted heat input is 14 to 33 MJ/m2 higher than heat storage in-
crease. Themost likely hypothesis for this is horizontal heat transport by
advection. A recent study by Mueller et al. (2018) in Basel used a 3D
heat flow model and predicted significantly more heat output than
input at a river boundary. Accordingly in this study well #4, located at
the natural shore of the Ina River, has the highest discrepancies and
mean heat input is N450% of mean heat storage increase. Similar,
Attard et al. (2016) found that only 40% of the heat loss from under-
ground structures is stored in the aquifer. Because the discrepancies be-
tween heat input and increase in heat storage cannot be linked to the
presence of a specific heat source (e.g. high building density), a signifi-
cant error in one of the input parameters such as building temperatures,
which would impact fluxes from different heat sources differently, is
unlikely. Still, we must note that a general overestimation of tempera-
tures at the surface and in buildings is possible.While substantial uncer-
tainties in governing parameter values are accounted for within the
presented Monte Carlo analysis, additional effects, such as shadowing
at the surface, differences between room temperature andfloor temper-
ature in buildings, or latent heat transport in soil, are not considered.
Additionally, it should be noted that only 10 wells are analyzed here
and groundwater profiles were taken 8 years apart. This space and
time resolution is not sufficient for exhaustive characterization of the
conditions beneath a city such as Osaka.

4. Conclusions

Both the anthropogenic heat input and the increase in heat storage
of the urban aquifer in Osaka are quantified. By means of 15 boreholes,
heat fluxes from the surface to a reference depth of 20 m were deter-
mined for buildings and for different land cover types (asphalt, sand
and bare soil, and grass) using a statistical analytical 1D heat flux

Image of Fig. 5
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model with a Monte Carlo approach. This analysis was completed for
each year between 2003 and 2011 individually, giving the temporal
evolution of heat fluxes in an urban setting.

We found that in the absence of underground structures and base-
ments, asphalt covered land causes heat fluxes of a similar magnitude
as buildings with 0.28 ± 0.07 W/m2 and 0.32 ± 0.18 W/m2, respec-
tively. These numbers are considerably smaller than fluxes that were
previously determined for European cities (N0.3 W/m2 for fluxes from
the surface and N 0.5 W/m2 for fluxes from buildings; Benz et al.,
2015;Menberg et al., 2013b;Mueller et al., 2018) due to the lower ther-
mal gradient and lack of basements in Osaka, Japan. In contrast, fluxes
from green areas are predicted to be mainly below zero and therefore
represent areas of heat release from the ground.

On average, the combined annual heat input of all considered heat
sources is lowest in 2006 and 2008 with 4.0 MJ/m2 and highest in
2003with 5.9MJ/m2. However, temporal variations are small compared
to the associated uncertainty. This is because temporal variations are as-
sociated with fluctuations of air temperature, and the dominant heat
flux (from buildings) is the most stable. Additionally, observed land
cover changes near two wells are predicted to have only minor impact
on annual heat input. However, comparison with observed heat storage
increase indicates that associated construction work, which is not cov-
ered by the model, has caused growing groundwater temperatures.
Overall simulated heat input is not sufficient to justify the observed in-
crease of groundwater temperatures for about one third of all wells.
Here, additional heat sources, such as underground structures in close
surroundings, exist. This indicates strongly that small scale, detailed
analysis is necessarywhen discussing urban groundwater temperatures
and their sustainable geothermal potential. If wells with additional heat
sources are not considered, correlation between estimated heat input
and increase in heat storage is reasonable at 0.7.
However, our model predicts heat input to be significantly higher
than heat storage increase for all these wells. Based on our analysis, it
appears that a significant percentage of anthropogenic heat flux is
not stored within the subsurface urban heat island, but transported
elsewhere such as to nearby surface waters. However, even a more
precise full 3D model would hardly predict a substantially lower
heat input without additional, more precise data. Overall, a much
more detailed monitoring of input parameters, such as surface and
floor temperatures, as well as of temperatures in the surrounding
groundwater and surface water is crucial to answer remaining ques-
tions about conductive and also advective heat fluxes in urban
aquifers.

Still, establishing this connection between anthropogenic heat input
and groundwater temperatures is a major step in the development of a
sustainable and reliable energy management and heat recycling in
urban areas using shallow geothermal systems. Future studies might
also use this connection in combination with the link between ground-
water temperatures and satellite derived land surface temperatures
previously described in Benz et al. (2017a) to develop goundwater tem-
perature forecast systems.
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Fig. A1.Groundwater temperature, air temperature and groundwater depth in the analyzed timewindow 2003 to 2011.Measurements in the groundwaterwere taken in 2003 and 2011.
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Table A1

Results for multi annual mean heat flux qj

i for all individual heat sources (Eq. (1)), cumulative heat input QI (Eq. (3)) and increase in heat storage QS (Eq. (4)). Given are mean values and
standard deviation.
Well ID
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#

Heat flux [W/m2] from
 Heat input
[MJ/m2]
Heat storage
[MJ/m2]
buildings
 asphalt
 sand
 grass
1
 0.34 ± 0.15
 0.31 ± 0.04
 0.12 ± 0.03
 0.04 ± 0.03
 43.7 ± 13.5
 16.7 ± 0.8

3
 0.30 ± 0.15
 0.26 ± 0.04
 0.07 ± 0.03
 −0.01 ± 0.02
 38.3 ± 15.4
 24.0 ± 1.0

4
 0.35 ± 0.15
 0.32 ± 0.04
 0.13 ± 0.03
 0.04 ± 0.03
 41.6 ± 10.7
 8.9 ± 0.5

9
 0.38 ± 0.19
 0.33 ± 0.06
 0.10 ± 0.03
 −0.01 ± 0.03
 36.7 ± 15.8
 17.4 ± 0.6

10
 0.38 ± 0.19
 0.33 ± 0.05
 0.09 ± 0.03
 −0.02 ± 0.03
 45.7 ± 7.9
 39.5 ± 1.0

14
 0.40 ± 0.19
 0.35 ± 0.05
 0.12 ± 0.03
 0.01 ± 0.03
 55.0 ± 18.2
 31.1 ± 0.8

17
 0.37 ± 0.20
 0.32 ± 0.04
 0.08 ± 0.03
 −0.04 ± 0.04
 59.6 ± 22.7
 29.0 ± 1.3

19
 0.26 ± 0.17
 0.21 ± 0.04
 0.00 ± 0.03
 −0.10 ± 0.03
 22.9 ± 13.6
 26.8 ± 0.9

24
 0.25 ± 0.16
 0.20 ± 0.04
 0.00 ± 0.03
 −0.09 ± 0.03
 15.1 ± 11.2
 27.1 ± 1.1

25
 0.28 ± 0.17
 0.24 ± 0.04
 0.02 ± 0.03
 −0.08 ± 0.03
 3.6 ± 18.0
 28.9 ± 0.8

26
 0.25 ± 0.16
 0.21 ± 0.04
 0.01 ± 0.02
 −0.08 ± 0.03
 44.3 ± 16.7
 19.3 ± 0.6

28
 0.26 ± 0.17
 0.21 ± 0.03
 −0.01 ± 0.03
 −0.11 ± 0.03
 15.4 ± 9.6
 35.2 ± 1.2

29
 0.30 ± 0.18
 0.25 ± 0.04
 0.02 ± 0.03
 −0.08 ± 0.03
 35.5 ± 17.4
 14.7 ± 0.6

30
 0.34 ± 0.16
 0.30 ± 0.04
 0.10 ± 0.03
 0.00 ± 0.03
 44.1 ± 14.6
 11.2 ± 0.5

34
 0.34 ± 0.19
 0.29 ± 0.04
 0.05 ± 0.03
 −0.07 ± 0.03
 39.9 ± 13.9
 16.7 ± 0.9

ean
 0.32 ± 0.18
 0.28 ± 0.07
 0.06 ± 0.06
 −0.04 ± 0.06
 36.1 ± 21.2
 23.1 ± 8.7
M
Appendix B. Supplementary material
Supplementary data to this article can be found online at https://doi.org/10.1016/j.scitotenv.2018.06.253.
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