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Groundwater temperature (GWT) can be influenced by anthropogenic factors such as surface sealing or geothermal use.
These thermal influences can lead to geochemical changes in groundwater, which can affect groundwater quality.
Therefore, it is important to measure and monitor GWT. For this purpose, screened monitoring wells (MWs) are usually
used. However, temperature measurements can be disturbed by vertical currents within MWSs as a result of convection.
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| 1. Importance of Monitoring Groundwater Temperature

Conduction is the dominant heat transport mechanism in unsaturated soils L. The thermal conductivity of an unsaturated
soil depends on a number of soil parameters IRI4IEI8 and on temperature . In addition to conduction, convection is
another important means of heat transport in aquifers 8. The groundwater flow rate can therefore influence the effective
thermal conductivity of an aquifer [, The temperature of the shallow subsurface is mostly determined by the climatic
conditions at the surface. Shallow groundwater temperature (GWT) is affected by vertical heat transfer in the unsaturated
zone down to depths of 10 to 15 m 9. Rising temperatures due to climate change 1213l or to heated underground
structures and artificial surface sealing in urban areas R4ISIL6I17] can therefore have an impact on GWT.

A further anthropogenic factor that can influence shallow GWT is the use of geothermal energy systems, which continues
to increase since in addition to climate friendly power generation, the provision of energy for heating is also an important
factor 281, The thermal impact of open-loop systems and borehole heat exchangers on GWT is well studied 122921 For
very shallow systems, such as horizontal ground heat exchangers, studies have focussed predominately on soil
temperatures in the unsaturated zone [221[23]1241[25](26]127] 'However, for large-scale geothermal collector systems (LSC) [28],
their possible impact on GWT, especially in areas with a shallow groundwater level, needs to be considered to ensure
sustainability and to prevent interference between neighbouring geothermal systems. It is also important to note that
altering the thermal conditions of the subsurface can bear ecological and geochemical impacts B9S2 Negative
changes in groundwater quality due to thermal alterations must be averted 23, Therefore, predicting the thermal effects
on GWT represents a potentially important element in the statutory approval process for geothermal systems. Hahnlein et
al. 34 recommend that the sustainable thermal use of shallow geothermal energy should be based on technical
assessment, environmental assessment and monitoring, whereby the environmental assessment would include
temperature thresholds and groundwater quality criteria. In general, this means groundwater monitoring wells (MWs) are
required for monitoring GWT and groundwater sampling.

| 2. Vertical Flows in MWs due to Convection

Ordinary screened MWs with diameters =250 mm are often used to monitor GWT. However, the temperatures measured in
MWs can be influenced by vertical flows within the well B2, These flows can be caused by forced convection resulting
from hydraulic gradients, since the MWs are hydraulically connected by the well screen to different permeable layers in
the subsurface. Therefore, in addition to temperature measurements, groundwater sampling and groundwater level
measurements can also be influenced by forced convection 8137,

Another possible cause of vertical flow in MWs or in boreholes is natural (or free) convection [E[381[39140141] ypike forced
convection, natural convection can affect the water column in all directions B8], Natural convection occurs as a result of
density differences, when the ratio of the forces driving fluid movement to those retarding fluid flow exceed a certain
critical value 2, This ratio of driving to retarding forces is described by the dimensionless Rayleigh number Ra; The
critical density gradients can be caused by temperature differences due to a downward positive thermal gradient. The
critical thermal Rayleigh number—the threshold above which natural thermal convections starts—can be calculated for
water columns in boreholes or MWs by considering the thermal conductivity of the fluid and the surrounding material 431,
In addition to thermal causes, natural convection can also be caused by density differences due to gradients in salinity or



dissolved solids. Solutal convection and the combination of solutal and thermal convection is described in detail by Borner
and Berthold 22,

According to Rayleigh 2 and Gershuni and Zhukhovitskii ¥3!, and as summarised by Bérner and Berthold 2], Rat is

calculated as follows:

4
Ra, — 8L @ 1)
vD,

Ra; =thermal Rayleigh number

g = gravitational acceleration [m/s?]

o = thermal expansion coefficient [1/K]
| = radius of water column [m]

v = kinematic viscosity [m?/s]

Dt = thermal diffusivity [m?/s]

G = thermal gradient [K/m]

A fluid’s Ra; therefore depends on the diameter of the water column and the temperature of the fluid. According to Bérner
and Berthold 22! a critical thermal Rayleigh number of 148 can be applied for typical subsurface zones based on a thermal
conductivity value for water of 0.6 W/mK and for the surrounding rock of 2.1 W/mK. Table 1 shows for different monitoring

well diameters and a range of water temperatures, the critical thermal gradient at which the Rayleigh number exceeds the
critical value of 148 and thermal convection begins.

Table 1. Critical thermal gradients for thermal convection in circular columns of pure water calculated for different
monitoring well (MW) diameters and temperatures in accordance with Rayleigh 42 and Gershuni and Zhukhovitskii 43I,
According to Borner and Berthold 29 a critical Rayleigh number of 148 is assumed.

Diameter of MW [mm)] 5°C 10 °C 15°C 20 °C 25°C 30°C
25 11.02 1.26 0.64 0.42 0.31 0.24
50 0.69 0.08 0.04 0.03 0.02 0.01
80 0.11 0.01 0.01 <0.01 <0.01 <0.01
100 0.0 <0.01 <0.01 <0,01 <0.01 <0.01
125 0.02 <0.01 <0.01 <0,01 <0.01 <0.01

As can be seen in Table 1, the critical thermal gradient decreases with increasing diameter of the water column and
increasing fluid temperature. When conducting GWT measurements, it is therefore advisable to select the smallest
possible diameter for the MWSs so that the measurements are not distorted by natural convection in the water column.
However, in addition to temperature measurements, additional investigations, such as pumping tests or groundwater
sampling, are often required for which sufficiently large diameter MWs are needed. If, as is often the case, large diameter

wells are used for temperature measurements, possible temperature deviations due to convection need to be estimated
and accounted for.

References

1. Farouki, O.T. Thermal Properties of Soils; Cold Regions Research and Engineering Lab Hanover NH: Hanover, NH,
USA, 1981.

2. Bertermann, D.; Klug, H.; Morper-Busch, L.; Bialas, C. Modelling vSGPs (very shallow geothermal potentials) in
selected CSAs (case study areas). Energy 2014, 71, 226-244.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Bertermann, D.; Schwarz, H. Laboratory device to analyse the impact of soil properties on electrical and thermal

conductivity. Int. Agrophys. 2017, 31, 157-166.

. Di Sipio, E.; Bertermann, D. Factors Influencing the Thermal Efficiency of Horizontal Ground Heat Exchangers.

Energies 2017, 10, 1897.

. Di Sipio, E.; Bertermann, D. Thermal properties variations in unconsolidated material for very shallow geothermal

application (ITER project). Int. Agrophys. 2018, 32, 149-164.

. Schwarz, H.; Bertermann, D. Mediate relation between electrical and thermal conductivity of soil. GEoméch. Geophys.

Geo-Energy Geo-Resour. 2020, 6, 50.

. Xu, X.; Zhang, W.; Fan, C.; Li, G. Effects of temperature, dry density and water content on the thermal conductivity of

Genhe silty clay. Results Phys. 2020, 16, 102830.

. Alexander, M.D.; MacQuarrie, K.T.B. The measurement of groundwater temperature in shallow piezometers and

standpipes. Can. Geotech. J. 2005, 42, 1377-1390.

. Huber, H.; Arslan, U.; Sass, |. Zum Einfluss der Filtergeschwindigkeit des Grundwassers auf die effektive

Warmeleitfahigkeit. Grundwasser 2014, 19, 173-179.

Taylor, C.A.; Stefan, H.G. Shallow groundwater temperature response to climate change and urbanization. J. Hydrol.
2009, 375, 601-612.

Benz, S.A.; Bayer, P.; Winkler, G.; Blum, P. Recent trends of groundwater temperatures in Austria. Hydrol. Earth Syst.
Sci. 2018, 22, 3143-3154.

Gunawardhana, L.N.; Kazama, S. Climate change impacts on groundwater temperature change in the Sendai plain,
Japan. Hydrol. Process. 2011, 25, 2665—-2678.

Hemmerle, H.; Bayer, P. Climate Change Yields Groundwater Warming in Bavaria, Germany. Front. Earth Sci. 2020, 8,
575894.

Menberg, K.; Bayer, P.; Zosseder, K.; Rumohr, S.; Blum, P. Subsurface urban heat islands in German cities. Sci. Total
Environ. 2013, 442, 123-133.

Schweighofer, J.A.V.; Wehrl, M.; Baumgartel, S.; Rohn, J. Detecting Groundwater Temperature Shifts of a Subsurface
Urban Heat Island in SE Germany. Water 2021, 13, 1417.

Tissen, C.; Benz, S.A.; Menberg, K.; Bayer, P.; Blum, P. Groundwater temperature anomalies in central Europe.
Environ. Res. Lett. 2019, 14, 104012.

Zhu, K.; Bayer, P.; Grathwohl, P.; Blum, P. Groundwater temperature evolution in the subsurface urban heat island of
Cologne, Germany. Hydrol. Process. 2015, 29, 965-978.

Vienken, T.; Handel, F.; Epting, J.; Dietrich, P.; Liedl, R.; Huggenberger, P. Energiewende braucht Warmewende—
Chancen und Limitierungen der intensiven thermischen Nutzung des oberflachennahen Untergrundes in urbanen
Gebieten vor dem Hintergrund der aktuellen Energiedebatte in Deutschland. Grundwasser 2016, 21, 69—73.

Hahnlein, S.; Molina-Giraldo, N.; Blum, P.; Bayer, P.; Grathwohl, P. Ausbreitung von Kaltefahnen im Grundwasser bei
Erdwarmesonden. Grundwasser 2010, 15, 123-133.

Steiner, C.; Heimlich, K.; Hilberg, S. Vergleichende Temperaturfahnenprognose anhand zweier industriell genutzter
Grundwasserwarmepumpen: FEFLOW vs. OWAV-Modell. Grundwasser 2016, 21, 173-185.

Vienken, T.; Kreck, M.; Dietrich, P. Monitoring the impact of intensive shallow geothermal energy use on groundwater
temperatures in a residential neighborhood. Geotherm. Energy 2019, 7, 8.

Fuji, H.; Tsuya, S.; Harada, R.; Kosukegawa, H. Field Test of Horizontal Ground Heat Exchangers Installed Using
Horizontal Directional Drilling Technology. In Proceedings of the 44th Workshop on Geothermal Reservoir Engineering,
Stanford, CA, USA, 11-13 February 2019.

Fuji, H.; Yamasaki, S.; Maehara, T. Numerical modeling of slinky-coil horizontal ground heat exchangers considering
snow coverage effects. In Proceedings of the Thirty-Eighth Workshop on Geothermal Reservoir Engineering, Stanford,
CA, USA, 11-13 February 2013.

Ramming, K. Bewertung und Optimierung Oberflachennaher Erdwéarmekollektoren fir Verschiedene Lastfélle. Ph.D.
Thesis, Technische Universitat Dresden, Dresden, Germany, 2007.

Sangi, R.; Muller, D. Dynamic modelling and simulation of a slinky-coil horizontal ground heat exchanger using
Modelica. J. Build. Eng. 2018, 16, 159-168.

Selamat, S.; Miyara, A.; Kariya, K. Analysis of Short Time Period of Operation of Horizontal Ground Heat Exchangers.
Resources 2015, 4, 507-523.



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wu, Y.; Gan, G.; Verhoef, A.; Vidale, P.L.; Gonzalez, R.G. Experimental measurement and numerical simulation of
horizontal-coupled slinky ground source heat exchangers. Appl. Therm. Eng. 2010, 30, 2574—-2583.

Zeh, R.; Ohlsen, B.; Philipp, D.; Bertermann, D.; Kotz, T.; Jocic, N.; Stockinger, V. Large-Scale Geothermal Collector
Systems for 5th Generation District Heating and Cooling Networks. Sustainability 2021, 13, 6035.

Arning, E.; Kdlling, M.; Schulz, H.D.; Panteleit, B.; Reichling, J. Einfluss oberflachennaher Warmegewinnung auf
geochemische Prozesse im Grundwasserleiter. Grundwasser 2006, 11, 27-39.

Bonte, M.; van Breukelen, B.M.; Stuyfzand, P.J. Temperature-induced impacts on groundwater quality and arsenic
mobility in anoxic aquifer sediments used for both drinking water and shallow geothermal energy production. Water
Res. 2013, 47, 5088-5100.

Brielmann, H.; Lueders, T.; Schreglmann, K.; Ferraro, F.; Avramov, M.; Hammerl, V.; Blum, P.; Bayer, P.; Griebler, C.
Oberflachennahe Geothermie und ihre potenziellen Auswirkungen auf Grundwasserdokosysteme. Grundwasser 2011,
16, 77-91.

Griebler, C.; Brielmann, H.; Haberer, C.; Kaschuba, S.; Kellermann, C.; Stumpp, C.; Hegler, F.; Kuntz, D.; Walker-
Hertkorn, S.; Lueders, T. Potential impacts of geothermal energy use and storage of heat on groundwater quality,
biodiversity, and ecosystem processes. Environ. Earth Sci. 2016, 75, 1391.

VDI. VDI 4640 Part 1. Thermal Use of the Underground Fundamentals, Approvals, Environmental Aspects; Beuth
Verlag GmbH: Berlin, Germany, 2010.

Hahnlein, S.; Bayer, P.; Ferguson, G.; Blum, P. Sustainability and policy for the thermal use of shallow geothermal
energy. Energy Policy 2013, 59, 914-925.

Borner, F; Berthold, S. Vertical flows in groundwater monitoring wells. In Groundwater Geophysics; Kirsch, R., Ed.;
Springer: Berlin/Heidelberg, Germany, 2009; pp. 367—-389.

Church, P.E.; Granato, G.E. Bias in Ground-Water Data Caused by Well-Bore Flow in Long-Screen Wells. Groundwater
1996, 34, 262-273.

Elci, A.; Flach, G.; Molz, F. Detrimental Effects of Natural Vertical Head Gradients on Chemical and Water Level
Measurements in Observation Wells: Identification and Control. J. Hydrol. 2003, 281, 70-81.

Berthold, S.; Borner, F. Detection of free vertical convection and double-diffusion in groundwater monitoring wells with
geophysical borehole measurements. Environ. Geol. 2008, 54, 1547-1566.

Diment, W.H. Thermal Regime of a Large Diameter Borehole: Instability Of The Water Column And Comparison Of Air-
And Water-filled Conditions. Geophysics 1967, 32, 720-726.

Krige, L.J. Borehole temperatures in the Transvaal and Orange Free State. Proc. R. Soc. Lond. 1939, 173, 450-474.

Sammel, E.A. Convective flow and its effect on temperature logging in small-diameter wells. Geophysics 1968, 33,
1004-1012.

Rayleigh, L. LIX. On convection currents in a horizontal layer of fluid, when the higher temperature is on the under side.
Lond. Edinb. Philos. Mag. J. Sci. 1916, 32, 529-546.

Gershuni, G.Z.; Zhukhovitskii, E.M. Convective Stability of Incompressible Fluids; Keter Publishing House Jerusalem
Ltd.: Jerusalem, Israel, 1976.

Retrieved from https://encyclopedia.pub/entry/history/show/54478



