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ABSTRACT 14 

The terrestrial heat flux density, an essential information to evaluate the deep 15 

geothermal resource potential, is rarely defined over urban areas where energy needs 16 

are important. In an effort to fill this gap, the subsurface thermal conductivity estimated 17 

during two thermal response tests was coupled with undisturbed temperature profile 18 

measurements conducted in the same boreholes to infer terrestrial heat flow near the 19 

surface. The undisturbed temperature profiles were reproduced with an inverse 20 

numerical model of conductive heat transfer, where the optimization of the model bottom 21 

boundary condition allows determining the near-surface heat flow. The inverse numerical 22 

simulation approach was previously validated by optimizing a steady-state and synthetic 23 

temperature profile calculated with Fourier’s Law. Data from two thermal response tests 24 

in ground heat exchangers of one hundred meters depth were analyzed with inverse 25 

numerical simulations provided as examples for the town of Québec City, Canada, and 26 

Orléans, France. The temperature profiles measured at the sites and corrected 27 

according to the paleoclimate effects of the quaternary glaciations were reproduced with 28 

the model. The approach presented offers an alternative to assess heat flow in the 29 

preliminary exploration of deep geothermal resources of urban areas, where thermal 30 

response tests may be common while deep wells sparsely distributed over the area to 31 

assess heat flow. 32 
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1 Introduction 33 

Heat flow is the main source of information about the Earth’s thermal state (Golovanova 34 

et al., 2014). Nevertheless, measuring the Earth’s heat flow is difficult and only disperse 35 

data are available, especially in urban areas. Terrestrial heat flow is estimated by 36 

combining temperature profile and thermal conductivity data sets from deep boreholes 37 

(Bodri & Cermak, 2007; Sass & Beardsmore, 2011), typically more than 300 m depth 38 

(Jessop, 1990; Beck, 1977). The temperature gradient is derived from point 39 

measurements of temperature at two or more discrete depths and thermal conductivity is 40 

commonly evaluated on core samples at the surface, either in the field or in the 41 

laboratory. As exploratory drilling for petroleum and minerals became widespread, 42 

temperature profiles measured in boreholes became the most common means of 43 

determining temperature gradients within the Earth (Sass & Beardsmore, 2011). This 44 

information has been analyzed to estimate local heat flow values and produce regional 45 

maps. Such interpolation of heat flow estimates has since been carried out worldwide as 46 

a tool to better understand the thermal structure of the near surface that plays a role in 47 

the exploration of hydrocarbons, geothermal and mineral resources (Davies, 2013). The 48 

information given on heat flow map is particularly useful for the exploration of geothermal 49 

resources. However, deep mineral or hydrocarbon exploration wells to measure 50 

temperature are almost inexistent in urban areas where energy needs are important.  51 

This created a data gap evidencing the needs to adapt methods to assess heat flow over 52 

urban areas at the early stage of geothermal exploration projects before pursuing deep 53 

drilling. 54 

For example, the heat flow map of Easter Canada has been built analyzing available 55 

heat flow data for the Canadian Shield and the Appalachians. There are actually more 56 

than 300 reliable heat flow values in the Canadian Shield, including 150 heat flow 57 

evaluations around Lake Superior, with boreholes usually deeper than 100 m (Mareschal 58 

& Jaupart, 2004). Nevertheless, none of the locations with heat flow assessments are 59 

located over urban areas such as Quebec City, Montreal or Toronto with significant 60 

energy demand. The heat flow map of France was inferred interpolating 479 heat flow 61 

assessments inside the country combined with additional data from Spain, Switzerland, 62 

German and Italy (SIG Mines France, 2007). Again, heat flow assessments over cities 63 

are rare, although they can be more common in Europe than North-East America. In 64 
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fact, heat flow observations are non-uniformly distributed (Davies, 2013) and information 65 

is far from being completed in urban areas. Nevertheless, the development of 66 

geothermal heat pump systems, taking place in populated cities, is creating opportunities 67 

to estimate heat flow from subsurface thermal conductivity and temperature data, 68 

obtained in shallow boreholes. 69 

Thermal response tests (TRT) are commonly used to assess the subsurface thermal 70 

conductivity to design shallow geothermal systems (Raymond & Lamarche, 2014), like 71 

ground-coupled heat pumps including boreholes of 100 to 200 m depth. The ground 72 

temperature and thermal conductivity estimated during a TRT could be useful to infer the 73 

terrestrial heat flow (Sanner et al., 2013), filling data gaps over urban areas. Inverse 74 

numerical modeling was previously achieved by Raymond et al. (2016) to reproduce 75 

temperature profiles measured in ground heat exchangers and estimate heat flow to 76 

spatially extend a TRT assessment, which was believed to be useful when designing 77 

large ground-coupled heat pumps systems enclosing several heat exchangers. The 78 

proposed method could similarly be used to evaluate heat flow through the scope of 79 

deep geothermal resource assessment, but needs to be improved by taking into account 80 

surface temperature changes as climate warming can significantly affect temperature 81 

profile measured in shallow ground heat exchangers. 82 

Heat flow estimations, based on depth-temperature measurements, generally require 83 

corrections for paleoclimate effects (Westaway & Younger, 2013). Paleoclimate 84 

correction account for temperature changes at the Earth’s surface that slowly 85 

propagates downward into the subsurface and appear as tiny temperature deviations 86 

imposed on the geothermal gradient (Bodri & Cermak, 2007). The past variations in 87 

surface temperature relative to its present value can be approximated as a series of step 88 

changes, each starting at a particular time before the present day to correct temperature 89 

profiles. This is especially important for shallow boreholes affected by ground surface 90 

temperature variations. The objective of this work was to estimate the heat flow near the 91 

surface combining TRT field data with undisturbed temperature profile and historic 92 

atmospheric temperature measurements, which evaluate the recent surface warming. 93 

TRTs allows estimating thermal conductivity at different depths to define 94 

thermostratigraphic layers and reduce the assumptions made with punctual laboratory 95 

measurements on rock samples. TRT data are becoming relatively abundant in urban 96 

regions, where shallow geothermal heat pump systems are now installed. The 97 
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hypothesis studied is that thermal conductivity data provided by TRT in shallow 98 

boreholes of 100 to 200 m depth could be useful to estimate heat flow near the Earth 99 

surface, provided that undisturbed temperature profiles can be measured and analyzed 100 

at the same location. Such estimation can complement sparse heat flow assessment 101 

from deeper wells typically located outside urban areas, assuming that the effect of 102 

climate warming can be adequately considered when modeling the temperature profiles 103 

of shallow boreholes. Thermal conductivity profiles estimated during TRT with heating 104 

cables at two experimental sites in Canada and France were used to build an inverse 105 

transient heat transfer 1D model with the finite element method implemented in 106 

COMSOL Multiphysics (COMSOL AB). The sites are experimental research platforms 107 

with ground heat exchangers and available thermal conductivity data sets from thermal 108 

response tests conducted in the past. The optimization of the model bottom boundary 109 

condition to reproduce the undisturbed temperature profiles measured in the boreholes, 110 

taking into account historic temperature measurement at the surface, allowed estimating 111 

the Earth heat flow in the two cities. 112 

2 Methodology  113 

In situ thermal conductivity evaluated at depth during the two TRTs performed with 114 

heating cables were used as inputs to define the numerical model properties. Inverse 115 

transient heat transfer simulations were carried out with COMSOL Multiphysics to 116 

reproduce the undisturbed temperature profiles measured in the ground heat 117 

exchangers before the TRT.  118 

2.1 In situ thermal conductivity assessment  119 

The first TRT was carried out in an experimental borehole of approximately 100 m depth 120 

at the Laboratoires for scientific and technological innovation in environment (LISTE) of 121 

the Institut national de la recherche scientifique, located in Quebec City, Canada 122 

(Experimental site 1). The test was performed using heating cable sections and the finite 123 

line source solution was used to reproduce the temperature evolution along the heating 124 

section and estimated the thermal conductivity. The second TRT was completed at the 125 

experimental geothermal test facility of the French geological survey (Bureau de 126 

Recherches Géologiques et Minières) in Orléans, France (Experimental site 2), with a 127 
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continuous heating cable. This test was analyzed using the infinite line source solution 128 

(Velez et al., 2018). 129 

The equipment required to perform the tests consists of a heating cable, a junction box 130 

to link the cable to the power supply and submersible sensors to measure and record 131 

the temperature during the tests (Velez et al., 2018). In Quebec City, the thermal 132 

conductivity was evaluated every 10 m and allowed to define 10 thermal conductivity 133 

layers in the model domain. The estimated thermal conductivity ranged between 1.72 to 134 

2.19 W m-1K-1, with an average value of 2.02 W m-1K-1 (Figure 1). In Orléans, thermal 135 

conductivity was assessed every 6 m in a borehole of similar depth allowing to define 13 136 

thermal conductivity layers in the model domain. The thermal conductivity varied from 137 

1.08 to 2.18 W m-1K-1 with a mean value of 1.47 m1K-1 (Figure 1).   138 

 139 

Figure 1. Thermal conductivity profiles and mean thermal conductivity in Quebec City and 140 
Orléans.  141 
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2.2 Temperature measurements and paleoclimate correction 142 

The temperature profile at experimental site 1 was measured using a submersible 143 

temperature and pressure data logger (RBRduet) with an accuracy of 0.002 °C. The 144 

logger was attached to a wire and gradually lowered in the borehole achieving a spatial 145 

resolution of approximately 2.4 m. The ground heat exchanger in Orléans was equipped 146 

with a fiber optic distributed temperature sensing (FO-DTS) system and the temperature 147 

profile was measured using the fiber optic cable with a temperature resolution of +/-148 

 0.05 °C and a spatial resolution of 1 m. 149 

 150 

Figure 2. Example of the surface temperature variation assumed during a glacial period    151 
(kyr = thousand years). 152 

The initial temperature measured in the ground heat exchangers before conducting the 153 

TRT was corrected according to the influence of the paleoclimate temperature variations 154 

due to the last Quaternary glaciations (Eq. 1). The correction is computed at each depth 155 

z (m), and depends on the duration of the glacial periods (t1, t2; Figure 2), the 156 

temperature drop with respect to the present surface average temperature (T1; Figure 2) 157 

and the thermal diffusivity of the rocks (Jessop, 1990). The corrected temperature is 158 
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  (1) 159 

where Tm (K) is the temperature measured at each depth and 
s  (m2 s-1) is the thermal 160 

diffusivity. 161 

The last four glaciations in North America were considered for paleoclimate corrections 162 

at experimental site 1 (Figure 3). The temperature during the interglacial periods was 163 

assumed as the present day mean annual ground temperature (Allis, 1978, Jessop, 164 
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1990) and a temperature step of 5 K was supposed (Jessop, 1990). The last five 165 

glaciations in Europe and a temperature amplitude of 7 K were assumed for the 166 

experimental site 2 (Figure 4), according to the surface temperature history and a 167 

temperature step of 7 K proposed by Majorowicz and Šafanda (2008) and Majorowicz 168 

and Wybraniec (2011). 169 

  170 

Figure 3. Chronology of glacial periods in Canada considered at the experimental site 1 in 171 
Quebec City (modified from Bédard et al, 2017, kyr = thousand years). 172 

 173 

Figure 4. Chronology of glacial periods in Europe and considered at the experimental 174 
site 2 in Orléans (kyr = thousand years).  175 

2.3 Numerical model development 176 

Transient conductive heat transfer was simulated in one dimension to reproduce the 177 

temperature corrected for glaciation effects using the finite element program COMSOL 178 

Multiphysics solving equation 2. The finite element method had been used in the past to 179 

solve the 1D heat transfer equation (Aziz and Monk, 1989; Dabral et al., 2011). Only 180 

conductive heat transfer in solids is considered to reproduce temperature profiles 181 

measured in boreholes and simulate the transient thermal perturbation induced to the 182 

ground by the increase of temperature at surface due to climate warming. The heat 183 

transfer in solids module appears most appropriate since the problem to solve is 184 

dominantly affected by heat diffusion: 185 

T T
c

x x t
ρ

   
  

   
       (2) 186 
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where    (W m-1 K- 1)  is the thermal conductivity, ρ (kg m-3) is the density and c 187 

(J kg- 1 K- 1) is the heat capacity. The thermal properties of the subsurface of each layer 188 

were assumed to be uniform and constant through time. The heat generation rate due to 189 

the decay of radioactive elements in the subsurface was neglected since the simulated 190 

domain is relatively shallow (Raymond et al., 2016). 191 

The bottom boundary condition was a constant heat flow, which represents the Earth 192 

natural heat flow towards the surface. The model had a length of 700 m in the vertical 193 

direction to minimize the effect of the bottom boundary condition that can influence the 194 

propagation of temperature changes at the surface if located too close to the surface. A 195 

historical surface temperature varying with time was applied at the top of the domain as 196 

boundary condition taking into account the recent climate warming of the last century. Air 197 

temperature measurements at the Jean Lesage airport from 1943 to 2016 and available 198 

from the web site of Environment Canada (http://climate.weather.gc.ca/) were used at 199 

experimental site 1 in Quebec City to define the magnitude of historical temperature 200 

changes (Figure 5). Three sources of surface temperature were used at experimental 201 

site 2 in Orléans (Figure 5). Air and land surface temperature measured at the weather 202 

station of the experimental geothermal platform from January to May 2017 were used for 203 

the last period with data available at http://plateforme-204 

geothermie.brgm.fr/fr/suivi/METEO. Air temperature measurements from 1996 to 2016 205 

at a weather station in Tours, located 118 km from Orléans, were used for the middle 206 

period with data available at https://donneespubliques.meteofrance.fr (station ID: 207 

07240). In the absence of temperature data near Orléans before 1996, the mean air 208 

temperature in France was used from 1901 to 1996 for the initial period with data 209 

available at: http://sdwebx.worldbank.org/climateportal/. 210 

http://climate.weather.gc.ca/
http://plateforme-geothermie.brgm.fr/fr/suivi/METEO
http://plateforme-geothermie.brgm.fr/fr/suivi/METEO
http://sdwebx.worldbank.org/climateportal/
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  211 

Figure 5. Historic air and ground temperature variations considered in Quebec City (yellow 212 
lines) and Orléans (blue lines). 213 

Air temperature was converted to ground surface temperature (Figure 4), defining the 214 

magnitude of the temperature changes at the top boundary of the model. The conversion 215 

of air to ground temperature was made using an empirical relationship developed by 216 

Ouzzane et al. (2015) defined as: 217 

17.898 0.951g ambT T          (3) 218 

where Tg (K) is the ground surface temperature and Tamb (K) is the ambient air 219 

temperature. The relation is based on the fact that among the parameters controlling the 220 

ground surface temperature (ambient temperature, sky temperature, wind velocity and 221 

solar radiation), the ambient temperature is the dominant parameter, therefore Tg can be 222 

correlated as a function of the ambient temperature only (Ouzzane et al., 2015). The use 223 

of this empirical relationship resulted in an estimated ground surface temperature that is 224 

approximately 4 K higher than the air temperature (Figure 5). The resulting temperature 225 
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evolution was used to define the relative temperature changes at the model upper 226 

boundary, adjusting the historic temperature curve to begging at an initial temperature 227 

characteristic of the measured temperature profile. 228 

The exact value of the initial temperature for the boundary condition at the surface (Ts) 229 

was inferred from the undisturbed geothermal gradient measured at the bottom of the 230 

boreholes (last 40 m), which are less influenced by the ground surface temperature 231 

variations than the temperature in the upper section of the GHEs. These temperatures 232 

were extrapolated upward according to the equilibrium geothermal gradient to set the 233 

initial temperature at the surface according to (Raymond et al., 2016):  234 

s

b
T

m


           (4) 235 

where b and m are the y-intercept and the slope of the graphic of temperature at depth 236 

in the last 40 m of the boreholes. The initial temperature condition needed to run the 237 

transient simulations was then calculated according to the basal heat flow q (W m-2) for 238 

temperature distribution to follow the equilibrium geothermal gradient: 239 

i s

s

q
T T z

 
   

 

         (5) 240 

where s
   (W m-1 K-1) is the subsurface thermal conductivity and z (m) is the depth. The 241 

basal heat flow was optimized and therefore changed every simulation such that the 242 

initial temperature distribution was recalculated automatically with equation 5 every 243 

simulation.  244 
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 245 

Figure 6. Simulation domain and boundary condition. 246 

The transient simulations to reproduce the observed temperature profiles were carried 247 

out for a duration of 72 and 116 years for Quebec City and Orléans experiment sites, 248 

respectively, with monthly time steps. The simulation times were equal to the available 249 

historic air temperature data. 250 

A sensitivity analysis was carried out to define the depth at which the basal heat flow 251 

should be imposed and the mesh resolution to make sure the obtained temperature 252 

solution is reliable. The position of the bottom heat flow boundary condition and the 253 

mesh resolution were gradually increased to verify the model independence with respect 254 

to the position of the bottom boundary and the mesh size.  255 

A uniform coarse mesh was initially defined in all the domain, then the mesh was 256 

gradually refined using the predefined COMSOL meshes until achieve a constant 257 

temperature in a given depth to verify the model independency from the mesh resolution. 258 

This initial refinement did not allow to reproduce the upper part of the profile affected by 259 

the seasonal temperature variation. A finer mesh was needed in the first 30 m of the 260 

profile to achieve a reliable reproduction of the temperature profiles. However, this finer 261 

mesh was only applied in the upper part of the profile to keep the calculation time short.  262 

The position of the bottom boundary condition was increased each 50 m, from 100 to 263 

700 m depth until an insignificant relative difference between the simulated temperature 264 
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at a given depth was achieved. The thermal conductivity after 100 m is unknown. A 265 

sensitivity analysis varying the thermal conductivity in this last layer within the interval of 266 

thermal conductivity estimated in the TRT was made. The modification of the thermal 267 

conductivity results in a fluctuation of less than 10% in the simulated temperature and 268 

the inferred heat flow. Therefore, the average thermal conductivity estimated in the TRT 269 

(Figure 1) was assumed from 100 to 700 m depth. 270 

Inverse numerical simulations to optimize the basal heat flow and reproduce the 271 

observed temperature were made once the model was proven to be independent of 272 

boundary location and mesh. The optimization module was chosen to perform inverse 273 

simulations and automatically infer the lower boundary condition of the model, which is 274 

the Earth heat flow (Figure 6).  The least-squares function allowed comparing measured 275 

and observed temperature profiles and the function was minimized with the Coordinate 276 

search solver (Conn et al., 2009). This solver was chosen because it provided a rapid 277 

method to find the minimum while aiming at improving the objective function along the 278 

coordinate directions. The step lengths are decreased or increased according to the 279 

values of the objective function (COMSOL AB, 2013). The Coordinate search solver 280 

stops iterating as soon as no improvement over the current best estimate can be made 281 

with steps of relative size larger than or equal to the optimality tolerance (COMSOL AB, 282 

2013). The inverse modeling approach was validated for the heat conduction problem 283 

solved with steady-state simulations shown in Annex 1 to reproduce a temperature 284 

profile calculated analytically. The optimality tolerance of the solver for the two field 285 

cases presented in this work was defined at 1x10-6 and the maximum number of 286 

objective evaluation was set to 100. The convergence was achieved at 34 and 43 287 

iterations in Quebec City and Orléans, respectively. 288 

3 Results 289 

3.1 Paleoclimate correction 290 

The paleoclimate correction of the measured temperature profiles achieved for the 291 

glaciations resulted in an increase of the temperature at depth. Considering the last four 292 

glaciations and a temperature step of 5 K, the average temperature increase for the 293 

profile in Quebec City was 0.14 K, with a maximal increase of 0.31 K at the bottom of the 294 

profile (Figure 7a). The average temperature increase, for the profile measured in 295 
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Orléans, where the last five glaciations and a temperature step of 7 K were considered, 296 

was 0.31 K with a maximal value of 0.60 K at the bottom of the profile (Figure 7b). The 297 

corrected temperature was used for observations to reproduce with the numerical model.  298 

 299 

 300 

Figure 7. Temperatures corrected for paleoclimate effects of the Quaternary glaciations for 301 
the sites a) in Quebec City and b) in Orléans. 302 

3.2 Numerical simulation   303 

The sensitivity analysis indicated the mesh resolution and the model depth have an 304 

influence on the simulated temperature. A mesh with 60 and 140 elements was needed 305 

to achieve accurate simulations of the temperature profile with little temperature 306 

difference in between simulation cases for the models representing the experimental site 307 

in Quebec City and Orléans, respectively (Table 1). The bottom boundary was defined at 308 

700 m depth in both cases to reduce its influence on the simulated temperature 309 
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(Table 1). Temperature extracted at 30 m depth is given to show the impact of the model 310 

mesh and bottom boundary position, evidencing the model independence.   311 

Table 1. Verification of the mesh independence and the bottom heat flow boundary 312 
position. 313 

Number of elements   

Site 1 Temperature at 30 m depth Relative difference (%) 

53 8.5061 - 

58 8.4445 0.7293 

60 8.4445 0.0000 

Site 2   

71 12.4230 - 

90 12.9881 0.5651 

140 13.0961 0.1080 

Bottom boundary location (m) 

Site 1   

600 8.1266 - 

650 8.1260 0.0076 

700 8.1260 0.0000 

Site 2   

600 12.9666 - 

650 13.2534 2.1639 

700 13.0961 1.2009 

 314 

An initial manual optimization of the heat flow was carried out, to reduce the heat flow 315 

range to optimize with the solver. Using the heat transfer module, a model   to simulate 316 

transient heat conduction in solids was created. Heat flow values varying between 10 317 

and 100 mW m-2 were assigned to the bottom boundary condition to verify their impact 318 

on the difference between simulated and measured temperature, to reduce the possible 319 

heat flow range before proceeding to optimization. 320 

The lower and upper bound for the heat flow optimization of the model representing the 321 

site in Quebec City were 10 and 40 mW m- 2, respectively, while a range varying from 30 322 

to 70 mW m-2 was defined for the site in Orléans. Then, the least-squares function and 323 

the coordinate search method were used to optimize the heat flow bottom boundary 324 

condition and reproduce the measured temperature profile. The optimization started at 325 

the lowest heat flow value.  326 

The least-square residuals for optimization of the heat flow at experimental site 1 327 

decreased from 20 to 7.97 for the best fit scenario (Figure 8a), where the basal heat flow 328 
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was 28.9 mW m˗ 2 (Figure 9). A heat flow of 43.6 mW m˗ 2 was found for experimental 329 

site 2 (Figure 9), with a reduction of the least-square residuals from 515.43 to 27.87 330 

(Figure 8b).  331 

 332 

Figure 8. Simulated temperature corresponding to the different heat flow at the bottom 333 
boundary for the sites a) in Quebec City and b) in Orléans. The continuous line 334 

corresponds to the optimized heat flow. 335 

  336 

Figure 9. The histogram of basal heat flow values tried by the coordinate search solver to 337 
find the solution that best reproduces temperature measurements for Quebec City (grey 338 

bars) and Orléans (orange bars). 339 



16 
 

Equilibrium heat flow estimations in the study areas located in cities are not available. 340 

Heat flow map of the Quebec Province indicates a heat flow in the range of 30 to 341 

40 mW m- 2 for the Quebec City area (Figure 10, Mareschal et al., 2010). The heat flow 342 

estimated with the numerical simulations in Quebec City correspond to the lower value 343 

of this interval.  344 

 345 

Figure 10. Heat flow map of Eastern Canada. The white dots represent the sites where the 346 
heat flow has been evaluated with borehole measurements generally deeper than those 347 

used for TRT (modified from Mareschal et al., 2000). 348 

A value varying from 100 to 110 mW m- 2 characterizes the Orléans site according to the 349 

heat flow map of France (Figure 11, SIG Mines France, 2007). The estimated heat flow 350 

in Orléans is lower than the reported value for the area. Nevertheless, the calculated 351 

value is a point estimation of the near-surface heat flow and the map provides 352 

estimations at the country scale, making comparison difficult. 353 
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 354 

Figure 11. Heat flow map of France. The black dots represent the sites where the heat flow 355 
has been evaluated with borehole measurements generally deeper than those used for 356 

TRT (modified from SIG Mines France, 2007). 357 

 358 

4 Discussion  359 

A method, relying on thermal response tests (TRT) and undisturbed temperature profiles 360 

in ground heat exchangers was presented in this work, to extend the use of TRT for the 361 

evaluation of heat flow essential for deep geothermal resource assessment. The 362 

proposed analysis provides a preliminary estimation of the Earth heat flow in the near-363 

surface with relatively shallow boreholes. A depth of approximately 100 m is typically not 364 

deep enough to infer the ground surface temperature history with inverse simulations of 365 

heat transfer to reproduce temperature measured in such a short borehole (Jessop, 366 

1990). A borehole unaffected by paleoclimates in its deeper part is needed to infer both 367 

the site heat flow and temperature history in a single optimization sequence. A depth of 368 

more than 3000 m seems to be optimal to resolve the temperature rise after the glacial 369 
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period adequately. Nevertheless, undisturbed temperature logs that deep are rare 370 

(Hartmannv & Rath, 2005). In the circumstance of a shallow borehole, ground surface 371 

temperature can be evaluated from other paleoclimate studies with deeper boreholes 372 

and taken into account to correct the temperature measurement of shallower boreholes. 373 

A depth of about 300 to 500 m is suitable to derive a mean temperature for the last 1000 374 

years (Hartmannv & Rath, 2005). The observed temperature profiles measured in the 375 

studied ground heat exchangers were corrected analytically according to the 376 

paleoclimate effects of the quaternary glaciations in North America and Europe with 377 

forward calculations since the boreholes analyzed were relatively short. Simulations to 378 

reproduce corrected and uncorrected temperature profiles were performed. Without 379 

paleoclimate correction for glaciations, the optimized heat flow in Quebec City decrease 380 

from 28.9 to 22.5 mW m- 2 and from 43.6 to 39.7 mW m- 2 in Orléans. The surface 381 

temperature perturbation due to the recent climate warming was treated afterward with 382 

numerical simulations.  383 

In fact, the undisturbed temperature profiles reported for this study were reproduced with 384 

an inverse numerical model simulating conductive heat transfer to estimate the site heat 385 

flow through the optimization of the bottom boundary condition. The historic ground 386 

surface temperature affected by the recent climate warming was used to define the 387 

magnitude of temperature changes at the model upper boundary. Data recorded at 388 

weather stations constrained simulations to cope with the shallow depth of the 100 m 389 

boreholes that is not sufficient to accurately infer the ground surface temperature history. 390 

The historic surface temperatures near the experimental site in Orléans were not 391 

available before 1996. Therefore, surface temperature history of France was used from 392 

1901 to 1996. This value may not represent the exact temperature variation at the study 393 

area and can explain the poor temperature match near the surface. A more accurate 394 

estimation of the heat flow at this site would require a better definition of the upper 395 

boundary condition. Nevertheless, the heat flow estimated at both sites is small and the 396 

potential for deep geothermal resources is low.  397 

The approach presented in this work can be used for the preliminary evaluation of heat 398 

flow with TRT and ground heat exchangers, aiming at the exploration of deep 399 

geothermal resources of urban areas. This can reduce exploration risks, where deep 400 

wells are sparse and geothermal heat pump system common, which is the case of cities. 401 

Deep boreholes suitable for heat flow assessment are rarely drilled in populated towns, 402 
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although energy needs and potential to develop geothermal direct use can be significant 403 

due to the population density.   404 

5 Conclusions 405 

An inverse numerical model based on inferred thermal conductivity profiles from thermal 406 

response test and temperature profiles measured in ground heat exchangers has been 407 

developed to estimate terrestrial heat flux near the surface. This methodology helps to fill 408 

the lack of heat flux observations in urban areas. It could be combined in future work 409 

with heat flux observations on deep boreholes, outside but close to cities, in order to 410 

define the potential of deep geothermal resources of urban areas where the demand for 411 

heat is high. The direct use of geothermal resources for heating purposes is generally 412 

restricted to one or two kilometers of the pumping and injection wells, a location which 413 

must coincide with adjacent energy markets. The analysis of TRTs and temperature 414 

profiles is a tangible way to better define the heat flux and geothermal resources of 415 

these urban energy markets.  416 

Further work can now be envisioned to collect TRT dataset from private companies and 417 

use the approach described in this paper to better define heat flow distribution. For 418 

example, more than 100 TRTs have been inventoried in the St. Lawrence Lowlands 419 

hosting populated cites of Montreal and Québec (Bédard et al., 2018), while only three 420 

deep wells are available for this region to evaluate heat flow (Fou, 1969; Saull et al., 421 

1962). In fact, the Earth heat flow could be estimated where temperature profiles have 422 

been measured in ground heat exchangers before doing TRT to improve current 423 

geothermal resources assessment based on bottom-hole temperature that is not in 424 

equilibrium with the host rock (Bédard et al., 2012; Majorowicz and Minea, 2012). In the 425 

absence of equilibrium temperature profiles in deep boreholes, theses authors have 426 

used public bottom hole temperature records, which can contain mistakes and can be 427 

difficult to accurately correct for drilling disturbance, resulting in significant uncertainty 428 

about the geothermal potential (Bédard et al., 2014). Analysis of equilibrium temperature 429 

in ground heat exchangers, although shallow, can help reduce this uncertainty to 430 

eventually justify the drilling of a deep borehole for equilibrium temperature profiling. 431 

Such invasive exploration work that is more accurate, but has a greater environmental 432 

impact, needs to be better justified because of its important cost. 433 

 434 
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Annex 1: Model validation 533 

A validation of the inverse and conductive heat transfer modeling approach was 534 

performed before analyzing the data set presented in this work. The results of the model 535 

validation is given below.  536 

The modeling approach was verified with a steady-state heat conduction simulation to 537 

reproduce a synthetic temperature profile calculated according to Fourier’s law (Eq. 6): 538 

dT
q

dz
          (6) 539 

where q (W m-2) is the heat flow,   (W m-1 K-1) is the thermal conductivity, T (K) is the 540 

temperature and z (m) is the depth. The synthetic temperature profile  was calculated 541 

analytically defining a constant subsurface thermal conductivity of 2 W m-1 K-1, a basal 542 

heat flow equal to 0.050 Wm-2 and a surface temperature of 8 °C (Figure 12).  543 
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 544 

Figure 112. Temperature profile simulated numerically reproducing the synthetic 545 
temperature profile determined analytically. 546 

The subsurface thermal conductivity used in the COMSOL finite element model was set 547 

to the same value of 2 W m-1 K-1 and constant surface temperature equal to 8 °C was 548 

defined as the upper boundary condition. The optimization module was used to find with 549 

the Coordinate search solver the heat flow at the bottom boundary and reproduce the 550 

synthetic temperature profile (Figure 12). The least square residual computed by 551 

comparing temperature profiles defined numerically and analytically decreased from 552 

254.83 to 8.56 ×10-4, converging toward the expected heat flow value of 0.050 mWm-2 553 

(Figure 13), which validated the inverse modeling approach. 554 

 555 
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 556 

Figure 113. Histogram of basal heat flow values tried by the coordinate search solver to 557 
find the solution that best reproduces the synthetic temperature profile determined 558 

analytically. 559 
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