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Abstract: 10 
This work presents a fast and practical method to determine a characteristic function that predicts 11 
a local ground response of vertical ground heat exchangers (GHE) in a short term, which is 12 
mandatory when intermittent operation modes are modelled. It expands the use of a Thermal 13 
Response Test (TRT) that is recommended previous to the design of a borehole field into a 14 
vertical Ground Source Heat Pump (GSHP). These tests are used to provide some ground 15 
thermal characteristics, such as ground conductivity or borehole effective thermal resistance. The 16 
same device can also be used to measure the undisturbed ground temperature along depth. From 17 
the measurements, it has been determined a temperature response factor function that 18 
characterizes the ground behavior in a short term as a consequence of a heat pulse. This function 19 
is then included into a finite line-source model to simulate the average temperature of the fluid 20 
that flows into the borehole pipes along time. In order to validate this method, several additional 21 
tests have been performed by the same device used for TRT’s, with intermittent operation modes. 22 
For each test, both experimental and simulated average fluid temperatures have been compared. 23 
Results present an excellent accuracy; thus, they demonstrate de effectiveness of the method, 24 
as well as other advantages: i) fast and accurate; ii) prevents high precomputing times; iii) several 25 
uncertainties from measurements disappear when it is used.  26 
Keywords: 27 
Ground thermal modelling; Ground Source Heat Pump (GSHP); ground heat exchanger (GHE);  28 
g-function; short-time g-function (STGF); Thermal Response Test (TRT); Undisturbed Ground 29 
Temperature Test (GTT) 30 

Nomenclature 31 

a  Constant (ºC) of aggregated terms in ILS equation depending on ln(τ)  32 
CS  Ground volumetric heat capacity (J·m-3·K-1) 33 
Ei  Exponential integral function (dimensionless) 34 
H  Well depth (m) 35 
m  Slope (ºC·s-1) in ILS equation depending on ln(τ) 36 
q  Unitary Heat pulse (W·m-1) 37 
qi  Unitary Heat pulse, being i the end of a time step (W·m-1) 38 
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q0  Unitary heat pulse injected in a TRT (W·m-1) 39 
Q  Heat rate pulse (W) 40 
r  Radius (m) 41 
rb  Borehole radius (m) 42 
rdim  Dimensionless radius, equal to r/H 43 
Rb   Effective thermal resistance of the borehole (K·m·W-1) 44 
Rb0   Effective thermal resistance of the borehole from data of a TRT (K·m·W-1) 45 
T  Arbitrary temperature (ºC) 46 
Tb  Borehole wall temperature (ºC) 47 
Tf  Average fluid temperature (ºC) 48 
Tf0  Average fluid temperature from measurements of a TRT (ºC) 49 
Tf. measured  Average fluid temperature from measurements of a certain test (ºC) 50 
Tf, modelled  Average fluid temperature modelled from g-function (ºC) 51 
Tr  Ground temperature at radius ‘r’ (ºC) 52 
TS  Average undisturbed ground temperature (ºC) 53 
TS0  Average undisturbed ground temperature from measurements of a GTT (ºC) 54 
Greeks 55 
αS   Ground thermal diffusivity (m2·s-1) obtained from measurements of a TRT 56 
ϒ  Euler’s constant (dimensionless), equal to 0.5772156649 57 
∆Tb,I  Rise of temperature at borehole wall in relation with TS (ºC) 58 

∆τ  Interval time of on-off cycles of heat pulses (s) 59 

εf  Deviation error Tf, measured- Tf, modelled (ºC) 60 
λS   Soil thermal conductivity (W·m-1·K-1) 61 

τ  Time (s) 62 

τdim  Dimensionless time, equal to τ/τS 63 

τS  Time constant (s) 64 

Abbreviations 65 

DST  Duct Ground Heat Storage model 66 

ECU  Electronic Control Unit 67 

FLS  Finite-line source model 68 

g-function Temperature response factor (dimensionless) 69 

GHE   Ground Heat Exchanger 70 

GHG   Greenhouse gasses emissions 71 

GSHP   Ground Source Heat Pump 72 

GTT  Undisturbed Ground Temperature Test 73 

ICS  Infinite-cylindrical source model 74 

ILS  Infinite-line source model 75 

LTGF, gLTGF Long-Term g-function 76 



 

 

PE  Parameter Estimation 77 

PID  Proportional-Integral-Derivative regulation algorithm 78 

PWM  Pulse-Width Modulation 79 

STGF, gSTGF Short-Term g-function 80 

TRT  Thermal Response Test 81 

VFD  Variable Frequency Drive 82 

1. Introduction 83 
Energy consumption in the building sector represents 40% of the global demands, being 84 

also responsible for, at least, on-third of the worldwide greenhouse gasses emissions (GHG) [1], 85 
where the cooling and heating equipment is the biggest consumer in them. The current global 86 
warming fosters the development of those energy-saving technologies for the reduction of carbon 87 
dioxide emissions as much as possible. In this sense, ground source heat pump (GSHP) is a 88 
current well-known technology that reaches both high savings of energy and GHG, being 89 
considered as an attractive renewable source. Its benefits have caused rapid development of this 90 
kind of installations, gradually increasing over time around the world, and maintaining this trend 91 
in the future [2-5]. The ground heat exchanger (GHE) corresponds to the external element of a 92 
GSHP, which exchanges heat with the soil. Among the several types of GHE, vertical disposition 93 
ones have been widely used in GSHP systems. Although the installation costs of vertical GHEs 94 
are higher than for horizontal ones, they present a smaller area and greater efficiency [6,7]. 95 

It is well known that the performance of vertical GHEs is reduced over time due to the 96 
accumulation of heat in the ground surrounding the borehole. Research in recent last years has 97 
demonstrated (in both numerical and experimental ways) that intermittent heat transfer for short-98 
term operation in this kind of elements has a considerable influence on system effectiveness, 99 
especially with short cycles. When operation mode becomes discontinuous in reduced periods of 100 
time, this partly relieves heat accumulation, improving its performance consequently [8]. It has 101 
also been demonstrated that an intermittent process improves the use of the ground energy, 102 
approaching to an ideal heat pump working condition, at a temperature lower in the condenser or 103 
higher in the evaporator of the GSHP system [9]. Among other analyses, Choi et al. [6] evaluated 104 
the influence of unsaturated soil conditions applied to intermittent operation of a GHE, concluding 105 
the increasing of its performance in relation to continuous mode. Miyara and co-workers [7] 106 
evaluated different operation modes in several types of vertical GHEs. They also demonstrated 107 
that intermittent operation increases the heat exchange rate. For example, a discontinuous 2 108 
hours operation in cooling mode supposes an increase of the minimum heat exchange rate of 109 
17.1% for a U-tube, increasing it up to 32.6% for 6 hours operation mode. It was demonstrated 110 
the improvement of the performance, and the possibility of reducing the borehole depth of the 111 
GHEs. Summarizing these previous works, it has been reported that the heat flux transferred is 112 
higher, as well as the average temperature of the fluid in the tubes can be lower, avoiding soil 113 
saturation. Discontinuous flow into the borehole focuses on the best behavior of the GSHP, 114 
providing maximum productivity, which joins the dynamics of both the well and the ground, 115 



 

 

undergoing continuous changes in their temperatures. The intermittent time intervals, heat 116 
exchange loads and periods of previous operation are key factors to be taken into account to 117 
improve all the arrangement. In any case, in order to find an optimal solution, it is necessary to 118 
use as reliable models as possible, allowing to reduce the size of the system in a design stage. 119 

Detailed information about vertical GHE models and software can be reviewed [10]. Long-120 
term models were developed based on the Kelvin’s line-source theory, which have been improved 121 
over time. Most of them are based on a temperature response factor, called g-function [11] 122 
developed and used into the finite line-source method (FLS). Initially, it is only valid for a certain 123 
number of hours, where the heat transfer through the well can be considered as in a steady-state, 124 
so it is also called long-term g-function (LTGF). It has reached a very widespread and sufficiently 125 
validated use to model a long-term behavior of a GSHP. 126 

However, the intermittent behavior of a GSHP presents significant differences that can 127 
not be evaluated with long-term models [8,12], being more pronounced for cooling demands [13]. 128 
To improve the accuracy of the actual GHE behavior in short periods of time, several analytical, 129 
semi-analytical, numerical and lumped element models have been conducted, where the 130 
borehole thermal capacity has been taken into account [6,14-19]. They afford a better 131 
understanding of the whole heat exchange in GHEs, to be applied for design and optimization 132 
purposes in GSHP systems. Most of them are associated with the extension of Eskilson’s work 133 
about a temperature factor for a shorter scale, called short-time g-function (STGF), obtained 134 
firstly from synthetic data produced by a 2D numerical model [20]. These functions, next to several 135 
improvements, have been included in several designing software tools, modeling any heat pulse 136 
over any time interval [21]. Alternative progress from this approach can also be found nowadays, 137 
such as from Brussieux and Bernier [18], where the synthetic data for calculating the short-time 138 
g-function were yielded by a hybrid approach: heat transfer from the fluid to the borehole wall was 139 
evaluated by a finite volume based numerical method, while the corresponding one from that wall 140 
towards the ground was calculated analytically using the infinite cylindrical heat source model 141 
(ICS). A recent work has also been developed in order to construct these STGFs using artificial 142 
neural networks [19] where the necessary temperature data came from a lumped model [15]. 143 

Depending on the source, the most significant transient effects occur during the first 3 to 144 
12 hours [7,22], and since then, trends approach to that long-term behavior, which could be set 145 
between 50 [14] and 200 hours [20]. According to this feature, this time range contains a common 146 
point where both LTGF and STGF converge.  147 

Although satisfactory results have been got, the researchers agree that the validity of the 148 
simulations should be verified, requiring greater development than results in a short-term GHE 149 
model that might be reliable, friendly and fast. In addition, its integration into a design or control 150 
procedure requires a previous preprocessing work to result in the different functions that will be 151 
used later. Thus, the computational load associated with this first step is usually high. 152 

In any case, it is mandatory the knowledge of several ground and borehole thermal 153 
characteristics, which are unknown a priori for the design of a GSHP system at a particular 154 
location. In this sense, an accepted and widespread method for determining ground properties 155 



 

 

consists of an in-situ test into one vertical GHE: Thermal Response Test (TRT) [23]. Data 156 
collected form this TRT serve to calculate both the soil thermal conductivity λS and the effective 157 
thermal resistance of the borehole Rb usually by means of the infinite line-source model (ILS) 158 
[24,25]. A test of 3 to 4 days is recommended (between 72 and 96 hours). Moreover, it is also 159 
required the mean undisturbed ground temperature TS, which can be determined carrying out a 160 
previous ground temperature test (GTT), using the same device as for the TRT [26]. 161 

Several uncertainties appear associated with the test running and parameter estimation 162 
(PE), due to characteristics of the different elements of the experimental device as well as ambient 163 
conditions [24,27,28]. Special care must be taken with the processing of data to provide adequate 164 
values of the required features [29]. In this sense, Zhang et al. [30] compared the ILS method 165 
with other ones, to determine those thermal characteristics from TRT data, and their impact on 166 
the design length of a borehole heat exchanger: infinite cylindrical source model (ICS), several 167 
ones based on the finite line source model (FLS), and the duct heat storage model (DST). They 168 
have been used several parameter estimation procedures (PE) based on the least-squares 169 
minimization method to solve the inverse heat conduction problem. They found a considerable 170 
difference between the estimated values depending on the used method, such as a 34.4% for the 171 
borehole thermal resistance, or 11.9% for soil thermal conductivity, translating uncertainties for 172 
computing the borehole design length, causing about a 15% relative difference in the very 173 
beginning and 5% at the end of the simulation periods in relation with the fluid temperatures. They 174 
concluded that simple equation-based methods seem not to be as adequate as they might for 175 
design purposes. But in contrast, when the simplest of them (ILS) is used to PE, their results 176 
match quite well when another improved method (such as software-based or complex analytical 177 
functions) is used for a GHE design, with differences below 5% of the final borehole design length. 178 

From this background, several points can be highlighted: i) the determination of soil 179 
characteristics from a TRT can use the ILS model with high reliability, which infers the average 180 
temperature of the fluid Tf; ii) on the other hand, the FLS equation, where the g-function is 181 
included, considers the radial-axial effects of heat transfer, evaluating the temperature at any 182 
point located at a distance of radius r from the center of the well. The perforation wall requires 183 
special attention, with temperature Tb and known radius rb. With this approach, the Tf can also be 184 
determined by including in the equation the effective resistance Rb of the elements included inside 185 
the borehole (fluid, pipes and filling material, such as bentonite). From this point of view, the result 186 
of the FLS model must match that one from the ILS equation, at least in a small time interval of 187 
the test; iii) the time intervals associated with a TRT (72-94 hours) and an STGF (50-200 hours) 188 
turn out to be quite similar.  189 

With all these premises in mind, it is possible to launch the hypothesis that a TRT can be 190 
used to supply a local STGF that serves to model the behavior of a GHE in the short term, 191 
especially with intermittent heat rate cycles. Until now, g-functions have been derived from 192 
synthetic data, which requires a considerable previous time. An experiment-based STGF could 193 
remove this disadvantage completely. 194 



 

 

The aim of this work is to evaluate the goodness of the use of a local STGF based on 195 
experiments, to simulate the behavior of a vertical GHE in short intervals of time, with high 196 
reliability. Its determination also needs a low computing charge. For this purpose, both an 197 
undisturbed ground temperature test (GTT) and a thermal response test (TRT) have been carried 198 
out in a single vertical borehole, determining first the thermal characteristics associated with it. 199 
These ones, together with the real evolution of the average fluid temperature Tf, use the FLS 200 
model to establish the profile of a STGF, following the same procedure presented by Yavuzturk 201 
[20]. The difference is that here the experimental temperatures of the fluid are used to generate 202 
that function. To validate the methodology, a set of different short cycles tests has been 203 
developed, for which it has been necessary to reprogram the TRT device, measuring fluid 204 
temperatures. Their values have also been modeled from that STGF and compared.  205 

All the contributions of this work will serve to promote the use of experimental data from 206 
a TRT to provide that local STGF curve. It contains all the information about a GHE 207 
characterization for design and optimization purposes, avoiding the use of a precomputed 208 
previous one in other ways that not always could assure enough accuracy. 209 
2. Material and methods 210 
2.1.- Experimental set-up 211 

Figure 1 shows the set-up proposed for the done work [31]. A basic scheme of the device 212 
is presented, where a centrifugal pump makes the transference fluid to circulate along the U-tube 213 
into the borehole. This fluid is heated by an electrical resistance immersed in a small tank. A 3-214 
paths valve makes the fluid to pass across the tank or not, depending on the kind of test 215 
performed. Temperature sensors at inlet and outlet ports (PT-100, range 0ºC-50ºC, ± 0,5ºC 216 
accuracy), as well as an ultrasonic volumetric flow meter (range 0,25 to 25 l/min, that is, from 217 
4,17·10-6 to 4,17·10-4 m3/s, accuracy ±3% accuracy), are required for measurements. Auxiliary 218 
elements have not been represented, in order to simplify that scheme, including among them the 219 
following: inlet and outlet pressure sensors (piezo-resistive type, range 0-1MPa, ± 0,003MPa 220 
accuracy), a filter for avoiding impurities, a check valve, an expansion tank, an overpressure 221 
valve, as well as pressure, flow and temperature switches.  222 

 223 
Figure 1. Experimental set-up 224 

The electronic control unit (ECU) drives both the pump and resistance, in order to reach 225 
both the pre-defined volumetric flow rate and inlet temperature to the tube (to assure a constant 226 
heat pulse) that the corresponding test requires, also using security switches if it is necessary. A 227 



 

 

variable frequency drive (VFD) is connected to the pump, varying the volumetric flow rate 228 
according to test specifications. Moreover, a solid-state relay acts over the tank resistance by 229 
means of pulse-width modulation (PWM). Both actuators are directed by PID (proportional-230 
integral-derivative) regulation algorithms, implemented in the ECU. Apart from the ability to carry 231 
out the conventional tests (TRT and GTT), changing heat pulses, periods and volumetric flow 232 
rate, the flexibility of the designed device allows defining other ones, such as intermittent cycles.  233 

A single borehole located at the University of Jaén completes this set-up: a single U-tube 234 
(36mm inner diameter, 2mm thickness, polyethylene PE 100 SNR11 PN-16) is immersed into a 235 
vertical well of 130m deep, 150mm diameter, filled with bentonite.  236 

The first test measures the unaltered ground temperature in depth (GTT): with the device 237 
off, the circuit is connected and filled with the transfer fluid. Later, it is necessary to wait a few 238 
days to stabilize its temperature that reaches the same value as the ground. Then, the pump 239 
starts circulating the fluid into a laminar regime to avoid heat losses during its path. The 240 
temperature of the fluid at every moment is measured in the inlet sensor of the device (tube 241 
outlet), which corresponds to a particular ground temperature associated with a certain depth. In 242 
this test, the resistance remains off [32]. The required test time varies, depending on the borehole 243 
depth, between 10 and 30 minutes. 244 

Later, for the TRT [24,33], the ECU controls both the pump and the resistance using the 245 
different sensors, in order to adjust the rates of volumetric flow and heat in the test, whose values 246 
must be defined previously and must be constant throughout the proof. It lasts between three and 247 
four days, being that period of time also defined by the user. The reliability of the results must be 248 
ensured by assessing uncertainties of all measured data (pressures, temperatures, heat rate and 249 
volumetric flow). These uncertainties can be mainly associated to the inherent characteristics of 250 
sensors, data acquisition, calibration of the measurement system, and power supply conditions 251 
[27]. 252 
2.2.- Thermal properties determination based on TRT 253 

For a given unitary heat pulse q (W/m), obtained by dividing the heat pulse Q (W) into the 254 
borehole depth H (m), the infinite line-source (ILS) model relates the measured average fluid 255 
temperature Tf (ºC) into a GHE along the time τ (hours) following the next expression [24] 256 

𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑆𝑆 + 𝑞𝑞 𝑅𝑅𝑏𝑏 + 𝑞𝑞
4 𝜋𝜋 𝜆𝜆𝑆𝑆

 𝐸𝐸𝑖𝑖 ≈ 𝑇𝑇𝑆𝑆 + 𝑞𝑞 𝑅𝑅𝑏𝑏 + 𝑞𝑞
4 𝜋𝜋 𝜆𝜆𝑆𝑆

 �ln �4 𝛼𝛼𝑠𝑠𝜏𝜏 
𝑟𝑟𝑏𝑏
2 � − 𝛾𝛾�   (1.a) 257 

𝑇𝑇𝑓𝑓 =  𝑎𝑎 + 𝑚𝑚 ln(𝜏𝜏)   ;     𝑚𝑚 =  𝑞𝑞
4 𝜋𝜋 𝜆𝜆𝑠𝑠

    ;      𝑎𝑎 =  𝑇𝑇𝑆𝑆 + 𝑞𝑞 𝑅𝑅𝑏𝑏 + 𝑞𝑞
4 𝜋𝜋 𝜆𝜆𝑆𝑆

 �ln �4 𝛼𝛼𝑠𝑠 
𝑟𝑟𝑏𝑏
2 � − 𝛾𝛾� (1.b) 258 

where rb (m) is the borehole radius; the soil thermal conductivity and diffusivity are denoted by λS 259 
(W/mK) and αS (m2/s), respectively; TS (ºC) corresponds to the mean undisturbed ground 260 
temperature far from the GHE; Rb (m K/W) is the effective steady-state borehole thermal 261 
resistance [34], and Ei is the exponential integral function [35], that can be simplified, as eq. (1.a) 262 
shows, that includes the Euler’s constant ϒ. As a constant heat pulse is maintained along the 263 
test, this expression takes a linear tendency depending of the natural logarithm of time.  264 

The method for λS estimation starts with plotting Tf along that natural logarithm of time. 265 
The late-time of it follows a linear trend, as eq. (1.b) depicts, being the soil thermal conductivity 266 



 

 

inversely proportional to its slope m. It must be noted that the estimation of λS is not sensitive to 267 
the choice of using the mean temperature approximation instead of any of both extreme measured 268 
ones, because the late-time slopes are all the same [25]. Besides, providing previously the soil 269 
volumetric heat capacity CS (MJ/m3K) from tables, the soil diffusivity αS (m2/s) can be determined 270 
by means of the relation αS = λS / CS. The use from tables, instead of determining it by other 271 
experimental way, may include some uncertainty in the final results, although with low importance. 272 
The constant a includes Rb and αS, correlating them directly. As a consequence, the borehole 273 
resistance Rb can be straight determined from that [24,25]. In this case, higher uncertainty can 274 
appear. For more accurate results in this term, it is better using p-linear average (with p tends to -1) 275 

for Tf, instead of the arithmetic average of extreme fluid temperatures into the U-tube [29].  276 

It is important to remark that the procedure neglects the major of the data in order to find 277 
the slope m at the end of the test, and so, determining λS. There is a large amount of information 278 
that is discarded, being associated with the first time interval of a heat rate step, which is very 279 
wide, where transient effects are very pronounced. They can be directly associated to a short-280 
time behavior that might be taken in advantage. 281 
2.3.- Extending capability of TRT measurements for determining an experimental based STGF 282 

With the finite line-source model (FLS), the temperature response to a step heating q 283 
(W/m) in a single borehole over a point at a radial distance r from its center and time τ corresponds 284 
to a g-function, that expresses the excess of temperature T at that point in relation with the 285 
undisturbed one TS as eq. (2) shows [11]:  286 

𝑔𝑔(𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑) = 2 𝜋𝜋 𝜆𝜆𝑆𝑆
𝑞𝑞

  (𝑇𝑇 − 𝑇𝑇𝑠𝑠) ;     𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑 =  𝜏𝜏
𝜏𝜏𝑆𝑆

 ;    𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑 =  𝑟𝑟
𝐻𝐻

      (2) 287 

for a given steady-state time τs =H2/9· αS, thus τdim = 9·αS·τ/H2. This function was first computed 288 
numerically. Later, an analytical solution was performed [36] for determining that function, using 289 
a τdim = αS·τ/H2, thus implying τs =H2/αS, reducing considerably precomputing times. In any case, 290 
relations for this temperature response factor are acceptable for a long term point of view, only 291 
valid for times higher than 5·rb2/αS (it implies from 3 to 6 hours). This function has a particular 292 
importance for the temperature at the wall borehole Tb, with radius rb: as the heat transfer across 293 
the grout material can be considered as steady-state on a long term, Tb and Tf are related by 294 
means of the product of Rb and q, thus:  295 

𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑆𝑆 + 𝑞𝑞 𝑅𝑅𝑏𝑏 + 𝑞𝑞
2 𝜋𝜋 𝜆𝜆𝑆𝑆

 𝑔𝑔(𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑)     (3) 296 

Yavuzturk and Spitler [20] prolonged the previous method to develop an STGF approach. For this 297 
purpose, a 2D numerical model was used in a well with single U [37], known as its geometry, λS 298 
and Rb (implicit discretization of finite volume in a polar grid) determining the average temperature 299 
of the fluid in the tube over time Tf0, from a step of unitary heat flow rate q0. The results were 300 
validated by comparing it with known analytical approach. This method was included as a 301 
component model in commercial software to model GSHP systems. In any case, the authors 302 
commented that a comprehensive experimental validation would be useful. 303 

As a consequence, eqs. (2) and (3) were reformulated, presenting the g-function the 304 
following expression: 305 



 

 

𝑔𝑔(𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑) = 2 𝜋𝜋 𝜆𝜆𝑆𝑆
𝑞𝑞0

  �𝑇𝑇𝑓𝑓0 − 𝑇𝑇𝑆𝑆0 + 𝑞𝑞0 𝑅𝑅𝑏𝑏0�  (4) 306 

As a result of this, a g-function can be precomputed for any time in a single borehole. In 307 
order to establish a design composed of several boreholes, a complete g-function must then be 308 
determined, also. It serves to design and optimize a GHE into a GSHP without using complex 309 
models nor simulations. It is necessary to differentiate between STGF and LTGF. Figure 2 310 
presents an example of this function, for a single borehole and for a 3x3 squared GHE 311 
configuration (6m separation between boreholes; αS =1.6e-6 m2/s; rb/H = 6.25·10-4). In the first  312 
time interval, both profiles are the same.  313 

 314 
Figure 2. Example of g-function representation for a certain 3x3 configuration GHE 315 

When eqs. (1) and (4) are compared, the following equality appears: 316 

𝑔𝑔(𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑) = 1
2

 𝐸𝐸𝑖𝑖     (5) 317 

It implies that the g-function must follow the trend of this curve, for a given set of 318 
necessary data, such as λS, rb, and αS. Discrepancies between infinite and finite line-source 319 
models can be found in Marcotte et al. [38] although this analysis was performed for a long-term 320 
point of view. The exponential integral is fundamental in the first one, since it is reliable for times 321 
greater than 20·rb2/αS, but does not consider the axial effects. Otherwise, the analytical approach 322 
[36] provides acceptable values for times higher than 5·rb2/αS. Differences increase with the 323 
Fourier’s number (αS·τ/r2), thus the longer the time, the higher the dissimilarities appear. As this 324 
work is focused on short-term behavior, the differences must be very small in both the response 325 
temperature factor and average temperatures, at least in a short time interval at the end of the 326 
test. If other expressions are used to determine the ground thermal characteristics, such as those 327 



 

 

extracted from ICL or DST methods, they all have this common point: both the g-function and Tf 328 
must be quite similar, at least in a little time interval (which might be higher than for the case in 329 
which the ILS equation is solved).  330 

Another point of view can be applied as a result of accommodating eqs. (3) and (4) for a 331 
single borehole. The average fluid Tf evolution from an arbitrary heat step q can be modelled 332 
taking into account the original values used for the established g-function, denoting the high 333 
influence of three terms: q, Rb and TS, which can be related as follows:  334 

𝑇𝑇𝑓𝑓 = �1 − 𝑞𝑞
𝑞𝑞0
� 𝑇𝑇𝑆𝑆0 + 𝑞𝑞(𝑅𝑅𝑏𝑏 − 𝑅𝑅𝑏𝑏0) + 𝑞𝑞

𝑞𝑞0
𝑇𝑇𝑓𝑓0   (6) 335 

There is an initial transient behavior into the grout that this method seems to ignore, 336 
appearing an implicit mistake associated both terms Rb0 and Rb. Dissimilarities between them are 337 
only due to the convection coefficient fluid-pipe inner wall, that mainly varies due to the fluid 338 
speed, associated to the volumetric flow rate [39] , presenting a very low influence in the borehole 339 
resistance estimation. Thus the same value can be considered for both the terms, disappearing 340 
the possible initial estimation error, and minimizing or removing the second component in eq. (6), 341 
even for those cases in which Rb and Rb0 could be considered as variable over time.  342 

Into the bargain, Ts0 effect on the temperature estimation is proportional to the term (1-343 
q/q0), being very low for similar values in both q and q0. Designers’ experience allows them to 344 
specify reliable heat rate values for a given configuration into a GSHP design. Therefore, the 345 
initial establishment of q0 for deriving a STGF can take analogous values to those that will 346 
eventually be included in the GHE model.  347 

As a result of this, it can be observed that for a given heat step pulse, the model practically 348 
reproduces Tf0 multiplied by the ratio q/q0. It means that the STGF contains all the necessary 349 
information about de thermal transient behavior of the entire set, including fluid, pipes, filling 350 
material and ground.  351 

A TRT presents several similarities to use its data as a basis for providing a local STGF: 352 
i) it includes a calorific flow step to set q0; ii) extreme fluid temperatures are measured, from which 353 
evaluate the average value Tf0 along the test; iii) both λS and Rb0 can be extracted from the 354 
exposed method through the infinite line-source model (ILS); iv) the test time interval resembles 355 
that needed of a STGF. Furthermore, if a GTT is previously carried out, the unaltered ground 356 
temperature Ts0 can also be known. Therefore, eq. (4) can be solved as a result of the data 357 
processing from these tests.  358 
2.4.- Applicability  359 

The principle of superimposition in space is employed to consider the temperature 360 
responses for multiple boreholes. In a GHE with l number of them, the rise of temperature on the 361 
wall of the borehole concerned ∆Tb,i (with radius rb) at time τ due to a constant heat step qi can 362 
be evaluated as eq. (7) shows: 363 
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Additionally, the sequential temporal superimposition in time also serves to evaluate the 366 
temperature response to any arbitrary heat rate, which can be decomposed into a set of n single 367 
step pulses qi, each one starting at time τi-1, being i the end of a time step. For a composed 368 
borehole and long term, this rise ∆Tb will be [40]: 369 

Δ𝑇𝑇𝑏𝑏 =  ∑  Δ𝑇𝑇𝑏𝑏,𝑖𝑖
𝑛𝑛
𝑖𝑖=1 = 1

2 𝜋𝜋 𝜆𝜆𝑆𝑆
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𝜏𝜏−𝜏𝜏𝑖𝑖−1
𝜏𝜏𝑠𝑠

��𝑛𝑛
𝑖𝑖=1    (8) 370 

All these features were firstly developed for LTGF, where interactions between the 371 
different components into a borehole field are significant. For shorter periods (a few hours) those 372 
interplays don’t exist. If an intermittent heat transfer is wanted to be evaluated into a borehole 373 
from a starting time τ0, it is necessary to take into account previous loads. For this purpose, a load 374 
aggregation scheme is required to calculate the current temperature, which decreases 375 
progressively as it goes back in time [22]. All the loads along time can be decomposed into a set 376 
of long-term heat step pulses and a sequence of short time ones. The first long-term set 377 
establishes the conditions of the borehole wall at the starting time for evaluating the following 378 
short time period.  379 

From eqs. (3) (4), (7) and (8), and taking into account the load aggregation, differentiating 380 
long and short terms, and experimental known data from GTT and TRT, values for Tf(τ) for a 381 
certain borehole into a composed field can be modelled for an arbitrary heat released q(τ), once 382 
decomposed in n long term step pulses and k short term ones, as follows: 383 
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(9) 386 
Figure 3 shows a graphic example where an intermittent operation is required to be 387 

analyzed starting at time τ0. However, it is after two additional injection periods, both of them 388 
separated in time, considering their influence in the long term. Its temperature profile Tb(t) is 389 
shown in the upper curve, which parts from an undisturbed soil temperature Ts, evolving as a 390 
result of different heat rates qi(t) that the graphic in the figure center shows. During the first 391 
preceding period, a constant unit heat rate q1 is injected, thus Tb is increased. After that, 392 
temperature diminishes while the storage heat is diffused across the soil. In the second injection 393 
period, an intermittent behavior is carried out. Although there are several oscillations around the 394 
both average heat and temperature profiles (presented with dash lines), they disappear a little 395 
time after finishing that interval. Thus, a mean value for the heat rate q2 is enough to evaluate its 396 
influence for a long term in the third period. These heat rates can be decomposed into several 397 
heat step pulses, such as the bottom profile shows, and their long term influence must be included 398 
during the analysis of the current intermittent period (third time interval in the figure), taking into 399 
account the LTGF. Furthermore, the current heat pulses in it must be also decomposed into 400 
several heat steps, but in this case, the STGF will be used to model the thermal response, for a 401 
single borehole. 402 



 

 

 403 
Figure 3. Example of loads aggregation to model a GHE 404 

2.5. Validation procedure 405 
After finishing the GTT, the TRT will be performed specifying both the volumetric flow and 406 

the heat rate. Average fluid temperature evaluated from measurements will serve to determine 407 
λS, Rb0, and then, the STGF profile. This curve will be attached to a LTGF profile in a long term, 408 
calculated following the analytical approach [36], thus providing a complete g-function similar to 409 
that showed in Fig. 2. Then, several intermittent tests for different volumetric flow rates, heat rate 410 
pulses, and time intervals, will be run. For each test, simulations will be done following eq. (9), 411 
and later, their results will be compared with the experimental ones. In this sense, dates of all the 412 
tests must be taken into consideration, in order to establish an adequate sequence of previous 413 
heat steps to each intermittent proof. They will be considered as long-term components into the 414 
total aggregated load, as it has been previously explained.  415 
3. Results and discussion 416 
3.1.- Initial test and thermal characteristics determination 417 

First, the undisturbed ground temperature test along depth was done (GTT, as well as 418 
the thermal response test of the ground (TRT), for mean values of 15l/min (2.5·10-4 m3/s) 419 
volumetric flow rate and 4000W heat rate. Following the procedure from Sharqawy [27], total 420 
uncertainties of ±0.5ºC in measured temperatures (at inlet and outlet ports, as well as for Tf), 421 
±0.003MPa in measured pressures (differences between inlet and outlet port that start with 422 



 

 

0,08MPa up to 0,02MPa at the end of the TRT), and 3% for flow metering, are initially estimated 423 
(including sensor, data acquisition and calibration uncertainties provided by the manufacturers) 424 

In addition, results of fluid flow metering and heat rate present discrete probability density 425 
functions, as Fig. 4 shows, that can be fitted to analytical normal  probability distributions with 426 
very little deviations: a 1.5% standard deviation has been observed for measures of the volumetric 427 
flow, as well as 2.8% maximum oscillations around the mean value into a 95% confidence level; 428 
regarding to the heat rate, results showed a 2% standard deviation, and variation up to 4% into a 429 
95% confidence level. It demonstrates that the control procedure provides constant values of 430 
those parameters during the test. 431 

 432 
Figure 4. Histograms for volumetric flow and heat rate along the TRT 433 

Once considered last tasks, results for both tests can be seen in Fig. 5.  434 

 435 
Figure 5. GTT and TRT results 436 

The average soil temperature Ts0 is 20.15ºC. Then, representing results of the TRT 437 
respect to the logarithmic time (see Fig. 5), and focusing in the last period, the slope m can be 438 
inferred, and from this, a λS of 1.88 W/mK. Later, once extracted from tables a CS value of 2.2·106 439 
J/m3K [41], it gives a  αS of 8.6·10-7 m2/s. Finally, Rb0 is calculated from the constant a in eq. (1.b), 440 
with a result of 0.141 m·K/W.  441 

The next step consists of determining the STGF profile by solving eq. (4) that can be seen 442 
in Fig. 6. It has been also presented an approach of it based on the exponential integral, as eq. 443 
(5) indicates, as well as the analytical LTGF for those thermal and geometric characteristics. All 444 
of them are presented depending on the direct time as they have been evaluated starting from a 445 



 

 

time zero and for that local and a specific use. In order to maintain the experimental nature of the 446 
procedure, results have not been filtered, as well.  447 

 448 
Figure 6. Temperature response factors 449 

Some interesting points can be observed: i) as the thermal characteristics have been 450 
extracted from the infinite line-source model, and later, the STGF have been derived using them, 451 
both STGF curves the experimentally and exponential integral based, have the same slope and 452 
similar values in that period at the end of the TRT; ii) an initial negative error appears in a first 453 
interval of that curve. While Rb0 is considered constant, it produces these negative values. In a 454 
formal way, they might not be admitted, but it only would be possible if a variable Rb0 profile were 455 
depicted, taking into account capacity effects, so complementing that STGF curve into the model. 456 
In any case, for either constant or variable Rb0, its effects disappear as it was explained in a 457 
previous section, taking Rb logically the same value as Rb0; iii) it can be observed that at the end 458 
of the experimental period, both the STGF and the LTGF profiles are quite close. It means that 459 
the 96h time (end of this particular TRT) could be assumed as the connecting point between both 460 
curves, that can be attached in a unique profile to be used for simulations; iv) from the starting of 461 
the test, different jumps appear in the STGF profile as one new lap is closed by the fluid along its 462 
path. It takes less than 15 minutes for a fluid particle to make the round trip along the pipes circuit, 463 
for a given volumetric flow rate of 15l/min. During the first haul, no particle into the pipe suffers a 464 
significant variation in its temperature, maintaining a nearly constant value at the borehole outlet. 465 
A little step appears at the end of this first round: the diffusion effects take place for the fluid that 466 
has entered during that period, and then starts coming out from the tube. As complete loops come 467 
about, diffusion effects take more importance, so those leaps are more and more diminished. 468 
They take place at constant time intervals, depending on the desired volumetric flow rate. Thus, 469 
it is essential to evaluate the model results when values different than 15l/min are considered. 470 
3.2.- Validation: additional experiments and model outputs 471 

To validate the usefulness of this STGF, a set of additional tests have been carried out, 472 
whose main characteristics are presented in Table 1. It is important to remark the importance of 473 
the date for each experiment, because of the transient nature of the heat transferred across the 474 
ground. As the model considers a successive sequence of heat steps, all of them must be taken 475 
into account along the time (following the procedure summarized in fig. 3). When a certain 476 



 

 

experiment is done, the injected heat is stored and diffused across the ground, disturbing the 477 
initial values of its temperatures at the beginning of the next proof.  478 

Each experimental intermittent heat load has been applied by means of heat pulses with 479 
different duration, but for two tests, where it was variable. In any case, these loads have been 480 
precomputed for the model as a sequence of several heat steps. In all of them, “off” periods of 481 
heat pulses also imply that the fluid does not circulate. With the new STGF (see fig. 6), Tf is then 482 
modelled following eq. (9), for a single borehole, taking into account the aggregated loads which 483 
include previous heat steps, for both long (with average heat pulses known and time intervals) 484 
and short (in this case, associated to the current test) terms. 485 

Table 1. Test set for validation 486 

Test Nr. Heat Pulse, W Volumetric Flow rate, 

l/min [m3/s] 

∆τ periods on-off 

1 6000 15 [2.5·10-4] 12h-12h 

2 6000 15 [2.5·10-4] 15’-15’ 

3 Variable 15 [2.5·10-4] 6h-6h 

4 5000 20 [3.33·10-4] 12h-12h 

5 4500 20 [3.33·10-4] 10’-10’ 

6 Variable 20 [3.33·10-4] 6h 

Fig. 7 shows an example of results for one intermittent test (nr. 1 in Table 1): in the top 487 
graphic in Fig. 7.a, appears the real heat rate along the test (that presents oscillations due to the 488 
real operation of the device) and its fitting to a sequence of constant heat pulses Qj (W) that serve 489 
as input load profile to the model. In the centered graphic of this figure, average fluid temperature 490 
is shown, for both measured and modelled values. Here appears a limitation to be considered: 491 
when the fluid is at rest (“off” periods), and even at the initial moments where the fluid flows again 492 
(“on” periods), the extreme experimental temperatures are not representative for determining an 493 
average reliable value of Tf, because the internal diffusion of heat from the pipe changes its 494 
temperature profile. At these intervals, there is no sense in comparing results. Thus, the bottom 495 
curve in Fig. 7.a represents the deviation error εf (ºC) of these temperatures along the experiment 496 
(εf = Tf.measured -Tf,modelled). Values to asses are associated only to “on” periods (when the fluid 497 
circulates), neglecting those ones in the “off” intervals. As a result of this, Fig. 7.b shows a discrete 498 
density function of this estimation error.  499 



 

 

 500 
(7.a) 501 

 502 
(7.b) 503 

Figure 7. Results for test nr. 1: a) Complete period; b) Histogram of the deviation error εf 504 



 

 

In Fig. 8, an additional intermittent proof is also presented (case 2), with very short time 505 
intervals of the heat pulses. These intervals are representative of that first loop period associated 506 
to the fluid circulation, where differences might be higher.  507 

 508 
(8.a) 509 



 

 

 510 
(8.b) 511 

Figure 8. Results for test nr. 2: a) Complete period; b) Detail 512 
In the following proof (case 3, see fig. 9), the ECU has been programmed to establish 513 

pulses of constant inlet temperature, in order to reproduce an arbitrary heat rate along time.  514 



 

 

 515 
Figure 9. Results for test nr. 3 516 

It can be observed the similar tendency that model provides for Tf, being quite well fitted, 517 
for those intervals “on” where the transfer fluid circulates. The complex load aggregation is solved 518 
satisfactorily by the model in all of the cases, observing excellent results. Average measured 519 
temperatures vary in “off” periods depending on the ambient conditions, which make them to rise 520 
or down, but do not represents the internal diffusion into tubes along depth, because of the fluid 521 
stop. At these “off” intervals, the model takes into account negative heat steps into the aggregate 522 
heat load, thus information from simulations seems to be more reliable that measurements in 523 
these periods. Once the fluid starts to flow newly in an “on” stage, the temperature trend is 524 
recovered quickly, being quite well adjusted after a small interval of time.  525 

Up to this point, volumetric flow rate was the same as for the TRT. Following the Table 1, 526 
the rest of tests have been carried out with other value for it (20l/min). Results can be seen in 527 
Figs. 10 to 12. The two first tests correspond to intermittent behavior of heat pulses, while the last 528 
one takes a variable heat injection along time. The trends are also quite well adjusted.  529 
 In these last cases, a very little change appears in Rb with respect to that original Rb0, 530 
due to the film coefficient fluid-inner tube wall. Its effects are negligible, as can be seen. Moreover, 531 
the first loop step that appears in Fig. 6 (for about 900s) has a quite low influence in the final 532 
model results. Tendencies are maintained, thus the approach has not been apparently disturbed 533 
for this change in the volumetric flow rate. 534 



 

 

 535 
Figure 10. Results for test nr. 4 536 
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(11.a) 538 



 

 

 539 
(11.b) 540 

Figure 11. Results for test nr. 5: a) Complete period; b) Detail 541 

 542 
Figure 12. Results for test nr. 6 543 



 

 

In order to show the accuracy of all these results, some stochastic terms of the estimation 544 
error of Tf are presented in Table 2, demonstrating the high reliability of the method. 545 

Table 2. Average fluid temperature error estimations 546 

Test Nr. Mean 

(ºC) 

Standard deviation 

(ºC) 

Mode 

(ºC) 

Median 

(ºC) 

Coefficient of determination 

r2 (dimensionless) 

1 -0.03 0.23 -0.047 -0.036 0.98 

2 0.007 0.21 -0.085 -0.03 0.94 

3 -0.08 0.36 0.005 -0.11 0.99 

4 -0.35 0.15 -0.28 -0.34 0.94 

5 0.012 0.26 0.028 -0.004 0.96 

6 0.04 0.21 0.061 0.04 0.94 

Previous experiences validate their results based on: i) synthetic data, including several heat 547 
pulses along time; ii) experimental data, but for single heating pulses, without jumps in them. 548 
Thus, mean errors between 0,025ºC to 0,1ºC have been reported [14, 18, 19, 40]. In nearly all of 549 
the cases of this study, errors are included in that range, and even two of them present better 550 
results (cases nr. 2 and 5). For the worst of them (case nr. 4), it would be necessary a better 551 
adjusting of the heat rate step at the previous time before the test, which may reduce the mean 552 
value of that temperature error up to a 0,02ºC. In any case, it is important to remark that the tests 553 
carried out in this work correspond to quite extreme experiments with short heat pulses. Only a 554 
few of similar trials have been described, such as in [7].   555 

The excellent approach presented in Figs (7) to (12) and Table 2 demonstrates the high 556 
reliability of using a local experiment-based STGF into a single borehole. Model adjustments to 557 
those additional experiments validate the proposed method. As it can be seen in the results, 558 
variations in both volumetric flow and unitary heat rates can be reproduced adequately. Thus, 559 
TRT measurements along the entire experiment can be used, while before, a large amount of the 560 
information was discarded. From now, a local experimentally STGF can be quickly supplied, and 561 
directly used to design or optimize a GSHP system, also avoiding high precomputing times. 562 
Effects that Rb causes are negligible for short times, although it is important to secure a reliable 563 
value, because its influence is significate in the long-term, as can be seen in eq. (9).  564 

All the procedure has been repeated taking into account a p-linear average for 565 
determining Tf  [29]. As a result of the TRT analysis, λS=1.84 W/mK (2% lower than before) and 566 
Rb = 0.131mK/W (7% lower than before) and another STGF profile has been performed. Results 567 
for the set of experiments are quite well fitted in general. Nevertheless, for those cases with very 568 
short cycles (cases 2 and 5), the adjustments decay, with r2 around 0.9. It implies that the direct 569 
average approach from temperature measurements of the TRT is better to reflect the transient 570 
behavior of the first interval time of the test, which is reproduced later by means of the STGF. In 571 
any case, the p-linear average (p tending to -1) is recommended for a better determination of Rb 572 
using TRT data, although its repercussion is minimum in this study, so appreciable differences 573 
have not been observed.  574 



 

 

Thus, for a vertical GHE design procedure, it must be realized of the designer’s 575 
experience and the local market about drillings and materials, in order to a previous establishment 576 
of the dimensions of a single borehole, and its inner configuration: the STGF has a local effect, 577 
and will serve to evaluate the behavior of any borehole with the same characteristics to that 578 
tested: i) well diameter and material of filling (such as bentonite, preparing the mixing in the same 579 
way as the tested borehole); ii) tubes: material, diameter, thickness and type of tube (single U-580 
tube, double U-tube, and so on); iii) transfer fluid: being water, mixes water-glycol with known 581 
proportions, and so on. Over this basic composition, boreholes depth, heat pulses and volumetric 582 
flows can be changed for an optimal design into a certain GHE configuration of several boreholes. 583 

Some limitations do not allow generalizing this STGF, because it represents the local 584 
behavior of the soil and borehole where it is tested. Thus, it cannot be applied to: i) another 585 
different configuration than of that tested single borehole (e.g. another filling material); ii) other 586 
places with different thermal characteristics, even with the same borehole characteristics 587 
(material, geometries, and so on). 588 
4.- Conclusions 589 

The main conclusion that this study shows is the robustness of the proposed method, 590 
providing a reliable local STGF based on measurements from a TRT. It can also be concluded:  591 
- The low deviation errors associated with the model validation from such extreme experiments  592 
ensure the reliability of the proposed method. 593 
- The experimentally obtained temperature response factor characterizes the thermal behavior in 594 
a single well, although it can be easily extended to a complete field with any configuration. 595 
- The STGF curve shows sufficient precision, as it contains intrinsic information about local terrain 596 
conditions and backfill materials. Even assuming certain errors in the initial thermal 597 
characterization, these are minimized when executing the model. The accurate results presented 598 
in this work (see figs. 7-12) show the goodness of its use. 599 
- This strictly local application limits its use to the place where the TRT is performed, so the results 600 
cannot be generalized. It can only be applied to a set of perforations with the same characteristics 601 
as the ones tested: dimensions, materials in the well and transfer fluid. In any case, this should 602 
not be a problem, as a prior TRT is always recommended before designing a GHE. 603 
- The high reliability of the function allows studies with intermittent operation, variable heat rates, 604 
fluid flow rates and operating intervals, allowing an optimal design of any GSHP. 605 
- This function can be obtained easily and quickly, with a very low computational load. It 606 
represents an additional advantage over the previous methods. 607 
- The method extends the application of data measured by a TRT, giving it a greater impact. 608 
- The last moment of the TRT corresponds to the connection point between this experimentally 609 
based STGF and an analytical LTGF (widely validated), where both values match. It involves 610 
having a full temperature response factor function that includes short and long-term behavior, to 611 
be used at the design stage of any GHE configuration in a GSHP system 612 

In a future study, it may be interesting to search a function to depicts a variable borehole 613 
resistance, which must reach, by an asymptotic way, the constant value of Rb0 at the connecting 614 



 

 

point between STGF and LTGF. It would complement an STGF with a different profile from that 615 
presented here, with no negative values. Besides, as this process could be repeated at several 616 
locations with different thermal properties, results can be useful to search for a procedure to 617 
generalize this function. For this purpose, it is necessary to evaluate the relationships between 618 
thermal properties and those profiles.  619 
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