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Abstract: 

The BHE length for a given output power depends on the thermal characteristics of the geological layers as 
moisture, heat transfer coefficients, etc. Measuring the changes in the temperature inside the exchanger 
pipes can allow an accurate sizing of its length, therefor reducing drilling cost and the payback of the 
installation. 
A miniaturized autonomous wireless sensor, which measures the temperature while is carried by the fluid 
into the pipes of a geothermal heat exchanger, is used to determine the heat transfer capacity of each of the 
geological surrounding layers. The developed probe is encapsulated in a sphere of 20 mm of diameter with 
the same density as the fluid, and thereby is carried at fluid speed. Its features are: 

Temperature range: -10 a 50 ºC           Resolution: <0.05 ºC 
Accuracy: +- 0.05 ºC            Number of samples: 1000 max. 
Sample period: 0.1 – 25 s            Battery less and energy harvesting. 

The probe contains an ultra low power microcontroller, a temperature element Pt1000 with a response time 
of 80 ms, a conditioning circuitry, a non volatile register memory and a RFID device for configuration, data 
download and sensor supply, all carefully designed in a PCB of 16 mm Ø. An ultra capacitor is charged by 
RFID in order to power a miniaturized data logger, which can acquire up to 1000 samples. 
The objective of this sensor system is to expand the data collected during conventional thermal response 
test (TRT) and to apply numerical analysis in order to determine the thermal characteristics of the geological 
structure of subsurface and its influence in the borehole thermal behaviour. 
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1. Introduction 
To achieve the objectives of sustainability, environmental impact reduction and mitigation of 

climate change, the introduction of cleaner and more efficient energy technologies is essential. For 

instance, the use of ground source heat pumps (GSHP) or geothermal heat pumps (GHP) as heating 

ventilation and cooling system (HVAC) to conditioning spaces into buildings and to provide hot 

water, have a great potential to reduce greenhouse gas (GHG) emissions, energy savings and energy 

efficiency improvements [1]. A GSHP system can reduce GHG emissions by 66% or more than 

conventional systems that use fossil fuel, and saving up to 75% of electricity [2].  

A great effort has been made to spread the GSHP technology around the world by publishing 

compilations and reviews which presents the different models and constructive alternatives and 

their related advantages in energy saving and efficiency [2, 3, 4]. Some experimental facilities have 

been built with the aim of verifying the energy savings that can be obtained under conditions of 

normal use [5]. Thus, it has been shown that in temperate climates such as the Mediterranean coast, 

it can be saved about 43% on heating and 35% on cooling. Moreover, studies of district heating and 

cooling systems, demonstrate estimable savings in energy consumption in front of individual 

systems [6]. 



A key factor in order to increase the dissemination of GHP systems is to reduce the economic cost 

of Borehole Heat Exchanger (BHE) by an accurate design and sizing. A Response Thermal Test 

(TRT) was developed in Sweden and the USA in 1995 [7,8] and is currently used for sizing BHEs 

[9]. These TRT are based on the Infinite Line Kelvin model (ILK) and consist in measure the 

temperature evolution at input and output points while a constant power heat is injected or extracted 

into the BHE. Some limitations of these methods are the sensibility in presence of small variations 

of the heat injection or extraction and that assumes that the subsurface structure is homogeneous. 

Some works seem to suggest that, in some cases, a significant uncertainty related to the analysis of 

thermal conductivity for a typical TRT is related with the uncertainty of the heat injection rate.  

[10]. Moreover, the TRT is affected by other factors such as subsurface disturbance due to drilling 

and the ambient temperature, so different methods has been proposed to filter these effects [11]. In 

order to improve the calculus of thermal parameters obtained from the TRT, as subsurface thermal 

conductivity and borehole thermal resistance, a lot of works has been completed using both, 

analytical or numerical models [12, 13, 14, 15, 16, 17] and laboratory experiments. 

The ILS model assumes that the subsurface structure is homogeneous but that is the exception and 

not the rule in real GHP installations. To determine the subsurface geological structure, wet and 

water flows, may be a key factor to optimize power transfer/drilling depth relationship. An 

improved analysis strategy proposed, focused in reveal the effects of water flows and other possible 

heat transport processes, involves a multi level power injection [18]. On other hand, several works 

have explored alternative methods to TRT, introducing new temperature measurement systems 

along the U-tube using optical fiber temperature sensors or electronic autonomous sensor probes 

[18, 19, 20, 21, 22, 23, 24]. 

Furthermore, given the increased power of numerical computer-aided calculations and the 

introduction of very accurate and reliable simulation programs, a lot of works perform the modeling 

and simulation of heat transfer applying finite element methods in 2D and 3D models in static or 

dynamic regime [25, 26, 27, 28, 29]. Since the reduction in computer time is a very interesting 

factor in order to calculate the thermal parameters and layered structure of subsurface, some works 

propose to model the BHE by a net of thermal resistance and capacities [30, 31, 32, 33]. This 

approach shows a good data agreement between finite element models and capacity-resistance 

models, with a significant reduction in computing time, while allow both dynamic and static 

analysis. A proper use of these capacity-resistance models to represent real facilities, requires the 

measurement of the fluid temperature evolution along the pipes during TRT, and only measuring 

methods as optical fiber thermometer or temperature sensors flowing into pipes [34] can obtain the 

required input data for using this capacity-resistance model. The main characteristics of the probe 

described in [34] are:   

▪ Weight: 8 gr 

▪ Diameter: 25 mm 

▪ Temperature range: 0–40 °C 

▪ Resolution temperature: <0.05 °C  

▪ Accuracy temperature: 0.05 °C  

▪ Sampling interval: 0.1–25 s  

▪ Sampling capacity: 1,000 samples 

▪ Powered by non rechargeable button battery 

▪ Configuration and data download by RF (ISM 868 MHz) 

Therefore, it is limited to be used in pipes with a diameter larger than 25 mm, it cannot be employed 

when the temperature is below 0 ºC, and the useful life is limited by the battery capacity. 

Another configurations of heat exchanger used in GSHP, very interesting due to the reduction of 

costs involved, are those based on pipes embedded in diaphragm wall o piles [35]. For these 

installations, the conventional TRT offers no guarantee of applicability due to the fact that its 



geometry does not allow to use the ILK model. Measuring the temperatures inside the tubes as 

inputs for 3D finite element models or capacity-resistance models may allow to obtain the heat 

pump system design parameters more accurately. To achieve this goal, autonomous miniaturized 

sensors may be the most appropriate method to measure the evolution of the temperature inside the 

tubes while a TRT is completed.  

In this paper, a new version of this wireless temperature sensor flowing into the pipes [34] for 

measuring the thermal fluid during a TRT is presented. It consists of a small sphere (20 mm ø), 

which contains a programmable temperature acquisition system with wireless RFID power and 

communication capacities. It can be introduced inside the BHE pipes and flows with the thermal 

fluid along the whole pipe length while acquiring the fluid temperature. At the output, the sensor 

downloads all the measured temperature data by a wireless RFID connection to a laptop computer 

or a tablet. 

2. System description 

The objective of the sensor is to capture the evolution of the temperature inside the pipes along the 

BHE. To do so, miniature spherical temperature probes configured to measure the temperature at 

specified time intervals are introduced by a special valve inside the BHE pipe. The system can be 

used with standard TRT equipment in order to obtain additional internal temperature data, which 

allow the detection of the effects of geological layers, wet and water flow on heat transfer.  

Figure 1 shows a diagram of the auxiliary elements for sensor insertion (insertion and extraction 

valves) and its working process. The hydraulic and thermal power generation systems may be those 

of a TRT equipment. The sensor, which has 20 mm ø and 4 gr of weigh, is carried by the flow at its 

same speed due to the fact that it has the same density than water. Laboratory tests were performed 

in order to calculate the positioning error inside the pipe while the flow carried the sensor, obtaining 

a value smaller than 2% [34]. 

 

Fig. 1. Diagram of BHE and wireless sensor work. 



The operation mode of the sensors is as follows: first, the laptop charges the probe power subsystem 

by RF induction and waits until a capacitor is full. Then, the parameters of sampling, number of 

samples and period, are transferred to the sensor by RFID, and the probe is inserted into the BHE 

water flow by the insertion valve. Automatically the probe starts the process of acquiring and 

storing water temperature at programmed fixed intervals. Once the travel along the whole BHE pipe 

is completed, the probe is extracted by means of an extraction valve, the temperature data is 

downloaded to the control system and the probe goes to low-power mode. 

The small size of sensor allows it to be inserted into standard piping installations for BHE, usually 

32 mm ø. We can view it as an electronic device that measures, along the pipe, the thermal 

evolution of an elementary volume of water, that is, how is exchanging the heat with its 

surroundings. Figure 2 presents an image of the sensor, both encapsulated in a sphere of 20 mm ø 

and the not-encapsulated circuit, compared with a 1 cent € coin.  

All circuitry is disposed on a circular 2 sides printed circuit board (PCB) of 16 mm ø, which 

includes a 16 bits microcontroller with a 16 bits analog-to-digital converter (ADC) and biasing and 

conditioning circuit for a temperature sensor Pt1000; a non volatile RFID memory that allow 

wireless communications and energy harvesting to powered the probe; and an ultra capacitor which 

stores the energy power needed to temperature acquisition and register process. 

The temperature sensor is a planar element Pt1000 class A according to DIN EN 60751, mounted 

on a ceramic substrate of size 1.6 × 1.2 × 0.4 mm, and response time of 80 ms on water. This sensor 

type has some interesting characteristics: is inexpensive, drain low power during the measure and 

doesn't show spatial, temporal and temperature dependence as the optical fiber thermometers. A 

Wheatstone bridge polarized in voltage is used to energize the Pt1000 temperature sensor in order 

to obtain a differential signal, which is amplified and digitized by the analogue circuitry of the ultra 

low power microcontroller. 

 

Fig. 2. Electronic circuit of probe and encapsulated sensor. 

The characteristics of the autonomous sensor are:  

▪ Temperature range: -10 – 50 °C 

▪ Resolution temperature: <0.05 °C  

▪ Accuracy temperature: 0.05 °C  

▪ Sampling interval: 0.1–25 s  

▪ Sampling capacity: 1,000 samples 



▪ Battery less and energy harvesting 

This new probe version shows better characteristics in weight, size, time response, temperature 

range, supply power system, communication synchronization, and useful life, enabling better 

usability and applicability in a wide type of buried heat exchangers. 

A PC program has been developed using Labview® in order to configure, download, data storage 

and graphical plotting. The graphical user interface (GUI) is showed in Figure 3. The first step 

consists in set the values of acquisition parameters: flow, borehole deep, pipe diameter and spatial 

resolution. From these data is calculated the period and samples number to be acquired and 

transmitted by RF to the probe, with the start command acquisition, and it is inserted into the U-

pipe by a special valve. Then the probe changes to “in acquisition” state, remaining in sleep mode 

and switches to “acquisition” mode only when the period between samples is reached according 

with the loaded configuration. After temperature acquisition, the probe saves the data in internal 

memory, and the microcontroller goes to sleep mode again. 

When all planed measurements are completed, the probe changes to “inactive” state, and marks a 

data set as “acquisition completed”. The PC can access by RF to the data, transfer all the stored 

data, write in a file and show it graphically.  

 

 

Fig. 3.  Graphical User Interface to configure, download, register, and data visualize. 

3. Laboratory test 

A set of laboratory tests has been completed in order to verify the probe correct operation. First, a 

study about the level and stability of power voltage vas conducted. In less than ten minutes into a 

RFID field, the ultra capacitor reaches a voltage of 3.0 volts. In low power mode, the probes 

maintain enough power during several hours due to the very low current drained by the circuitry. 

A clock signal controls the probe tasks, which wake-up the microcontroller when the period of 

sampler has been accomplished. Acquire a new temperature measure requires only 2 ms of time, 

and drains 2.04 mA of maximum current. During a laboratory test consisting in acquiring 600 

temperature samples at a rate of one per second, the ultra capacitor only reduces its voltage in 300 

mV, from 3 V to 2.7 V. Figure 4 show a plot of a acquisition 600 samples in ambient temperature 

with a second of sampling period without calibration process. 

For correct and reliable use, each probe is individually calibrated by means of a thermal bath 

FRIGITERM 600038 from PSELECTA® and a high precision thermometer P755 from 

DOSTMANN electronic, in order to obtain the coefficients to linear fit. The user interface has a 

register of the coefficients of each probe and process the data in order to obtain values with the 



established resolution and accuracy. Figure 4 presents a screenshot of the graphical window user 

interface of the calibrated temperatures measured during a test at room temperature. 

 

Fig. 4.  Graphical print of a probe acquisition. 

4. Conclusions 

For the expansion of more efficient GSHP systems it is a key factor to develop simpler and more 

economic methods in both, time and money, regarding BHE sizing. Especially in the case of large 

BHE systems, new tools and methods for calculating thermal subsurface properties that allow 

exploit subsurface conditions, such as moisture, groundwater and water flows. The probe and 

software presented in this work, because of its ease of use and simple integration with standard 

equipment TRT, provides access to new data that offers the possibility of knowing the surrounding 

thermal properties, from inside the U-tubes, while performing the TRT. 

Furthermore, the probes are properly configured, the data downloaded and the circuitry powered by 

wireless transmission. The data collected and recorded allows the study and quantification of 

thermal subsurface effects, such as underground water flows, moisture, etc., usually not accessible 

for conventional TRTs. Additionally, this sensor technology does not use batteries, so its life is 

virtually infinite. 

Finally, this measurement system opens the door to detailed quantitative assessment, not only for 

vertical BHE configuration, but it can also be very useful for the characterization of other 

configurations such as diaphragm walls or thermal piles, nowadays in expansion due to the 

reduction of costs involved.  
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