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Figure 2. Installation of heat flux plate “Hukseflux” before asphalt pavement.

Figure 3. Heat flux data collection site, “Hukseflux,” under the plank.
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Figure 4. Network structure for wireless data collection of the heat flux sensor.
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The collected data were analyzed using the mathematical computing software MATLAB (Version
9.2., The MathWorks Inc., Natick, Massachusetts, USA) to extract information about the net flux of
the heat depending on the meteorological conditions of the season and the time of day. Statistical
computations were used to make the estimations of the future heat transfers.

2.3. Underground Temperature Measurements

The distributed temperature sensing (DTS) method was used to measure the temperatures in soil
layers under the asphalt pavement. This method was chosen because it is known to be usable in cold
climate regions [24] and is successfully used in monitoring of boreholes too. The boreholes can be
open-holes or sealed wells, as in this study, and the installation can be permanent [25–27]. This method
is based on optical light scattering in fiber [28]. Short pulses of laser light are sent to the optical fiber
by the DTS measurement device. Part of the incident light pulse is scattered by elastic scattering while
it moves along the core of the fiber. The properties of the scattered light are acquired by the DTS
measurement device, which then estimates the temperature based on the temperature dependent part
of elastic scattering [29,30]. An optical fiber, therefore, can be used as a linear sensor. In this study, the
temperatures were observed with 1 m spatial resolution.

A measurement fiber was installed into the vertical boreholes drilled under the asphalt
(more exactly described by Mäkiranta et al. [4]). The aim was to measure soil temperatures from
the depth of 50 cm down to 10 m at the same time. Temperatures under the asphalt layer were acquired
by a DTS device (Oryx DTS, Sensornet Ltd, Hertfordshire, UK) once or twice per month, depending
on the season. These measurements were made on site using special instruments in addition to the
meteorological data. The accuracy of the DTS device is +/−0.5 ◦C.

The structure of an asphalt-paved parking lot is shown in Figure 5. The thickness of the asphalt
layer is between 7 and 10 cm, the gravel and sand layer is about 60 cm thick , and the clay layer lies
beneath those. The physical properties of soil is listed in Table 2.

Figure 5. Soil layers under the asphalt in the measurement field at the University of Vaasa campus area.
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Table 2. Some physical properties of the soil in the literature [31–35].

Soil Type Specific Heat Capacity [kJ/kg·◦C] Density [kg/m3]

Asphalt 0.92 2400
Gravel 1.50 (dry) 1680 (dry)
Sand 0.84 (dry, 20 ◦C) 2660
Clay 0.88 (10% moisture) 1.76 (50% moisture) 1600 (dry) 1760 (wet)

3. Results

3.1. Analyzing Pyranometer and Heat Flux Data

The ratio of the incoming solar irradiance leading to a heat flux under the asphalt can be used
as a measure of the efficiency of the asphalt layer as a heat collector. The daily average absorption
ratio, σ, for the given day was calculated by integrating the solar irradiance, Ee (radiant exposure
[H] = Wh/m2) and heat flux, φ, over a 24 h period, as follows:

σ =
(1/T)

∫
t∈T φ(t)dt

(1/T)
∫

t∈T Ee(t)dt
=

φ

Ee
(1)

This formula applied for the 23th of April gives the following result:

σ =
14 Wh/m2

230 Wh/m2 = 5.9%, (2)

As expected, the soil warms up in April, which is spring time in the northern hemisphere. The net
heat flux is rather small due to high negative flux during the night. Liquid circulation assisted by
pumps could be utilized for optimizing the heat transfer to the soil. Heat loss can also be reduced
by many other technical means, such as by selecting optimal materials in different soil layers, or by
using an insulating cover during the night. The full potential of the asphalt layer can be estimated by
calculating the absorption ratio in an optimal case where the nighttime heat loss is totally eliminated
by accumulating only the positive heat flux. The absorption ratio of this optimal case, σp, is:

σp =
139 Wh/m2

230 Wh/m2 = 60%, (3)

Although the average heat flux was 139 Wh/m2 during the daytime, which is 60% of the daytime
solar irradiance, the absorption rate for the entire day was only 14 Wh/m2, which is only 5.9% of the
solar irradiance. This reduction was caused by the heat loss that occurred during the nighttime; see
Figure 6.

3.2. Relation between the Cumulative Heat Flux and Soil Temperature

The soil temperature, T, is directly proportional to the heat, Q, stored in the soil since Q = c m ΔT,
where m is the mass of the volume unit of soil [m] = kg/m3 and [c] = [kJ/kg·◦C] is the specific heat
capacity of soil. Since the heat, Q, is an integral of heat flux, φ, in time t and the surface S, the following
equation, showing the dependency between soil temperature and heat flux, is obtainable:

∫ t

0

∮
S
�φ · d�s dt = c m ΔT, (4)

where φ is the heat flux into the unit of soil volume surrounded by the closed surface, S, during time dt.
The pyranometer and the heat flux plate data were used for estimating the absorption efficiency

of the asphalt layer. Changes in the underground temperatures were acquired using the DTS
measurement method, and they are proportional to the integral sum of the net heat flux.
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As an example of daily data analysis, Figure 6 represents the measured solar irradiance and heat
flux on the 23rd of April.
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Figure 6. Solar irradiance, Ee(t)[W/m2] (pyranometer) and heat flux, φ [W/m2] (heat flux plate), as a
function of time (h) for the 23rd of April 2015.

The solar irradiance measured by the pyranometer is always positive since it represents the solar
energy received as watts per square meter. The data shown in Figure 6 spans from 00:00 until 23:59.
The sunlight on the 23rd of April 2015 started at 3:30 due to the northern latitude of Finland and lasted
until 17:00, having a peak of 900 W/m2 at 11:00. The data were sampled every 10 s and included
relatively large and fast fluctuations due to cloud shadows and reflections.

Figure 6 also represents the net heat flux, φ, through the asphalt surface for the same day. Heat flux
can have negative values when the thermal energy is dissipated back onto the surface from the ground.
The figure shows that the solar irradiance induces a positive heat flux towards the ground, whereas
the heat flux becomes negative when the irradiance is close to zero. The solar irradiance must be
greater than the heat loss to achieve positive heat flux. The heat loss depends on the soil temperature,
air temperature, and the weather conditions. The heat loss is relatively small in spring when the soil
is still cool and relatively high in autumn when the soil is warm. Although the peak heat flux was
700 W/m2, the average heat flux φ for the given day was only 14 W/m2. The average heat loss was
approximately 130 Wh/m2.

Figures 7–10 illustrate the instantaneous balances during 5 day periods of heat flux (average
net heat flow and average positive heat flow are measured with heat flux plate, including diffuse
irradiance) and irradiance (direct solar irradiance measured by pyranometer) in four different seasons.
The data shown in the figures are summarized in Table 3. Heat flux value for autumn is negative
because the soil is still warm but is cooling down continuously. In winter, the positive heat flux is
small, depending more on the air temperature than negligible irradiance, and losses are small due to
the annual soil temperature minimum and the insulating snow cover. The soil starts warming quickly
during spring when the irradiance is increasing but the soil temperature is still low, keeping losses
small. Solar irradiance is greatest during the summer, but the net heat flux is not very strong because
the soil is already warm and the losses are also high.
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Average net heat flux φ −27 W/m2

Absorption ratio σ −30%
Average positive heat flux φp 60 W/m2

Absorption ratio, positive flux σp 65%

Figure 7. Instantaneous solar irradiation Ee [W/m2] and heat flux φ [W/m2] from 26 Sep to 01 Oct
2014 (autumn) as a function of time and estimated average values as a function of time (day).
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Figure 8. Instantaneous solar irradiation [W/m2] and heat flux [W/m2] from 24 to 29 Jan 2015 (winter),
and their estimated average values as a function of time (day). Both irradiance and heat flux are
negligible and heat flux is more dependent on the temperature than irradiance.
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Figure 9. Instantaneous solar irradiation Ee [W/m2] and heat flux [W/m2] from 20 to 25 Apr 2015
(spring) as function of time (day) and their estimated average values.
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Figure 10. Instantaneous solar irradiation Ee [W/m2] and heat flux φ [W/m2] from 15 to 20 Jun 2015
(summer) as a function of time (day) and their estimated average values.
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Because thermal energy loss due to radiation and convection also occurs during daytime, the
positive heat flux could be further improved by lowering the temperature of the surface during daytime
hours; for example, by collecting and transferring thermal energy to seasonal storage. This would
allow the utilization of this urban renewable energy even in cold climate regions. Further research is
needed to find the full potential of the asphalt heat collection and storage system.

3.3. Temperature Distribution Measurements Using DTS

Using the DTS system, temperatures were measured periodically at certain depths.
These measurements helped to analyze how the temperature below the surface is distributed.
The selected measurement depths in this research are 0.5 m, 1 m, 1.5 m, 3 m, 5 m, and 10 m.
Measurements for a period of one year are represented in Figure 11. From April to September,
temperatures rise in the shallowest layers. Instead, from October to March the temperatures decrease.
At the depth of 10 m the differences in temperature in the shallowest layers have no effect anymore.

Figure 11. Seasonal soil temperatures at different depths from the surface according to the DTS
measurements. During the summer (April–September) temperatures near the surface increase, and
during winter months (October–March) the surface is the coldest. At 10 m depth the effect of the Sun
is diminished.

Figure 12 represents the temperature changes of the upper layers of the ground from the surface
down to 10 m. The data, acquired from the DTS system, clearly indicates that the deeper layers of
the soil react to the heat flux with delay compared to the shallowest layers of the soil. This delay
depends on soil type and heat conductivity, k. The curves for July and October show that the shallowest
layers are already cooled down in October, but the temperatures of depths below 4 m tend to stay
steady. The curves for October and December show that while the shallowest layers keep cooling
down, the temperatures of deeper layers also drop. After the snow melts in April, the temperature
of the shallowest layer begins to increase but the deeper layers are not affected. During May and the
following months of summer, the temperatures continue to increase. Deeper layers are always more
steady than the surface, and they absorb or release thermal energy much more slowly. The temperature
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change near the surface is positive between April and August and negative from the beginning of
August until the beginning of March. The deeper layers of soil keep the thermal energy longer than
the surface layer, and therefore, the cumulative thermal energy begins decreasing in the middle of
October. When fast temperature increase occurs on the shallowest layers, some thermal energy can be
delivered to the deeper layers to be stored.

Figure 12. Soil temperatures measured at different depths (0.5 m, 1.0 m, ..., 10 m) and the weighted
average temperature of the whole 10 m deep layer.

Figure 13 shows the solar irradiation and the cumulative heat flux from asphalt to the deeper soil
layers. In addition to showing the net heat flux, the negative and positive parts of the heat flux are
also integrated separately to obtain a better understanding of the flow. The cumulative net flow and
the temperature of the soil are increasing until the 26th of September, when the cumulative irradiance
is 870 kWh/m2; cumulative positive, negative, and net flows are 610 kWh/m2, 460 kWh/m2, and
150 kWh/m2, respectively. The positive, negative, and net flows correspond to 70%, 53%, and 17%,
respectively, of the cumulative solar irradiance.

Figures 12 and 13 are not directly comparable, since they contain measurements taken in different
years, but show similar results. Furthermore, the heat flux of the asphalt surface is not directly related
to the internal heat exchanges inside the soil. Better conformance is obtained by comparing the
cumulative heat flux with the average temperature through all soil layers, shown by the black line in
Figure 12.
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Figure 13. Hourly integrated cumulative irradiance and cumulative heat flux under the asphalt layer
over an annual cycle. The net flow consists of the cumulative hourly positive flow into the ground and
the cumulative hourly negative flow escaping from the ground. After the warming period, in 26th of
September the positive flow is about 70% of the solar irradiance and the net flow is only about 17% of
it. Irradiance PVGIS is the Solar irradiance estimated using the Photo Voltaic Geographical Information
System [36,37].

4. Discussion and Conclusions

The data collected in this research make it possible to analyze the performance of the asphalt as a
heat collection system during any time of the year. Selected periods of five-day data from every season
of the year were analyzed and are represented in Figures 7–10.

When thermal energy is collected by the asphalt layer, the temperature rises, causing a temperature
gradient that drives a heat flux through the soil, according to Fourier’s law, φ = −k∇T. Here k is the
thermal conductivity [k] = W/m K, and T is the temperature [T] = K . The temperature distributions
shown in Figure 11 reveal a high gradient in the topmost gravel layer and a gentler sloping gradient
in the deeper layers, such as clay and bedrock. The same observation was seen in the preceding
laboratory measurements as well, as reported in [14]. This structure is not desirable for solar energy
storage. The thermal energy flowing through the asphalt is not efficiently distributed in the bigger
soil volume because it is dissipated back to the atmosphere during the night until the thermal energy
penetrates deeper layers (Figure 13). The heat loss can be eliminated by decreasing the soil surface
temperature close to the ambient temperature by transferring the thermal energy from the surface.
For this purpose, the model in which the energy is harvested from the surface and stored 6 m under
the surface, expressed by Ho et al. [15], could be a working solution. The ground structure could be
optimized by increasing the conductivity of the surface by changing the materials or by irrigation.
According to Loomans et al. [6] the thermal energy could be harvested inside the asphalt, between two
asphalt layers. In their model there are several layers—a thin asphalt layer on the surface, the asphalt
pavement layer, and an asphalt layer with heat transfer tubes, and beneath them, asphalt layers again.

Figures 12 and 13 indicate that the net heat flux becomes positive during March or April,
depending on the year, and turns back to negative in September or October. The surface reaches
its peak temperature at the end of July but remains warm enough to continue driving positive net
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heat flux to the ground until the 26th of September. The average net heat flux is less than 15% of the
available irradiance due to the nighttime thermal energy losses, while the average positive thermal
energy is 64% of the irradiance. This positive heat flux could be more efficiently utilized by reducing
nighttime losses, which were, according to Table 3, 3/4 of the positive heat flux during spring and
summer, and even higher during autumn.

Table 3. Average solar irradiance, heat flux, and absorption ratios over five day periods in all seasons.
The first three rows represent the average net heat collection values over the whole period and the next
two rows represent the corresponding values for positive values.

Parameter Autumn Winter Spring Summer Yearly Average

Average solar irradiance Ee 92 W/m2 11 W/m2 230 W/m2 260 W/m2 148 W/m2

Average net heat flux φ −28 W/m2 −1.9 W/m2 42 W/m2 8.4 W/m2 9.5 W/m2

Absorption ratio σ −30% −18% 18% 3.3% 6.4%

Average positive heat flux φp 60 W/m2 16 W/m2 150 W/m2 190 W/m2 104 W/m2

Absorption ratio, positive flux σp 65% 145% 65% 73% 70%

The measurements revealed that the current efficiency of the asphalt pavement in absorbing
solar irradiation during the soil warming period between 1st of January and 26th of September is
about 17% (see Figure 13). If the nighttime escape of thermal energy can be eliminated, transferring
thermal energy away from the surface, the efficiency could be up to 70% in the same time period
(Table 3). The efficiency could also be increased by covering the asphalt field with insulating cover
during the night. The cumulative irradiance, net heat flux, and positive heat flux in the asphalt field
during the soil warming period were 870 kWh/m2, 150 kWh/m2, and 610 kWh/m2, respectively.
Cumulative irradiance, net heat flux, and positive heat flux during the whole year were 930 kWh/m2,
83 kWh/m2, and 670 kWh/m2, respectively. These results imply that the asphalt layer could
potentially collect up to 670 kWh/m2 (see Figure 13), provided that the losses can be properly handled.
The temperature of the surface layer is relatively low, exceeding +20 ◦C at 0.5 m depth only in the
middle of the summer. The temperature of the heat collection liquid usually needs to be elevated using
heat pumps before it can be used for heating purposes. In some applications, such as melting the snow
on the asphalt field or making electricity by using thermocouples [38], it could be used without heat
pumps. DTS measurements show (Figure 11) that the annual changes in the soil temperature, caused
by the solar radiation, mostly occur within the first 10 m below the ground level. Identical results have
been found by Ho et al. [15].

Some unexpected environmental factors occurred while taking the measurements, such as
shadows of cars parking over the measurement area. The long time, which were needed to take
the measurements, caused some interruption in data acquisition. These interruptions were mainly
caused by battery depletion, software resets due to power shortages, and other unknown reasons.
Measurement equipment could be developed by getting an instrument amplifier and backup power.
In the future, these losses could be estimated and compensated for using Kalman filters and other
estimation methods. In such a study, the asphalt and the layers below it are typically used in Finland.
These results must not be generalized if the layers and the surroundings differ from those in this
research. The data were acquired during a 1–2 year period, which is relatively short term taking into
account the annual variation in weather.

In this research, the heat collecting properties of the existing asphalt fields were analyzed and
some suggestions for improving the collection efficiency were made. Three independent methods were
used to measure the solar irradiance, heat flux, and soil temperature, to explain the behavior of the
asphalt pavement for collecting solar energy. This combination of methods was found to give valuable
information for harvesting and storing of solar energy in cold climate region. Further research using
thermal simulations and experiments is needed to study how much the active and passive heat transfer
mechanisms, such as under-asphalt soil structures, could improve the net thermal energy collection
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efficiency in a practical case. Complementary information could be measured by using a radio net
meter to measure the absorption and emission of the asphalt. [6] When the vertical temperature
distribution (thermal gradient) in the soil is known, it can be used to optimize geothermal energy
harvesting and storing applications in the future. An interesting model with which to apply the results
of this study for a snow-melting system was proposed by Ho et al. [15]. The model consists of two
pipe lines. The first one is embedded below the pavement and an another is located 6 m under the
surface. The upper pipeline can be used to harvest heat in summer and for snow-melting in winter.
Another pipeline can be used as a seasonal energy storage in summer and used for snow-melting in
winter. The optimized asphalt pavements could act as solar collectors [1,39] and mitigate the urban
heat island (UHI) effect [40].
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