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Tiivistelma

Tama vaitoskirja arvioi, ovatko uudet geoenergialihteet sedimentista ja asfaltin alta
mahdollisia ja kayttokelpoisia Suomen ilmasto-olosuhteissa. Tutkimus koostuu tapaus-
tutkimuksista, jotka on tehty kahdella kenttatutkimusalustalla pohjoisessa kaupunki-
ymparistossa: Suvilahden sedimenttilimpokohteessa ja asfalttienergiakentalla Vaasan
yliopiston kampusalueella. Sedimenttilaimmon kaytettavyytta on tutkittu pitkaaikaisilla
lampotilamittauksilla selvittaen, onko sedimenttilimpo vuosittain uusiutuvaa energiaa.
Pitkaaikaisia lampotilamittauksia on tehty myos asfalttikentalla, jotta voitaisiin maarittaa
lampoenergian riittavyys hyodyntamista varten. Tutkimus sisaltaa lampoenergiamaaran
arvion molempien urbaanien lampoenergialahteiden osalta. Tahan vaitoskirjaan on sisal-
lytetty yhteensa seitseman julkaistua artikkelia.

Lammon palautumisen havaittiin olevan taydellinen sedimenttikerroksessa kesan aikana.
Sedimenttilimpoon perustuvan matalaenergiaverkoston  energiansaastokyky
todennettiin myos. Tarkoituksenmukaisen lammoénkeruuverkoston suunnittelun ja
mitoituksen  havaittiin  olevan  tiarkeaa sedimenttilimmon  kaytettavyydelle.
Asfalttikerroksen osalta tulokset osoittavat, etta asfaltin alla on riittavasti energiaa
kaytettavaksi lammonlihteena. Keskimaaraisen nettolampovuon mitattiin  olevan
vahemman kuin 15 % saatavilla olevasta sateilyvoimakkuudesta yon aikaisten lampo-
havioiden vuoksi.

Merenpohjasedimentti on luonnollinen lampovarasto, joka on uusiutuvaa ja vuosittain
tdysin auringon lataamaa energiaa. Asfalttilampo on sopiva lammonlihde, jopa
pohjoisissa oloissa. Havaitut lampotilat 0,5 m syvyydessa asfaltin alla ovat positiivisia
huhtikuusta joulukuuhun. Asfaltti on urbaani geoenergialihde, joka on rakennetun
ympariston sivutuote. Asfalttilammon kaytettavyytta voitaisiin lisita optimoimalla
maaperan rakennetta pinnan paremman lammonjohtokyvyn aikaansaamiseksi ja
paivittaisella laimmon keraamisella kausivarastoon.
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1 INTRODUCTION

Eliminating the practice of burning of oil and coal is a reasonable objective in the
quest for a sustainable future. Geothermal energy is both cleaner and renewable
energy. Its use also helps to slow down climate change.

Finland’s heating energy demand could be covered by renewable domestic
solutions. This strategy would also improve energy self-sufficiency.

Geothermal energy is thermal energy generated by the Earth. Actually, the
continuous cooling of the Earth emits heat. The liquid mass erupting from the
outer core of the Earth sets free thermal energy in the form of hot wells, volcanic
eruptions and earthquakes. However, the main source of geothermal energy is the
decay of long-lived radioactive isotopes. (Lowrie 2007, Boden 2016.)

Pure geothermal energy plays a minor role in Finland and other non-volcanic
regions. Instead, shallow geothermal energy i.e. geoenergy, mainly originating
from the Sun, is a feasible heat source. (Bertermann et al. 2015, Lund et al. 2016,
Zohuri 2018). Geoenergy is low-enthalpy geothermal energy by nature. It is
utilized via heat pumps to heat and cool houses (Stober & Bucher 2013, Eicker
2014, Quaschning 2014, Bertani 2017, Rosen 2017).

There is abundant thermal energy in urban environments. Part of it exists due to
roads and parking place pavements. Urban geoenergy accumulates in surface
layers of the ground, in shallow watercourses and sediment layers beneath the
water. This study concentrated on two sources of shallow geothermal energy and
their potential to provide renewable urban heat: seabed sediment and asphalt
fields.

1.1 Background

It has been observed that geothermal heating systems may malfunction after
several years of use if their geothermal bedrock wells are not drilled deep enough.
(Nordell & Ahlstrom 2007, Andersen & Gehlin 2018). There is incomplete recovery
of heat balance in the borehole due to the overuse of heat. Seabed sediment heat
is shallow geothermal energy but its potential for annual reloading still needs to be
studied. This thesis investigates if sediment heat is annually renewable energy and
evaluates the extent of recovery of heat balance that is achieved in the sediment
layer before autumn.
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Shallow geothermal boreholes can function properly if they can be loaded with
some excess heat from another source. Asphalt heat could be one such solution.
Asphalt has been studied as a solar collector by many researchers and companies
(Sheeba & Rohini 2014, Mallick et al. 2012, ICAX Itd. 2012, Zhou et al. 2015, Ooms
Produkten 2020). Bobes-Jesus et al (2013) have researched many applications
concerning asphalt heat and seasonal storing. Qin & Hiller (2014) noticed that
daily cumulative heat storage in deeper ground is only 5 % of the solar absorption.
Hermans et al. (2014) has reviewed several methods, including DTS (distributed
temperature sensing), to monitor spatial and temporal temperature changes in the
subsurface with shallow geothermal applications. This thesis assesses if there is
appropriate heat under the asphalt layer to be utilized in Finnish climate
conditions, and if the thermal energy is directly usable, or, for instance, should be
sent to bedrock storage.

Other key aspects that need to be addressed in determining the potential of
sediment heat as a heat source are its energy-saving ability and how to plan and
size the heat-collection network. This thesis considers these issues.

The estimation of the amount of available energy from both sediment and asphalt
sources is also studied in this thesis. When selecting shallow geothermal sources it
is important to be able to assess their available energy potential and long-term
sustainability.

1.2 Objectives and scope

The objective of this research was to evaluate if novel shallow geothermal energy
sources are viable and usable in Finnish climate conditions with four seasons. The
scope of the thesis was sediment and asphalt heat. To achieve its objective this
research needed 1) to verify the usability of seabed sediment and asphalt heat and
2) to estimate the available energy from both sources. This work studied the
thermal behavior of these heat sources in a high latitude. The amount of thermal
energy was clarified and in which conditions it could be utilized.

1.3 Research approach

This was empirical research, implemented by a quantitative experimental research
method. The study consisted of case studies implemented in two study platforms:
Suvilahti sediment heat installation and an asphalt energy field including a
comparable field with lawn cover at the University of Vaasa (UVA) campus site.
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This study explains the reason and consequence relationships and defines the
phenomena which are described by the measured numerical data and calculated
values. The research material was produced by measurements on study platforms
with chosen methods and by analyzing data. The seabed sediment temperature
data was measured in Suvilahti every month in the years 2013—-2016. The
temperature data of an asphalt and lawn field was measured in the UVA campus
every month in the years 2014—2017. The frequency of measurements was raised
above once a month during summers at the UVA campus site.

1.4 Research questions, included publications and
dissertation structure

From the main research objective of the thesis, the following research questions
(RQ) arose.

The usability of new thermal energy sources:
RQ 1. The usability of sediment heat

e Is sediment heat annually renewable energy? How good is the recovery of
heat during summer? (Papers I, II, III, IV)

RQ 2. The usability of asphalt heat

e Is there sufficient thermal energy in the ground under the asphalt layer to
be a viable heat source? Is asphalt heat usable with the normal asphalt
building structure (gravel, sand and clay)? (Papers V, VI, VII)

RQ 3. How much thermal energy is available from renewable urban heat sources:
sediment and asphalt? (Papers IV, VI)

In order to answer these research questions, experimental studies were carried out
and seven publications were produced. Four publications cover seabed sediment
heat (Papers I, II, III and IV) and three publications address asphalt heat (Papers
V, VI and VII). Taken together, these papers provide a unique approach to urban
geoenergy applications and their usability in Finnish climate conditions. The long-
term measurements are a key element in both research platforms. This
dissertation introduces the advantages of urban geoenergy sources but also reveals
the critical points of sediment and asphalt heat usability. The novelty of the
dissertation is its exploitation of unique open-air research platforms (both
sediment and asphalt heat) in a high latitude in order to thoroughly examine the
feasibility and usability of these partially researched energy sources.
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The objective of Paper I “Renewable, carbon-free heat production from urban and
rural water areas” was to describe the sediment heat energy system in Suvilahti
and analyze the heat energy consumption and energy-saving ability of a single
family house in Suvilahti”s low-energy network.

In Paper II “Correlation between temperatures of air, heat carrier liquid and
seabed sediment in renewable low-energy network” the objective was to study the
adequacy of network sizing with the help of possible correlations between ambient
air, heat carrier liquid and sediment temperatures.

In Paper III “Seabed sediment as an annually renewable heat source” the objective
was to verify the possible cooling or annual renewability of a sediment heat source.
The effects of long-term usage of heat for a low-energy network”s usability were
studied, with the help of the comparison between autumn months with the highest
sediment temperature and months with the lowest sediment temperature during
the following winter in 2008—-2009, 2013—2014 and 2014—2015.

The objective of Paper IV “Seabed sediment — a natural seasonal heat storage
feasibility study” was to estimate the annual amount of thermal energy charged
into the sediment by the Sun. The estimation was compared with the amount of
exploited energy. Additionally, the annual loading of sediment heat was studied
with the help of long-term temperature measurements by comparing sediment
temperature differences between the warmest and the coldest months of the year.

Paper V “Design of asphalt heat measurement in Nordic country” presented the
design and implementation of a unique site measurement field for monitoring
solar radiation, heat flux and temperatures under asphalt cover. The design and
implementation of a comparable measurement field in the lawn yard was also
introduced.

The objective of Paper VI “Utilizing asphalt heat energy in Finnish climate
conditions” was to measure temperatures under (depths 0.5—10.0 m) the asphalt
layer over a three-year period, determine the depth of constant soil temperature
(CST) and compare available energy at a depth of 0.5 m under the lawn layer with
that available under the asphalt field. The aim was to determine if asphalt is an
appropriate heat source in high latitude.

In Paper VII “Temperature measurements on a solar and low-enthalpy geothermal
open-air asphalt surface platform in a cold climate region” the objective was to
define the amount of energy absorbed by asphalt, the energy conducted through
the asphalt layer and the energy conducted to ground beneath the asphalt.
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The dissertation structure is as follows:

Chapter 1 introduces the topic and clarifies the background. It defines the scope of
the research and sets the objectives. It presents the research approach, questions
and structure.

Chapter 2 presents shallow geothermal energy, urban energy, the Finnish weather
conditions and the technical issues of heat-collection.

Chapter 3 introduces the research’s two study platforms and methods. One
platform is a residential community with a sediment heat based, low-energy
network and the other is an asphalt-paved parking lot at the UVA campus site, with
a comparable lawn field to study the usability of asphalt heat. The end of the
chapter addresses the validity of the research and evaluation of its methods.

Chapter 4 is presents the results from Papers I-VII, concentrating on those that
answer the research questions. First, the usability of sediment heat is clarified,
followed by that of asphalt heat. The available energy of sediment and asphalt heat
sources is addressed at the end of this chapter.

Chapter 5 discusses the results and suggests future research topics.
Chapter 6 presents the final conclusions and the novel findings of this thesis.

Chapter 7 is a summary of the chapters 1-6.
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2 SHALLOW GEOTHERMAL ENERGY

Renewable energy has a central role in mitigating climate change. The discussion
is often concentrated on electricity production, but heating, and nowadays also
cooling, are critical aspects of life in higher latitudes like Finland. Several
renewable energy solutions for heating already exist, such as bioenergy, solar
energy and geothermal energy. This thesis examines the new concept of shallow
geothermal energy as a heat source, especially in urban areas under Finnish
climate conditions. Harnessing locally available existing heat is a modern way to
implement beneficial climate actions and reduction of CO. emissions. Smart cities
are using local renewable energy (Picon 2015, Song et al. 2017, Bhatia et al. 2018).

2.1 Urban energy

Urban areas generate heat locally due to traffic, people, buildings, different
pavements (Santamouris 2013) and lack of flora. (Oke 1982, Chen et al. 2017,
Mohajerani et al. 2017). Francesco Musco et al. 2016 point out that waste heat
generated by energy consumption (heating and cooling plants, industrial activities,
transport etc.) is one of the key factors increasing ambient air temperature. This
urban energy, including urban geoenergy, accumulates in surface layers of the
ground and in sediment layers under shallow water courses. This thesis makes a
more detailed study of asphalt heat and sediment heat. Sediment and water
courses can be seen as natural heat energy sources (Fang et al. 1996, Banks 2012,
Jones et al. 2016, Bush 2018) whereas asphalt heat originates from the built
environment. The collection of heat depends on the weather conditions.

2.2 Weather conditions in Finland

The Finnish climate has characteristics of both maritime and continental climates.
Therefore, it is called an intermediate climate. The Gulf Stream influences the
Finnish climate by continuously warming the region. Winters in Scandinavia and
Fennoscandia would be much colder without that stream. (Climate guide 2020).
The weakening of the Gulf Stream may mean very severe winters for Finland
(Caesar et al 2018). However, summer heatwaves may become more common with
the global rise of average ocean temperatures. Anomalies of sea surface
temperature may still occur. (Duchez et al 2016).

Due to the northern location, with latitudes from about 60° to about 70°, Finland
has four distinct seasons. The northern hemisphere is exposed to more direct
sunlight during May, June, and July. The Earth's axial tilt means the Sun is higher
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in the sky during the summer months, increasing the solar flux in the north. When
coupled with seasonal lag of heat transfer, this means June, July, and August are
the warmest months in the hemisphere (see Table 1.)

Table 1. Average ambient air temperatures [°C] in Vaasa, Helsinki and
Utsjoki in April 2013—March 2017. (Finnish Meteorological
Institute 2020).

VAASA HELSINKI UTSJOKI
2013 April 2.4 3.1 -2.4
May 12.7 12.6 8.1
June 15.6 17.5 139
July 16.4 18.1 14.0
August 16.1 17.2 131
September 11.9 12.6 8.6
October 6.3 7.5 -0.1
November 2.6 4.7 -6.3
December 0.8 2.3 -8.7
2014 January -8.0 -5.9 -17.5
February 0 0.2 -4.8
March 1.3 2.1 -5.1
April 4.2 5.9 -1.0
May 9.3 10.6 3.4
June 12.6 13.5 9.2
July 20.0 20.1 15.4
August 16.5 17.9 12.2
September 11.5 13.0 6.2
October 5.0 6.7 -0.2
November 1.0 3.2 -7.9
December  -0.7 0.1 -10.8
2015 January -3.1 -0.9 -16.1
February -0.2 0.9 -8.0
March 1.1 2.4 -3.3
April 4.0 53 0.8
May 8.4 9.3 5.1
June 12.1 13.3 9.2
July 15.2 16.4 10.9
August 16.5 17.5 12.7
September 12.1 13.7 8.4
October 5.9 6.4 -0.2
November 3.9 5.6 -4.4
December 1.2 33 -9.1
2016 January -9.7 -8.8 -19.2

February -2.3 0.3 -8.6
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March 0.1 0.9 -4.8
April 3.3 4.8 -0.2
May 11.0 13.8 8.2
June 14.0 15.3 9.8
July 17.2 17.8 14.8
August 14.6 16.4 10.5
September 11.9 13.3 7.8
October 4.0 5.6 2.3
November -1.1 0 -6.8
December  -0.5 0.2 -9.0
2017 January -2.3 -1.9 -10.1
February -3.9 -2.0 -10.7
March -0.3 1.2 -6.5

Frozen ground and frost heave are phenomena which are part of a Finnish winter.
However, permafrost, as experienced in Siberia for example, does not occur in
Finland. Frozen ground makes the availability and usability of asphalt heat slightly
challenging and even questionable in higher latitudes. However, applications
already exist in cold environments (Gordon 2005, ICAX 2020, Morita&Tago
2000).

2.3 Technical issues of heat collection

Utilization of thermal energy from asphalt or other cover materials is possible with
current ground source heat-collection systems. Sediment heat harvesting is also
possible via current coaxial heat-collection pipes and liquids. Horizontal
directional drilling (HDD) is used to install the pipes into the sediment layer
(Xufeng et al. 2018). The temperature of the collected heat must be raised by a heat
pump before it is usable for house heating.

Heat pumps have been used in Finland since 1970. According to Sulpu ry (2020),
there were over one million heat pumps sold by the end of 2019. Finnish
environmental policy has affected the popularity of heat pumps. (Majuri 2016).
They are commonly used either as a main (ground source heat pump GSHP, air-
water heat pump AWHP) or secondary heat source (air source heat pump ASHP,
exhaust air heat pump EAHP) in single family houses. Centralized heat-pump
systems for several buildings with a semi-deep (2 000—4 000 m) borehole are a
new and upcoming trend in the field of Finnish geothermal energy (YLE Uutiset
20.1.2020, Helsingin Sanomat 2.6.2020). Innovative applications will be seen, for
example, keeping a canal fluid in winter (YLE Uutiset 27.1.2020). An even more
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ambitious project is seen in Espoo, where the aim is to use deep geothermal heat
(6 000—7 000 m) for a district heating network. Geothermal energy is sure to be
part of Finnish district heating in the future. (YLE Uutiset 28.11.2014, Lansivayla
20.5.2020)
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3 RESEARCH PLATFORMS, METHODS AND VALIDITY

Rather than use simulations, this study chose to build open-air platforms to
acquire data in real Finnish conditions from both asphalt and sediment sources.
As a comparison for the asphalt field, similar measurement conditions were made
for the lawn field nearby. Sediment temperature measurements could be
compared with ones made by the Geological Survey of Finland in 2008-2009.

3.1 The feasibility study of sediment heat: Suvilahti case

Suvilahti is a suburb located only 3 km south of Vaasa city center. The suburb was
built in 1969, with additional building completed nearly 40 years later. This later
development includes 20 private single-family houses, 28 semi-detached houses
and three apartment buildings, totaling 130 apartments, located next to the coast.
These buildings were part of a housing fair in 2008. One of the fair’s themes was
ecology and renewable energy. (Suomen Asuntomessut 2008). The energy system
for the whole fair area was implemented in a totally new way. One part of that
system was a seabed sediment heat based low-energy network (Fig. 1). Seabed
sediment heat was harnessed to heat and cool houses. This was an innovative
method of energy collection in Finland, never before tested.

Figure 1. Distribution well in heat-collection network and a profile of “flower”
pipe, Refla. (Vaasan Ekolampo Oy).
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3.1.1 Distributed temperature monitoring

The energy conducted to the sediment was studied by means of distributed
temperature monitoring. Distributed temperature sensing (DTS) is based on
optical light scattering. The DTS measurement device emits short pulses of laser
light into a glass fiber cable. Part of that light pulse is backscattered and the
intensity of these backscattered bands is acquired by the DTS measurement device.
The estimated temperatures are calculated from the temperature-dependent part
of this Raman scattering, i.e. Anti-Stokes band. (Selker 2006, McDaniel 2018). The
double-ended measurement method was chosen to acquire more data
simultaneously. In double-ended measurement, both ends of the fiber cable are
connected to the device (Sensornet 2007, van de Giesen et al. 2012). The
measurements were made using a Sensornet Oryx DTS device, which has a
temperature accuracy of +0.5 °C. The spatial resolution of the measurements was
1m.

In Suvilahti, the novel heat source was monitored by measuring sediment
temperatures with an optical cable as a linear sensor. A 300 m-long optical cable
was attached to each of two heat-collection pipes (also 300 m-long), drilled and
installed inside the seabed sediment layer. One pipe with the attached optical cable
starts from Liito-oravankatu, the other from Ketunkatu (Fig. 2). Both Liito-
oravankatu and Ketunkatu have a well for a splice box with connectors to enable
the measurements. Suvilahti”s sediment heat-collection network is a unique open-
air research platform and so provides an opportunity for novel research results.
Assembly and implementation of this sediment temperature platform was carried
out in 2007.

Sediment temperature measurements were taken only once per month because of
relatively slow temperature changes in the sediment layer. The results were
obtained over a distance of 0—300 m, starting from the shore. One measurement
took 10 minutes during which time there was a total of 20 measurements by each
measurement channel. The final sediment temperatures were calculated as an
average of eight temperatures measured in the same 10-minute period.
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Figure 2. Seabed sediment heat field, comprising 7800 m of heat-collection
pipes.

3.1.2 Site measurements implemented by one house owner

One household in Suvilahti collected and saved all the data concerning energy
consumption in their single-family house for several years. Data included
electricity usage from the grid and electricity needed by the heat pump. The inlet
and outlet temperatures of the heat-collection fluid also were acquired.

3.2 The feasibility study of asphalt heat: UVA campus
case

An urban environment collects an enormous amount of heat energy from sunlight
to the ground due to the different pavements e.g. concrete, asphalt, buildings,
people, vehicles and lack of flora. On the other hand, an urban area also has many
consumers of heat energy. Harvesting asphalt heat energy for heating and cooling
houses offers an opportunity to utilize the urban energy locally. Evaluating if this
is possible even in a high latitude, with frozen ground for part of the year, entailed
studying ground temperatures beneath the asphalt layer. The unique open-air
platform of the asphalt heat measurement field was planned and implemented in
the parking lot at the UVA campus site (Fig. 3). A comparable measurement field
with lawn cover was established close to the asphalt field at the campus. The aim
was to investigate the amount of energy absorbed by asphalt, the energy conducted
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through the asphalt layer and the energy conducted to the ground beneath the
asphalt. The measurement fields were equipped with optical cables buried beneath
the asphalt and lawn layers. Additionally, a heat flux plate was included in the
asphalt measurement field. A pyranometer was located on the roof of the
University s library building, near both measurement fields. The planning and
drilling started in 2013 and the final connections were made in spring 2014.

Figure 3. Drilling of measurement field at UVA campus area in November
2013.

3.2.1 Distributed temperature measurements on asphalt and lawn field

Distributed temperature measurements were used to study the energy conducted
to ground beneath the asphalt. The optical cable was installed in the ground to act
as a distributed sensor for measuring soil temperatures. Five holes were drilled:
two to the depth of 10 m, two to the depth of 3 m and one to the depth of 5 m.
Cables were set in the holes to gain the measurement data with 1 m spatial
resolution. Wired cable tubes were inserted into the 3 m-deep holes to achieve a
measurement spatial resolution of just 0.02—0.03 m (Fig. 4). The splice box with
connectors was mounted on a lamppost in the parking lot.
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Figure 4. Cables were wired around drainpipes (diameter 100 mm) in the 3
m-deep holes.

The similar design of measurement field was implemented in the lawn yard at the
UVA campus shore site (Fig. 5).

Figure 5. Reference field at the UVA lawn yard.

DTS measurements were made once per month, using a Sensornet Oryx DTS
device. However, the measurement frequency was increased to twice per month in
summer months because that was seen as more appropriate. The temperature
accuracy of the DTS device was +0.5 °C. The spatial resolution of the
measurements was 1 m. The measurements were always taken on the same date in
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both measurement fields. Each measurement action took 10 minutes, during
which the DTS device made two measurements per minute per channel. The total
temperature data consist of 20 measurements per channel. The final asphalt
temperatures were calculated as an average of eight temperatures measured at the
same 10-minute period on each measurement date. The same principle was used
to determine the final temperature in the lawn field too.

3.2.2 Heat flow measurements

Heat flow measurements taken from a heat flux plate were applied to study the
energy conducted through the asphalt layer. A heat flux plate is a sensor which
consists of a number of thermocouples. The plate detects the positive (towards the
ground) and negative (from the ground to the surface) heat flows, thus making it
possible to determine the net heat flow during the day (Hoeksema 2015). The heat
flux plate in the UVA measurement site was buried in the soil layer, set close to the
bottom of the asphalt. This position allowed it to measure the heat flow through
the soil layer under the asphalt. The data collection system with wireless gateway
was planned and implemented by Cuhac (Cuhac 2019).

3.2.3 Solar irradiance monitoring

The amount of energy absorbed by the asphalt was studied by means of solar
irradiance monitoring. This entailed a solar irradiance sensor called a
pyranometer. It is designed to measure the solar radiation flux density (W/m2)
from a plane surface with a 180° hemispherical field of a view angle. It measures
total, direct and diffuse solar radiation on a surface. (Goswami 2015). The
pyranometer was located in an open space as high as possible on the roof of the
UVA’s library building, close to both the asphalt and lawn measurement fields.
The data were collected via data logger.

3.3 Validity of research and evaluation of methods

The double-ended DTS method was observed to be the most appropriate
technique. Temperatures were acquired from two holes under the asphalt and data
from both holes were almost identical in long-term measurements. DTS
measurements were calibrated during each measurement with the help of Ptioo
(accuracy +0.25 °C) point sensors. In both asphalt and lawn fields at the UVA
campus, these sensors were attached to an isolated cable coil, which was part of
the actual measurement cable. In the Suvilahti platform, a separate patch cable
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was used to make the connection for calibrations. The patch cable was routed into
an ice-bath to ensure the temperature data wvalidity in double-ended
measurements (van de Giesen et al. 2012).

The sensor cables in the seabed sediment were connected to the outside of the
system”s heat-collection pipes that contain the heat carrier fluid. The validity of
the sediment temperature data can still be regarded as reasonable due to the fact
that the fluid’s influence on the surrounding sediment temperature can be
expected to be quite small.

Higher vertical spatial resolution (0.02—0.03 m) in the UVA platform was
achieved in the 3 m-deep holes by wiring the DTS fiber cable around a 100 mm-
diameter drainpipe. Despite thorough preparation and planning, one malfunction
was detected in a 3 m-deep hole in the lawn field, possibly due to some tension in
the fiber cable during installation. The same configuration worked properly in the
asphalt field.

The solar irradiance measured by the pyranometer on a continuous basis was
found to be highly accurate, although part of the required data from the
pyranometer was missing. Nevertheless, the estimation of irradiance by the
pyranometer was found to correlate very well with that provided by the European
Union’s Photo Voltaic Geographical Information System (PVGIS), an open source
of solar radiation data (Huld et al. 2012).

The data from the heat flux plate were observed to correlate with the pyranometer
data and thus heat flux measurement was deemed adequate.
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4 RESULTS

4.1 Usability of sediment heat energy

The usability of sediment heat energy was studied in Papers I-IV. The key
elements of usability are availability and renewability. Papers III-IV investigate
whether sediment heat is annually renewable energy and how thoroughly the
recovery of heat balance in the sediment layer takes place during the summer. A
further aspect of sediment heat”s feasibility as a heat source is its energy-saving
ability. This hinges on correct planning and sizing of the heat-collection network.
These issues are clarified in Papers I and II.

Results of paper I:

The novelty of Paper I “Renewable, carbon-free heat production from urban and
rural water areas” was that it was the first scientific article presenting the sediment
heat energy system in Suvilahti and its new approach to renewable energy
production. It also introduced the innovative “flower” pipe (later Refla). Paper I’s
objective was to describe the sediment heat system and provide an analysis of the
heat energy consumption and energy-saving ability.

The sediment heat energy system’s capability to extract heat from the sediment
was verified by the optical short-term temperature measurements (DTS) which
clearly indicated a drop in the sediment temperature from the normal temperature
of 8 °C during the period of heating. The heat extraction rate from the sediment
heat-collection pipes was evaluated to be 40-50 W/m (Aittomiki 2001). The
sediment heat based low-energy system worked properly.

The annual heating-related energy consumption (including the hot water) of one
household (floor area 234.5 m?) connected to the low-energy network in Suvilahti
was 9 000 kWh. The energy consumption per square meter was 38 kWh/mz2. The
average annual energy consumption of a new, low-energy, single family house (140
mz2, 4 people, house location in temperature zone I or II) in Finland is 15 000 kWh
for heating and hot water (Motiva 2019). This equates to an average energy
consumption per square meter of 107 kWh/mz2, more than double the figure for the
Suvilahti sediment energy house. Therefore, the sediment energy system provides
evident energy-saving capabilities.

Paper I compared the sediment heat system with other ground source heat
systems. Its comparison is summarized here in Table 2 (modified from Table 1 in
Paper I). Sediment heat is mainly generated by solar energy. A sediment heat
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system is not sensitive to damage due to the position of its pipes in the sediment
layer. The heat extraction rate of sediment heat system is at a very competent level
compared with other ground source heat systems. Sediment heat is suitable for
urban areas.

Results of paper I1:

The novelty of Paper II “Correlation between temperatures of air, heat carrier
liquid and seabed sediment in renewable low-energy network” was its evaluation
of the adequacy of pipeline sizing by means of temperature correlations. Studying
the delay of temperature changes in the sediment layer was also novel. This work
underpinned Paper II”s objective of studying the adequacy of network sizing with
the help of possible correlations between ambient air, heat carrier liquid and
sediment temperatures, based on the measured data during 2014.

The high correlation between the heat carrier liquid temperature and sediment
temperature was observed in Paper II. In particular, there was strong correlation
between the liquid temperature and the next month”s sediment temperature, as
well as between the liquid and sediment temperature of the same month. This
correlation was seen to indicate that the low-energy system was working correctly.
In winter, the sediment was getting cooler due to the usage for heating. In summer,
the sediment was warming due to the cooling of the houses and the warmer
ambient air temperatures.



Table 2.

Comparison of different ground source heat systems (GSHS).
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System

Main heat source

Annual renewal

Number of heat collector
units > 20

Pipeline’s sensitivity to
damage

Main direction of pipe(s)
Vertical depth of pipes

Approximate heat extraction
rate W/m

Water course heat

Solar energy
Yes
Yes

Yes
Horizontal
In the bottom of a water

body

15-28 W/m (Banks
2012)

Ground source heat
Solar energy

Yes

Yes

Not very

Horizontal

1.2-2m

100 W/m (Banks 2012)

Bedrock heat
Geothermal energy
No

Typically not

No

Vertical
100-300 m

20-92 W/m (Stober et
al. 2013)

Sediment heat

Solar energy
Yes
Yes

No

Horizontal

3—4 minside the sediment
layer (from the bottom of a
water body) (Lieskoski 2014)
40-50 W/m (Aittomaki 2001)
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Figure 6. The original temperature data of DTS measurements from seabed
sediment in year 2014.

Except in August, the sediment temperature curve (Fig. 6) was noticed to rise
slightly up to the end of the pipe (300 m distance from the shore), even in winter.
This might indicate that this network is over-sized for its energy demand. The
recovery of sediment heat was observed using temperature curves for one year.

The inlet temperature of the heat carrier liquid is higher than the sediment
temperature during June and July due to the cooling of houses (Fig. 7). Conversely,
house heating reduced the heat carrier liquid temperature compared with the
sediment temperature. The cooling of houses is observed as a peak in sediment
temperatures in September. Although the ambient air temperature is falling after
July, the sediment continues to warm up until September.
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Temperatures of sediment, liquid and air 2014
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Figure 7. Temperature data from January to December 2014.

The high and significant correlation between the ambient air temperature and
temperature of sediment one or two months later was also observed. The sediment
temperature was indicating the previous weather conditions (Fig.7.) This delay
reveals the heat loading and it has to be taken into account when utilizing sediment
heat.

Results of Paper III:

The novelty of Paper III “Seabed sediment as an annually renewable heat source”
was its study of sediment heat renewability. It is the first time that long-term
measurements have been made and analyzed. Paper III”s objective was to verify
annual renewability of sediment heat or the possible cooling of the sediment. The
effects of long-term usage of heat for a low-energy network were studied.

The follow-up sediment temperature measurements (Fig. 8 and 9) showed that
sediment had been fully reloaded every year. The highest values of sediment
temperatures were measured in every autumn. This indicated the annual
accumulation of heat.
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Figure 8. Seabed sediment temperatures against the distance from shore from
March 2014 to August 2014 in Liito-oravankatu. Temperatures
increased after the winter months.

Within the first 200 m distance from the shore, the slope of the temperature curve
was bigger in March and April due to the energy intake. However, from May to
August, the sediment was loaded by heat. It could be observed in the temperature
curves, which became more horizontal.
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Figure 9. Seabed sediment temperatures measured versus distance from
shore from March 2015 to August 2015 in Liito-oravankatu. Heat
loading observed as increased temperatures in the sediment layer.
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Paper III studied the influence of energy usage on sediment temperatures in the
long term. The comparison was made in heating years of 2008—2009, 2013-2014
and 2014—2015. Temperatures were compared between the month with the
highest sediment temperature value (in autumn) and the month with the coldest
sediment temperature (in winter). The temperature differences during the three
studied years were 9.7 °C, 11.1 °C and 11.2 °C respectively (Fig. 10). The use of the
energy did not cause a permanent decrease in the temperature rate of the sediment
during the several years period of the Vaasa Housing Fair area.

—09/2013-01/2014
——09/2014-02/2015
09/2008-02/2009
——Poly. (09/2013-01/2014)
Poly. (09/2014-02,/2015)

Poly. (09/2008-02,/2003)

Temperature difference AT (°C)

50 100 150 200 250 300
Distance from the shore (m)

Figure 10. The between-month difference in sediment temperatures for the
months with the highest and the lowest temperature values in the
periods 2008—2009, 2013—2014 and 2014—2015. The polynomials
of second degree are drawn as trend lines.

Results of Paper IV:

The novelty of Paper IV “Seabed sediment — a natural seasonal heat storage
feasibility study” was its study of natural seasonal heat storage. Its objective was
to estimate the annual amount of thermal energy charged into the sediment by the
Sun. The estimation was compared with the amount of energy that was exploited
(see 4.3). In addition, the annual loading of sediment heat was studied with the
help of long-term temperature measurements.

A three-year measurement period indicated such regular sediment temperature
differences between the warmest and the coldest months of the year that it was
apparent there was distinct natural loading of heat energy (Fig. 11).
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Figure 11. Sediment temperature differences between the warmest and the
coldest months during three annual loading periods in 2014, 2015
and 2016 in Ketunkatu as a function of length and distance of the
cable from the shore.

Papers I-1V provide the answer to RQ1: sediment heat energy was found to be
annually renewable and the recovery of heat in the sediment layer during summer
was observed to be complete. The energy-saving ability of the sediment heat based
low-energy network was also verified. Correct planning and sizing of the heat-
collection network were observed to be important elements for the usability of
sediment heat energy.

4.2 Usability of asphalt heat energy

The usability of asphalt heat energy was studied in Papers V-VII. The objective
was to find out if there is sufficient heat under the asphalt layer in Finnish climate
conditions to be utilized. The papers examined if the thermal energy is directly
usable or instead should be steered to an intermediate stage, such as bedrock
storage. It was also clarified if a normal asphalt building layer structure (gravel,
sand and clay) would be suitable when considering thermal energy utilization.

Results of Paper V:

The novelty of Paper V “Design of asphalt heat measurement in Nordic country”
was the use of an open-air research platform for evaluating a possible new energy
source in a region with four seasons. The objective was to present the design and
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implementation of a unique site measurement field for monitoring solar radiation,
heat flux and temperatures under asphalt cover. This objective was supported by
the design and implementation of a parallel measurement field in the adjacent
lawn for comparison of results.

Both measurement fields were planned and implemented successfully. However,
one malfunction was detected in a 3 m-deep hole in the lawn field, likely caused by
too much tension, either mechanical or some stone exerting pressure on the wired
fiber (Fig. 4). The same configuration worked faultlessly in the asphalt field and
cable in deeper wells also functioned properly in both fields. Overall, it was
possible to take measurements and compare results in both fields.

The monitoring of temperatures under the asphalt started in April 2014. Initial
measurements showed temperatures were varying from 18 °C in the topmost layer
near the asphalt surface to 8 °C at a depth of 10 m. Temperatures were measured
once per month, except in summer months when they were taken twice per month.
The design of the monitoring system was found to be unique and is appropriate for
application in any northern country. At the planning stage of the measurement
field it is important to survey if there are existing cables, pipelines or tunnels under
the asphalt. At the installation stage it is recommended to use brand new or unused
cable in wired 3 m-deep special installations. A splice box with sufficient capacity
should be chosen to facilitate storage and measuring.

Results of Paper VI:

The novelty in Paper VI “Utilizing asphalt heat energy in Finnish climate
conditions” was to demonstrate that asphalt-paved areas can act as passive solar
collectors and function as a heat source in northern conditions. The objective was
to measure temperatures under an asphalt layer (depths 0.5—10.0 m) over a three-
year period. This would enable evaluation of the depth of constant soil temperature
(CST) and a comparison between available energy under the lawn layer at 0.5 m
depth and energy under the asphalt field at the same depth (See 4.3). The aim was
to determine if asphalt is an appropriate heat source in high latitudes with four
seasons.

The temperatures measured at 0.5 m under the asphalt layer showed a seasonal
variation from -3.9 °C to 26.0 °C (Fig. 12). Data from two different measurement
holes in each field were almost identical throughout the whole period of 2014—
2017 for both the asphalt-covered (Fig. 12) and lawn-covered areas (Fig. 13). The
temperatures at 0.5 m under the lawn-covered field (Fig. 13) were lower in the
summer than in the asphalt-covered area.
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Figure 14. The temperatures in the soil at 1.5 m under the asphalt layer.
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The temperature graph at a depth of 1.5 m (Fig. 14) under the asphalt layer shows
that the seasonal temperature variation was about 13-14 °C. The lowest
temperatures were monitored from January to April, when they varied from 2.4 °C
to 4.8 °C. The highest temperatures were in August of each year. Temperatures
were quite low during winter and at the beginning of spring. Once again, the data
from both measurement holes under the asphalt were almost identical throughout
the whole period of 2014—2017.

Temperatures at the depth of 0.5 m (Fig. 12) under the asphalt layer were very
promising for heat collection from May until as late as September. Temperatures
in May were 10—14 °C: they reached 26 °C in July and were 15—16 °C in September.
This five-month period from late spring to autumn can be utilized to collect heat.
However, heating demand is quite low in summer, even in Finland, so it is
recommended that heat harvested in late spring and summer should be stored.

At the depth of 1.5 m, the temperature fell to just below 3 °C. During a hard and
snowless winter this layer is frozen, at least in northern Finland. However, at a
depth of 3 m under the asphalt layer the ground remains unfrozen year-round. The
temperatures are from 4 to 12 °C, which is actually a very suitable temperature
level for utilizing asphalt heat continuously for heating or cooling houses.

The depth of constant soil temperature (CST) was observed to be 10 m. The
stabilization of the temperature to 8 °C at this depth, regardless of the season, was
recorded in the periods of April 2014—March 2015, April 2015—March 2016 and
April 2016—March 2017.

Results of Paper VII:

The novelty of Paper VII “Temperature measurements on a solar and low-enthalpy
geothermal open-air asphalt surface platform in a cold climate region” was in
studying the thermal energy absorption of the asphalt surface and soil layers
beneath the asphalt in a cold climate region by using daily and annual temperature
variation data measured in an open-air research platform. The objective was to
define the amount of energy absorbed by asphalt, the energy conducted through
the asphalt layer and the energy conducted to ground beneath the asphalt.

The measured average heat flux was 140 Wh/m?2 during the daytime. That was
60 % of the daytime solar irradiance. The absorption rate for the entire 24 hours
was 14 Wh/mz2, which is only 6 % of the solar irradiance. Heat loss during the night
caused this reduction.
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The temperature distributions shown in Fig. 15 and Fig. 16 reveal a higher gradient
in the topmost gravel layer than in the deeper layers such as clay from about 0.7 m
downwards and bedrock from about 3 m downwards. The heat was not flowing
efficiently through the asphalt to deeper layers in ground because part of it was
dissipated back into the atmosphere from the surface during the night.
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Figure 15. Seasonal soil temperatures in UVA campus area.

The heat conduction speed between studied layers differed, depending on the soil
type and heat conductivity. The ground structure could be optimized by increasing
the conductivity of the surface by changing the materials or by irrigation.

The average net heat flux density was measured at less than 15 % of the available
irradiance due to the night time heat losses, while the average positive heat flux
was 64 % of the irradiance. The positive heat flux could be more efficiently utilized
by reducing night time losses, which were 3/4 of the positive heat flux during
spring and summer, and even higher during autumn (Table 3).
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Figure 16. Soil temperatures measured at different depths (from 0.5 m to 10 m)
under asphalt layer.

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 data for positive

values.

Parameter Autumn Winter Spring Summer Yearly
average

Average solar

irradiance E. 92 W/m? 11 W/m? 230 W/m?> 260W/m? 148 W/m?

Average net heat

flux @ 28W/m?  -19W/m?  42W/m?  84W/m? 9.5W/m?

Absorption ratio & -30% -18 % 18 % 3.3% 6.4 %

Average positive

heat flux @, 60 W/m? 16 W/m? 150 W/m?> 190 W/m? 104 W/m?

Absorption ratio,

positive flux op 65 % 145 % 65 % 73 % 70 %

Because heat loss due to radiation and convection also occurs during daylight, the
positive heat flux could be further improved by lowering the temperature of the
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surface during daylight hours. This could be achieved, for example, by collecting
and transferring the heat to seasonal storage. This would improve the utilization
of this urban renewable energy, even in cold climate regions.

Papers V-VII provide the answer to RQ2 by confirming that there is sufficient
thermal energy under the asphalt layer to be utilized as a heat source. The
conductivity of the surface layers could be improved by changing the materials.

4.3 Availability of energy from sediment and asphalt heat
sources

Papers IV and VI examined the estimation of the amount of available energy from
both the sediment and asphalt source. It was necessary to compare their individual
performances when selecting shallow geothermal sources for optimal available
energy potential.

Results of Paper IV and VI:

The novelty of Paper IV “Seabed sediment — a natural seasonal heat storage
feasibility study” was its study of natural seasonal heat storage. The objective was
to use a simple model to estimate the annual amount of thermal energy charged
into the sediment by the Sun. The estimation was compared with the exploited
energy amount.

The simplified estimation of incoming energy was calculated for a 1 m radius
around the heat-collection pipe (the estimated influence area) and AT= 5 °C (the
average variation of annual sediment temperature). The calculated value for
annually loaded heat energy in the Suvilahti seabed sediment system was
575 MWh. The annual extraction of seabed sediment energy was 560 MWh
(Energy Vaasa 2016). Despite the heat consumption, sediment heat seemed to
renew well annually.

The sediment temperature differences between the warmest and the coldest
months of the year were as much as 8 °C (Fig.11). This indicates that a great
amount of energy is available.

One objective of Paper VI “Utilizing asphalt heat energy in Finnish climate
conditions” was to compare the available energy at a depth of 0.5 m under the
asphalt layer with the energy from the same depth under the lawn field. The aim
was to establish if an asphalt-covered area is an appropriate heat source in a high
latitude.
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The available energy amount in asphalt and lawn fields was calculated with the
following dimensions and volume, shown in Fig. 17.

Im

I1m

Figure 17. The dimensions and volume of asphalt- or lawn-covered layer used
in calculations.

The following calculations are presented in more detail in Paper VI. A theoretical
maximum for the available heat energy in the asphalt-covered layer at UVA
campus area (Viot = 0.5 m3) was calculated to be 20 800 kJ = 5.77 kWh when soil

types are dry.

A theoretical maximum for the available heat energy in the lawn-covered layer (Viot
= 0.5 m3) was calculated to be 10 400 kJ = 2.88 kWh when soil is dry.

A theoretical maximum for the available heat energy in the lawn-covered layer (Viot
= 0.5 m3) was calculated to be 22 100 kJ = 6.15 kWh when soil is wet and the clay
moisture is at 50% (the average moisture level in Finland (Ronkainen 2012)).

As an example, a new, low-energy, single family house (140 m2, 4 people, house
location on temperature zone I or II) in Finland has an average annual
consumption of 11 450 kWh (31.40 kWh per day) for heating (Motiva 2019). When
comparing only the energy amounts, an area of 5.4 m2 of asphalt-covered field is
equal to this average heating consumption of a single family house for one day. In
the case of the lawn-covered field, an area of 10.9 m?2 is sufficient if the soil types
are dry, but only 5.1 m? is required if the soil types are wet (see Table 4). These
simplified calculations depend on the chosen values of the variables.

Table 4. A theoretical maximum for the amount of available heat energy
in dry and wet soil types (kWh/0.5 m3) and the area needed for
harvesting the heat for an average daily consumption of the
single family house.

Energy/Dry soil Harvesting Energy/Wet Harvesting
area soil area
Asphalt 5.77 kwh 5.40 m? - .

Lawn 2.88 kWh 10.90 m? 6.15 kWh 5.10 m?



34 Acta Wasaensia

The results from Papers IV and VI and these simplified calculations provide an
answer to RQ3, showing how much thermal energy is available both from sediment

and asphalt layers.
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5 DISCUSSION

Sustainable energy production needs clean, renewable and domestic solutions.
Sediment and asphalt heat would also offer safe local thermal energy in urban
areas. This study reveals the typical features of sediment and asphalt heat and also
presents areas for further research. The usability of both these renewable energy
sources in a northern environment is evident.

The open-air research platform presented some challenges during the sediment
temperature measurements. The well in Ketunkatu was often ice-covered in winter
and early spring. The well in Liito-oravankatu was also ice-covered inside due to
the water-fill from the sea. De-icing and melting delayed the measurement
schedule but never prevented measurements.

In order to acquire more accurate sediment temperatures in future studies, it
would be reasonable to insert the temperature measurement cable into bare
sediment in Suvilahti and to compare those temperatures with the present results.

The open-air platform also caused some difficulties for the asphalt measurements.
The laptop cable malfunctioned in winter due to frosty weather but full
functionality was resumed after warming in the car. One previously used cable
wired around the tube in the lawn field also malfunctioned from the beginning.

However, the repetition of long-term measurements on both platforms was well-
managed. Good forward planning and preparation for unexpected circumstances,
mainly due to the weather, were the key elements for success.

Usability of sediment heat (RQ 1) was clarified by answering the questions: Is
sediment heat annually renewable energy, and how good is recovery of heat in the
summer? Paper III concluded that sediment heat energy was annually renewable
and recovery of heat in sediment layer during summer was found to be complete.
Fang et al. (1996) have simulated sediment temperatures and noticed that open-
water seasons and ice-covered seasons have different characteristics of heat flux
between sediment and water. Shallow watercourses perform well in terms of
gathering sediment heat.

Energy-saving ability was seen as an important aspect when considering the
usability of a sediment heat based low-energy network. To develop such a network
using seabed sediment heat, the depth and length of the pipeline should be
sufficiently large. Correct sizing is important when utilizing this low-enthalpy
geothermal energy resource. Amann et al. (2012) have showed the energy-saving
ability of ground source heat systems and the importance of correct sizing.
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The development of heat-collection pipes is important for effective utilization of
sediment heat. The innovative Refla pipe is an example of this developmental
progress. Heat pumps are another crucial part of an effective low-energy network.
A centralized and jointly owned system serving a network of several households
might be the best solution. There is a need for at least strict guidelines to ensure
that heat pumps for households are correctly specified. This will support reliable
operation of the system and avoid underestimated solutions.

Seabed sediment heat harnesses natural heat storage which is annually reloaded
by the Sun. These natural heat stores should be better recognized and utilized.
Local decentralized energy systems could exploit naturally generated renewable
energy sources. Imported energy could be reduced or perhaps even eliminated.

Usability of asphalt heat (RQ 2) was studied by answering the questions: Is there
sufficient thermal energy in the ground under the asphalt layer to be a viable heat
source and is asphalt heat usable with the normal asphalt building structure
(gravel, sand and clay)? Paper VI revealed that the energy under the asphalt cover
is a noteworthy energy source alongside other ground heat sources because of the
large usable temperature difference. In the example calculation, the annual
maximum temperature at a depth of 0.5 m was 22 °C and the lowest permitted
temperature chosen for the soil was 4 °C. Eicker (2014) has presented data from
studies in Germany, Italy, Texas and Thailand showing that annual average
ambient air temperatures correlate with the prevailing temperature at a depth of
10—15 m in soil with homogenous property. Her work is based on calculations. In
this study (Paper VII), a similar result was gained at a depth of 10 m using on-site
measurements in Finland. Pokorska-Silva et al. (2019) have measured the
temperatures down to approximately 2.0 m from the surface in Poland. They noted
that the amplitude of ground temperature decreased with depth and that the
influence of air temperature also decreased with depth. The linear correlation
between air temperature and ground temperature was clear.

An asphalt surface functions as an active heat collector and could therefore even
replace separate solar collectors. The escape of heat during the night prevents
asphalt’s use as seasonal heat storage, so its heat should be transferred to more
efficient heat storage, such as a borehole (Zhou et al. 2015). Storage of daily
absorbed heat by asphalt requires further study. The soil layers beneath the asphalt
should be developed to act as more efficient heat transporters, but still retaining
the frost insulation capability. Ho et al. (2017) have researched thermal
conductivity of geomaterials, concluding that it is highly dependent on the degree
of saturation and the density of the soil. These properties can be improved through
compaction or replacement of soil.
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The issue of energy availability from these innovative sources was investigated to
answer RQ 3: How much thermal energy is available from renewable urban heat
sources: sediment and asphalt? The energy available from both the seabed
sediment and asphalt area proved to be sufficient. The energy potential of the
sediment energy network was even higher than the amount of energy actually
utilized. In a comparison with ground source heat, there is also enough heat
available under the asphalt layer.

This study is the first major research of seabed sediment heat. The research
showed the reliability of renewable sediment heat storage. The study platform
entailed common heat collection shared by several houses, whereas heat
distribution was made individually to each house. A common heat distribution
center serving multiple houses, perhaps with several heat sources, would be a topic
for future study. The stoniness of the sediment may restrict the implementation of
a sediment heat system.

Long-term asphalt temperature measurements on the carefully planned and
implemented open-air platform provided new insight about the usability of asphalt
heat in northern climate conditions.

Future research should study the feasibility and implementation of asphalt heat
collection coupled with storage. Utilization of asphalt heat for cooling houses or as
a means of hot water priming are also interesting topics for further research. The
asphalt construction structures would need some changes to reduce heat loss from
the surface. Capturing and storing energy, and on the other hand, the amount of
energy returned from the heat storage, are the core issues to be investigated.
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6 CONCLUSIONS

Finally, pulling together all the results of Papers I-VII, the following conclusions

can be drawn:

1.

10.

11.

12.

Sediment heat is renewable and annually fully reloaded by the Sun.
Seabed sediment is natural heat storage.

The sediment heat based low-energy system provides evident energy-
saving capabilities.

Current sediment temperatures indicate previous weather conditions with
a delay of one to two months.

Asphalt heat is an appropriate heat source, even in higher latitude.

Observed temperatures at a depth of 0.5 m under the asphalt are positive
from April to December.

Asphalt is an urban geoenergy source which is a by-product of the built
environment.

An asphalt layer”s positive heat flux could be further improved by lowering
the temperature of the surface during daylight hours by, for example,
collecting and transferring the heat to seasonal storage.

The usability of asphalt heat could be increased by optimizing the ground
structure for better conductivity of the surface, by changing the materials
or by irrigation.

The amounts of available energy, calculated by means of the sediment and
asphalt research platforms, are suitable for utilization of these long-term
low-energy sources.

The influence of seasons on ground temperatures dims at the depth of 10
m in the studied asphalt field.

The observed temperatures (4 to 12 °C) at the depth of 3 m, are suitable for
using asphalt heat continuously for heating or cooling houses.

Sediment and asphalt heat can be regarded as local renewable heat energy

solutions in distributed energy production.
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According to the presented results and results of Miakiranta et al. (2015), sediment
heat, ground source heat and water course heat are directly usable. However,
asphalt heat is worth storing due to its characteristics of daily backscattering and
best availability in summer.

It would be advisable to study the possibility of a common sediment heat
distribution network, working together with the common sediment heat-collection
network. This combination would seem to offer potential to provide a functional,
cost-effective and energy-efficient low-energy solution.

Forthcoming research is needed to define the full potential of an asphalt heat-
collection and storing system.
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7 SUMMARY

This thesis studied two novel shallow geothermal energy sources, namely seabed
sediment and asphalt fields, as renewable urban heat sources. The aim was to
clarify whether they are usable in Finnish climate conditions with four seasons.
The study also included estimations of the amounts of available energy from both
the sediment and asphalt sources. The dissertation is based on seven publications:
four publications exploring seabed sediment heat (Papers I, II, IIT and IV) and
three publications covering asphalt heat (Papers V, VI, VII). The experimental
studies making long-term measurements were conducted using two research
platforms.

The thesis introduced shallow geothermal energy and, as a part of it, urban
geoenergy: specifically sediment heat and asphalt heat, which both arise in urban
areas. The weather conditions in Finland were clarified. The technology for
utilizing these novel heat sources was presented and shown to be available.

Two open-air research platforms and experimental methods were presented. The
Suvilahti seabed sediment heat study platform was implemented in 2007. In order
to study asphalt heat’s potential, the research platform at the asphalt-paved
parking lot on the UVA campus site was set up by the research group in 2013—
2014, together with a comparable lawn field. The validity of research and the
methods were assessed to be reliable.

The results from Papers I-VII showed that both sediment heat and asphalt heat
are usable in Finnish climate conditions. The energy proven to be available from
these two sources showed that both can be used when considering renewable
heating and cooling solutions.

Heat losses from the surface were found to be a critical point for the usability of
asphalt heat. Adequate sizing of low-energy system was observed to be a crucial
factor for sediment heat usability as a heat source. The possibility of a common
heat distribution center is a topic that deserves more detailed investigation in any
future research of sediment heat energy. In the case of heat energy from asphalt,
heat collection and storing techniques in a high latitude are worthy of future study.

Altogether, twelve novel findings and conclusions were made, of which some main
findings are summarized here. Seabed sediment offers abundant natural
renewable thermal energy. Sediment heat is annually reloaded by the Sun, with the
cooling of houses providing some assistance to the process. Asphalt heat is an
appropriate urban energy source, even in higher latitudes. Temperatures at 0.5 m
below the asphalt were between -4 °C and 26 °C during the whole monitoring
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period. The constant soil temperature was found at a depth of 10 m and it was
measured as 8 °C throughout the year. Some changes in asphalt construction are
proposed in order to optimize conductivity and reduce the escape of heat.
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for a small district to provide heating/cooling and hot service water as well. The performance analysis of
the installed system includes a measure for sediment temperature and consumption of electricity, and
user experiences prove the validity of the method.
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1. Introduction

Urban energy is the energy which already exists in urban, built
and constructed areas. People often think that energy is always
imported to the cities or at least it is coming from energy produc-
tion plants at the countryside. On the contrary, there is a lot of
renewable energy in the urban areas where it can be collected even
with small distributed systems. The main limitations of adapting to
the use of renewable energy are lack of knowledge and shortage of
suitable methods for energy harvest. Since the cities have wires and
tubes in the ground as well as in the air, it is challengeable and
restrictive to build an energy harvest system in those areas. The
convenience and approval of the people living in towns is essential
to take into account when wind turbines, larger solar collectors or
geothermal energy is planned to be built.

In this paper it is described a new approach suitable for urban
and rural renewable energy production. It is expected to overcome
urban energy limitations and challenges which has been
mentioned above. In this approach, the heat energy is collected
from solid layers at bottoms of water bodies. These layers consist of
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0959-6526/© 2015 Elsevier Ltd. All rights reserved.

sediments and thus the approach is called “sediment energy”. The
sediment energy is truly renewable energy — it is renewed annu-
ally. The main part of its heat energy is from the Sun and a very
minor part is from the Earth's geothermal energy. Sediments and
water bodies have also been subjected to other studies related to
energy production. A review of four other sediment-related ap-
proaches has been presented in Chapter 2. The sediment energy
system itself is described in detail in Chapter 3.

The sediment energy system is installed for supplying heat and
service water for a very small district with 42 houses. The usability
of the system has been demonstrated by measuring the sediment
temperatures as well as showing the energy consumption. The
results indicate that the sediment heat energy is a worthy candidate
to heat houses and to produce the hot service water. Since the
sediment heat energy is related to other ground source heat sys-
tems like borehole heat collection systems and pond- and lake-
based ground heat systems, a discussion is provided to show
their similarities and differences.

2. A review of some previous studies on sediment related
energy production issues

The word “sediment” refers here to the soil existing under ooze
layers located at the bottom of water bodies. Sediments are found
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in lakes, rivers, reservoirs, bays and shallow sea, and they are in this
area rich in organic matters usually derived from aquatic phyto-
plankton and vascular plants, including land plants and macro-
phytes (Woszczyk et al., 2011). The formation of sediment deposits
is promoted by a high level of primary productivity, low influent
rate of inorganic matters, high sedimentation rate, low water dy-
namics, and oxygen depletion.

Sediment compositions vary greatly among water bodies and
are affected strongly by land-plant productivity, algal productivity,
transport processes and climate conditions (Yang et al., 2011). Fang
et al. (2014) found that the total organic carbon (TOC) concentra-
tions of sedimentary sludge in the Lake Dianchi (China) ranged
from 0.8 to 1.9%, while Woszczyk et al. (2011) discovered that the
surface sediment in the Lake Sarbsko (Poland) was characterized by
a TOC content between 0.3 and 18.5%, with most samples rich in
TOC (>5%). The ranges of TOC and total nitrogen (TN) at 0.36—0.76%
and 0.04—0.09%, respectively, were obtained during the analysis of
sea bay sediments (Wang et al., 2013). The average concentrations
of TOC and TN in the Yangtze River were found to be 0.79% and
0.10%, respectively (Yang et al., 2011). This variability in composi-
tions enables different applications for sediment usage.

Brine and fresh water sediment-related energy production is a
promising avenue due to their abundance. A short review is pro-
vided with four previous approaches and their aspects: sediment-
based power collection using anodes and cathodes, sediment
collection for burning or biogas production, gas hydrate collection
from sediment and algae collection for biofuel applications.

2.1. Power collection using sediments from marine or fresh water
environment

Many research instruments and vehicles need to be operated
long time on sea or lakes without any outer supply current, which
would make on-the-spot energy collection very useful (e.g. Wilcock
and Kauffman, 1997). One solution would be the use of sediment —
especially marine sediment — as a part of this kind of power
collection system. For example, a collection system called sediment
microbial fuel cell has been suggested and its operation is based on
the oxidization of organic matter of sediment by bacteria, causing
electricity formation.

As early as 2001, Reimers et al. suggested a collection of energy
from marine sediment—water interface (Reimers et al., 2001). The
researchers placed one electrode in marine sediment and another
one in seawater in the experiments (Fig. 1). This anode—cathode
system is the basic structure for the fuel cell. Reimers et al.
demonstrated in their laboratory aquaria that the system was able
to collect a low level power caused by microbe-based voltage gra-
dients at marine sediments. The power obtained was on the order
of 0.01 W/m? per geometric area of the electrode.

Tender et al. stated that the power generation is at least from
two anode reactions (Tender et al., 2002). The first reaction is
caused by micro-organisms close to the anode to oxidize the
sedimentary organic carbon. This oxidation produces a by-product,
sediment sulfide, which is then again oxidized during the second
reaction. Anode materials and their processes were studied further
by Lowy et al. (2006). In that study, the anodic current was
demonstrated to be notable due to oxidation process of the organic
matter of sediment. Micro-organisms on the anode were catalyzing
the oxidation. Later Nielsen et al. suggested a chamber-based fuel
cell (Nielsen et al., 2007).

Available power density is limited by the quantity of organic
sediment ingredient which causes the voltage gradient via oxida-
tion process. One inherent property of most marine sediments is,
however, relatively low level content of organic ingredient. Rezaei
et al. suggested increasing chitins or cellulose to the anode side to

Marine sediment |

Fig. 1. Microbial fuel cell with an anode in marine sediment and a cathode in sea
water.

increase the power generation (Rezaei et al., 2007). The tests with
substrates showed a significant improvement in the maximum
power density.

The power collection from micro-organism is not limited to
brine water environments. For example, Hong et al. made the
studies in fresh water environment: physico-chemical properties of
sediment organic matter were changed during electrical current
production from fresh water sediments in the microbial fuel cell
(Hong et al., 2010). Micro-organisms, which cause the oxidation of
organic maters, are studied and analyzed e.g. in Holmes et al.
(2004a,b). The study of Holmes et al. encompassed microbes from
marine, salt-marsh and freshwater sediments (Holmes et al.,
2004Db). The sediment microbial fuel cell is still a promising and
quite new approach. So far, the cell has not achieved wider usage
probably due to early state of its development as well as limited
available energy in sediments.

2.2. Sediment for burning or biogas production

Energy production capabilities of sediments have been tested by
burning them, by using them in biogas formation, and by evalu-
ating their content. The first phase in all cases is the collection of
sediment from the bottom of a water body, for example, via a
floating excavator or a suction dredger or some other means. The
collection methods affect on the yield of sediment, so its selection is
an important parameter by itself: the floating excavator method
provides a high yield of sediment with approximately 80% water
content while the suction dredger provides a small amount of dry
matter (Saarela, 2012).

The sediment collection itself may cause disturbances and
murky in water but its duration might be only few days (Saarela,
2012). The collection might not be suitable for some areas, for
example, if it releases dangerous elements or substances from the
bottom or causes inconvenience for local people. If sediments are
used for burning or biogas production, more than two weeks
should be allocated for drying process of the collected sediment
(Saarela, 2012) as well as a suitable space for the process. Sediment
quality or suitability can be evaluated in advance by measuring its
total organic carbon/total nitrogen (TOC/TN) ratio, analyzing its
heavy metal content or determining its available energy capacity.

The TOC/TN ratio is also an important indicator for the feasibility
of sediment burning or biogas production. The ratio varies with
different organic matter sources. For example, bacteria have usually
approximately 2.6—4.3 for the TOC/TN ratio, phytoplankton ranges
from 6.7 to 10.1 and high terrestrial plants are generally greater
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than 15 (Wang et al., 2013). The carbon concentration in sediment
can be diminishing, due to mineralization which causes organic
matter breakdown. Oxidation on the sediment surface or in the
water column may obviously influence the TOC/TN ratio. It was
found that the TOC/TN ratios of sediments in sea bay were 8.7—11.0
(Wang et al., 2013), lake 5.7—10.0 (Woszczyk et al., 2011) and river
6.6—14.8 (Yang et al., 2011).

Sediments can be digested alone under a high-carbon-content
condition or co-digested with carbon-rich matters in the existing
digesters. The ideal range of TOC/TN ratio for the anaerobic diges-
tion of organic wastes is 20:1—30:1 (Murphy et al., 2013). As a result
of a low TOC/TN ratio, sediments usually should be mixed with
carbon-rich materials to efficiently produce biogas. When co-
digesting marine sediments with sea wrack biomass, Marquez
et al. (2013) obtained a methane yield of 94.33 mL CH4 gVS~ . A
high methane yield of 380 L kgVS~' was achieved during the
digestion of seaweed biomass mixed with lagoon sediments in the
ratio 4:1 (Migliore et al., 2012).

Sediments can also be subjected to caloric value evaluation and
composition analysis as in Saarela's research (Saarela, 2012). Sam-
ples from two Finnish lakes were collected from the top 6 cm of the
bottom's sediment layer, due to the easy-to-reachness condition
and the presumably highest organic material content. The organic
material content of the samples fluctuated between 5-35% and the
mineral ash content exceeded 40%. Effective caloric value of the
sediment was evaluated to be 13.4 MJ/kg or 3.7 MWh/t on the basis
of sediment composition. The suitability of the use of the Finnish
lake sediment for burning or methane production was, however,
limited by problems such as the high mineral (ash) content. The
heavy metal contents of sediments did not exceed in most of the
cases the limits given by statutes but this might not be the case for
other lake areas.

2.3. Hydrate-containing sediments at the sea floor

Marine sediments and permafrost contains gas hydrates, also
known as flammable ice. The hydrates are gas molecules with
crystal structure and they can consist of, for example, methane,
carbon dioxide, or hydrogen sulfide (Sloan and Koh, 2007; Speight
and Speight, 2011). Their formation is caused by micro-organism
decomposition of dead animals and plants, which make them
abundant in many places in the sea floor.

The gas hydrate is a kind of compressed gas storage: one cubic of
hydrate may comprise even 164 cubic meters of gas. The marine
sediments have been estimated to have a total volume of
1.2 x 107 m? of methane gas (Klauda and Sandler, 2005). Speight
stated that the amount of carbon in all known fossil fuels was
estimated to be only half of carbon in gas hydrates (Speight and
Speight, 2011). Since the methane has energy content of 39.8 M]J/
m?> and gas hydrates existing on the seabed are abundant, the hy-
drate provides a huge potential energy source at least in theory.

A serious problem in the use of hydrate is the requirements for
actual extraction from the sediment (see e.g. Waite et al., 2002 or
Turner and Sloan, 2002). For instance, the gas hydrate needs to be at
least approximately 20 bar pressure at 0 °C to stay stable on sedi-
ments of the sea floor (Stoll and Bryan, 1979). A pressure under
20 bars will cause the hydrate to be decomposed into gas and water,
which can lead to a release of methane gas into the atmosphere or
sea. The hydrate extraction may also destabilize the subsea land-
form and cause a landslide (Speight and Speight, 2011).

2.4. Biofuels production from algae blooms

Due to development in world's economy and industry, most
countries are confronting worse water body eutrophication

problems, which increase the rate of continuous outbreaks of
blue—green blooms in those water-bodies (Zhu and Ketola, 2012;
Zhu, 2014a). For example, 66% of the Chinese lakes suffer from an
over eutrophication level, while 22% of the lakes sustain a severe
and extreme eutrophication level (Hu et al, 2013). A feasible
implementation scheme has been suggested to properly and effi-
ciently utilize this abundant resource of algae to produce biofuels,
and it has several benefits: improvement in water quality, reduc-
tion in damages of algae to aquatic ecosystem, and production of
the renewable and biodegradable fuels using certain conversion
technologies. Algae blooms offer an excellent occasion for the
harvest of biomass, which can be re-used to manufacture various
renewable and sustainable biofuels such as biodiesel, bioethanol,
biogas and biohydrogen among others via thermochemical and
biochemical conversion processes (Zhu, 2014a).

Microalgae biomass must be harvested and then dried before
further steps in biofuel production. The most common harvest
methods consist of sedimentation, filtration, flocculation, flotation
and centrifugation, and the most common drying methods include
spray-drying, drum-drying, freeze-drying and sun-drying. Harvest
and drying are expensive process phases; their portion of costs may
be even 20—30% of the total biofuel production costs, and thus
optimization in these phases is actively studied for cost reduction
(Zhu, 2014a).

The production process parameters are important for the yield.
By increasing the temperature of process reaction from 300 °C to
500 °C, the bio-oil yield through the pyrolysis of blue—green algae
blooms increased significantly from 26.66% to 54.97% (Hu et al.,
2013). One of the best options for biogas production is anaerobic
digestion of algae blooms, and which suitability has been verified in
many publications (Zhu et al., 2014; Zhu, 2014b). For example,
digestion of the sea algae blooms with the dominant species Ulva
lactuca induced a biomethane yield of 183 L CHy4 kgVS ! (Allen
et al., 2013). However, mono-digestion of bloom algae may be
problematic, due to a low C/N ratio.

Co-digestion is a practical way to improve the anaerobic
digestion performance by adding a certain amount of secondary
substrates, such as grease wastes, corn straw, carbon-rich waste
papers, kitchen wastes and waste activated sludge (Zhu, 2014b).
Studies with different co-digestion substances have already
demonstrated a good performance increment. Zhong et al. co-
digested bloom algae with corn straw at a C/N ratio of 20:1, and
achieved a methane yield of 234 mL CHs gVS~! and methane
productivity of 1404 mL CH4 L' d~! (Zhong et al., 2013). Miao et al.
showed that co-digestion of blue algae with pig manure could
produce the highest methane yield at 212.7 mL CH,4 gVS~! when an
inoculums/substrate ratio was set to 2 (Miao et al., 2014).

3. Suggested approach: sediment heat harvesting

Sediment heat energy utilization rests on its annual renew-
ability. Heat energy is building up in sediment layers during a hot
period (summer) when the radiation energy of the Sun is heating
the water body which conducts this heat energy to the sediment
layers. The conduction process is reversed during a cold period
(winter): sediment layers give heat back to water. The heating ef-
fect of sediment layers is, however, ecologically significant only for
small and shallow, unfrozen water bodies in near arctic or arctic
regions (Tsay et al., 1992; Hondzo and Stefan, 1994; Fang and Stefan,
1996). For bigger water bodies, this heating effect has very little
importance. The heat transfer from sediment has some natural
limitations like ice and snow cover or stratification of water layers.

When air temperature in the near arctic regions drops below
zero for a period of time, most of the water bodies will have an ice
and snow cover. The ice cover slows down the cooling process by
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cutting off heat evaporation and thus prevents the water bodies
from freezing thoroughly. The temperature of bottom water layers
is typically around +4 °C in a cold period, since the water is the
densest at this temperature. This water layer for its own part re-
duces heat conduction from the sediment. As a consequence, the
mean sediment temperature is higher than the ground tempera-
ture at the corresponding depths during the first few meters. Thus,
sediment heat energy system is a worthy option for heating of
homes and their service water when a larger water body is near.

Here a scheme for a sediment heat harvesting system is pre-
sented and its realization as well as the evaluation of the available
energy is analyzed. The sediment heat harvesting system has been
implemented with measurement cables to demonstrate the eligi-
bility of sediment energy.

3.1. Installation site

Suvilahti suburb is one of the newest local districts in the city of
Vaasa in Finland. It is located at a beautiful seaside, three kilometers
from downtown area. The street plan has been specially planned so
that the motor traffic is as far as possible from the housing. The idea
was to have a natural peace environment. Bicycle and pedestrian
traffic has their specially designed roads, and public transportation
provides an ecological way of motor transportation. The area has
currently approximately 2500 inhabitants.

Suvilahti exhibited Vaasa Housing Fair 2008, which concen-
trated several themes around construction. One of Fair themes was
renewable energy. The sediment energy system is one of the
selected systems and it is implemented directly for real life testing.
The sediment heat network is connected to 43 single-family
houses. These household use the heat of the pipework via heat
pumps. The pipework can also be used for cooling in a hot period
(summer) via heat pump as well as via plain heat exchanger and
convector exhauster.

The system is managed by a company which is owned by the
City of Vaasa, the electric company of Vaasa and one private com-
pany. New customers should pay at first the joining fee and then a
yearly fee related to the heated area.

The site, Suvilahti bay, was investigated in April 2006 by the
Finnish Geological Survey (Valpola, 2006). The performed tempera-
ture measurements indicate that temperature profile of sediment
layer has anincreasing trend to the depth of approximate 3 m where a
temperature of 8 °C is reached while the water—sediment interface
was near 2 °C. The temperature tends to remain constant between
3 m- 6 m.The gradient change is accompanied by change in material:
the upper bottom layer between 0-3 m consists of sulfidic clay gyttja
while the lower layer from 3 m to 6 m is comprised of denser clay. The
chemical, microbiological and bacteriological activities inside sedi-
ment clay layers may produce not more than unsubstantial amount
of heat according to current knowledge.

3.2. Sediment heat harvesting pipe system

Heat collection and release is performed with a specially
designed pipe structure (“flower”), which is used in a special pipe
network for heat transfer. Fig. 2 displays the structure of the pipe
and describes the heat collection.

On the shore side the heat collection pipes are connected to each
other in a so-called heat collecting well and thus they are close to
the ground (depth 0 m). The other ends in the sediment are buried
in the depth of 3—4 m from the bottom of the lowest water layer.
The pipe installation profile is shown in Fig. 3. The pipes were
simply pushed into the sediment layer.

The pipes were installed in two groups as a fan formation (Fig. 4)
with connection to a heat collection well. The current installed

Measurement cable

Fig. 2. A pipe structure for heat collection. Cooler heat carrier liquid flows in the outer
chambers of “flower” pipe while collecting heat from the sediment and thus warming
up. The warmed up heat carrier liquid returns back to the heat collection well in the
middle chamber. A measurement fiber was installed along the pipe and accommo-
dated between two outer champers (Mauri Lieskoski private communications; source
of the figure: Vaasan Eko-lampo Oy).

system consists of two collection wells. In the first well (at Ketun-
katu Street) there are 14 pipes, while in the second well (at Liito-
oravankatu Street) there are 12 pipes. The length of each pipe is
300 m, so the total pipework length is 7800 m.

A special device, called heat collection well, is used to connect
pipes (see Fig. 5) to the rest of the heat system. Carrier fluid from
the wells traverses control point system to distribution wells. The
distribution wells are used to distribute the heated fluid to indi-
vidual houses. These wells are connected to the houses via pipes for
coming and returning carried fluid. The system itself has in total 12
distribution wells (Fig. 6). Currently the carrier fluid is a mixture of
water and ethanol whose frost resistance is —15 °C. Thus, the
operation of the system is not greatly affected even under frozen
condition of the sediment.

According to Aittomaki, 2001, sediments have an approximate
heat extraction rate from 40 to 50 W/m or 2—3 times more than
available in shallow ground for a horizontal heat collection system
at Finland (Aittomaki, 2001). The theoretical available energy can
be obtained by multiplying the heat extraction rate (here 40—50 W/
m) with the length of the pipes (7800 m). This energy for the
installed system is thus about 0.31 MW—-0.39 MW or 0.31 MJ/
s—0.39 MJ/s which is equal to 1.1 GJ—1.4 G]J per hour.

3.3. Fiber optic distributed sensing
Distributed temperature sensing (DTS) was selected to monitor

the thermal performance of sediment heat collection. Many ap-
plications have demonstrated the usefulness of fiber optic DTS

Heat collection

(% el

"

Heat collection pipe |

Fig. 3. A heat collection pipe is shoved into sediment at the depth of 3—4 m. The depth
increases as the distance from the shore increases. The exact depth of pipes is not
known e.g. due to changing conditions of the water bottom. The heat collection pipes
are connected to heat collecting well.
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Fig. 4. The heat collection pipes were installed a fan like structure where pipes are
connected to energy collection well. Current installation has two wells with 12 and 14
collection pipes. Source of Figure: Vaasan Eko-lampo Oy.

(Selker et al., 2006; Tyler et al., 2009; Vogt et al., 2010). For example,
Hurtig et al. applied DTS, especially to vertical boreholes (depth
40 m), to obtain their temperature profiles (Hurtig et al., 1994).

The operating principle of DTS is the Raman scattering of a laser
pulse which is a function of temperature (Dakin et al., 1985;
Kurashima et al., 1990). The laser light pulse scatters along the fi-
ber, and the scattering depends on the prevailing temperature. One
of the scattering types is Rayleigh scattering, where the frequencies
of original and scattered laser light are the same. This scattering
type does not provide information about the temperature. The
wavelengths of the secondary maxima are shifted, and Raman
scattering is used to model a particular pair of secondary maxima. A
shift to the shorter wavelength is called anti-Stokes and its
amplitude exhibits an exponential response to the temperature at
the scattering point. Stokes shift happens to the longer wavelength
and is not affected by the temperature.

A DTS control unit detects the back-scattered light with a high
temporal resolution which can be fractions of a minute (Selker

Fig. 5. A heat collection well performed as a link between heat collection pipes and the
distribution well system. The image shows the actual connections between pipes and
well installed in Suvilahti.

Fig. 6. The heat is delivered to houses by circulating fluid from a distribution well. A
house is connected to a distribution well via an influent and efflux pipes. Source of the
figure: Vaasan Eko-Lamp6 Oy.

et al., 2006). The temperature resolution can achieve an accuracy
of 0.01 °C and spatial resolution 1 m (Selker et al., 2006). The dis-
tance between the scattering position and the sensor can be
calculated by dividing the time difference between pulse emitting
and scattering detection by 2. The temperature of the position is
determined by the ratio between Stokes and anti-Stokes signal
amplitudes. The optical fiber of DTS can be also used as a sensing
instrument which gives temperature profile along the interval
covered by the optical fiber. This length can be even several kilo-
meters. Thus, DTS can provide a spatial temperature profile of an
area. Another option is to make a large number of separate point
measurements. The spatial resolution of DTS measurements is in
the order of 1 m with a further possibility to be improved it by
wrapping the fiber around a pole or a tube (Selker et al., 2006).

4. Experimental results

The experimental site is in Suvilahti where Vaasa Housing Fair
2008 was organized. The performance of sediment heat energy
system was investigated from two different points of view. One
viewpoint was to analyze the heat energy removed from the
sediment layer. A way to evaluate the energy removal was to
measure decrease in temperature. As we know from earlier mea-
surements by Valpola (2006), the temperature of the sediment
layer in this area stays around +8 °C during winter time. The heat
energy collection should lower this temperature.

Fiber optic distributed sensing method has been demonstrated
to be adequate for the temperature measurement of ground-heat-
related applications and thus was selected. The measurement
setup was accomplished by installing a fiber optic cable to the side
of heat collection tube in two different and separate places. Inser-
tion of the optic cables was made during the general assembly of
the sediment heat energy system. The temperature measurement
results for two months, August and April 2013, are shown as a
function of distance from the shore in Fig. 7. This data shows that
temperature of the sediment was clearly reduced. This indicates
that the heat energy collection system was operated successfully.

The temperature data as shown in Fig. 7 were acquired from 50
m to 300 m distance along the optical cable. Starting point of
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Fig. 7. The temperature decrease of the sediment caused by heat energy collection.

acquisition was selected, because the actual sediment conditions
were reached in approximately 50 m distance from the shore.

The second viewpoint of performance of the sediment energy
system is its operation and energy saving ability. Due to this, infor-
mation related to the energy consumption of one household was
collected very carefully over several years. In this household, two
persons are living in the heated house of 234.5 m?. Their heating-
related energy consumption including the hot water is found to be
annually 9000 kWh, all of which is supported the pumps of the
sediment energy system. The total energy consumption is around
17,000 kWh and the energy consumption per square meter is
72.5 kWh/m?. No other heating method is currently used in the
household; the household does not even use the air heat pump.
Energy consumption is remarkably small when compared to the
average energy consumption of a half smaller house in Finland.
Annual energy consumption of a new, 120 m? private house in
Finland is typically 20,000 kWh for which heating-related energy
consumption including hot water is 14,300 kWh. The average energy
consumption per square meter is now more than double, 166.7 kWh/
m?. Thus, the sediment energy system provides remarkable capa-
bility to reduce the use of electricity in a carbon-free way.

5. Comparison of sediment pipe system to other ground
source heat systems

In many approaches a pipe or pipework is used as a way to
collect heat. These approaches include pond and lake ground heat
systems, horizontal heat system and borehole heat system, all of
which exhibit some similar features as the sediment heat system
along with their unique properties. Table 1 shows a general com-
parison for the most important properties of four heat collection
systems. The table indicates clearly that systems based on heat
energy from the Sun are located near the surface and constructed
with horizontal pipework of many collector units.

Sediment and borehole ground source heat pipelines are not
very sensitive to get damaged because of their position in the
ground. The only threat for horizontal GSHS is deep digging in the
garden. Instead ground source heat system pipeline in the bottom
of pond or lake is quite sensitive for damages at least in spring time

when ice cover is breaking up. Borehole GSHS is the only system
where pipes are installed vertically and the total depth of borehole
is 100—300 m. Borehole GSHS utilizes geothermal energy. The heat
extraction rate fluctuates in different GSHS depending on the
location of installation but every system is capable in heating and
cooling if the system is correctly designed for the energy demand of
the target building.

5.1. Ground source heat systems GSHS for ponds and lakes

Deep ponds and lakes in higher latitude environment are very
useful for ground source heat systems partly for the same reasons
like the sediment heat energy system: the densest water
(around +4 °C) is usually located near the bottom of the lake or
pond, below thermocline zone (a special zone between warmer and
cooler water) around the year. In warmer climate, water bodies
offer higher temperatures to be utilized. The energy can be
collected directly from water via an open-loop lake system or a
closed-loop surface water system (Banks, 2012). Open-loop lake
system use directly lake or pond water, while a closed-loop system
uses typically antifreeze-based carrier fluid as a heat carrier fluid.
The closed-loop system can be implemented with several different
types of pipes. These systems are sensitive to accidental or willful
damage as the pipes are more or less unprotected inside the water
body.

The use of GSHS requires taking into account ecological issues,
amenity issues and other issues related to the use of the pond or
lake. The lake or pond needs to be deeper than 3—4 m and its heat
balance must be kept in a suitable range. The open-loop lake sys-
tem is additionally sensitive to debris (may cause obstruction) as
well as trade-off between ice formation threat and low efficiency in
cold winters. The heat extraction rate for a closed-loop system is
mentioned to be 1 KW per 20 m or 43 m for high density poly-
ethene pipe and PE coil 1 kW per 33 m (Banks, 2012).

5.2. Horizontal heat system

The horizontal heat system consists of trenches with pipes,
typically at the depth of 1.2 m—2.0 m and a solution of antifreeze as



Acta Wasaensia 53

E. Hiltunen et al. / Journal of Cleaner Production 153 (2017) 397—404 403

Table 1
Comparison of different ground source heat systems (GSHS).

Feature/property GSHS ponds and lakes Horizontal GSHS Borehole well GSHS Sediment GSHS

Main heat source Solar energy Solar energy Geothermal energy Solar energy

Annual renewal Yes Yes No Yes

Number of heat collector units >20 Yes Yes Typically not Yes

Sensitive to damage Yes Not very No No

Main direction of pipe(s) Horizontal Horizontal Vertical Horizontal

Vertical depth of pipes In the bottom of a water body 1.2-2m 100—300 m 3—4 m inside the sediment layer
(from the bottom of a water body)

Approximate heat extraction rate W/m 15—-28 W/m 100 W/m (trench, UK) 20—-92 W/m 40—-50 W/m

a heat carrier fluid (Banks, 2012). Several different geometries can
be employed for trench pipework installation. The efficiency of heat
transfer needs to be boosted by circulating the fluid under turbu-
lent flow region. The burial depth needs to be selected, so that
diurnal fluctuations in temperature will not or have only a
restricted effect on heat collection. However, the pipes should be
located close enough to ground level in order to replenish the heat
energy during a hot period.

The horizontal heat system needs an open space for heat
collection — this is not often available in urban areas with several
buildings and other pipe systems. The wetter soil improves the
performance of horizontal heat system (Banks, 2012). The system
is, in general, susceptible to tampering, since the pipes are buried
near the surface.

The heat extraction rate of the system varies with different
conditions; the literature suggests, for example, 1 kW per 10 m
(Banks, 2012). Since the average temperature of soil and rock in
Finland is approximately 5 °C at the depth of couple meters and the
temperature of sediment can be 8—9 °C at depths of 3—5 m
(Valpola, 2006; Martinkauppi, 2010), the sediment has higher heat
extraction rate available for harvesting at least in theory.

5.3. Borehole wells

The borehole wells might not be suitable in all urban areas since
there might be already pipes which cannot be moved or other
constructions preventing drilling the well. The most commonly
pipe type in a borehole is a U-tube probe. Since the heat of borehole
well does renew very slowly, the vicinity of the borehole tends to be
cool and a thermal drawdown cone is formed (Stober and Bucher,
2013). The extraction rate varies very much, for example, from 20
to 30 W/m for gravel (dry sand) to 65—92 W/m for quartzite (Stober
and Bucher, 2013).

In the borehole wells, it is often used the so called U-pipe, in
which the fluid goes down to one pipe and comes up with another
pipe. Due to vertical fluid movement in the U-pipe and more hor-
izontal movement in the Refla-pipe (sediment energy) as well as
structural differences between the pipe types, the pressure drop of
U-pipe is three times higher than in that of Refla-pipe (Acuna,
2013). The smaller pressure drop of Refla pipe system allows the
use of a heat pump with lower-power consumption. The low-
power heat pumps are generally more inexpensive to buy and
use, and they consume less electricity.

6. Conclusion

Abundance of water bodies is available in many places and many
approaches have been suggested for their use for energy produc-
tion, heating and cooling. Some of the approaches have been sug-
gested even for the use in urban areas, but some obstacles like
space requirement of the installation, existing constructions or
disturbances to inhabitants limit their usability. In this paper, we
describe a novel heat collection system, where the thermal energy

of sediment under a water body is utilized. It is suitable for both
urban and rural water bodies, and it overcomes obstacles presented
in urban areas. It provides a carbon-free and renewable method to
produce heating/cooling and hot service water.

The suggested system consists of special pipes connected to
heat collection wells. The distribution and removal are done via a
special distribution tank, which is connected to the connection
well. The physical realization of the system is done in Suvilahti
suburb, a district area of City Vaasa in 2007. Its performance has
been successful, and we examine it from two points of view. The
first one is the system capability to extract heat from the sedi-
ment. The optical temperature measurements clearly indicate a
drop in the sediment temperature from the normal temperature of
8 °C during the period of heating. Its heat extraction rate has been
evaluated to be 40—50 W/m. By carefully following the energy
consumption in one household, the system has been shown to
reduce more than half of the electricity normally used in this type
of Finnish household. The energy savings per year has reached
11,000 kWh for a household.

The sediment heat collection is not the only way to utilize
sediment and water areas for energy production. Different schemas
have been suggested for biogas production, biofuel production
from algae, hydrate-containing sediment collection and microbial
fuel cell. They consider obviously different aspects, comparing to
the suggested system. However, the suggested system has some
resemblance to ground heat source systems. It can be seen as a
complementary of them, although there are specific differences.
The most important one is the suitability for urban areas.
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Abstract. The low energy network based on renewable seabed sediment heat has been monitored
for several years in Vaasa, Finland. In this study the temperatures of air, heat carrier fluid and
seabed sediment are compared to each other and correlations between them are investigated. In
this study data from one year 2014, was used. Correlations between these subjects clearly exist.
The sizing of installed network seems to be correct; no overuse was detected.

Key words: Renewable energy, heat energy, sediment energy, carbon-free, distributed
temperature sensing (DTS) method.

INTRODUCTION

The local renewable energy sources are available everywhere. The harvesting of
those sources is going on worldwide in order to mitigate the global warming. The seabed
sediment heat is one geothermal heat energy source which has been utilized in Vaasa,
Finland since 2008. Actually this heat source is mostly generated by the sun which is
common with heat sources near the soil surface. In Finland the impact of seasonal
variation in air temperatures is observed to affect even in the depth of 10—15 meters from
the soil surface. In Vaasa the seabed sediment heat is delivered to total of 42 households
via heat collection pipes and heat pumps. This low energy network has also been used
for cooling those houses in the summertime. There have been implemented temperature
measurements of air, heat carrier liquid and sediment during 8 years. Mékiranta et al.
(2015) have noticed in their measurements that in the seabed sediment the temperature
difference between October and the coldest month stays stable at 8 degrees.

Hiltunen et al. (2015) have investigated the dependency between air temperature
and fluid temperature on the area. They observed that the heat carrier liquid achieved its
maximum temperature typically after one month of the peak value of the air temperature.
In this study the sediment temperature will be compared to the values of fluid and air
temperature and the correlation of these three variables is analysed. The aim is to
discover if the collection pipeline is sized correctly: if a high correlation between these
subjects exists, then a proper interaction is likely.
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MATERIALS AND METHODS

The observations of air temperature were acquired from Finnish Meteorological
Institute. The heat carrier fluid temperatures were measured by one resident of the
sediment heat network. The sediment heat temperatures were measured by the renewable
energy research group of University of Vaasa. Temperatures of seabed sediment have
been acquired by optical measurement device. The distributed temperature sensing
(DTS) method observes the data with the spatial resolution of even 1 m. The optical
cable (sensor) is installed along one 300 m long heat collection tube. Temperature data
is collected on the shore from the distribution well. The data indicates the sediment
temperatures in the 3—4 m depth, starting at the shore and extending to the distance of
300 m in the sea.

DTS method

The temperatures of the seabed sediment are measured by distributed temperature
sensing (DTS) method where optical fibre functions as linear sensor. Temperatures can
be measured as a continuous profile along the whole fibre not only at some points. In
other words temperature measurement is distributed. Fibres can be even several
kilometres long and they are typically made from doped quartz glass.

DTS-measurement device emits short optical pulses (laser light), which illuminate
the glass core of an optical fibre. Different types of scattering are subjected to optical
pulse while it moves along the core of fibre. One type of scattering is Raman scattering
which consists of Anti-Stokes and Stokes band. Anti-Stokes band is temperature
dependent, while Stokes band is not. The ratio of the Anti-Stokes and Stokes light
intensities indicates the local temperature of optical fibre. The speed of optical pulse is
used to evaluate the spatial position of the temperature (Ukil et al., 2012).

Measurements on the site

Seabed sediment temperature measurements were made by Oryx DTS device. The
patch cord was used to calibrate the device and to secure cleanliness of the channels in
the device. The rugged laptop (Fig. 1) acquired the data instantly at the measurement
site. One measurement took 10 minutes which means 20 measurements totally by one
measurement channel. Temperature changes are relatively slow at the seabed sediment.
That is why one measurement session per month was justified and 10 minutes for data
acquiring per session was observed to be long enough.

Figure 1. DTS-device was in commission at the low energy network site in Suvilahti.
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The original measurement data of seabed sediment temperatures for one year period
is shown in Fig. 2.
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Figure 2. The original data for DTS measurements in year 2014.

Analysing method for data

First, the original data was analysed on the basis of its temperature profile. This
provides a very rough estimate about the sediment temperature behaviour.

The next phase is to compare the sediment temperature to the air and heat carrier
fluid temperatures. As the air and liquid temperatures are scalar, we have selected
temperature data at two different points. A problem is that the temperature data is very
noisy due to nature of the measurement itself, environment and other factors. This was
solved using moving average-method to smooth the data. The selected window size is
nine; i.e. a point value is replaced with an average of values from the point and from four
other points before and after the point.

Theory and modelling

Correlations were evaluated between the following data: I air temperature and
liquid temperature, Il air temperature and sediment temperature and III sediment
temperature and liquid temperature. The correlation was calculated using Pearson
product-moment correlation coefficient and Spearman’s rank correlation coefficient. A
short description is provided in this article, as a more comprehensive overview is
available in many statistical textbooks (e.g. Sprinthall 2012).

Pearson product-moment correlation coefficient (Pearson ») measures linear
correlation or dependence between one subject’s temperature data (symbol x) and
another subject’s temperature data (symbol y). The 7 —values can be between +1 and -1
where 1 is total positive correlation, -1 total negative correlation and 0 is no correlation.
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The Pearson r is defined as

- cov(x,y) B E[(x - .Ux)(y - :uy)] (1)
Ny Ox 0y B Ox0y

where cov indicates covariance, o is the standard deviation, g is mean, £ is expectation,
subindex x indicates the first subject’s data, and subindex y indicates the second subject’s
data. The entire range of each subject’s data is assumed to be normally distributed. The
temperature values (Celcius degrees here) naturally belong to interval data.

The significance of Pearson r is tested against the null hypothesis: the correlation
is due to chance. The significance is assessed using Pearson 7 table with the degree of
freedom (the number of pairs of scores minus 2) (Sprinthall 2012).

Another metric used is Spearman’s rank correlation coefficient (Spearman’s r;)
which is a nonparametric measure. All temperature data values for each subject are
converted into ordinal ranks. For each month, the absolute difference d between
temperature ranks is calculated and squared. The Spearman’s r; is calculated using the
following formula:

o OLd @
rs=1————=

s N(N? —-1)

where N is the number of pairs. It is used here to evaluate the statistical dependence
between temperatures. This metric compares their relationship to a monotonic function.
The values are again between +1 and -1.

RESULTS AND DISCUSSION

Correlations between the fluid temperature and sediment temperature as well as the
air temperature and sediment temperature are evaluated. The sediment temperature is
measured at different distances along the pipe but two different points (distances 150 m
and 250 from the shore) are used for correlation calculations. A high correlation is
assumed to mean that sizing of the pipeline is done correctly. The appropriate and
adequate sizing is vital for improvement of renewable low energy network.

The DTS temperature profile was noticed to change depending on the month. Fig. 3
shows profiles from January to April as well as from October to December. The
measured temperatures are lower near the shore than further away in the bay. These
months are also the typical months when a heating is needed for the houses in Finland.
Also the month November has lower temperature values than month December. This
might be due to appearance of ice cover or stratification effect in bay water in December.

Fig. 4 displays the temperature profiles for the warm months from May to
September. The temperature profiles exceed their highest temperature at September. The
form of temperature profile is different than in Fig. 3 which contains the cold months.
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Months with similar termperature profile form
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Figure 3. The temperature profiles for seven cold months in year 2014.
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Figure 4. Temperature profiles for 5 warm months in year 2014.

The temperature profiles for year 2014 indicate that the sediment reach the
maximum temperature at the late summer as well as there is a minimum temperature
limit under which the current usage cannot drive.
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The original data was subjected smoothing with a moving average method with
window size of nine. The results for smoothing as well as selected points for correlation
calculations are shown in Fig. 5. The selected analysing points were taken of the
distances of 150 m and 250 m from the shore.

Averaged values
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Temperature [*C]
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October
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December

0 50 100 150 200 250
Distance [m]

Figure 5. The averaged values are shown for each month. The selected analysing points (150 m
and 250 m) are indicated with * marker.

Air, liquid and sediment temperatures were plotted as a function of time in Fig. 6.
Naturally, the biggest range appears in the air temperature.
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Figure 6. Temperature data from January to December 2014.
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During the warmest months (June and July) the heat carrier liquid temperature
exceeds the sediment temperatures. This can be understood due to the need for cooling
in the houses.

Table 1 shows the correlation coefficient values calculated for different subject
pairs. In the first three rows, the correlation between air data and liquid or sediment data
is calculated as well as between air data and delayed or advanced liquid or sediment data.
As in our earlier paper (Hiltunen et al. 2015), the highest correlation between air and
liquid data occurs between liquid data is taken one month later than corresponding air
data. There seems to exist also a high correlation between air temperature and
temperature of sediment after one or two months.

The last two rows show the correlation between sediment data and liquid data (as
well as delayed or advanced data). The correlation is high when the subjects data
measured at the same time as well as when the sediment data is compared against
previous months liquid data. One could interpret this so that when the liquid heats or
cools sediment this affects also sediment temperature at the next months.

Table 1. Correlations

Data Pearson coefficient Spearman coefficient

Pearsonr Spearman rs
1 oL

Air temperature 051
and liquid , ,
temperature - ' : -

Peargon t Spearman rs

Air temperature
and sediment

) : ; : R : 5
temperature 150 m L 0 5 2 i 2

Pearson r Spearman rs

Air temperature
and sediment : : | : : j
temperature 250 m -1 : : : R 0 >
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Table 1 (continued)

Fearson r Spearrran rs

Sediment : : ; : ; ;
temperature 150 m JE G ............ £k ARy ke ............ Ly
and liquid : : : : ; :
: ; ; - Ei
temperature Y—3 5 5 > 0 5
Fearson r Spearman rs
Sediment
temperature 250 m |:|5 ..................................... D 5 .....................................
and liquid i : : ; i : : !
temperature _ 2 i 2 ’ -2 i 2
CONCLUSIONS

There was noticed high correlation between the heat carrier liquid temperature and
sediment temperature. Especially, liquid temperature and sediment temperature of next
month, as well as, liquid and sediment temperature of the same month are correlating
strongly. This may indicate that the low energy system is really working. In winter time
the sediment is getting cooler due to the usage for heating. In summer time sediment is
warming due the cooling of the houses. Of course there are also other factors that are
affecting to the sediment temperatures.

The sediment temperature curve (Fig. 2) seems to rise slightly to the end even in
winter time. This might indicate the fact that the sizing of this site’s pipeline is played
safe. In other words this network is sized bigger than would have been necessary. This
is natural in pilot systems.

The high and significant correlation between air temperature and temperature of
sediment after one or two months was also observed. The sediment temperature is
indicating the previous weather conditions.

ACKNOWLEDGEMENTS. We thank Mr. Juhani Luopajarvi for implementing the liquid
temperature measurements.

1198



Acta Wasaensia 63

REFERENCES

Hiltunen, E., Martinkauppi, J.B., Mikiranta, A., Rinta-Luoma, J. & Syrjild, T. 2015. Seasonal
temperature variation in heat collection liquid used in renewable, carbon-free heat
production from urban and rural water areas. Agronomy Research 13, 485-493.

Makiranta, A., Martinkauppi, J.B., Hiltunen, E. & Lieskoski, M. 2015. Seabed Sediment Heat
Measurements at the House Fair Area in Vaasa. (submitted)

Sprinthall, R.C. 2012, Basic statistical analysis. 9" edition. Pearson. 660 pp. (in the USA).

Ukil, A., Braendle, H. & Krippner, P. 2012. Distributed Temperature Sensing: Review of
Technology and Applications. /EEE Sensors Journal 12, (5), 885-892.

1199



04 Acta Wasaensia

fririd applied
1 sciences

Article
Seabed Sediment as an Annually Renewable
Heat Source

Anne Mikiranta 1'*©, Birgitta Martinkauppi !, Erkki Hiltunen ! and Mauri Lieskoski

1 School of Technology and Innovations, University of Vaasa, P.O. Box 700, FI-65101 Vaasa, Finland;
birgitta.martinkauppi@uva.fi (B.M.); erkki.hiltunen@uva.fi (E.H.)

Geo-Pipe GP Oy, Konsterinkuja 5, FI-65280 Vaasa, Finland; mauri.lieskoski@geopipe.fi

*  Correspondence: anne.makiranta@uva.fi; Tel.: +358-29-449-8000

2

Received: 15 December 2017; Accepted: 9 February 2018; Published: 15 February 2018

Abstract: Thermal energy collected from the sediment layer under a water body has been suggested
for use as a renewable heat source for a low energy network. A prototype system for using this
sediment energy was installed in Suvilahti, Vaasa, in 2008 and is still in use. It provides a carbon-free
heating and cooling solution as well as savings in energy costs for 42 houses. To be a real, renewable
heat source, the thermal energy of the sediment layer needs to replenish annually. The goal of this
paper is to verify the possible cooling or annual heat regeneration. The sediment temperatures were
measured and analyzed in the years 2013-2015. The data were compared to the same period in
2008-2009. All measurements were taken in the same place. This paper also confirms the potential
of the sediment heat, especially in the seabed sediment, using the temperature differences between
the lowest and the highest values for the year. The results demonstrate that the collection of the heat
energy does not cause permanent cooling of the sediment. This result was obtained by calculating
the temperature difference between measurements in the warmest month and the month with the
coldest temperatures. This indicates the extracted energy. The difference was found to be around
9.5 °C in 2008-2009, rising to around 11 °C for the years 2013-2014 and 2014-2015. This indicates the
loaded energy. The energy utilization is sustainable: the sediment temperature has not permanently
decreased despite the full use of the network for the heating and cooling of houses between 2008
and 2015.

Keywords: sediment heat; urban energy; geoenergy; low energy network; distributed temperature
sensing (DTS) measurement; renewable energy

1. Introduction

The limited resources of non-renewable energy, the prevention of climate change and
environmental issues like UHI (urban heat island) effect are the concerns that make the search for
renewable energy sources important. One of the research topics is geothermal energy. In non-volcanic
areas, geothermal energy plays a minor role compared to the radiant energy of the Sun, which has
accumulated in the topmost layers of the ground. The term ‘geocenergy’ consists of both geothermal
energy from the Earth and the radiant energy of the Sun. Geoenergy is available, for example, in ground,
bedrock, watercourses, in sediment under water bodies and under asphalt and concrete surfaces. In
Finland, the most exploited forms of geoenergy are ground source heat and bedrock heat.

The new renewable energy sources, such as sediment heat under water bodies and asphalt heat
under the surfaces of roads and parking lots, are today attracting great interest. Sediment heat can be
harvested from the sediment layers at the bottom of different watercourses. Sediment is a solid-state
layer consisting of clay, mud and gyttja. There are thick sand layers on the coastline of Finland and
plenty of sediment in shallow bays. According to Likens and Johnson [1], the temperature variations
in overlying water and the thermal properties of the sediment affect the heat budget of the sediments.

Appl. Sci. 2018, 8, 290; doi:10.3390/app8020290 www.mdpi.com/journal/applsci
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In their study, a thermistor and a resistance bridge were used in the temperature measurements on
sites in Wisconsin. Golosov and Kirillin [2] stated that the thermal effect of the sediments on the lake
water temperature is observable in shallow lakes. They also noticed that in seasonally ice-covered
lakes the sediment is the major heat source influencing the ecology, e.g., oxygen consumption and
nutrients supply. Considering the sea bay conditions, the extraction of heat energy does not appear to
be affecting the ecosystem.

In 2006, it was observed in Ostrobothnia, Finland, that at a depth of three meters under the
water body of lakes the temperature of sediment reached 8 °C and remained quite stable (8-9 °C) in
deeper layers.

In the same year, the interest in renewable seabed sediment heat energy arose in Vaasa in Western
Finland too. The location where the heat was first noticed was in Suvilahti Bay. The elevated
temperatures were verified by the Geological Survey of Finland, which performed temperature
and resistance measurements at three different points on April 11. Following this discovery,
the temperatures of sediment were researched as point measurements in many waterways in
Ostrobothnia and, according to private communications with the Geological Survey of Finland, it was
noticed that there was potential for heat energy at the bottom of lakes and also the sea.

Due to previous results, which confirmed the discovery of the promising heat resource, two years
later, the low energy network for seabed sediment was introduced in the Vaasa House Fair area
of Suvilahti. The Vaasa House Fair area was situated close to the seashore and sediment in the area
was found to consist of sulfide clay mud. The long-term average air temperature in Vaasa is —5.7 °C in
winter and 14.9 °C in summer [3].

In our previous papers we have found out that the calculated annual loaded seabed sediment
heat energy of 7800 m heat collection pipeline is 575 MWh. Meanwhile the annual extraction of energy
in such low energy network is 560 MWh [4].

The goal of the present study is to verify the adequacy of this heat resource for continuous heating
of houses. The paper will identify the potential of sediment heat, especially in seabed sediment,
using the temperature differences between the lowest and the highest values. Measurements of
sediment temperatures were taken in a residential area that utilizes the sediment heat-based low
energy network. One focus is to ascertain whether the usage of the low energy network has caused
permanent temperature changes in the sediment. At the same time, it is essential to annually investigate
the principle of the heat loading and unloading: for how many months are the temperatures increasing
each year and for how many months are they decreasing each year? One of the major issues in the
utilization of sediment energy is the availability and sustainability of heat energy.

2. Thermal Interaction between Water and Sediment

The use of sediment thermal energy for heating is based on the annual recharge of the thermal
energy in sediments. This recharging is mainly caused by an interaction between water and sediment.
Of course, water and sediment interact in many ways. Here, the focus is on the thermal interaction
when water is either brine or fresh water. The main feature affecting the thermal energy of sediments
is the temperature of the overlaying body of water when there is no tide. Birge et al. [5] carried out
one of the first studies of this feature as early as 1927 at Lake Mendota where the heat exchange of
mud was measured at different water depths but with sediments within the thickness of five meters.
Birge et al. noted a variation in the migration rate of the heat. They showed that the annual oscillation
at the sediment temperature attenuates as a function of increasing depth. In a study conducted at
Indian River on the Atlantic Coast of Florida in the 1980s, Smith [6] also reported results that show
that the water column and underlying sediments have an active exchange of heat.

Many publications indicate that the heat exchange between the water body and the lake sediments
cannot be ignored, especially when a lake is shallow or has an ice cover for some period of the
year [7-10]. The role of sediment in transferring the stored heat back to the water body during winter
has been investigated in the arctic lakes, for example by Welch and Bergmann [9]. According to
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Bengtsson [11], the heat flow from the sediments happened during the whole of winter but the
convective mixing was very slow.

The sediment heat flux is a signification parameter when simulating the stratification conditions
in shallow lakes but not in deeper lakes [10]. A study of dynamic heat exchange in the sediment-water
interface of a lake indicates the same conclusion: Fang and Stefan [12] noted that the sediment
heat fluxes are a very important factor in shallow lakes. The lake sediments provide seasonal heat
storage and thermal inertia to water columns. The direction of the heat flux has both seasonal and
daily variations. Seasonal variation causes heat transfer from water to sediment in the summer and
from sediment to water in the winter.

Brewer [13] studied shallow lakes with depths approximately between 0.5-1.0 m and 1.8-2.7 m
in the Barrow area of Alaska. He stated that during the ice-free period, the water in the lake can be
considered to be in an isothermal state with a maximum recorded temperature of 12 °C. Following the
icing of the lake surface, the heat radiation through the ice can quickly warm the water, even from
approximately 0 °C to 2 °C, as long as the ice is not covered by snow. The snow on the ice causes the
cooling of the water and then the bottom sediments start to warm the water. Warming depends on the
distance from the shore and the depth of the water body.

A great deal of heat energy is available in urban areas. Buildings and surface materials, such as
concrete and asphalt pavements, absorb and store sunlight effectively; together, the built environment,
people, vehicles and lack of flora are the reasons for the extra heat [14]. This phenomenon, referred
to as the urban heat island (UHI) effect, is largely noticed in big cities. The air in an urban area is
warmer than that in the nearby rural area. The difference may even be several degrees [15]. In Turku,
Finland, the average UHI intensity has been measured as 1.9 °C and the periodic difference between
temperatures in the city center and surrounding areas have risen up to 10 °C [16]. The UHI effect
also has an influence on ground and water temperatures. There are many different kinds of water
courses, bottom sediment and heat beneath urban areas and these can be utilized as low energy sources
for buildings. In their research, Canbing, Jincheng and Yijia concluded that the urban heat island effect
feeds itself [17]. Thus, the best energy-saving potential can be reached by mitigating the UHI effect.
Santamouris [18] also sees the use of energy supply systems that utilize renewable energy sources for
buildings, as one solution in the battle against urban warming.

3. Materials and Methods

The House Fair was arranged in Suvilahti, Vaasa in the summer of 2008. The themes of
the Fair were homes for everyone and ecology. The energy solutions for the area were based on
renewable energy. The heating and cooling energy for 42 detached houses was delivered from the
seabed sediment. This energy was mainly produced by the Sun. The combined heat and power plant,
which utilizes the biogas of the landfill, was also built in the area. The combined heat and power (CHP)
station produced electricity to the heat pumps of the low energy network. The House Fair Area of
Vaasa and its unique low energy network were thoroughly described by Hiltunen et al. [19].

The temperatures of the seabed sediment can be measured from two places on the shore.
Immediately after the assembling process in 2008, the temperatures were measured once a month
for a period of 13 months using the optical cables of the distributed temperature sensing method
(DTS). The measurements were carried out by the Geological Survey of Finland with the help of
Agilent N4386A and had a temperature accuracy of +0.17 °C. In 2013-2015, the University of Vaasa
recorded the sediment temperature measurements. The measurements were taken once a month
with the help of the Sensornet Oryx DTS device. The temperature accuracy of the DTS device was
+0.5 °C. The sediment temperatures were measured by utilizing the same methods as those noted
earlier. The results were obtained from a distance of 0-300 m, starting from the shore. The spatial
resolution of the measurements was 1 m. The final sediment temperatures were acquired as an average
of eight temperatures measured on the same day during a period of around ten minutes.



Acta Wasaensia 67

Appl. Sci. 2018, 8,290 40f13

The optical cables for temperature measurements were installed at the same time as the assembly
process of the collector pipes. The position of an optical cable (yellow line) is shown in Figure 1a.

(a) (b)

Figure 1. (a) Profile of the heat collector pipe and the location of an optical cable; (b) The assembling of
heat collection pipes.

The present study is concerned with the temperatures measured in Liito-oravankatu in the
Suvilahti suburb during six-month periods in 2013-2014 and 2014-2015. The temperatures for those
periods were compared with results from the corresponding months in 2008-2009 to illustrate the
cooling period in the sediment layer. The measurements were taken in the same place in each period
of 2008-2009, 2013-2014 and 2014-2015. In addition to these results, the warming of the sediment layer
is also presented for the respective years.

Data are also available for the temperatures of the heat carrier fluid measured by a resident of
one single-family house in the low energy network area in Suvilahti. Using an Ouman thermistor,
the resident monitored the temperatures of incoming geothermal fluid for periods from September
2008 to February 2009, from September 2013 to January 2014 and from September 2014 to February 2015.
The accuracy of the measurement device was 1.0 °C. The measurements of the heat carrier fluid were
made in the engineering and utility service room inside the house. The data give the temperature of
the heat carrier fluid after its journey from sediment, through the collection pipes to the distribution
pipeline and then, finally, into the house. These data have been published and are analyzed in
this study. Hiltunen and Mékiranta et al. [20,21] noted that there is a clear correlation between
the temperatures of air, heat carrier fluid and sediment, which is one of the prerequisites for the
renewability of sediment heat.

4. Results

According to the initial measurement period in 2008-2009, the cooling of the sediment took place
until February 2009, when the lowest temperatures were measured. Sediment temperatures were
very close together in December and January. The sediment temperatures for a six-month period
in 2008-2009 are shown in Figure 2 (Huusko, A; Martinkauppi, I. Geological Survey of Finland.
Personal communication, 2009). This was the first season in which the houses were heated using the
low energy network. The sediment temperatures were presented from a distance of 50 to 300 m from
the shore. This distance was chosen because 0-50 m is relatively close to the shore and, therefore, flora
(reeds, etc.) might affect the temperatures.
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Figure 2. Seabed sediment temperatures measured from September 2008 to February 2009
in Liito-oravankatu.

The mean air temperature in Ostrobothnia in the year 2008 was over 5.0 °C and in the year
2009, it was 4.0-5.0 °C [22]. The monthly mean air temperature in Vaasa is shown in Table 1
(Pirinen, P. Finnish Meteorological Institute. Personal Communication, 2017). The heating season
began in October, which can be observed as a decrease in sediment temperatures in November 2008.
Further, the mean air temperatures were already dropping when the winter season arrived. A high and
significant correlation has been observed between the air temperature and the temperature of sediment
after one or two months [21]. The value of the maximum sediment temperature per month (Table 1)
was calculated as an average of temperatures at a distance of 280-300 m from the shore (Huusko, A;
Martinkauppi, I. Geological Survey of Finland. Personal communication, 2009).

Table 1. The monthly mean air temperatures (ty, i) and the monthly maximum sediment temperatures
(tmax_sed) and the geothermal fluid temperatures (ty, f,iq) in Vaasa during the measurement period
in 2008-2009.

tkajlir [O C] tmaxﬁsed [o C] tkaﬁﬂuid [o C]
Year Month . . -
Air Sediment Geothermal Fluid
September 9.3 8.1 -
October 6.7 7.0 -
2008 November 1.8 3.9 4.0
December 0.2 0.4 2.0
2009 January —3.6 0 0.0
February —6.1 -1.2 0.0

The temperatures of the geothermal fluid were measured for the period November 2008 to
February 2009 in one house connected to the low energy network. The relationship between the
temperatures of the air, sediment and geothermal fluid from September 2008 to February 2009 are
shown in Figure 3. In December, the geothermal fluid was measured as slightly warmer than the
sediment, which can be explained by the different measurement locations.
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Figure 3. The relationship between the air, sediment and geothermal fluid temperatures in the low
energy network of Suvilahti, Vaasa, 2008-2009. The lines are drawn to visualize and approximate

relationship between measurements points.

The loading of sediment heat is shown in Figure 4. The temperatures of the sediment increased
between March and August up to 11-12 °C. By May, the ambient air had warmed up and the snow and
ice had melted. The water was becoming warmer and the heat in the sediment layer was also increasing.
Another great difference in sediment temperatures occurred between June and July. This indicates
the end of the house-heating season. The heat loading in the sediment layer starts from the shore
and goes to the end of the pipe, which can be observed as a constant curve without any slope in July
and August.
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Figure 4. Seabed sediment temperatures measured from March 2009 to August 2009 in Liito-oravankatu.
The Sun is obviously loading the heat to the seabed sediment.
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In the follow-up study of 2013-2014, the sediment temperature cooled down until January 2014
(Figure 5). The heating of houses began in October, which can be seen in the great sediment temperature
difference between October and November.

—September 2013

10
=—0ctober 2013

. November 2013

s W _
= January 2014
o

o S0 100 150 200 250 300

Distance (m)

Temperature (°C)

Figure 5. Seabed sediment temperatures measured from September 2013 to January 2014
in Liito-oravankatu.

The mean air temperature in Ostrobothnia, Finland in 2013 was 5-6 °C [22]. The monthly
mean air temperatures in Vaasa for a five-month period in 20132014 are presented in Table 2
(Pirinen, P. Finnish Meteorological Institute. Personal Communication, 2017). During the measurement
period of 2013-2014, it can be noticed that, on average, the sediment temperatures were higher than
the air temperatures in every month except September, when they were almost equal.

Table 2. The monthly mean air temperature (ty, ,ir), the maximum sediment temperatures (tmax_sed)
and the geothermal fluid temperatures (ty, fuiq) in Vaasa in the measurement period 2013-2014.

tka_air [°C] tma\x_sed [°Cl tka_fluin:l [°C]
Year Month 5 . .
Air Sediment Geothermal Fluid

2013 September 119 11.7 10.0
October 6.3 10.2 7.0
November 2.6 5.2 5.0
December 0.8 3.1 2.0
2014 January —8.0 1.6 0.0

The relationship between the temperatures of the air, sediment and geothermal fluid in the period
September 2013 to January 2014 are shown in Figure 6. The temperatures of the geothermal fluid were
cooler than the sediment temperatures for the whole measurement period of 2013-2014.

The warming of the sediment layer from spring to late summer 2014 is shown in Figure 7.
The temperatures of the sediment were increasing by up to 14 °C from March to August. The greatest
difference in sediment temperatures is between April and May. The heat loading in the sediment layer
takes place along the whole area from the shore to the distance of 300 m, which can be observed as
a constant curve without any slope in July and August. The difference in temperatures in July and
August is about 3.5 °C. The effect of the Sun is obvious.
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Figure 7. Seabed sediment temperatures measured from March 2014 to August 2014 in Liito-oravankatu.
Temperatures increase after the winter months.

In the final follow-up study, 2014-2015, the sediment was cooling down until February 2015
(Figure 8). The great gap between the temperatures measured in September and October is due to
the start of the house-heating season. Exceptionally, the sediment in December was warmer than
in November. The autumn of 2014 was unusual in terms of sea water and air temperatures [22].
Energy consumption was minor in November and the heat was gathering close to the collection pipe.
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Figure 8. Seabed sediment temperatures measured from September 2014 to February 2015
in Liito-oravankatu.

The mean air temperature in Ostrobothnia, Finland in 2014 was 6.1 °C and in 2015 it was 6.4 °C
(Pirinen, P. Finnish Meteorological Institute. Personal Communication, 2017). The monthly mean air
temperatures in Vaasa in a six-month period in 20142015 are presented in Table 3. In the measurement
period 2014-2015, it can be seen that, on average, in every month, the sediment temperatures were
higher than the air temperatures. Further, the sediment temperatures were higher than the geothermal
fluid temperatures for the whole period.

Table 3. The monthly mean air temperature (ty, ,ir), the maximum sediment temperatures (tpax_sed)
and the geothermal fluid temperatures (ty, fuiq) in Vaasa in the measurement period 2014-2015.

tkzLair [°Cl tmax,sed [°C] i"ka,fluid [°C]
Year Month X 5 5
Air Sediment Geothermal Fluid

2014 September 115 13.1 9.0
October 5.0 8.4 8.0
November 1.0 59 4.0
December -0.7 7.2 2.0
2015 January -3.1 3.6 0.0
February -0.2 2.5 0.0

The relationship between the temperatures of the air, sediment and geothermal fluid in the period
September 2014 to February 2015 are shown in Figure 9. The sediment was warmer than the air during
the whole period. The geothermal fluid temperatures were cooler than the sediment temperatures for
the whole measurement period of 2014-2015, as expected.
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Figure 9. Temperatures of the air, sediment and geothermal fluid in the measurement period 2014-2015.

The warming of the sediment layer from spring to late summer 2015 is shown in Figure 10.
The temperatures of sediment were increasing from March to August, by up to 12 °C. The greatest
difference in the sediment temperatures was between April and May and the sediment had clearly
warmed up by July.
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Figure 10. Seabed sediment temperatures measured from March 2015 to August 2015 in
Liito-oravankatu. Heat loading is observed as increased temperatures in the sediment layer.

In 2008-2009, the average difference between the sediment temperature in September (the month
with the highest temperature value) and February (the month with the coldest sediment temperature)
was 9.7 °C. In 2013-2014, the average difference between the sediment temperature in September
and that of the month with the lowest sediment temperature, i.e., January, was 11.1 °C. In 2014-2015,
the difference between the temperature in September and the lowest temperature values in February
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was 11.2 °C. Thus, the absolute decrease in temperature was essentially the same in both periods
(Figure 11).
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——Poly. (09/2014-02/2015)
—— Poly. (09/2008-02/2009)
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Distance from the shore (m)

Figure 11. The between-month difference in sediment temperatures for the months with the highest
and the lowest temperature values in the periods 2008-2009, 2013-2014 and 2014-2015. The polynomials
of second degree are drawn as trend lines.

In the years 2013-2014 and 2014-2015 the difference in temperatures was higher nearer to the
shore and decreased smoothly, being around 1.5 °C lower at the distance of 300 m than at the distance
of 50 m from the shore.

5. Discussion

Different models of interaction between water and sediment has been studied e.g.,
in North-Western Russia and Germany, [2] and in United States [10,23]. The measured data for
all the periods—2008-2009, 2013-2014 and 2014-2015—show the cooling of sediment during the
autumn and winter seasons. The difference in sediment temperatures between a month with the
highest temperature value and a month with the lowest temperature value in each period varied from
9.7 to 11.2 °C. The level of the temperatures was about 4 °C lower in the early stage of the new low
energy network (2008-2009) than it was five years later. In the first measurement period, 2008-2009,
measurements were taken with a device that was different to that used in the follow-up measurement
period of 2013-2015. It is also true that because of heating and the drying of the constructions, the
houses needed more energy during the first heating season than they did in later years. This has had a
decreasing influence on the temperatures of the sediment.

There is a roughly 2 °C difference between the temperatures measured near the shore and those
measured at a distance of 300 m from the shore. This difference may reflect the depth of the water
layer over the sediment. The farther from the shore the measurement is taken, the thicker the water
layer and the warmer the sediment. Accurate data about the depth of the water layer are not available
for the Suvilahti area. On the other hand, the position of the cable is estimated to be 3-4 m under the
seabed but the exact position of the cable at the different distances from the shore cannot be measured.

In the measurement period 2008-2009, the heat carrier fluid temperature was higher than the
highest sediment temperature each month in that period. This is explained by the accuracy of the
Ouman fluid temperature meter, which was +1 degree. The result is intelligible if the limit of error is
taken into account. The other factor that may have had an effect on the comparability of the fluid and
sediment temperatures is that the measurements of the heat carrier fluid were made in the engineering
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and utility service room inside a house, whereas the sediment temperature measurements were taken
next to the collection well on the shore. It may also be possible that the surroundings of the collection
pipe in the seabed sediment were frozen and that ice cover may have acted as an insulator for the heat
carrier fluid.

The validity of the sediment temperature data is somewhat questionable because of the location
of the temperature measurement cable, i.e., connected to the side of the operating heat collection pipe
that contains the heat carrier fluid. On the other hand, the influence of the fluid can be expected to
be quite small. In future studies, to gain more accurate sediment temperatures, it would be good to
attach the temperature measurement cable to bare sediment in the same location and to compare those
temperatures with the current results.

The possible flow of groundwater should be known when estimating the heat capacity of a
particular area of the sediment. These data are missing for Suvilahti.

Ice and snow cover have an effect on the temperatures of water, which, according to Birge et al. [6]
interacts with the sediment. There are no data available about the thickness of the ice or the depth of
snow cover in Suvilahti. The stationary stage of sediment temperatures can be observed in a particular
section of every study period and this reflects the impact of ice and snow cover. The heat transfer
occurs farther from the pipeline and a stationary stage prevails close to the pipeline.

6. Conclusions

These follow-up sediment temperature measurements show that sediment has reloaded perfectly
every year. Despite the usage of the energy, the temperature rate of the sediment did not essentially
decrease during the five-year period in the Vaasa Housing Fair area. The start of the heating season
can be clearly observed.

Consideration of the between-month difference in sediment temperatures for the month with the
highest temperature and the month with the lowest temperature value for all measurement periods
shows that the usage of the low energy network has not permanently changed temperatures in
the sediment. The temperatures vary annually and the influence of the radiant energy of the Sun can
be noted. The accumulation of heat can be seen in the sediment temperatures in autumn as the highest
values of the year.

There is a drop of several degrees in the temperatures of October The first heating month
harvests the energy from areas close to the heat collection pipe. The sea has yet no covering
of ice. The air temperature has an influence on the water and, due to heat conduction, also on
the sediment temperatures. All this appears as a notable decrease in the sediment temperature
in November and continues until the stationary stage has been achieved in February—-March 2009,
January-March 2014 and January-March 2015.

This research indicates that the sediment heat is a potential energy source. In future development
of these systems the depth of the pipeline should be known and kept in at least 3 m downwards from
the sea bottom.
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Abstract. The new discovery among renewable energy resources, seabed sediment, has been
utilised as a heat source for 42 houses in Vaasa since 2008. Sediment heat is annually loaded by
the Sun. In this study the amount of annually charged energy is estimated. The difference of
sediment temperatures between the coldest and the warmest month during the year is a key value
in the approximation of the loaded energy. Sediment temperatures are measured once per month
via optical cable by distributed temperature sensing (DTS) method. The monitoring period is
three years, 2014-2016. The estimation of incoming energy (575 MWh) versus known exploited
energy (560 MWh) is reasonable. Despite of the extraction this seasonal heat storage in the seabed
of the Baltic Sea seems to reload well annually.

Key words: renewable energy, sediment heat, distributed temperature sensing, heat storage.
INTRODUCTION

Renewable, Sun-based energies are often available when the need of energies is
low. Especially in the Northern countries, the demand of heat is greater in wintertime
but a lot of renewable heat is available in summertime. Due to the seasonal nature of the
solar energy, its utilisation requires storing. Water tanks, bedrock batteries and aquifers
are the most used applications as heat storages. Old flooded mines have also been studied
as potential heat storages (Watzlaf et al., 2006; Martinkauppi & Hiltunen, 2015). There
are also natural seasonal heat storages like seabed sediment. The natural seasonal storing
guarantees that the heat is available in winter time when the heating season is going on.
The advantages of natural storage are also automatical annual function, fewer
infrastructure constructions and thus less CO, emissions.The aim of this study is to
estimate the amount of reloaded energy. This will help to estimate how much energy is
exploited without detrimental effects.

Local renewable energy sources are available almost everywhere on Earth. The
seabed sediment heat is one geothermal heat energy source which has been utilized in
Vaasa, Finland since 2008. Actually the heat of this source is mainly coming from the
Sun which is a common feature of natural heat sources in the upper crust. In Finland, the
seasonal variation in air temperatures is observed to correlate even to the depth of
10—15 meters from the soil surface (Mékiranta et al., 2016a).

Geological Survey of Finland made a geological analysis of the sediment in
Suvilahti area in 2006. They also measured the sediment temperatures in house fair area
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in 2008-2009 (Martinkauppi, 2013). Valpola (2007) discovered that the annual air
temperature variation is observed only to the depth of 3 m in the seabed sediment in
Vaasa area. Instead in the ground that variation is observed even to the depth of 10—
15 m. The Research group of Renewable Energies from University of Vaasa continued
temperature measurements in 2013 in the same site, Suvilahti suburb.

Hiltunen et al. (2015) and Maikiranta et al. (2016b) have investigated the
dependency between the air temperature, the sediment heat collection fluid (water
ethanol mixture) temperature and the sediment temperature on the residential area which
is utilizing the seabed sediment as a heat source. They observed that there is a clear
correlation between the heat carrier liquid temperature and the sediment temperature of
the next month and the temperatures of the same month as well. The conclusions of that
study were that there is heat energy sufficiently available for all the houses included in
the low energy network, the collection pipeline is sized correctly.

In this study, the annual recovery of the sediment heat is examined. The annually
loaded energy is estimated by means of the seasonal temperature variation in sediment
when the composition of sediment is known to be wet clay.

MATERIALS AND METHODS

Seabed sediment has been utilised since 2008 as a heat source in the residential area
in Vaasa next to the Gulf of Bothnia in the Baltic Sea. This low energy network is used
for heating and cooling houses throughout the year. The main heating season starts on
October continuing to May. During the summer season cooling is used occasionally.
Instead the loading occurs from April to October. The sediment temperature
measurements have been executed there starting from the year 2013 by the Renewable
Energy Research group of University of Vaasa. The used measurement method is
distributed temperature sensing (DTS) method and the device is a product of Sensornet,
Oryx DTS. The method and more detailed description of measurements are presented by
Maikiranta et al. (2016c).

Figure 1. The measurement site is located in Ketunkatu street. A box including optical fibers
with connectors is placed in the distribution well.
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There is assembled an optical cable along one heat collection pipe in Ketunkatu
street (Fig.1). In measurement session the laser pulse travels along the optical glass fiber
inside the cable. So the cable functions as a thermal profile sensor transferring
temperature data with spatial resolution of 1 meter. The cable is 300 meters long and it
is diagonally drilled to the depth of 3—4 meters, see Fig. 2. During the drilling action
there was noticed some rocks and the direction of drilling had to be changed. Because
of this variety in the composition of sediment layer the depth position of cable may vary
from the supposed one.

[row N N~

lce cover

Collection

Wat
well sl

Bottom of the sea_

Sedimentlayer }'—* 3-4m

Heat collector pipe

Figure 2. The conjectural position of the collection pipe and measurement cable along it in the
seabed sediment is visualized in this graphical presentation. (not in scale).

The measurements were made once per month throughout the years. To discover
the annual reloading of sediment heat the temperature difference between the warmest
and the coldest month of the year were calculated. Year 2013 was measured only partly,
thus the first year for observing the reloading of the seabed sediment heat was 2014. The
highest sediment temperatures were observed in October 2014, 2015 and 2016. Instead
the time of the coldest month varied being February in 2014 and March in 2015 and
2016. The temperature difference curves are shown in Fig. 3. The x-axis shows the length
and the distance of the cable from the shore. The zero point is on the shore in the well
and the sediment layer occurs after about 5 meters distance from the well. The first
hundred meter is partly covered by reeds and there is located a pedestrian route with a
bridge, too. They may have an effect on temperatures. Therefore, the starting point for
calculating the differences was decided to be at 100 meter distance from the shore. The
sediment temperature differences are presented 100—300 meters distance from the shore
in years 2014-2016 in Fig. 3.

According to the Finnish Meteorological Institute (2017) the annual average air
temperature in Finland during the year 2016 was the warmest compared to the long term
average in 1981-2010. Sediment temperatures in 2016 were indicating the warming too.
Based on the previous research by Mékiranta et al. (2016b) the sediment temperature
correlates strongly with the air temperature of two previous months.

The amount of annually loaded energy in the sediment layer is estimated with help
of the facts that how much energy is bound to close range around the collection pipe
while the annual temperature variation in sediment is known. The calculated energy is
compared to the experimental extraction of energy which is known to be 560 MWh per
year in the low energy network (Energy Vaasa, 2016).
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Figure 3. Temperature differences between the warmest and the coldest months during three
annual loading periods in 2014, 2015 and 2016 as a function of length and distance of the cable
from the shore. (Note: data is smoothed in Excel with the following option: moving averages with
period 3, as the original data is very noisy).

The estimation of loaded and later extracted energy by the Sun is calculated as
follows. First, the volume

V =nr?h (D

The volume of heat collection pipeline (26 pipes, h =300 m, @ = 84 mm) in the
sediment is 43 m® calculated with Eq. 1. The volume of seabed sediment around the
pipeline with a radius of 2 m is 98.0 10° m*. The mass of the volume is calculated using
the basic formula (Eq. 2):

m=p-V 2)

The calculation gives the value of mass as 172 10° kg when density of wet clay
p = 1,760 kg m™ is used. The heat energy is:

Q = cmAT 3)

The quantity of heat energy Q in the seabed sediment for heat collection is
calculated with help of Eq.(3), when the average variation of annual sediment
temperature (AT) is 5 °C and specific heat capacity of wet clay ¢ =2.4 kJ kg!' °C. By
using these consumptions the quantity of heat energy is counted to be 2,070 10 kJ which
is equal to 575 MWh.
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RESULTS AND DISCUSSION

The absolute temperatures at the distances of 100-170 m are variating from
3—14 °C. This reveals that the depth of the heat collection pipe is not more than 3 m. The
annual air temperature variation is clearly affecting to the sediment temperatures. Instead
the effect of air temperature is not noticed in winter months measured sediment
temperatures. The ice cover and snow form an isolating layer against the effect of the air
temperature.

The absolute temperatures at the distances of 180-230 m variate from 5—12 °C and
at the distances 240-300 m about 6—10 °C throughout the year. According to these last
values (h=300m-240 m=60m and AT = 10°C—-6°C=4°C), the heat energy
Q =92 MWh is available in the sediment layer.

The temperature difference (AT) between the warmest and the coolest month
remain almost at the same level year after year. The variation is only between 0-2 °C
and the difference curve follows the same shape every year. After 180 m distance the
variation in the temperature differences is about 0.5 °C. This may indicate the fact that
the sediment heat collection pipe is located deeper in the sediment layer at the distance
of 180-300 m than closer to the shore. Thus the air temperature has not such a great
impact on the sediment temperature.

The annual variation of the sediment temperature indicates the fact that the heat
energy is truly naturally loaded to the seabed sediment despite of the usage for heating
houses in the residential area.

The estimation of incoming energy compared to known exploited energy is
reasonable when the estimated influence area’s radius is 1°m around the heat collection
pipe and AT =5 °C. The annual extraction of energy is 560°MWh and the calculated
value for annually loaded heat energy is 575°MWh. Despite of the extraction the
sediment heat seems to reload well annually.

CONCLUSIONS

Sediment temperature measurements were made once per month for three years
period by using distributed temperature sensing (DTS) method. With help of the
temperature differences of coldest and warmest month the annual reloading of heat was
calculated and verified. The stage of annual charging may vary due to the average air
temperature level of the year but still the variation is only 0-2 °C. Regardless of the heat
extraction the annual reloading of sediment heat seems to be complete and even in the
long run no cooling is expected.

This study shows that nature formulates seasonal storages to the watercourse
sediment layers. The renewable heat will stay there waiting for the utilization.

ACKNOWLEDGEMENTS. We thank for Geological Survey of Finland for sharing the data and
knowledge of seabed sediment in Vaasa area.
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Abstract

There are a plenty of urban geoenergy available in the built environment. One of the geoenergy
forms is asphalt heat. The black asphalt is an effective solar energy absorber and it is abundant in
towns and cities. This energy is suitable for many heating applications: e.g. in England, asphalt
pavement is used as a heat collector during summer time and this stored heat is used in floor heating
system in houses or as in Netherlands, the asphalt heat from roads is used for the warming of public
buildings [1,2]. In Northern countries it is debatable if the asphalt heat is appropriate for utilisation
at all. Is there heat enough despite of the frozen season in winter?

This study presents the design of asphalt heat measurement field which is implemented in Vaasa,
Finland. The installation includes several hundreds of meters optical fibre buried to the soil,
connection box with fibre splices, wells for water level measurements, heat flux plate and
pyranometer. There are also a lawn covered similar measurement field next to the asphalt field. The
distance of measurement fields is about 200 m which guarantees similar solar and other weather
conditions. The unique temperature measurement fields were planned and implemented next to the
University of Vaasa.

The ground temperatures under the asphalt and lawn layer can be measured even to the depth of 10
m. The measurement field consist of two wells with the depth of 10 m and one well of 5 m depth.
In those wells the spatial resolution for temperature measurements is 1 m. Near the surface it would
be significant to monitor the temperatures more precisely. That’s why there are implemented two
three meters deep holes where the optical fibre has been wired around the tube. Then the spatial
resolution is even 2-3 cm.

The measurements are made by using DTS (distributed temperature sensing) method which is based
on the optical light scattering. Optical cables have been installed permanently in both measurement

fields. Heat flux plate is measuring the heat flow by W/m?.

The presented design unique but it is appropriate to apply in any Northern country.
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Design of Asphalt Heat Measurement in Nordic Country
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ABSTRACT

This study presents the design of asphalt heat measurement field. The installation includes
several hundreds of meters optical fibre buried to the soil, connection box with fibre splices,
wells for water level measurements, heat flux plate and pyranometer. There are also a lawn
covered similar measurement field next to the asphalt field. The distance of measurement
fields is about 200 m which guarantees similar solar and other weather conditions. The unique
temperature measurement fields were planned and implemented next to the University of
Vaasa.

The implementation process was successful. Only one cable in lawn field is malfunctioning
but still there is a possibility to measure in both fields.

The presented design is unique but it is appropriate to apply in any Northern country.

KEYWORDS

asphalt heat, renewable energy, solar energy, distributed temperature sensing

INTRODUCTION

There is a plenty of urban geoenergy available in the built environment. One of the geoenergy
forms is asphalt heat. The black asphalt is an effective solar energy absorber and it is
abundant in towns and cities. This energy is suitable for many heating applications. In the
United Kingdom asphalt pavement is used as a heat collector during summer time and this
stored heat is used in floor heating system in houses. In Netherlands, the asphalt heat from
roads is used for warming of public buildings [1,2]. In Nordic countries it is debatable if the
asphalt heat is appropriate for utilisation at all. Is there heat enough despite of the frozen
season in winter? To answer that question the study field for asphalt heat measurements was
made.

This study presents the design of asphalt heat measurement field which is implemented in
Vaasa, 63°06’N 021°37’E, Finland. The installation includes several hundreds of meters
optical fibre buried to the soil, connection box with fibre splices, wells for water level
measurements, heat flux plate and pyranometer. The optical fibre functions as a linear sensor
to acquire the soil temperatures under asphalt cover even to the depth of 10 m. Heat flux plate
indicates the heat flow and pyranometer is detecting the solar radiation. There is also a lawn
covered similar measurement field next to the asphalt field. The distance of measurement
fields is about 200 m which guarantees similar solar and other weather conditions. The unique
temperature measurement fields were planned and implemented next to the University of
Vaasa.

* Corresponding author
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The effect of seasonal variation in the air temperature on the soil temperature is noticed to
prevail in approximately 10-15 m depth in Finland. That is why in the configuration of
measurement field the deepest temperature measurement point was settled to the depth of 10
m.

MATERIALS AND METHODS

Implementation of measurement fields

The measurement fields with asphalt and lawn cover consist of two wells with the depth of 10
m and one well of 5 m depth. In those wells the spatial resolution for the temperature
measurements is 1 m. Near the surface it would be significant to monitor the temperatures
more precisely. That’s why there are implemented two 3 m deep holes where the optical fibre
has been wired around the tube (Figure 1). Then the spatial resolution is even 2-3 cm. These
special installations have been implemented in both fields.

Figure 1. The tubes to measure the soil temperatures.

Temperature measurements are made by using the DTS (distributed temperature sensing)
method which is based on the optical light scattering. Optical multimode glass fibres cables
(Brugg: BRUSens Temperature 4xMMF and Optical Cable Corporation: Laser Ultra-Fox
Breakout 4xMM) have been installed permanently in both measurement fields. Cables
function as linear sensors both under the asphalt and lawn covered field.

The aim is to investigate if there are some differences in the temperatures due to the upmost
layer on the top surface. The measurements are made at the same time both in asphalt and
lawn field. The design of asphalt heat measurement field is presented in Fig. xx. The total
length of optical cable is 550 m. About 70 m of that is for calibration and 480 m is buried to
the soil. Actually in the installation stage there were four cables which were spliced together
afterwards (total 550 m). There are four fibers inside the cable, but only one of those is used
in temperature measurements. This fiber is spliced of four different pieces together. Thickness
of the asphalt layer is approximately 7-10 cm, gravel and sand layer is approximately 60 cm
thick and clay lies under those layers (Fig. 2).
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Figure 2. The configuration of measurement cables and structure and thickness of layers
beneath the asphalt.

The layout of the measurement field in the parking lot (Fig. 3) visualises the positions of
measurement wells. The cable is installed to the wells which are located at minimum distance
of 5 m of each other. There is a possibility to measure the water level in two wells. The layout
of the measurement field in the lawn covered area is similar compared to the asphalt field.

Asphalt paved
parking lot

depth 3m * depth 3m -

Total length of cable: 550 m

Heat flux plate .

distance min. 5 m distance min. 5 m

I | Water level indicator

depth 5m

—— depth 10m = depth 10m

Water level indicator y ‘

Figure 3. Measurement field layout in asphalt paved parking lot.

The implementation of the measurement fields took three working days. First the
measurement wells had to be drilled (Fig. 4) and the connection channels between the wells
dug (Fig. 5).
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Figure 4. Drilling of measurement wells in the parking lot and lawn field was done in the late
Autumn 2013.

Figure 5. Excavator was necessary in establishing the measurement field.

After the cable installation was done the wells and the channels had to be covered at the both
measurement fields. The parking lot's asphalt pavement was fixed and grass seeds were
sowed to get the lawn field appropriate (Fig 6).
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Figure 6. The implementation of cables and the completed measurement fields.
Measurement devices and methods

Pyranometer and heat flux plate Hukselux LP02-TR pyranometer is located on the roof of the
University's library (next to the measurement fields) to gain the daily data of solar radiation
(Fig. 7 a)). Hukseflux HFPO1 heat flux plate is installed only to the asphalt field (Fig. 7 b))
right under the asphalt cover to measure the heat flux through the asphalt layer.
Measurements after every 10 minutes are recorded.

a) b)
Figure 7. a) A pyranometer is measuring the solar radiation. b) A heat flux plate was
assembled under the asphalt cover.

The pyranometer and the heat flux plate indicates the solar radiation in W/m? . The accuracy
of both devices is dependent on many factors e.g. calibration, weather and soil conditions. In
a perfect environment, the initial calibration accuracy of the heat flux sensor is estimated to be
+3 %. The data acquired by the pyranometer help to estimate how much solar energy is
coming to the surface and the heat flux plate is indicating how much energy is transferring to
the different layers beneath.

DTS method

The distributed temperature sensing (DTS) method is based on the optical light scattering.
The DTS device emits short laser pulses to the optical fibre and a part of that light scatters
back. The device records the Stokes and Anti-Stokes bands of Raman scattering and
calculates the temperatures. The Anti-Stokes band is sensitive for temperature. The location
of certain temperature is determined with help of the time of flight of the optical pulse.
Sensornet Oryx SR DTS device (Fig. 8) was acquired for these temperature measurements.
The maximum range for Oryx SR is 5.3 km and temperature accuracy is + 0.5°C.
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The measurement is made as a single way measurement where the cable connector is installed
to channel 1 and laser pulse travels through the whole cable and backscattered light is
detected and acquired by the DTS device. Another end of the cable is installed to channel 2
and another single way measurement can be made vice versa from the end of the cable to the
beginning.

Interpreting of measurement data requires the knowledge of cable configuration in the field.
The exact locations and depths must have been written down in the installation stage.
Otherwise it would be impossible to construe the data correctly.

Figure 8. Splice box with connectors in the ‘asphalt field and DTS device, laptop, calibration
coil and battery.

Every measurement is calibrated. Two PT100 sensors are attached to isolated cable coil (Fig.
8). The coil consists of 20 m of measurement cable. The coil temperature is acquired by cable
(linear sensor) and two PT100 point sensors. The isolation guarantees the stable temperature
in the whole coil.

RESULTS AND CONCLUSIONS

The measurement fields were implemented successfully. Only one cable in 3 m deep holes in
the lawn field was malfunctioning. Despite of that the same configuration works correctly in
the asphalt field. Obviously the cable which has been wired around the tube has too much
tension, either mechanical or some stone is pushing the fibre. Instead cable in deeper wells is
working properly also in the lawn field. Altogether there is a possibility to make
measurements in the both fields and compare the results with each other. The monitoring of
temperatures has been going on since April 2014. Temperatures are measured once per month
except in summertime they are performed twice a month. Temperature data is given as a
function of cable length (Fig. 9). To interpret the data the location of cables have to be known.
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Figure 9. Example of temperature data in asphalt field.

The data from longer measurement period (2014-2016) in asphalt and lawn field will be analysed
and reported in near future.

The presented design is unique and it is appropriate to be applied in any Northern country.
While making the plans for implementation it is important to notice if there are some cables
or pipelines under the asphalt already. It is also recommended to apply brand new or at least
unused cable in wired 3 m deep special installations. Ensure that the splice box is big enough.

The asphalt pavements are great heat collectors in urban environment. In the future studies it
would be good to test different kinds of soil layer structures in practice to maximize the heat
collection, taking into account the frost isolating properties.
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Abstract: Geothermal energy is a form of renewable energy, which offers carbon-free solutions for
heating and cooling spaces. This study evaluates the use of renewable asphalt heat energy in frozen
ground conditions. Asphalt heat energy can be harnessed using a low-energy network, heat collection
pipes and heat pumps. This study measured temperatures under the asphalt layer during a three-year
period between 2014 and 2017. Measurements were made using a distributed temperature sensing
method based on light scattering. Temperatures taken at four different depths under the asphalt
(0.5 m, 1.0 m, 3.0 m and 10 m) are presented here. These temperatures are compared with that
detected at the depth at which the temperature remains constant all year round. The temperature
difference curve between 0.5 m depth and the constant soil temperature depth indicates that from
April to October the soil at 0.5 m depth is warming and the temperature difference is positive, even
as much as 18 °C. Instead, at the 3.0 m depth, the difference curve is smoother and it varies only
from =5 to +5 °C. It is positive from June to November. The surface layer (0 m—1.0 m) is suitable for
harvesting heat that can be stored in a deeper (1.5 m-3.0 m) purpose-built storage or in a bedrock heat
battery. The calculated heat capacities indicate that asphalt energy, because of high temperatures, is a
noteworthy renewable energy source.

Keywords: urban energy; geoenergy; low-energy network; distributed temperature sensing
(DTS) measurement

1. Introduction

It is commonly accepted that climate change and global warming are serious issues that can be
addressed by reducing greenhouse gas (GHG) emissions. According to Shrestha et al. [1], technological
innovations and research to develop new solutions are essential to limit global warming. This is
particularly true in developing countries, where there is still much to do. In Finland geothermal energy
systems have been a popular heat source for new single family-houses in recent years. Heat pump
systems most commonly use the bedrock, the ground and the air as a heat source. Even old houses and
summer cottages are increasingly equipped with an air-to-air heat pump. Finns bought 76,000 heat
pumps in 2018 [2]. People are prepared to invest in renewable sources, driven by the desire to cut
their electricity and heating bills. At the same time, households are becoming more self-sufficient in
heat energy. The Finnish government released its new national energy and climate strategy report
in November 2016. According to that report, Finland will abandon the burning of coal for energy
by 2030. Moreover, the aim is for at least 38% of the energy used by then to come from renewables.
These targets mean that new approaches are needed in Finland to develop cost-effective applications
with consumer-friendly prices for carbon-free energy systems. Studies of yearly savings and the
payback period are made by Mallick et al. [3]. Geothermal energy, or more specifically the radiant
energy emitted by the sun and stored in the upper layers of the earth, is a renewable energy source
with a great potential in Finland.

Energies 2019, 12, 2101; doi:10.3390/en12112101 www.mdpi.com/journal/energies



92 Acta Wasaensia

Energies 2019, 12, 2101 20f 11

There is a large amount of heat energy available in urban areas due to the proliferation of buildings,
people, vehicles, concrete, asphalt and a lack of flora [4]. The air of an urban area is even several degrees
warmer than in an adjacent rural area [5]. This urban heat island (UHI) effect is well-known, especially
in the world’s big cities. The same phenomenon is found even in northern latitudes: the average yearly
UHI intensity measured in the city of Turku, Finland, was 1.9 °C, compared with the rural area [6].
Not only is it apparent that there is much heat energy available in an urban area, but there is also a
great demand for energy in the same area. It would be logical to use the energy near its birthplace.

Asphalt pavements, such as roads, car parks and pedestrian areas, are most prevalent in cities.
They gather solar heat, and in doing so they bind a significant quantity of energy. Part of that energy
conducts to underlying layers of asphalt. According to Qinwu & Mansour [7], the specific heat of
asphalt concrete is 920 J/kg °C, measured as an average of several mixtures. Asphalt heat energy has
already been utilized, for instance in England, where commercial solutions also exist [8]. The usual
exploitation method entails a pipe network within an asphalt pavement or concrete slabs. The tubes
are typically metallic, such as steel, aluminum or copper, but polymers like polyethylene or polyvinyle
chloride (PVC) are also used. Pascual-Munoz et al. [9] have presented and tested a highly porous
asphalt layer. This acts as a solar heat collector, removing the need for the tubes. It has excellent
thermal efficiency, but needs further research to increase the flow rate. Different asphalt mixtures have
also been studied by Dawson et al. [10]. The simulation of the thermal properties of asphalt pavements
has been presented by Wang et al. [11].

The storage of heat is an important issue when considering the seasonal characteristics of asphalt
energy. Borehole thermal energy storage (BTES) is a thick underground array of many shallow
boreholes (35 m—120 m). For example, in the Drake Landing Solar Community, Canada, the BTES
consists of 144 boreholes [12]. In Tianjin, China, Zhou et al. [13] have implemented an experimental
asphalt-covered 12 m X 8 m field including heat-harvesting pipes and one vertical 120 m-deep heat
storage. Heat collection was carried out during the summer 24 h per day, and that heat was used to
warm the asphalt surface to prevent freezing for 24 h a day in winter. The heat harvesting in summer
reduced the asphalt surface temperature and eliminated rutting [14]. Heat release during winter
reduced the time that the asphalt pavement was frozen by 32%. The biggest BTES in Finland is located
in the Sipoo logistics center, where there are 157 boreholes in a 310 m X 270 m area, with most of the
boreholes being under the building [15].

The Finnish climate conditions are very hard when compared to China, Tianjin [13], but there is no
permafrost like in Siberia. Here, the ground is frozen during the winter, even to a depth of 1.5 m [16]:
hence, this study’s main objective is to assess if asphalt heat energy is at all viable in Finland.

The ground temperature remains relatively constant throughout the year beyond a certain depth
because the seasonal variation of air temperature has no effect that far beneath the surface. For instance,
in Cyprus this constant temperature is reached at a depth of 5.0 m [17]. In Finland, that depth is
about 15 m [18]. According to Florides et al. [17] there are three main factors affecting the temperature
distribution in the ground. First, there is the structure and physical properties of the ground. Second,
there is the cover material on the ground surface (e.g., lawn, asphalt, etc.). The third factor is the
climate conditions (air temperature, wind, solar radiation, air humidity and rainfall), because these
have an influence on the ground temperature in the subsurface. It is primarily geothermal energy that
influences the ground temperature below the depth at which the temperature is constant throughout
the year.

Martinkauppi et al. [19] used a laboratory set-up to establish that different layers under the asphalt
pavement stored the heat. A sample of asphalt pavement was heated with a bulb. After the heating
ceased, the asphalt layer cooled down to the ambient temperature relatively rapidly, but the lowest
layer, sand, stored some of the heat energy. That study indicated that different layers (asphalt, gravel,
sand) had different thermal conductivities. During the heating period, the upper layer influenced the
thermal behavior of what was below it, but its influence was not observed during the cooling.
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The aim of this paper is to study ground temperatures below an asphalt-covered surface.
Specifically, it focuses on temperatures at depths of 0.5 m to 3.0 m beneath the surface, because this is
the portion of the ground most relevant to heat utilization in a low-energy network. These depths are
also interesting in terms of seasonal heat energy storage. In this study, the depth of 0.5 m is found
to retain appropriate temperature levels of up to 26 °C and to have positive temperature values for
at least nine months per year. This layer is suitable for assembling heat collection pipes. This study
shows that temperatures remain over 4 °C over the whole year at a depth of 3.0 m. That is why this
layer might be suitable for seasonal heat storage, even in northern locations like Finland. Additionally,
3 m is still relatively shallow in civil engineering terms, so the installation of pipework at this depth is
not onerous. The study also evaluates the temperature and the depth of constant soil temperature
(CST) at the test site. Temperatures at different depths are compared with the CST. The temperatures
under a lawn-covered field at a depth of 0.5 m are also presented as an example of a typical ground
source heat potential under a non-asphalt field.

2. Materials and Methods

The measurement field for monitoring temperatures beneath the asphalt layer (five holes) and a
similar lawn-covered field (five holes) was planned and installed by the research group for renewable
energy in the University of Vaasa. The site for the measurement field was found at the University of
Vaasa's seaside campus area in the parking lot near the Gulf of Bothnia. In late autumn 2013, five holes
were drilled through the asphalt-paved surface. Two holes went to a depth of 10 m, one to a depth
of 5.0 m and two to a depth of 3.0 m (Figure 1). The temperature monitoring in the 10 m- and 5 m-
holes was at a 1 m spatial resolution. However, it was possible to use a much smaller resolution in
the 3.0 m-deep holes. The optical fiber inside the cable functions as a linear sensor. The cables were
installed in the drilled holes. A more precise description of the measurement fields is written by
Makiranta et al. [20,21]. The completed asphalt energy measurement field was finished with a new
asphalt pavement and lawn field with grass seeds (Figure 2) in spring 2014.

ASP:.EI': Ta:Ed Fiber|connhectors
parking ot for measurement
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Heat flux plate@

distance min. 5 m distance min. 5

-
depth 5.0m ' ' depth 10m

Figure 1. The measurement arrangements of the cables (left) and the geometrical positions of the holes

— depth 10m

(right) in the asphalt field. The same kind of independent measurement configuration was installed
under the lawn.

The monthly mean air temperature data have been measured at the nearest weather station (less
than 3 km) of the Finnish Meteorological Institute (see Table 1).

The distance between the asphalt and lawn measurement fields is no more than about 200 m,
which ensures that the solar and other weather conditions are similar.

The temperature monitoring beneath the asphalt cover was made by using the distributed
temperature sensing (DTS) method. This method entails an optical fiber inside an armored cable in
each hole. The optical fiber functions as a linear sensor, and the DTS measurement device (Sensornet
Oryx) observes the temperatures along the fiber. Short pulses of laser light are emitted by the DTS
measurement device to illuminate the glass core of the optical fiber. Part of the incident light pulse
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is backscattered while it moves along the core of fiber. The intensity of these backscattered bands
is acquired by the DTS measurement device. The device estimates the temperatures based on the
temperature dependent part of the scattering, Raman scattering [22]. The temperature accuracy of
the Oryx device is +0.5 °C. The optical fibers in the 3 m-deep holes were spiral-wrapped around a
measurement pipe, improving the resolution in these shallow holes to 0.03 m. Spiral-wrapping was
not used in the 10 m- and 5 m-holes, so their spatial resolution was 1 m.
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Figure 2. The measurement field receives asphalt pavement after drilling and digging.

During the three-year measurement period of 20142017, the temperatures were monitored at
several depths, from a 0.2 m up to a 10 m depth. The most interesting layer, in terms of the asphalt heat
collection, was observed to be at 0.5 m. The layer for optimal seasonal storage was found to be at 3.0 m.
The temperatures at an intermediate depth of 1.5 m are also presented for comparative purposes and
to verify the suitability of the two other layers.

The measurements were made once per month, except in July and August when they were
made at two-week intervals (Table 2). The long intervals between the measurements were possible
because temperature changes in the soil were relatively slow. Each measurement action lasted 10 min,
during which the DTS device made two measurements per minute per channel. The total temperature
data consist of 20 measurements per channel. Figures 3-8 graph the average temperatures of eight
measurements on each measurement date. The measurement field includes two 3.0 m-deep holes.

In respect to the lawn-covered field, this study only includes data from the period of April
2014-December 2015. Problems with splice connections caused a temporary interruption in the
measurements on that field.

3. Results

Figures 3, 5 and 6 show the temperature data taken at depths of 0.5 m, 1.5 m and 3.0 m in the two
3.0 m-deep holes in the asphalt field. For a comparison, the temperatures at the depth of 0.5 m in the
lawn-covered field are presented in Figure 4. Figure 3 represents the monthly mean air temperatures
measured during April 2014-March 2017 [17]. In each of the three years of the monitoring period,
either July or August was the warmest month, and either January or February was the coldest.
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Figure 3. The temperature at a 0.5 m depth under the asphalt layer in two different holes, and the
average air temperature of the month [23].

Table 1. The monthly mean air temperatures [°C] measured during April 2014-March 2017 at the
weather station of the Finnish Meteorological Institute [23].

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug.  Sep. Oct. Nov. Dec.

2014 42 9.3 12.6 20.0 16.5 115 5.0 1.0 -0.7
2015  -3.1 -0.2 0.1 4.0 8.4 12.1 15.2 16.5 12.1 59 3.9 1.2
2016 -9.7 -23 0.1 3.3 11.0 14.0 17.2 14.6 119 4.0 -1.1 -0.5

2017 23 -39 -0.3

The timetable of the measurements is converted into the number of days between two measurement
actions. The cumulative time f [day] since the beginning of the measurements is also presented (Table 2).

The temperatures measured at 0.5 m depth under the asphalt layer show a seasonal variation from
—3.9 °C to 26.0 °C (Figure 3). The graph shows that the soil was frozen each year from January to as late
in the year as March. A temperature increase of ten degrees can be seen during a one-and-a-half-month
period right at the beginning of the study, from April to May 2014. Finland had especially warm
weather in July 2014, which can be seen as a temperature peak under the asphalt pavement throughout
that month. In contrast, 2015’s summer was cooler, and the warming of the soil was slower. In that year,
the highest soil temperature (19.7 °C) at a depth of 0.5 m under the asphalt layer was not measured
until the end of August. In 2016, the highest value, 19.4 °C, was measured at the beginning of August.

The data from both measurement holes are almost identical throughout the whole period of
2014-2017 for both the asphalt-covered (Figure 3) and lawn-covered areas (Figure 4).

The temperatures at 0.5 m under the lawn-covered field (Figure 4) were lower in the summer than
in the asphalt-covered area. (Figure 3): summer 2014: 20 °C -> 26 °C, summer 2015: 16 °C -> 20 °C.
With the exception of the temperature values in Figures 3 and 4, the curves have only small differences
in the shape of the temperature maximum.

The temperature graph at the depth of 1.5 m (Figure 5) under the asphalt layer demonstrates that
the seasonal temperature variation was about 13-14 °C. The lowest temperatures were monitored from
January to April, when they varied from 2.4 °C to 4.8 °C. The highest temperatures were in August of
each year. At this intermediate depth of 1.5 m, the temperatures were quite low during winter and
at the beginning of spring. Once again, the data from both measurement holes are almost identical
throughout the whole period of 2014-2017.
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Figure 4. The temperatures in the soil at a 0.5 m depth under the lawn cover.

Table 2. The timetable for the measurements, between April 2014 and March 2017; the number of days
between two measurements (Af), and the time f [day] since the beginning of the measurements (used
as the x-axis in Figures 3-6).

Year Date At t [Day] Year Date At t [Day]
2014 16 April 0 0 2015 27 August 14 500
23 May 39 39 14 September 18 518
25 June 33 72 19 October 35 553
1 July 6 78 10 November 22 575
10 July 9 87 14 December 34 609
30 July 20 107 2016 22 January 39 648
14 August 15 122 23 February 32 680
29 August 15 137 24 March 31 711
12 September 14 151 22 April 29 740
22 October 40 191 30 May 38 778
19 November 28 219 22 June 23 801
17 December 28 247 7 July 15 816
2015 30 January 44 291 20 July 13 829
20 February 21 312 5 August 16 845
20 March 28 340 18 August 13 858
24 April 35 375 13 September 26 884
28 May 34 409 14 October 31 915
17 June 20 429 16 November 33 948
1 July 14 443 16 December 30 978
10 July 9 452 2017 18 January 33 1011
3 August 24 476 15 February 28 1039
13 August 10 486 16 March 29 1068

Figure 6 indicates the temperatures at a depth of 3.0 m under the asphalt layer during the three-year
period. The temperatures vary from 2.9 °C (April) to 13.1 °C (August and September). The seasonal
variation of about 8-10 °C is smaller than at the two shallower depths, and this soil layer has no
frost. There is some variation between the two holes” temperature data, particularly in the period of
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2015-2017. The distance between the holes is only about 4.5 m, but the soil moisture and sand content
may vary at a depth of 3.0 m. The heat capacity of the soil material at these two measurement points is
apparently different.
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Figure 6. Temperatures in the soil at a 3.0 m depth under the asphalt layer.
Temperature Variation in Different Layers and the Constant Soil Temperature (CST) Layer

The seasonal variation in the soil temperature diminishes as the depth increases until a point
is reached where the seasonal variation of the air temperature has no effect on the soil temperature
(Figure 7). That depth was observed to be 10 m in this study. The temperature at this point was
measured at a constant of 8 + 1 °C throughout the year.

This stabilization of the temperature to 8 °C at a depth of 10 m, regardless of the season, was also
noticed in the periods of April 2015-March 2016 and April 2016-March 2017. Figure 7 shows that from
May to September the upper layers were warmer than the deeper layers; and from October to April
the upper layers were cooler than the deeper layers. The heat transfer occurred from beneath, toward
the asphalt layer.

The difference curves in Figure 8 indicate the seasonal variation of the temperatures compared
to the CST in different depths under the asphalt throughout the three-year study. It also shows the
differences in the heat conduction speed between the studied layers. For example, it can be seen
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that the maximum temperature difference at 1.5 m occurred more than two weeks later than at 0.5 m.
The variation in the temperature differences smoothen from the surface to the deeper layers. Ata 0.5 m
depth, the difference varies by even 30 °C, while at a 3.0 m depth the variation is less than 10 °C.

An estimation of the amount of heat energy E [k] or kWh] in a 50 cm-thick soil layer including the
asphalt cover (total volume 1 m-1 m-0.5m = 0.5 m?), can be calculated

E=mcAT,m=pV (1)
where E is the stored energy in the soil layer, m is the mass of the soil layer, c is the specific heat capacity

(Table 3) and AT is the temperature difference of the two compared stages, p is the density of the soil
layer (Table 3) and V is the volume of the soil layer.
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Figure 7. The temperatures in different layers from 0.5 m to 10 m are monitored at one hole.
The temperatures vary between 7.4 °C and 8.8 °C at a depth of 10 m.
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Table 3. Some physical properties of the soil in the literature [7,24-26].

Soil Type Specific Heat Capacity [k]/kg-°C] Density [kg/m®]
Asphalt 0.92 2400
Gravel 1.50 (dry) 1680 (dry)
Sand 0.84 (dry, 20 °C) 2660

Thickness of the asphalt layer: 0.07 m; V = 0.07 m3; m, = 168 kg.

Thickness of the gravel (1/3) and sand layer (2/3) is 0.43 m; Vg5 = 043 m%; Vg = 0.14 m%; V. = 0.29;
mg =235 kg; ms =771 kg.

A theoretical maximum for the available heat energy amount in the asphalt-covered layer
(Viot = 0.5 m?) is 20,785 k] ~ 5.77 kWh when soil types are dry and AT = 18 °C (the annual maximum
temperature of the depth is 22 °C and the lowest permitted temperature chosen for the soil is 4 °C).

The estimation of the heat energy amount (heat capacity) in the 50 cm thick soil layer including
the lawn cover (total volume 1 m x-1 m-x 0.5 m = 0.5 m?; soil properties (Table 4)):

E=mcAT, m=pV

Thickness of the soil layer: 0.1 m; Vs. = 0.1 m3; mg = 160 kg.
Thickness of the clay layer is 0.4 m; V. = 0.4 mS; Me,dry = 640; me,wet = 704 kg.

Table 4. Some physical properties of the soil. [25,27].

Specific Heat Capacity [kJ/kg-°C] Density [kg/m®]
Soil 0.80 (dry) 1.48 (wet) 1600 (rammed)
Clay 0.88 (10% moisture) 1.76 (50% moisture) 1600 (dry) 1760 (wet)

A theoretical maximum for the available heat energy amount in the lawn-covered layer
(Viot = 0.5 m?) is 10,368 kJ ~ 2.88 kWh when soil is dry and AT = 15 °C (the annual maximum
temperature of the depth is 19 °C and the lowest permitted temperature chosen for the soil is 4 °C).
A theoretical maximum for the available heat energy amount in the lawn-covered layer (Viot = 0.5 m?)
is 22,138 k] = 6.15 kWh when soil is wet and the clay moisture is at 50% (average moisture ratio in
Finland [28]).

A new, low-energy, single family house (140 m?2, 4 persons) in Finland consumes 12,400 kWh
annually for heating on average. This equates to 33.90 kWh per day [28].

To cover this average heating demand for a single family house for one day, an area of 5.9 m? is
needed in the asphalt-covered field. In the case of the lawn-covered field, an area of 11.8 m? is needed
if the soil types are dry, but only 5.5 m? is sufficient if the soil types are wet. These calculations depend
on the chosen values of the variables.

4. Discussion and Conclusions

The temperatures at a depth of 0.5 m (Figure 3) under the asphalt layer are very promising for
heat collection from May until as late in the year as September. The temperatures at that depth are
10-14 °C in May;, rising to 26 °C in July and then falling back to 15-16 °C in September. This five-month
period from late spring to autumn can be utilized to collect heat. However, due to a low heating
demand in summer, even in Finland, it is desirable that heat collected during that period can be
stored. A purpose-designed storage deeper under the asphalt, or a bedrock heat battery, could act
as a seasonal thermal energy storage (STES). It would be loaded by the asphalt energy during the
summer and then the heat would be exploited at cooler times of the year. This asphalt heat energy
would be suitable for hybrid energy systems. Asphalt heat can be used to cut off the peak loads of heat
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energy consumption during winter. Similarly, solar and wind energy are intermittent energy forms
that require supplementary elements in order to produce a functional hybrid energy system.

The DTS measurement method was found to be reliable and accurate. There were two measurement
holes with similar installations, and both sites gave very similar results without any interruptions (see
Figures 2—4).

At a depth of 1.5 m, the temperature falls below 3 °C. During a hard and snowless winter, this
layer is frozen, at least in northern Finland. In contrast, 3 m below the asphalt layer the ground remains
unfrozen year-round. The temperatures there range from 4 to 12 °C, which is eminently suitable for
using asphalt heat continuously for heating or cooling houses. A low-energy system using asphalt
energy as the heat source should comprise vertically installed heat-collection pipes and a heat pump.
The heat carrier fluid in the pipeline gathers the heat energy, which is mainly emitted by the sun,
absorbed by the asphalt and conducted through the soil.

Because of the large usable temperature difference, asphalt energy under the asphalt cover is a
noteworthy energy source alongside other ground heat sources. Future research should also investigate
the potential and implementation of heat storage to complement asphalt energy. Such a study should
evaluate the properties of the asphalt layer and sand layer in capturing and storing energy, and,
crucially, the amount of energy returned from the heat storage. In the future, asphalt pavements could
act as passive solar collectors in urban areas.
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Abstract: Solar heat, already captured by vast asphalt fields in urban areas, is potentially a
huge energy resource. The vertical soil temperature profile, i.e., low enthalpy geothermal energy,
reveals how efficiently the irradiation is absorbed or radiated back to the atmosphere. Measured solar
irradiation, heat flux on the asphalt surface and temperature distribution over a range of depths
describe the thermal energy from an asphalt surface down to 10 m depth. In this study, those variables
were studied by long-term measurements in an open-air platform in Finland. To compensate the
nighttime heat loss, the accumulated heat on the surface should be harvested during the sunny
daytime periods. A cumulative heat flux over one year from asphalt to the ground was 70% of the
cumulative solar irradiance measured during the same period. However, due to the nighttime heat
losses, the net heat flux during 5 day period was only 18% of the irradiance in spring, and was
negative during autumn, when the soil was cooling. These preliminary results indicate that certain
adaptive heat transfer and storage mechanisms are needed to minimize the loss and turn the asphalt
layer into an efficient solar heat collector connected with a seasonal storage system.

Keywords: asphalt solar collector; heat flux; distributed temperature sensing; low enthalpy
geothermal energy; renewable energy; soil temperature profile

1. Introduction

Today’s society is obliged to search for new low carbon energy resources to fight against global
climate change. In cold-climate regions, fossil fuels are often used for heating. Solar energy, which is
one of the most important inexhaustible sustainable energy resources, can be harvested using heat
collectors or solar panels. Solar heat is renewable, and therefore, can potentially reduce dependency
on fossil fuels. On the other hand, collecting of solar energy from the asphalt layer during the hottest
season also saves the asphalt from large temperature changes, which can cause structural damage like
rutting or hardening [1,2].

Surface temperature changes caused by solar irradiation degrade exponentially with a time
constant of a few hours due to the thermal energy flowing back into the atmosphere. The accumulation
of the daily gains or losses in terms of solar energy leads to small temperature increases in the deeper
layers of the soil, creating long-term warming or cooling of the soil [3,4]. A diurnal and/or seasonal
storage is necessary for a solar heating system in a cold climate region. Majorowicz et al. [5] and
Loomans et al. [6] have expressed an application of an asphalt collector for summer and winter
conditions. They have also studied the thermal energy potential of an asphalt collector and what the
critical parameters are.

Energies 2020, 13, 979; doi:10.3390/en13040979 www.mdpi.com/journal/energies



Acta Wasaensia 103

Energies 2020, 13, 979 20f16

Some simple storage systems operate without heat pumps; only solar collectors and panels are
connected with seasonal thermal energy storage [7]. Solar heat collectors, together with heat pumps
and seasonal thermal energy storage systems, are frequently used in heating real estate, industrial
buildings, and greenhouses [8,9]. Drake Landing Solar Community in Canada has experience in the
harvesting and storing of solar energy [10,11]. In Drake Landing, 52 detached houses are heated using
2293 m? of flat plate solar collectors. The storage volume used for seasonal storage consisted of 144
boreholes, each being the depth of 35 m. The temperature of the borehole thermal energy storage system
(BTES) reached above 65 °C in summer after three years of operation, and the temperature dropped
nearly at 40 °C during the winter [10,12]. Experimental measurements and a Comsol simulation model
of thermal energy from solar collectors in the ground were studied also by Haq and Hiltunen [13].
The theories and models used by Haq and Hiltunen can later be used to optimize the parameters of
the asphalt heat collection and seasonal storage system.

The focus and novelty of this research was to study the thermal energy absorption of asphalt
surface and soil layers beneath an asphalt layer in a cold climate region. The goal was reached by
benchmarking and analyzing the solar irradiance and the absorption rates of the asphalt surface
around the clock in different seasons. The vertical temperature distribution in the soil was studied for
possible solar and low enthalpy geothermal energy harvesting applications in future.

The laboratory experiments, carried out before this study, indicated that dark asphalt is efficient in
absorbing solar irradiance and conducting thermal energy to the soil [14]. Ho et al. [15] has modeled an
asphalt paved area with most important parameters and variables by Comsol finite element simulation.
In Finland, logistic centers are interested in snow melting systems. In this research, the thermal
behavior of commonly used asphalt paved soil structures, e.g., parking spaces, is studied in high
latitudes above 63° N at University of Vaasa campus site (see Figure 1), which is farther north than the
previous research projects cited above. The monthly mean air temperatures and heating degree days
in Vaasa during the study period are declared in Table 1.

2]

o Barents Sea
i MNorth Cape

W -
1 Kola
b Peninisula

Figure 1. Location of measurement site marked by red circle, Vaasa, Finland [16].
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Table 1. The monthly mean air temperatures [°C] measured during April 2014-December 2015 at the
weather station of the Finnish Meteorological Institute [17] and the heating degree days (HDD) in
Vaasa [18].

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. HDD

2014 42 9.3 126 20 165 115 5 1 —-0.7 3926
2015 -31 02 0.1 4 8.4 121 152 165 121 59 3.9 1.2 3546
2016 -9.7 =23 0.1 3.3 11 14 172 146 119 4 -1.1 —-05 4124

The modeling of the thermophysical properties of pavement materials on the evolution of
temperature depth profiles in different climatic regions has been refereed by Hall et al. [19].

2. Materials and Methods

According to Strzelczyk et al. [20] it is important to know the thermal parameters of the
surroundings, the weather, and the solar radiation properties in a given location in order to
design and improve energy systems. The shallow geothermal energy originates mainly from sun.
The measurements in this study were obtained by three main sources: (1) a pyranometer, (2) a heat
flux plate, and (3) a distributed temperature sensing (DTS) system. These three independent methods
complement each other, giving on a reliable picture of the different layers. The pyranometer measured
solar irradiance, the heat flux plate measured the heat flux through the asphalt layer, and the DTS
described the temperature distribution down to several meters” depth.

2.1. Pyranometer Measurements

In this research solar irradiance is measured by using a Hukseflux LP02-TR (Hukseflux Inc., Delft,
The Netherlands) pyranometer [21] which was placed on the roof of the neighbour building. In this
position it was under the open sky without shadows. The measured values were sampled using a
DataTaker—data logger (Thermo Fisher Scientific Australia Pty Ltd. Melbourne, Australia) in 10 s
time intervals. The data was logged with a timestamp and stored for analysis. The calibration accuracy
of the pyranometer is less than 1.8%.

2.2. Heat Flux Measurements on the Asphalt Surface

The heat flux plate together with pyranometer can be used to study the efficiency of an asphalt
layer as a heat collector. Heat flux data were collected using a Hukseflux heat flux plate HFP01-15
(Hukseflux Inc, The Netherlands) [22] buried 5 cm below the asphalt surface at the data collection site
(see Figures 2 and 3). This sensor plate generates a small analog output voltage proportional to the
net heat flux passing through it. The heat flux towards the ground is interpreted as positive and the
heat flux from the ground to the surface is interpreted as negative. The aim of taking the heat flux
measurements is to quantify the net energy from solar radiation absorbed by the asphalt during the
day and the amount of thermal energy released back to the atmosphere during the night. These energy
flows depend on multiple factors, such as irradiance, air temperature, the weather, current soil
temperature, the thermal properties of the medium, thermal conductivity, and heat capacity [23].
The accuracy of calibration is +-3%.

A data collection system was developed for reading, transferring, and storing the ground heat
flux plate data. This system consisted of an analog-to-digital converter (ADC) and a wireless sensor
platform, a wireless gateway, and an embedded PC (see Figure 4). The analog voltage provided by the
sensor was digitized by an ADC and the wireless sensor platform sampled the value every 10 s and
sent the values to the wireless gateway platform located inside the building. The wireless gateway was
connected to the embedded PC, which stored the data on the hard drive. During the data collection
period, the measurement devices faced cold temperatures, as low as —30 °C, and continued to operate.
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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 Mikiranta 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.

‘ L

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 [k]/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, o, for the given day was calculated by integrating the solar irradiance, E, (radiant exposure
[H] = Wh/m?2) and heat flux, ¢, over a 24 h period, as follows:

_ (/T fiere(dt
MNCVEY fteTTEe(t)dt L (1)

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

14 Wh/m? .

o= BOWh/mZ 5.9%, )
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, 0y, is:

139 Wh/m?

%= B0Wh/m2 ~ 0 )

Although the average heat flux was 139 Wh/ m? during the daytime, which is 60% of the daytime
solar irradiance, the absorption rate for the entire day was only 14 Wh/ m?2, 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 = cm AT,
where m is the mass of the volume unit of soil [m] = kg/ m?® and [c] = [K]/ kg-°C] is the specific heat
capacity of soil. Since the heat, Q, is an integral of heat flux, ¢, in time ¢ and the surface S, the following
equation, showing the dependency between soil temperature and heat flux, is obtainable:

t
/O}{Sad;'dt:cmﬂ, )

where ¢ 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.

1000 T T T

Irradiance
Heat Flux

800

600

400

200

Watts per square meter

-200

-400 : : :
00:00 06:00 12:00 18:00 00:00

Apr 23, 2015

Figure 6. Solar irradiance, E,(t)[W/ m?] (pyranometer) and heat flux, ¢ [W/ m?] (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/m? 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, ¢, 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/m?, the average heat flux ¢ for the given day was only 14 W/m?. The average heat loss was
approximately 130 Wh/m?.

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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Figure 7. Instantaneous solar irradiation E. [W/m?] and heat flux ¢ W/ m?] from 26 Sep to 01 Oct

2014 (autumn) as a functio

n of time and estimated average values as a function of time (day).
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Figure 8. Instantaneous solar irradiation [W/m?] and heat flux [W/m?] 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 E, [W/ m?] and heat flux [W/m?] 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 E, [W/ m?] and heat flux W/ m?] 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.

30. January 2015
20. February 2015
20. March 2015

15. April 2014

23. May 2014

25. June 2014

01. July 2014

10. July 2014

30. July 2014

14. August 2014
29. August 2014
12. September 2014
22. October 2014
19. November 2014
17. December 2014

Depth /m

—10 A

0 5 10 15 20 25
Temperature / °C

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
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steady than the surface, and they absorb or release thermal energy much more slowly. The temperature
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.

® 05m
257 e 10m
® 15m
3.0m
20 1 ® 50m
O ® 100m
o Average
o 151
2
2
£ 10+
A
5 -
O -
) q © N
I Sl S0 @

Date

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/m?2; cumulative positive, negative, and net flows are 610 kWh/ m?2, 460 kWh/m?2, and
150 kWh/m?, 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, ¢ = —kVT. 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 E, 92 W/m? 11W/m2 230 W/m2 260 W/m?2 148 W/m?2
Average net heat flux ¢ —28W/m? —19W/m?> 42W/m?> 84W/m? 9.5 W/m?
Absorption ratio ¢ —30% —18% 18% 3.3% 6.4%
Average positive heat flux ap 60 W/m? 16 W/m2 150 W/m2 190 W/m?2 104 W/m?2
Absorption ratio, positive flux oy, 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/ m?2, 150 kWh/m?2, and 610 kWh/m?, respectively.
Cumulative irradiance, net heat flux, and positive heat flux during the whole year were 930 kWh/ m?,
83 kWh/m?, and 670 kWh/m?, respectively. These results imply that the asphalt layer could
potentially collect up to 670 kWh/m? (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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