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ARTICLE INFO ABSTRACT
Keywords: Renewable thermal energy from seabed sediment is used for heating and cooling houses in Suvilahti, Vaasa,
Shallow geothermal energy Finland. Innovative coaxial polyethylene pipes (Refla) filled with heat collection fluid are laid horizontally in the

Horizontal coaxial pipe

sediment layer. This study aims to evaluate the adequacy and possible overuse of this shallow geothermal energy.
Numerical simulation

This entailed a numerical analysis of the heat relations of a “coaxial closed-loop geothermal system (CCGS)" to
investigate the thermal behavior of the sediment. The numerical model was developed in Midas GTS NX software
with a thermal analysis module. The objective was to understand temperature fluctuation in the sediment, which
is influenced not only by geothermal energy exploitation, but also by seasonal weather. The numerical model,
due to its design, provided information mainly about changes in sediment temperature due to the geothermal
energy exploitation during the different seasons. The results show that in the first third of the total length of the
Refla pipes, the sediment environment is significantly affected by energy exploitation’s temperature loading. It is
advisable to exclude the first third from an analysis of total geothermal energy reserves. The remaining two-
thirds of the length shows potential to provide sustainable, long-term geothermal energy (GE) exploitation at
the current rate.

rather quickly due to the need to meet the tight schedule of the local
Vaasa Housing Fair project. Using new Refla pipe (RP), this installation
has been a source of enthusiasm for researchers ever since. The term
“Refla” is a product name/brand established by a Finnish company
which owner invented that coaxial pipe. This innovative “flower” pipe
consists of one central pipe and five external chambers. Girgibo et al.
[19] concluded that sediment heat energy can be considered as a
prominent source of renewable energy, making a useful contribution to
reduction of climate change, at least in summer. This paper assesses the
potential for using a numerical analysis of the heat relation of a “coaxial
closed-loop geothermal system (CCGS)” of the type implemented in
Suvilahti. The system’s 300 m-long pipes are placed horizontally at a
depth of about 3.5 m in seabed sediments, in two fan-like configurations.
Unlike traditional geothermal vertical boreholes, this arrangement is
significantly affected by seasonal temperature changes due to the
modest depth of the pipes in the seabed sediments [20-24]. The novelty
of this study is to simulate actual measured temperature data in order to
evaluate the adequacy of seabed sediment heat and investigate its
possible overuse in the long term.

1. Introduction

Exesive production of greenhouse gases and the increase in human-
ity’s anthropogenic footprint on Earth is a major societal issue [1-5].
One way to mitigate this footprint is to reduce CO, production by using
“emission-free” energy sources [6-8]. This renewable energy underpins
development of low-carbon energy supply systems [9]. Europe has set
ever-tougher targets to increase the share of renewables in energy pro-
duction [10,11]. Traditional fossil energy sources are also a finite
resource [12]. Geothermal energy derived via deep vertical boreholes
has been used for several decades [13-15], and Finnish geological
conditions make it suitable for heating and cooling buildings [16].
However, shallow geothermal energy can be stored in sediments in
seasons with sufficient heat, providing another source of energy.

One method of utilizing shallow geothermal energy is to exploit it
from the seabed sediment [17]. The suburb of Suvilahti in Vaasa,
Finland, began to collect thermal energy from seabed sediment for 42
houses in 2008 [18]. The pilot system was planned and implemented
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Nomenclature

A amplitude (°C)

Aour cross-sectional area of outer chamber (mm?)

Ain cross-sectional area of inner chamber (mm?)

[ specific heat (J/kg.K)

E energy (PJ/year)

f frequency (Hz)

k conductivity (W/(m.K))

t time (day, year)

T temperature (°C)

Thase temperature at the base of numerical model (°C)
Tinit initial temperature of the numerical model (°C)
Teop temperature at the top of the numerical model (°C)
T; fluid temperature in the outer chamber along the length of

the Refla pipe (°C)

Ticom inlet fluid temperature in the outer chamber of the Refla
pipe (°C)

T fluid temperature in the return branch of the Refla pipe
(inner chamber) (°C)

T200m  outflow fluid temperature of the return branch of the Refla

pipe (inner chamber) (°C)

T3 fluid temperature monitored along the length of the Refla
pipe using optical fibers (°C)

Tsoomy  temperature monitored at the start of the Refla pipe using
optical fibers (°C)

Y shift (°C)

2 vertical direction (m)

@ phase (day)

AT.a) temperature difference between inner and outer fluid in
the Refla pipe at the shore (°C)

AT@g—p) temperature difference between inner and outer fluid
along the Refla pipe (°C)

AT temperature difference between inner and outer fluid at
the end of Refla pipe (°C)

CCGS coaxial closed-loop geothermal system

CO, carbon dioxide

DTS distributed temperature sensing

FEM finite element method

GE geothermal energy

GHE Ground heat exchanger

PE polyethylene

RP/RPs Refla pipe/s

The numerical model was developed in Midas GTS NX software
version 2021 with a thermal analysis module. The input data were
monitoring results from 2013 to 2016. Temperatures in the near field
along the RP were measured using the distributed temperature sensing
(DTS) method [25-27]. The liquid temperature at the RP outlets was
also monitored. The data were used to develop the model’s loading at
the prescribed temperature. The numerical analysis evaluates the fluc-
tuation of the temperature field in the sediment. It shows that the
temperature field is influenced not only by the exploitation of the
geothermal energy, but also by seasonal temperature changes [28-34].
These seasonal changes are so significant, that in order to understand
their effects on the sediment field’s temperature, they necessitated
development of a numerical sub-analysis that excluded geothermal en-
ergy exploitation. Subsequently, a final thermal loading model was
implemented in which GE exploitation was also activated. The modeled
solution employed a set of three two-dimensional (2D) cross-sections at
one-third, two-thirds and at the end of the RP. The temperature loading
of each 2D model corresponded to the monitored values at the equiva-
lent distance along the pipes. The simplicity of a 2D model allowed it to
accurately handle the specific axial cross-section of the RP. The model
provided sufficient information about the temperature changes in the
near region around the RP. Finally, the sediment environment was
loaded with the prescribed temperature in the numerical model. This
step makes it possible to evaluate the temperature evolution in the
sediments during use and to estimate the installation’s long-term ther-
mal stability.

1.1. Ground heat exchanger coaxial pipe as an innovation

A ground heat exchanger (GHE) is a typically pipe placed into the
ground allowing heat to be exchanged between the ground and a fluid
circulating within the pipe. Alternatively, there are various geometrical
forms of coaxial pipes: pipe-in-pipe, multi-pipe, or multi-chamber
(Fig. 1) [35]. GHE pipe-in-pipe consists of a central pipe inserted into
a larger external pipe, forming an annular flow channel between them,
as shown in Fig. 1(a). A multi-pipe design, Fig. 1(b), consists of a central
pipe connected at the bottom of with several smaller external and in-
dependent flow channels. A multi-chamber GHE is similar to the
multi-pipe design, except that the central pipe and the external channels
or chambers are integrated into a single pipe structure, as shown in

Central pipe
External pipes

Central pipe
External pipe

(d

Cool liquid / Optical fiber

Warm liquid \

Fig. 1. Illustration of different types of coaxial GHE geometrics [35].

Fig. 1(c and d). The focus of this study, the Suvilahti installation, uses an
innovative multi-chamber GHE pipe. This was implemented in only a
few sites in Finland and Sweden around year 2007. Unfortunately, this
particular Refla pipe (RP) product did not succeed due to disagreements
within the company’s management, although the technology was
working properly.

The diffusion of so-called “green” energy technologies has been
widely studied, including solar water-heating [36], small-scale renew-
able energy [37], renewable heating technologies [38,39] and other
sustainable product innovations [40]. The multi-chamber pipe studied
in this paper is the kind of innovation which is supposed to be quite
acceptable as a supplementary heating system for Finnish houses [41].
An innovation’s acceptance depends on its relative advantage, i.e., the
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degree to which it is perceived as better than the idea it supersedes. Is it
more productive, efficient, profitable or better than existing practices in
some other way? The diffusion of the innovation is also affected by
current values, past experiences and the needs of the market. Potential
adopters should be able to understand and observe the relative advan-
tages of the new technology. Trialability - the degree to which an
innovation may be tried on a limited basis - is also a determinant [42].

1.2. Suvilahti area

Vaasa Housing Fair took place in Suvilahti, a suburb of the Finnish
coastal city of Vaasa in 2008. A section of this residential area was
designed to harness the annually reloaded heat energy from the seabed
sediment, using it as heating and cooling energy. The energy is mainly
generated by the Sun. The unique low-energy network was designed to
cover the heating and cooling demand of 42 detached houses. The heat
collection pipework, which totaled almost 8 km, comprised two fan-
shaped arrangements of 300 m-long pipes, one with 12 pipes, the
other with 14. The two sets of pipes were installed horizontally into the
solid clay layer of the seabed sediment in the Gulf of Bothnia (Fig. 2).

They were set 3-4 m below the surface of the seabed. The heat
derived from the sediment and collected by the fluid circulating in the
pipework is increased with heat pumps inside the houses. The system is
also used for cooling houses in the summer. Makiranta et al. [43] have
researched the correlation between air, sediment and heat carrier liquid
temperatures. They observed a high correlation when sediment tem-
peratures were compared to the previous month’s heat carrier liquid
temperatures. Heat carrier liquid and sediment temperatures of the same
month also correlated strongly. Sediment temperatures were indicating
the previous weather conditions. The sizing of the installed system was
observed to be sufficient. The main network of Suvilahti’s low energy
system has 12 distribution wells to serve heating and cooling energy to
the 42 houses in the project. The heat carrier fluid runs in each of the
pipe’s outer chambers, gathering thermal energy. When the fluid rea-
ches the end of each pipe, it returns in the central pipe to the shore
where it releases its thermal energy for the heat pumps. Then the fluid
starts the cycle again. The optical fiber cable for monitoring sediment

Fig. 2. Suvilahti shallow energy network (citation of idea adopted from Vaa-
san Vesi).
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temperatures was attached to the side of the heat collection pipes, as
shown in Fig. 1.

2. Methods and case study

Fig. 3 provides a flowchart of the current study. It is divided into two
sections. The one on the left describes the procedure for assembling and
calibrating the numerical model without a thermal load (initial state
determination). This step is important in terms of optimizing the
boundary conditions and the model’s initial temperature. If seasonal
monitored data before exploitation of geothermal energy are available,
they can be used for model calibration. Unfortunately, this type of
monitored data were not available for this study.

The correct setting of the initial temperature (Tj;) of the model also
significantly affects the results of the model: this is discussed in more
detail in chapter 2.3. Once the numerical model is calibrated and its
behavior accords with the assumptions or is consistent with monitored
data, then a thermal load can be applied (right side of the flowchart).
Subsequent comparison of the numerical model’s results with the
monitored data will give a basic idea of the relevance of the applied
thermal load. If results are inconsistent, it is possible to redesign the
thermal load element and repeat the process.

2.1. Description of the numerical model

The aim of the numerical model is to clarify the behavior of tem-
perature fluctuation in the Suvilahti seabed sediments used as a reser-
voir of geothermal energy. Geothermal energy is exploited using a
specific coaxial RP, placed sub-horizontally parallel to the relief of the
seabed at a depth of about 3.5 m. The 300 m-long RPs are in two fan
configurations, with a combined total of 26 pipes. The expected widths
of the fans at their ends are about 155 m and 165 m. The axial spacing of
the RPs are as follows:

- the average axial spacing between the pipes at the shore is 2 m,

- at the distance 300 m from the shore, i.e., at the end of the RP, the
average axial spacing is 14 m,

- intermediate spacings are linearly interpolated.

The model was created in Midas GTS NX finite element method
(FEM) software with a thermal analysis module. A 2D variant of the
model was chosen to capture in detail the real cross-section of the RP.
The 2D model assesses the thermal gradient in cross-section to the
longitudinal axis of the RP.

The model’s height is 7.5 m. This comprises 3.5 m from the RP to the
surface of the seabed sediment, plus 4 m below the RP. The width of the
model varies in 2 m-steps from 4 m to 14 m, correlating with the fan-
shaped RP configurations. The variable width of the model allows
cross-sectional simulation of sediment temperatures at different axial
measurements along the length of the RPs. Sediment temperatures were
modeled at 100 m, 200 m, and 300 m along the RP, measured from the
shore.

Fig. 4 depicts the finite element mesh of the model. The blue and
green lines represent the boundary conditions, presented in chapter 2.2.

The model’s heat transfer analysis simulates almost 10 years of heat
flow in the area around one RP. Heat transport is ensured by conduction.
The sediments are 100 % saturated. Groundwater flow is not considered
in the calculation. The time step of the simulation is 30 days and 120
steps have been computed, representing the passage of 3600 days. The
RP consists of five outer chambers carrying the input fluid used for
collecting thermal energy from the sediment, plus an inner chamber for
fluid return. The outer and inner chambers are thermally affected by
each other, which is the reason for choosing a 2D model able to capture
the shape of the RP. Table 1 lists the thermal properties of the materials;
RP, fluid and seabed sediment [1]. The fluid, a mixture of water and
ethanol, has a frost resistance of —15 °C. The sediment layer in Suvilahti
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Fig. 4. Finite element mesh, with Refla pipe mesh in detail. (color figure).
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Table 1
Thermal properties of materials [23].

Material Conductivity [W/(m.K)] Specific Heat [J/kg.K]
Refla pipe (RP) 0.45 2000
Fluid 0.25 3250
sediment 0.86 1400

at a depth of 0-3 m is composed of sulfide muddy clay; it is solid clay at
3 m and beyond [44]. The RP is made of polyethylene [37].

2.2. Determination of thermal boundary conditions

Thermal boundary conditions are an essential element of numerical
modeling. They can be understood as describing the thermal behavior of
the immediate surroundings outside the modeled area, which has a
significant effect on the behavior of the model itself. Consideration of
boundary conditions is essential for the numerical model as a whole. In
long-time numerical simulations that must take account of seasonal ef-
fects, the thermal boundary conditions are particularly important. The
following boundary conditions were applied in this model:

- Prescribed temperature Tpqe = 8 °C was applied at the base of the
model (green line in Fig. 4) [20]. This constant temperature is
assumed for all computational steps throughout the 10-year simu-
lation. The temperature Tpqe = 8 °C was assumed from Ref. [44],
where temperature profile of the sediment in Suvilahti area is pub-
lished. The temperature profile corresponds to the measurements in
2006. The temperature of 8 °C is specific for depth 7.5-8 m in
sediment during whole year.

Top of the model, i.e., the seabed (blue line in Fig. 4), must accom-
modate a variable temperature, T, described by a sine curve. The
measured temperature oscillates between 2 and 14 °C [43]. The
maximum temperature is observed in August. Presumption: this
temperature is variable only with time, not with location of analyzed
cross-sections, because the seawater flow ensures a constant tem-
perature across the whole seabed. The sine function of the seabed
temperature is as follows formula (1):

1
T.p =Y + Aesin (207[0]7 ot+¢> D

where:

Y = 8 °C shift,

A = 6 °C amplitude (temperature oscillation between 2 and 14 °C (8
+6°Q),

f =360 Hz frequency (one oscillation per 360 days),

t time,

¢ phase.

- The sides of the model are not treated by any boundary condition, i.
e., without heat loss or gains.

2.3. Determination of initial temperature of model

Initial temperature Ti; of the model is the sediment temperature at
time t = 0 days in simulation. The model’s initial temperature is con-
stant, but in a reality it is a function of depth and time, as shown in next
chapter (Fig. 7). In the top part of the sediments there are not two places
at different depths with identical temperature at the same time. Equally,
nowhere in the top part of the sediment has the same temperature
during different seasons. For this reason, a first partial parametric study
of initial temperature was carried out. This evaluated the development
of this temperature in the RP position for a period of ten years. It was
always evaluated as a turning point between years of simulation. The
expected average installation depth of the RP is 3.5 m.

Renewable Energy 221 (2024) 119770

At this depth, it was assumed that temperature would fluctuate in the
range of 6-9 °C and average 7.5 °C. To verify this, a symmetric initial
temperature interval of 0-15 °C was used with four values in steps of
5 °C and an average value 7.5 °C. This is shown in Fig. 5. The results of
the first partial study show that the correct initial temperature also has a
significant effect on the results. It is evident from Fig. 5 that the sediment
temperature at the RP depth was stabilized after about five years at
8.2 °C. This value was subsequently used as an ideal initial temperature
for numerical simulation.

2.4. Analysis of origin temperature in Suvilahti sediments

Fig. 6 illustrates the change in sediment temperature over one year of
simulation. The dotted line (with circle mark) demonstrates the
boundary temperature condition Ty, = f(t) at the top of the model, i.e,
the seabed. It is the same for each year of simulation. The dashed line
(with diamond mark) demonstrates the temperature oscillation at the
depth of the RP. The solid line (with triangle mark) shows the boundary
condition at the model’s base (Tpqs. = 8 °C). The temperature at a depth
of 1.5 m below the seabed is also shown by dashed line (with square
mark). All the curves exhibit a sine function shape, but each has a
different property, due to the variation of delay in the seasonal-related
warming of the sediments at different depths.

Fig. 7 shows the temperature development in the sediment layer
during the last year of simulation, without GE exploitation. The typical
fan shape is a consequence of the seasonal surface temperature fluctu-
ation. It can be said that this temperature development is also a signif-
icant implicit initial condition of the model, and dependent on those real
explicit boundary conditions. Temperature monitoring in sediments
indicates that the temperature at a depth of 3-4 m is already consistent
[20]. It can be concluded that the boundary conditions, including ma-
terial characteristics, were used correctly.

Boundary conditions, together with the set initial temperature and
model geometry, represent the basic 2D space, which respects the
temperature conditions in the studied area, including surface seasonal
climatic changes. These temperature conditions are known in space and
time. The analysis of the initial temperature and the boundary condi-
tions showed that the numerical model in the case study needs about five
years for stabilization of origin thermal regime (see chapter 2.3). In
research involving shallow areas, time-related change of climatic con-
ditions have a significant affect and so are a critical factor. This is not a
factor for vertical geothermal heat pump systems, where the dominant
element is depth and its increasing temperature gradient. Conversely, in
the presented model of the shallow area, depth-related increase of the
temperature gradient is not a factor and so is not considered.

16
14
12

Stabilized temperature:
T,.=8.2°C

init

5
e
2 10 &
g 8| T IBEE 3
8- 6 F /’o S Oeees 0°C
5 - —eOmme 5C
S A
' - - 10°C
2 —o—15°C
0 U L L L 1 1 1 1 1 L

0 1 2 3 4 5 6 7 8 9 10
Time (Years)

Fig. 5. Temperature development in the place of Refla pipe affected by the
initial temperature of the model (10 years of simulation).
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Fig. 6. Dependence of the initial sediment temperature over time in a nu-
merical model.
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Fig. 7. Demonstration of origin temperature development in sediments during
the 10th year of the simulation (without GE exploitation). (color figure).

2.5. Analysis of thermal loading

The model described above was loaded by “prescribed temperatures”
based on monitored data from the RP (Fig. 8). The values used were the
average fluid temperatures from years 2013-2016, smoothed by a
polynomial function with two variables (in “distance from shore”

Temperature (°C)

T - Fluid temperature
monitored along the length

of the Refla pipe using optical fibers (°C)

Fig. 8. Temperatures along the Refla pipe (based on monitored data in 2014).
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direction). Together with the temperature at the RP outlet, these are the
only monitored values.

The enlarged portion of Fig. 4 depicts the finite element mesh of the
RP. The yellow and red dashed lines represent the boundary of the areas
over which the sediment environment is thermally affected, i.e, areas
where geothermal energy is exploited. The following labels are used in
this study:

T; — fluid temperature in the outer chamber along the length of the
RP (°C);

Tz — fluid temperature in the return branch of the RP (°C);

T3 - fluid temperature monitored along the length of the RP using
optical fibers (°C).

Fig. 9 is a schematic depiction of the RP’s layout and temperature
conditions. Section A-A’ represents the start of the pipe, section C-C’
represents the end of the pipe, and section B-B' represents any inter-
mediate point along the pipe. The dotted line represents the knowledge
of the monitored temperature T3 in the entire length of the pipe.

There is a relationship between temperatures T; to Ts, but it is an
equation with three unknowns. At the start of the RP, the temperature T3
(0 my (monitoring) and T2 my (outlet temperature) are known by actual
measurement.

Applying these data, a second partial study was carried out to find
the temperature T;¢ m), and thus define the relationship between tem-
peraturesmT; to Ts. The geometric conditions between the individual
chambers of the RP were considered, including the material character-
istics of the individual materials (see Fig. 4).

In a further partial study, the temperatures T;¢p m) and Tz m) are
known, and temperature T3¢ m) is determined. Fig. 10 summarizes the
results obtained in graphic form.

The procedure is as follows: the initial temperature Ts is located on
the horizontal axis, which is monitored. Furthermore, the known tem-
perature T allows the determination of temperature T7, which is read on
the vertical axis. This can be applied to determine the temperatures T;
and T», based on the knowledge of the temperature Ts at any distance of
the RP.

However, the temperature T, is known only at the outlet of the RP,
not elsewhere. During the next solution, the following assumptions were
made:

- It can be said with certainty that the temperatures T; and T, are
identical at the end of the RP.

AT ay> AT 5y > ATy °C

=0
Al I C
AT,y = AT 5 5
T m;v (4-4) %‘ (B-B)
. Inner .
chamber

Outer

chambers

AT, (C-C)

X (m)

300 m

Fig. 9. Conceptional diagram of Refla pipe loop.
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6 A
T, - Temperature of fluid in =~ 7,7’
inner chamber (°C): J

4

T, - Temperature of fluid in outer
chamber (°C)
o

-6 -4 -2 0 2 4 6 8
T; - Temperature measured by optical fiber (°C)

Fig. 10. Temperature dependence T;, Tz in Refla pipe cross-section and Ts
outside the Refla pipe.

- It is assumed that at the end of the RP the liquid temperature (T; and
T,) is the same as the ambient temperature (T3), i.e., T; = Ty = T3.
This phenomenon is considered in the model at the end of the RP,
which is borderline in terms of the sustainability of the geothermal
system. In fact, this phenomenon, when the temperature of the input
fluid warms up to ambient temperature, may occur before the end of
the pipe. With excessive exploitation of geothermal energy, this
imaginary point can shift without it being possible to observe this
phenomenon.

temperature T3 (fiber-optic monitoring) is known throughout the
length of the RP. According to the second partial parametric study,
temperatures T7 and T, can also be determined along the RP’s length.

The main portion of Fig. 11 shows the development of temperatures
during the year.

The solid lines represent T; and Tz at 100 m distance from shore; the
dashed lines depict T; and T at distance 200 m from the shore. The
dotted line describes temperature T; and T2 at 300 m from shore, which
are the same. Results of an earlier study [19] showed that the best dis-
tance for sediment heat energy production in summer is between 100
and 190 m (sediment temperature recording, measured distance from
shore). However, this seemed to depend on the month in which the data
were collected.

The right-hand part of Fig. 11 depicts the relationship between
temperatures T; to T3 along the RP in November. Temperature T3
(dotted line), is based on fiber-optic monitoring. Temperature Tz at a
distance of 0 m is the temperature at the outlet of the RP and is also the
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result of monitoring. Based on the assumption T; = T, = T3 at a distance
of 300 m (at the end of the RP), the temperatures along the entire RP can
be estimated.

3. Results and discussion

Fig. 12 depicts the model’s sediment temperature data in axial dis-
tance from shore (at 100 m, 200 m, and 300 m) and in radial axis from
the RP. The results from the simulation’s final (tenth) year were used.
The results should be understood as a comparison of sediment temper-
atures before and during GE exploitation. This comparison will provide
an overview and highlight features or areas that are subjected to higher
temperature loads than are appropriate for the sustainability of the
geothermal resource.

The a) plot in Fig. 12 shows sediment temperature distribution
during the year at 100 m from shore. At this point, adjacent RPs are 6 m
apart, so the radial distance on the X-axis extends only to 3 m, the axis of
symmetry (shown as a vertical dot/dash black line). The horizontal
dashed lines at 7.7 °C and 8.3 °C (average 8.0 °C) define the envelope of
temperature fluctuations during the different seasons, without
geothermal energy exploitation. This envelope is specific for the RP’s
depth of 3.5 m (see chapter 2.4). The colored lines represent the sedi-
ment temperatures in the geothermal exploitation regime during each
month of the last year of the simulation. The year’s average is also
depicted, shown as a black dot-dash line.

Similarly, the b) plot of Fig. 12 depicts the model’s equivalent data at
200 m from shore; the c) plot illustrates the data for the end of the pipes,
300 m from the shore. The vertical dot-dash line on the right of each plot
represents the axis of symmetry. At 200 m from shore this is at 5 m
because adjacent RPs are 10 m apart; at 300 m from the shore adjacent
RPs are 14 m apart, so the axis of symmetry is at 7 m. For analysis of the
study’s results, the sediment exploitation regime has been divided into
three zones, reflecting different degrees of influence on the initial tem-
perature as a consequence of energy exploitation. The basis for the
comparison is the year’s average sediment temperature at each location:

- high impact: more than 10 % variance with initial average
temperature,

- low impact: 2 %-10 % variance with initial average temperature,

- zero impact: less than 2 % variance with initial average temperature.

At 100 m from the shore (Fig. 12, left-hand plot), all radial distances
between adjacent RPs meet the above definition of high impact. The
sediment temperature reductions as a consequence of energy exploita-
tion is 2.7 °C at the RP and 0.8 °C at the edge of model, 3 m away. At 200
m from the shore (Fig. 12, central plot), adjacent RPs are 10 m apart. The
high impact zone reduces to 1.7 m radial distance from the RP, and the
temperature drop is 2.3 °C at the RP and only 0.6 °C at the limit of the
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Fig. 11. Time dependence of T;, T, and T3 temperatures during the year.
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Fig. 12. Temperature distribution in radial distance from Refla pipe in horizontal direction. (color figure).

high impact zone, 1.7 m away. There is a low-impact zone beyond this
point, with a temperature drop ranging from 0.5 °C at the nearest edge
to 0.2 °C at 5 m radial distance from the RP. At the end of the RP, 300 m
from the shore (Fig. 12, right-hand plot), the above trend of reducing
impact continues. The high-impact zone has again decreased, but not
significantly, to a radial measurement of 1.6 m. The drop in average
sediment temperature in this zone is 2.2 °C at the RP and 0.5 °C at the
zone’s edge. In the low-impact zone, i.e., 1.6 m—3.5 m radial distance,
temperature reductions range from 0.4 °C to 0.2 °C respectively. A zone
of zero impact exists beyond 3.5 m, where the temperature drop is less
than 0.2 °C. Table 2 tabulates these results.

Analysis of the temperature fluctuations in the horizontal axis of the
2D cross-sections shows several facts that should be understood in more
qualitative terms. The 2D cross-section at 100 m from the shore showed
that the axial spacing of adjacent RPs is small enough to cause appre-
ciable interference, and thus significant decrease in sediment tempera-
ture between the RPs. Smaller temperature decreases can be observed in
areas where axial spacing between RPs was 10 m or more. This is due not

Table 2
Impact area in horizontal axis between RPs.
Distance from shore Zone Distance from axis Temp. drop
(m) ()]
100 m (Axial distance of RPs: RP 0 2.7
6 m) High 3 0.8
impact
Low - -
impact
Zero - -
impact
200 m (Axial distance of RPs: RP 0 2.2
10 m) High 1.7 0.6
impact
Low 5 0.2
impact
Zero - -
impact
300 m (Axial distance of RPs: RP 0 2
14 m) High 1.6 0.5
impact
Low 3.5 0.2
impact
Zero 7 0.1
impact

only to the larger axial spacing, but also to the different temperature
load that was applied in accordance with the monitored values (Fig. 8).
Quantitatively, it is important to note that the temperature did not drop
significantly below 0 °C in any of the sediments directly involved in the
exploitation or storage of geothermal energy. If this would have
occurred, the efficiency of the proposed system would be overloaded,
and the long-term sustainability of the resource would be questionable.

The presented results correspond to the transient heat transfer
regime at the end of the 10-year simulation period. Due to the temper-
ature load that was applied, which was identical in each year of the
simulation, the model only gave information about the temperature
fluctuation in the sediments across the simulated years. Therefore, this
type of model approach does not provide a long-term view of the decline
in sediment temperatures, i.e, an indication of true sustainability.
Fig. 13 complements the above results by examining data in the vertical
axis at the end of the RP, 300 m from shore. It depicts the simulated
sediment temperatures before and after GE exploitation in the final year
of the simulation. The black dashed curves show the envelope of thermal
fluctuations without GE exploitation, i.e, the origin temperature data

Temperature (°C)
0 2 4 6 8 10 12 14 16

T L e S e .#" i
0.5 | NS Z 20l
L Envelope
15k of origin
H temperature
25 r
g L
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Fig. 13. Temperature distribution in 10th year of simulation in vertical axis of
Refla pipe (300 m from shore). (color figure).
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depicted in Fig. 7. The colored lines illustrate the seasonal temperature
fluctuation during the year with GE exploitation.

4. Conclusions

The aim of this paper was to present the potential and shortcomings
of numerical modeling as a tool to verify the operation of an innovative
heating system using shallow geothermal energy operating in seabed
sediment in Suvilahti, Vaasa, Finland. The numerical analysis was car-
ried out using 2D sections, which, due to the nature of the modeled
subject, did not imply significant limitations. It investigated evolution of
the sediment temperature during GE exploitation over a period of 10
years, applying a transient heat transfer analysis. The Suvilahti system
uses a specific type of Refla coaxial pipe, embedded in the seabed sed-
iments in two 300 m-long, fan-shaped configurations, one approxi-
mately 155 m wide, the other 165 m wide. Deposition in the seabed
sediments was chosen because seabed temperatures are above 0 °C all
year, whereas shallow depths near the shore are seasonally below 0 °C.
The average depth of deposition is approximately 3.5 m below the
seabed. This relatively modest depth allows the heat gains from the
warm seasons to be exploited, but on the other hand, means thermal
energy is removed from the system in the cold seasons. This blend of
seasonal gains and losses associated with the depth of the system’s pipes
underpinned the need to carry out a numerical study to define sediment
temperature fluctuations without and consequently with exploitation of
geothermal energy. Subsequently, the results of temperature monitoring
carried out in the Suvilahti system between 2013 and 2016 were used as
the applied temperature load for the numerical model. The important
thing to be discussed are the limitations of the numerical model. This
part summarizes the limits which are mentioned in this study and adds
to them a short comment. The fundamental simplifications that are
accepted in the model are as follows:

- The temperature load was defined as the “prescribed temperature”,
which was the most relevant choice, given the monitoring imple-
mented. On the other hand, the prescribed temperature load imposed
some limitations in terms of defining a sustainable amount of
geothermal energy that can be extracted. Thus, the numerical model,
due to its design, provided information mainly on the temperature
fluctuation during the geothermal energy exploitation in the subject
area. The aim was to check whether there would be significant
undercooling below 0 °C in some parts of the system, which would
reduce the efficiency of GE utilization. In the short term, this would
not represent a fundamental flaw in the design, but rather would
highlight the possibility of compromising the sustainability of the GE
resource while maintaining the current heating and cooling regime.
The model is an approximation of real situation only. In this analysis,
the real 3D situation is reduced to a planar (2D) model. The 2D model
presented in this article is a compromise between an acceptable
simplification of real situation and a higher computation time of 3D
model. The 2D model simulates the situation in the plane situated in
three different axial distances from shore. If it is necessary to obtain
results from other distances, it is necessary to use linear interpola-
tion. Boundary condition - a certain simplification is the use of top
boundary condition at the seabed for all solved models (2D cross-
section). Presumption: this temperature is variable only during the
season, not with location, because the seawater flow ensures a con-
stant temperature across the whole seabed.
- Heat transport in sediment is ensured by conduction - groundwater
flow is not considered in the calculation, because the sediments are
soils with quite low permeability.

The following conclusions can be drawn from the results of the
presented numerical study: temperature as a consequence of energy
exploitation. The basis for the comparison is the year’s average sediment
temperature at each location:
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- A temperature reduction of more than 10 % of the original sediment
temperature occurs within 1.6 m-1.7 m in a radial horizontal di-
rection of each pipe. At a distance of up to 100 m from the shore,
where the axial distance of the RPs is less than 6 m, there is a high
impact (more than 10 %) in the entire area between the RPs. This
information is significant for the design of new similar systems using
RPs in similar geological and meteorological conditions.

A decrease from original sediment temperature of less than 2 %
occurred at a radial distance of 3.5 m-5 m around RPs, and was
observed at a distance of 100 m-300 m from shore. This conclusion
can be used to determine the optimal axial distance between RPs, i.e.,
10 m-14 m, if implementing a new system with RPs in a parallel
alignment. A considerable area of sediments between RPs was ther-
mally affected by less than 0.1 °C where axial distance was 14 m,
indicating that greater axial distance between RPs is unnecessary.
The results suggest the first third of the RPs’ length, i.e., 0 m~100 m
from shore, are of questionable effectiveness. This conclusion stems
from the results of the temperature distribution at a distance of 100
m from the shore: it can be assumed that the influence of temperature
loading in the sediments will be even higher nearer to the shore.
When estimating the amount of extractable energy (which this study
does not address), it is advisable not to consider this area.

It is also clear from the results that, if the current working regime is
maintained, there is no significant reduction of the temperature
below freezing point in the subject areas. Therefore, it can be argued
that the installation’s extraction of geothermal energy offers long-
term sustainability.
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