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� Sediment thermal properties are highly variable.
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� The 2 K-criterion is not suitable to detect man-made heat injection.
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Analytical and 2D finite-element solutions of the heat transfer equation are used to model the tempera-
ture evolution in the upper 15 m of marine sediment deposits. These calculations comprise realistic,
in-situ measured, thermal properties as well as natural (geothermal and sea bottom temperature) and
man-made (e.g. high voltage, subsea power cables) heat sources. A main objective of this article is to
focus on the influence of the thermal heterogeneity of sediments in the North and Baltic Seas. In combi-
nation with seasonal variations of bottom water temperatures, these result in large temperature differ-
ences in the upper 3–5 m of the sediments. Also, the impact of additional heat through power cables is
considered. The modelling results show maximum cable temperatures as much as 16 K difference less
compared to a conservative homogeneous scenario previously used from literature values. It can be
shown that the 2 K-criterion is not a suitable instrument to monitor the man-made impact to the thermal
conditions without knowing the actual thermal settings of a given location.
� 2016 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Offshore wind farms have an enormous potential of replacing
conventional energy sources. These wind farms are connected to
the shore by high voltage power cables crossing distances of more
than 100 km in the marine environment. The cables are usually
buried within the sediments. Depending on the power transmis-
sion, the cables produce more or less dissipative heat, which is
released into the sediments. This process leads to two effects: cool-
ing of the cable and heating of the surrounding sediments. The
operators of the power cables are interested in both processes: A
‘cool’ cable is more effective for power transmission whereas heat-
ing of the sediments is important because of a possible negative
influence on benthic biological communities.

In the German exclusive economic zone (EEZ), the environmen-
tal impact of a cable installation is to be limited according to the
principal legal stipulations authorized by the Bundesamt für
Seeschifffahrt und Hydrographie (BSH) [1]. A major concern is that
the temperature conditions for benthic life-forms shall be held at
‘natural’ levels. Therefore, the 2 K-criterion was proposed by the
Bundesamt für Naturschutz (BfN) [2]. The 2 K-criterion stipulates
that the maximum allowable temperature rise at 0.2 m sediment
depth, vertical above a power cable, shall not exceed 2 K compared
to undisturbed conditions.

Offshore energy cables are designed for maximum core temper-
atures of about 90 �C and sheath temperatures of up to 60 �C dur-
ing full load events. Obviously, an amount of thermal energy is
injected to the surrounding sediments. In order to estimate the
temperatures in the surrounding sediments, an understanding of
the thermal properties of the sediments, natural temperature
levels, and their variability is essential.

Analytical and finite element models are used to calculate the
natural temperature distribution. The models incorporate the
geothermal heat flow as well as temperature variations through
seasonal variations of the bottom water temperature. The input
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parameters used in the models are measured thermal properties
and bottom-water temperatures as published by the BSH [3]. A
superimposition of the (time-dependent) additional heat caused
by power cables is then used to predict resulting temperature dis-
tributions for full seasonal/annual cycles. A comparison of model
results for a given configuration of cable properties and burial
depth with/without additional heat through a full annual cycle
allows a good understanding of the influence on the temperature
distribution in the sediments. An evaluation of temperature
changes at cable burial depth and in 0.2 m sub-bottom depth,
shows the cooling effects on the cable as well as a possible viola-
tion of the 2 K-criterion.

International standards (IEC and IEEE) for calculation of the
thermal resistance between power cables and the surrounding
environment are based on analytic considerations of Nether and
McGrath from 1957 [4]. Until recently, numerous scientific works
dealing with the thermal regime around buried power cables have
been published. These include finite-element simulations in
heterogeneous multi-layered sediments [e.g. 5–9], also including
effects of trench backfill material [10] as well as the influence of
convective water transport in permeable sediments [11,12]. A con-
siderable problem is the knowledge about the true thermal proper-
ties of the sediments. To overcome this, other authors [13,14] used
results from laboratory experiments as a foundation for finite-
element computational models. As a different approach, we use
direct in-situ thermal properties measurements combined with
natural, realistic temperature variations of the sediments as an
input for analytical and finite-element modelling.

2. Measurement of temperatures and sediment thermal
properties

2.1. The VibroHeat method

In principle, the sediment thermal properties can be measured
either in-situ or by using sediment core samples [15]. The data
Fig. 1. Principle of a thermal parameters measurement used in combination with a
D: Recording temperatures of thermal decay of frictional heat for the determination
temperatures of thermal decay of heat pulse for determination of thermal conductiviti
corresponding temperature recordings of the 22 thermistors.
used in this study have been gained using the ‘VibroHeat’ method.
The principle for the measurements of depth dependent thermal
parameters originates from the classical method of determining
steady-state heat flow values for the oceanic crust from soft
deep-sea sediments using heat flow probes penetrating by their
own weight [16]. However, sediments in the North and Baltic Seas
have higher shearing resistance. For successful penetration, a ther-
mistor string has been combined with a standard VKG vibrocorer
[17]. As for the problem addressed, the upper 3–4 m of the sedi-
ments are of major interest, and a system was used which allows
the in-situ measurement of temperatures and thermal parameters
from 22 thermistors at a vertical resolution of 13.5 cm down to a
depth of 3.5 m. Sediment thermal conductivities are determined
from the decay of a defined, artificial heat pulse. With these data,
the natural, undisturbed vertical variability of sediment tempera-
tures and thermal properties can be obtained. The measuring pro-
cedure follows the classical approach. The system is lowered
towards the sediment, penetrates, and rests in the sediment for
in-situ temperature measurement and heat pulse decay recording.
Fig. 1 shows the measurement principle.

2.2. Determination of thermal parameters

The determination of in-situ temperatures and thermal material
properties is based on an inversion algorithm following the work of
Hartmann and Villinger [18]. Based on the assumption of the ther-
mal decay around a cylindrical, symmetric, infinite line source,
steady state in-situ temperatures (T), thermal conductivities (k)
and thermal diffusivities (j) are determined in an iterative
procedure. It should be kept in mind that layered sediment depos-
its are transversely isotropic and therefore exhibit a conductivity
anisotropy showing larger conductivities in horizontal than in
vertical direction. Following Pribnow et al. [19], this anisotropy is
khorizontal/kvertical � 1.2. From thermal conductivities and diffusivi-
ties also the volumetric thermal capacities can be determined by
qcv = k/j, where q is the density of the sediment and cv the heat
vibrocorer: A-B: VibroHeat lowering to the seabed. C: Penetrating into seabed.
of undisturbed sediment temperatures. E: Artificial heat pulse. F-I: Recording

es and diffusivities. J: Pullout and retrieval to surface. The lower panel shows the
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capacity. The relative errors for thermal diffusivity, which is the
input for modelling, are typically <10% as derived from the inver-
sion scheme [18]. Nevertheless, thermal conductivity errors are
significantly smaller and a valuable control for the reliability of
the measurements is provided by typical stable values within
2.5–3.0 MJ m�3 K�1 for the volumetric thermal capacities.
Fig. 2. Thermal parameters as measured at three sites in the Baltic Sea showing de
Conductivities and diffusivities are quite heterogeneous with depth showing specifically
below, and (c) overall high values. A valuable control for the reliability of the measureme
for marine sediments.
Depth-dependent properties from measurements performed in
the Baltic Sea in June 2011 from three different sites (Fig. 2a-c)
indicate high spatial variability. At all locations, contrary to the
general positive temperature gradient in the Earth’s crust, the tem-
peratures decrease with increasing depth. This is due to the sea-
sonal variation of the bottom-water temperature in the Baltic
pth-dependent temperatures, thermal conductivities, diffusivities, and capacities.
(a) low values in the upper first metre, (b) high values in the upper 0.5 m and low
nts is the volumetric capacity (qcv) with typical stable values of 2.5–3.0 MJ m�3 K�1



Fig. 3. Sketch showing the 2D model including layered sediment properties, buried
cable and boundary conditions.
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Sea, as the measurements were performed in June, i.e. the influ-
ence of the warm summer temperatures is seen in the upper ther-
mistors. The decreasing temperatures towards the deeper regions
are relics of cold winter temperatures. As can be seen, the temper-
ature distribution with depth differs at the three stations, which
already indicates that the thermal parameters of these sediments
must be different as the prevailing bottom water temperatures
are about the same.

The parameters determined for each site include the corre-
sponding depth-dependent thermal conductivity, temperature dif-
fusivity, and volumetric thermal capacity (Fig. 2). The first example
(a) shows higher thermal diffusivities in the deeper layers and
lower values above, whereas the second (b) features higher
diffusivities in the upper layers and lower values below. The
mean thermal diffusivities are similar (4.90 � 10�7 m2/s resp.
4.88 � 10�7 m2/s). The last example (c) shows smooth varying
thermal conductivities and diffusivities on relatively high levels.
In the following, for brevity the profiles have been named (a) ‘Deep
High’, (b) ‘Top High’, and (c) ‘Overall High’.

3. Modelling of sediment temperature distributions

For modelling the thermal energy release of a buried power
cable and accompanied temperature field evolution (Tð r!; tÞ) in
the marine sediment, the heat transfer equation with an internal
source term described by the heat source density Hð r!; tÞ at point
r! and time t is solved:

qð r!Þcvð r!Þ@tTð r!; tÞ � r � ðkð r!ÞrTð r!; tÞÞ ¼ Hð r!; tÞ ð1Þ

With assumed volumetric heat capacities qð r!Þcv ð r!Þ ¼ k=j ¼
const (k thermal conductivity and j thermal diffusivity) this
simplifies to

@tTð r!; tÞ � r � ðjð r!ÞrTð r!; tÞÞ ¼ Hð r!; tÞ
qcv

: ð2Þ

The heat source density Hð r!; tÞ denotes the thermal energy
emitted by a standard volume of material inside the modelled
region. Boundary conditions are given by seasonal temperature
variations at the seafloor and heat fluxes held zero at vertical
boundaries and the geothermal gradient as the lower boundary.
A scheme of this model is depicted in Fig. 3.

3.1. Analytic solutions

For demonstrating principal characteristics of sediment tem-
perature evolution from natural sources and power cable thermal
impacts, simple analytic solutions of the heat transport equation
will be considered and discussed. In particular, this is useful for
providing evaluations for the 2 K-criterion in Section 4.2.

3.1.1. Bottom water temperature variations
As noted before, in shallow seas like the Baltic and North Seas

bottom sediment temperatures naturally vary with the seasons.
The peak-to-peak amplitudes of seasonal temperature variations
can be as high as 18 K and their residuals may reach down to a
sediment depth of more than 10 m. In order to model this effect,
the 1-dimensional heat transfer equation

@tTðz; tÞ � j@2
z Tðz; tÞ ¼ 0 ð3Þ

is solved with temperature T(z, t) as a function of depth (z) and time
(t) for a homogeneous sediment with constant thermal diffusivity j
and the annual variation

Tðz ¼ 0; tÞ ¼ Tmean þ TDcosðxt þuÞ ð4Þ
as a simplified sinusoidal boundary condition at the surface. Since
the sediment acts as a low-pass filter, the annual wave is the most
efficient and higher orders of temperature variation can be
neglected. Here, Tmean is the annual mean temperature, TD the max-
imum amplitude, x the annual frequency and u a phase shift of the
annual bottomwater temperature variations. The complete solution
[20] is as follows

Tðz; tÞ ¼ Tmean þ dT=dz � z
þ TD expð�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x=ð2jÞ

p
zÞ cosðxt �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x=ð2jÞ

p
zþuÞ; ð5Þ

where dT/dz is the constant background geothermal gradient (global
average dT/dz = 0.03 K/m).

3.1.2. Cable as a constant line source
In order to model the cable, a 2-dimensional model is used. For

a homogeneous half space, the temperature-depth distribution
generated from a continuous line source buried in a depth of zd
with power loss Hð r!; tÞ ¼ 50 W=m ¼ const is calculated by using
the method of mirror images: with r!¼ ðx; z� zdÞ is the vector
between the line source and reference point then r!1 ¼ ðx; zþ zdÞ
is the vector between the mirror image of the line source generated
from the solid boundary and the reference point [20]. This assures
that the corresponding partial solutions’ boundary conditions have
zero gradients at the surface. The corresponding analytic solution
then can be written as

Tcableð r!; tÞ ¼ � H
4pj

Ei
� r!2

4jt

 !
� Ei

� r!2
1

4jt

 !" #
ð6Þ

with

�Eið�xÞ ¼
Z 1

x

expð�uÞ
u

du ð7Þ

the exponential integral. Since the heat transfer equation is linear,
the complete solution including geothermal gradient, bottom-
water temperature variations and cable induced heating simply
add to

Tð r!; tÞ ¼ Tmean þ dT=dz � z
þ TD exp �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x=ð2jÞ

p
z

� �
cos xt �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x=ð2jÞ

p
zþu

� �
þ Tcableð r!; tÞ: ð8Þ
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3.2. 2D Finite element modelling (FEM) of a realistic cable in
heterogeneous sediment

The FEM model is defined in two dimensions for vertical and
horizontal directions as a layered half-space with piecewise
constant thermal diffusivities j and capacities qcv. A possible deb-
Fig. 4. (a) Seasonal bottom water temperature variations approximated by a sinusoi
(c) minimum thermal diffusivities. The resulting temperatures are shown for a scenari
(constant power loss of 50 W/m and 1.5 m burial depth) (right). Colour code in (b) and
references to colour in this figure legend, the reader is referred to the web version of th

Fig. 5. Temperature-depth profiles resulting from seasonal forcing only for (a) maximum
defined in Fig. 4. (C) Seasonal temperature in the 2 K depth for high diffusivities (red line
seasonal forcing result in +/0.4 K during the year. (For interpretation of the references to
ris deposit originated from cable deployment is ignored, but should
be taken into account for future investigations.

The modelling is performed by the finite element method
(FEM), using the MATLAB Partial-Differential-Equation-Toolbox
[21]. The discretization of the half-space is realized by using a tri-
angular grid refined in the regions of the cable.
dal wave. Analytic solution of the heat transfer equation for (b) maximum and
o with seasonal forcing from the surface only (left) and an additional power cable
(c) corresponds to the bottom water temperatures in (a). (For interpretation of the
is article.)

and (b) minimum thermal diffusivities. Colour coding corresponds to the month as
from (a)) and low diffusivities (blue line from (b)). (d) Temperature differences from
colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 6. 2 K differences with a cable in 1.5 m burial depth and a constant power loss of 50 W/m turned on at day 1. The reference point is located 12 m besides the cable.
(a) 3-year period seasonal bottom water temperature variations. (b) 2 K differences for homogeneous sediment, i.e. where the same diffusivities prevail above the cable and
the reference point for high and low diffusivities, respectively. (c) 2 K differences for heterogeneous sediments, i.e. high diffusivities (j_max) prevail above the cable but low
diffusivities (j_min) at the reference point and vice versa. Note the oscillation of the temperature differences due to the different penetration velocities and amplitudes of the
seasonal signal for both diffusivities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Temperature evolution for the time frame of one year for up to three meters soil depth with a power cable switched on at day 1 with a constant power loss of 50 W/m.
The burial depth of the cable is 1.5 m in a homogeneous thermal diffusivity half space. Sea floor boundary conditions are bottom water temperature variations as defined in
3.1.1: (Tmean, TD, u) = (10.4 �C, 7.1 �C, 51 days). (a) Temperature distribution in and around the cable for the day of the maximum temperature at day 288 with 41.0 �C, and
(b) temperature-depth profile at day 288. (c) Thermal diffusivity-depth profile used as input for the modelling: this follows the conservative assumption of Brakelmann and
Stammen [8] with thermal diffusivity j = 3.4 � 10�7 m2/s. (d) Heat flow in and around the cable. (e) Temporal evolution of sediment temperature. (f) Maximum cable
temperature and 2 K temperature difference over a one year cycle.

C. Müller et al. / Applied Thermal Engineering 108 (2016) 20–29 25
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As an example, the FEM modelling results for a high voltage
alternating current (HVAC) cable are shown, which are widely used
for interconnecting offshore wind energy plants and converter
platforms of the offshore wind parks. For the thermal parameteri-
zations, a Submarine Power Cable 3 � 630 mm2, 19/33 (36) kV, Cu
[22] was used.

The general setup for the FEM model is:

– Model grid (30 m � 15 m).
– Model resolution with varying mesh size: general 0.3 m, vary-
ing and refined at boundaries and inside and around the cable
with smallest mesh size of 0.02 m for inside the cable.

– Temporal resolution is 3 h.
– Lower boundary is constrained by the geothermal heat flux as
observed by the measurement itself or derived from the
literature.

– Upper boundary constrained by seasonal forcing of bottom-
water temperatures.

– At the vertical extending boundaries of the region, the flux is set
to zero.

– The model was run to steady state with respect to cyclical sea-
sonal forcing using bottom-water temperatures.

– A power cable is set at 1.5 m below the seabed.
– A full year is modelled with a constant power loss of 50 W/m
starting at day 1.

Sediment temperatures are calculated for four different scenarios:
Fig. 8. Same as Fig. 7 but with measured diffusivity profile ‘Deep High’ (compare Fig. 2). (a
temperature at day 285 with 34.3 �C, (b) temperature-depth profile for the same day, (c) the
(d) Heat flow in and around the cable, (e) temporal evolution of sediment temperature, (f)m
Scenario
) Temperature dist
rmal diffusivity-de
aximum cable tem
Description
Conservative
 The sediments are assumed to be
homogeneous, i.e. use of a constant thermal
diffusivity value of j = 3.4 � 10�7 m2/s
following Brakelmann and Stammen [8]. These
thermal properties are used for comparison
with measured values for two reasons: first,
the work of Brakelmann and Stammen is
widely acknowledged in this field of research,
and second, because the used thermal proper-
ties are solely based on literature values. The
new model with thermal diffusivity profiles
based on in-situ measurements in the Baltic
Sea is compared to a well-studied worst-case
model with constant thermal diffusivity based
on literature values for water-saturated soils
Deep High
 In the ‘Deep High’ scenario, the thermal
diffusivities from Fig. 2a are used, i.e. higher
diffusivities in the deeper layers
Top High
 In the ‘Top High’ scenario, the thermal
diffusivities from Fig. 2b are used, i.e. higher
diffusivities in the upper layers
Overall High
 In the ‘Overall High’ scenario, the thermal
diffusivities from Fig. 2c are used, i.e. high
diffusivities over the complete depth
ribution in and around the cable for the day of the maximum
pth profile used as input for the modelling, profile ‘Deep High’.
perature and 2 K temperature difference over a one year cycle.
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4. Results

4.1. Analytical 1D-solutions

In this subsection, analytical 1D solutions of the temperature
distribution for potential minimum and maximum diffusivities
are discussed. These results define the maximum range of temper-
atures in the sediments over space and time.

For modelling the sediments’ temperature field from seasonal
bottom-water temperature variations, in Eq. (4) the parameteriza-
tion (Tmean, TD, u) = (10.4 �C, 7.1 �C, 51 days) (Fig. 4a) was used as
typical values from North Sea observations [3]. This approximation
of sinusoidal bottom water temperature variation is justified since
this is the strongest seasonal partial wave amplitude; the sediment
acting as a low pass filter insensitive to higher frequency varia-
tions. The solution (Eq. (5)) shows decreasing amplitudes with
depth and an oscillation with depth retarded phase lag (Fig. 4b,
showing temperature depth profiles for high (j = 8.0 � 10�7 m2/s)
and Fig. 4c for low thermal diffusivities (j = 3.0 � 10�7 m2/s) homo-
geneous models). The resulting temperature depth profiles incor-
porating a constant power cable energy loss of 50 W/m according
to Eq. (8) again for the high (j = 8.0 � 10�7 m2/s) and low thermal
diffusivity (j = 3.0 � 10�7 m2/s) homogeneous models on the right
side.

4.2. Reassessment of the 2 K-criterion

The 2 K-criterion was set up by German authorities as a precau-
tionary, conservative benchmark of maximum temperature rise to
protect benthic life. Nevertheless, up to now there is no scientific
Fig. 9. Same as Fig. 7 but with measured diffusivity profile ‘Overall High’ (compare Fig. 2
temperature at day 268 with 26.0 �C, (b) temperature-depth profile for the same day, (c
High’). (d) Heat flow in and around the cable, (e) temporal evolution of sediment tempera
cycle.
justification for this threshold [23] and no applicable monitoring
feasibility. Here, potential biological issues are not discussed.
Instead, the strong influence of heterogeneous sediment thermal
properties on the evolution of temperature fields will be demon-
strated before even a power cable is taken into account. As shown
in Section 4.1 different sediments in the North and Baltic Seas yield
different temperature depth profiles for low/high thermal conduc-
tivities/diffusivities. These heterogeneities provide variability of
temperatures in the 2 K depth as high as nearly 1 K without any
additional heat from a power cable. These minimum/maximum
qualitative estimates were calculated using analytical solutions
of the heat transport equation as discussed in Section 3 using
homogeneous thermal diffusivity with and without cable.

Simply put, the heterogeneity of the sediments, result in natural
variations of the temperature in the 2 K depth. This is demon-
strated in Fig. 5 for maximum (j = 8.0 � 10�7 m2/s) and minimum
thermal diffusivities (j = 3.0 � 10�7 m2/s). Comparing 0.2 m depth,
temperatures at both sites yield temperature differences of about
0.8 K (±0.4 K) during the year from seasonal bottom-water temper-
ature variations. This, of course, might also be exceeded when deal-
ing with even higher or lower diffusivities, which have been
measured. Thus, nearly half of the 2 K criterion is already reached
without any artificial impact.

The situation changes if a power cable with constant power loss
of 50 W/m is incorporated (Fig. 6). The 2 K differences are shown
for the ‘‘classic” 2 K representation i.e. homogenous sediments
with the same maximum or minimum diffusivities above the cable
and the reference point (Fig. 6b: asymptotic behaviour with low
and high values, respectively). When considering heterogeneous
sediments with high diffusivities above the cable and low
). (a) Temperature distribution in and around the cable for the day of the maximum
) thermal diffusivity-depth profile used as input for the modelling (profile ‘Overall
ture, (f) maximum cable temperature and 2 K temperature difference over one year
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diffusivities at the reference point, the 2 K differences oscillate
between 0.5 K and 1.2 K. In the vice versa scenario, high diffusivi-
ties at the reference and low diffusivities above the cable, the 2 K
differences oscillate between 1.9 K and 2.7 K (Fig. 6c). These differ-
ences do not represent the ‘true’ 2 K differences but are instead
apparent values due to the presence of the heterogeneous sedi-
ments. Thus, without detailed knowledge of the thermal sediment
structure, monitoring and evaluating the 2 K-criterion is
unrealistic.

4.3. 2D FEM solutions

By modelling the temperature evolution for realistic thermal
properties of the sediments plus including detailed cable thermal
properties, maximum thermal stress on the cable itself may be cal-
culated. Thus, by determining maximum cable temperatures for
given sediment structure, cable design and/or burial depths can
be optimized. Figs. 7–9 show the results for the different scenarios.
In each figure, the middle panel (e) shows the temporal evolution
of sediment temperatures down to a sub-seabed depth of 3 m for
365 days. The power cable is switched on at day 1, i.e. the sediment
temperature at day one represents the temperature without addi-
tional cable heating.

The upper panels show (a) the temperature field around the
cable and (b) temperature-depth profile, both at the day of maxi-
mum cable temperature, (c) the thermal diffusivity profile used
and (d) the heat flux. In (f), the temporal evolution of the maxi-
mum cable temperature and the 2 K temperature difference are
shown.

Fig. 7 shows the results for the conservative scenario according
to Brakelmann and Stammen [8]. The sediments warm during the
Fig. 10. Profile ‘Top High’ with realistic power cable loss: (a) temporal variation of cabl
(b) sediment temperatures, (c) ‘Top High’ thermal diffusivity depth profile and (d) cable
references to colour in this figure legend, the reader is referred to the web version of th
year because of seasonal heating through the bottom water as well
as power loss from the cable, which itself is clearly seen in the high
temperatures at 1.5 m depth. Overall temperatures are at maxi-
mum (41.0 �C) at day 288 and decrease towards the end of the year
due to cooling of the bottom water. The heat flux is maximal
around the cable and decreases with distance from the cable. The
heat flux is slightly enhanced towards the seabed due to the diffu-
sive cooling through the bottomwater. The bottom panel (f) shows
the temperature of the power cable itself during the year. Also
shown is the temperature difference in 0.2 m sediment depth
according to the 2 K-criterion, i.e., the temperature in 0.2 m depth
minus the temperature without additional heat through power
loss. As can be seen, the 2 K-criterion is almost reached towards
the end of the year.

Fig. 8 shows the same calculations for the temperature diffusiv-
ities for the ‘Deep High’ scenario. Compared to the conservative
scenario, the cable temperature is always about 5–7 K lower and
also the temperature at the 2 K depth is lower as a consequence
of the overall higher temperature diffusivity. The heat flow around
the cable becomes more asymmetrical and there is enhanced lat-
eral heat dissipation in the lower layers.

Fig. 9 shows the effect of higher diffusivity in the upper layers
(‘Overall High’): The overall temperature of the cable as well as
of the surrounding sediments is again lower. This is due to the
higher heat fluxes towards the sea floor. The cable temperature
now peaks at 26.0 �C in day 268, which is 15 K lower than for
the conservative scenario. The temperature in the 2 K depth is
again uncritical and settles well below 1 K difference during the
whole year.

It can be stated that the temperature distribution crucially
depends on the sediment thermal properties. The cable temperature
e power loss scaled with North Sea FINO1 wind data between 0 and 100 W/m and
temperature (red) and 2 K temperature difference (blue). (For interpretation of the
is article.)
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is almost 10 �C lower in the ‘TopHigh’ scenario compared to the con-
servative setting. As a consequence, the temperature difference in
the 2 K depth is also much lower. The calculations were made with
a constant maximal power loss of 50 W/m during the whole year,
which is another worst-case scenario with respect to sediment
heating.

Fig. 10 shows the same calculations with a more realistic power
loss scenario from wind statistics during the year. Here, the power
loss was scaled between 0 and 100 W/m with measured wind data
from North Sea FINO1 observing platform using the ‘TopHigh’ ther-
mal properties. The resulting 2 K temperature difference is well
below 1.2 �C during most of the year and maximum cable temper-
atures of 40 �C.

5. Conclusion

In this paper, it has been shown that the main driving force for
the sediment temperature distribution is the seasonal heating and
cooling through the sea water strongly modified by the thermal
properties of marine sediments. The variabilities as found in the
Baltic and North Seas may already account for half of the
2 K-criterion. High voltage cables can be seen as a second order
superimposed heat source. Without knowing the distinct thermal
properties for a given location, it cannot be derived from the tem-
perature alone whether the power transmission has led to an
unduly heating of the upper 20 cm of the sediments. Thus, to verify
compliance with monitoring 2 K, a comprehensive, high-resolution
state of the sediments thermal state is essential.

To further refine the models, the impact of convective water
transport in permeable sediments could be included. At least in
the Baltic and North Seas, we have not found any indication of nat-
ural, temperature-driven advection in the sediments. If, however,
power-transmission would induce pore water advection, this
should be regarded in the models. To incorporate advection, the
permeability (which is also expected to be highly variable) must
be known. In this context, also effects of the alteration of the sed-
iment structure through trenching/burial should be considered.

From a practical point of view, the presented 2Dmodel using in-
situ measured sediment properties and prevailing sediment tem-
peratures can be used as a powerful tool with regard to optimizing
the burial depths and cable design with respect to both, ‘safety’
regarding the 2 K-criterion as well as the cable core temperatures.
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