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Abstract: Nowadays, based upon human needs and preferring perpetual types of energy, photo-
voltaic system (PV) is a suitable alternative and more frequently used in northern countries, which
are recently more attracted by solar power. The new floating type of the structure is installed in the
water bodies instead of land. One of the main elements in floating photovoltaic structures is the forces
imposed on the panels. In the northern regions, the dominant load is considered to be ice interaction
with the structure. This study aims at identifying the loads imposed on a floating PV structure located
in the Łapino Reservoir on the Radunia River, which are produced by the wind action on the ice cover.
The wind velocity varying between 10 and 26 m/s is implemented, and also the reduction of the pool
level was studied. Wind direction plays an important role in the inclination and expansion of ice
accumulation. Moreover, the magnitude of wind velocity is a determinative factor in the maximum
thickness emerged in various spot of the area. Changes in pool level reduction is not able to cause
noticeable changes in ice cover expansion and maximum ice thickness. Additionally, the shoving
mechanism is able to originate abrupt changes in ice thickness by means of rising wind velocity.

Keywords: ice load; wind effect; mathematical modeling; floating photovoltaic system

1. Introduction

In the last decades, the earth has faced a new challenge in climate change, which is
directly related to fossil fuel extraction and consumption. It leads mankind to rely on more
renewable energy sources (RES), and the most important is the electricity segment [1]. In
the past 10 years, RESs have an increase of about 8% per year in the power installation,
which is mainly related to the photovoltaic installation sector with a growth rate of 45%. [2].
The system integrates existing land based photovoltaic technology with a newly developed
floating photovoltaic technology on dams, reservoirs and other bodies [3]. Compared to
ground based types of this structure, this can be of more benefit in terms of cost reduction,
lowering water surface, regulation of temperature, land usage, etc. [4]. The floating
photovoltaic system has been appreciated in many parts of the world; for instance, the
United States, Italy and others [5].

There are different considerations in designing and installation of photovoltaic sys-
tems; environmental impacts like lightning strikes, high efficiency with power output
and low energy demand in production, mechanical loads, etc. [6–9]. Installation of these
structures needs to take into account different forces imposed by water flow, wind and ice
effect, etc. at the installation zone that brings complexity to the work. As mentioned above,
in cold regions, the ice load is the dominant force affecting the floating PV installations.
Inland water ice processes include various types of integration concerning hydrodynamic,
mechanical, and thermal actions [10]. During a river’s freeze-up period, depend on flow
characteristics, ice may form on the calm water as skim ice or frazil ice in turbulent flow.
Since the floating PV facility is typically installed on the water bodies characterized by the
low flow velocity, it is commonly subjected to the static ice cover formation. During the
winter months, the cover is influenced by weather and hydrologic conditions, from which
the wind is the most important factor to be considered.

Energies 2021, 14, 2466. https://doi.org/10.3390/en14092466 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6235-6817
https://orcid.org/0000-0001-9433-4359
https://doi.org/10.3390/en14092466
https://doi.org/10.3390/en14092466
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14092466
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14092466?type=check_update&version=1


Energies 2021, 14, 2466 2 of 20

Horizontal forces of ice are categorized in static and dynamic forces. The static forces
are applied due to the obstruction of the ice cover movement by the structure, and the
dynamic forces are caused by the ice cover movement influences on the structure. Different
parameters may lead to static forces in the ice-structure interaction: water level variation,
drag forces created by wind and water layer beneath the ice cover, thermal changes,
etc. [11].

The first step is to classify the reservoir area in terms of the ice formation process
(static or dynamic ice cover). It will depend on the hydrodynamics and thermodynamics
features, which in a nutshell leads to estimating whether the water in the tank will mix
in its entire volume as a result of the flow, or whether the stratification equilibrium will
be maintained [12,13]. In areas of low flow in the reservoirs, a considerable rate of water
turbulence in the vertical direction does not occur to make it possible for cold water to
be mixed with frazil ice. As a result, in the areas with this hydrodynamic feature, ice
particles grow at the surface, and skim ice cover forms over the water surface. This
cover expansion acts as an ice isolation layer to prohibit the water from dropping depth-
averaged temperature below freezing. By continuing the concentration, ice pans may
form on the surface [14]. Furthermore, the variation range for water velocity, discharge
and air entrainment at the vicinity of the structure should be taken into account [15].
The importance of the water velocity and discharge in river ice is their effect on the
progress of ice formation in the water body [16], which will define the type of forces
imposed on structures. Moreover, since normally the surface ice can be under the effect of
wind blowing [17,18], and evidence shows that the wind action may have a fundamental
influence on river ice dynamic [19], the wind effect on ice structure interaction needs to
be considered.

There are a number of studies in the past related to different type of forces caused
by wind and water velocity, and ice formation on hydraulic structures like FPVs. Trapani
and Millar [20] study aimed at minimizing the loads on the flexible structures with similar
mooring arrangements to wave energy converters (WECs). Dai et al. [6] innovated a system
to contain a number of standardized floating modules made of high density polyethylene
(HDPE) that may serve as photovoltaic panel floaters. They applied hydro elastic simu-
lation to the hydro-structural response of the floating system under the wave influence.
Lee et al. [21] studied the effect of both wind and wave on floating PV structures. Wind
direction appeared to affect only the front edge in front of the flow. Backward wind caused
higher loads, drag than did the former one.

Kolerski et al. [22] altered a 2D hydro–ice dynamics interaction model for the ice-
boom interaction with water currents and wind. The numerical simulation was a couple
of hydrodynamic and ice dynamic models. Meyer and Coufal [23] surveyed hydraulic
conditions of steady motion in an estuarial river section, and the analysis of swelling curve
under wind influence. Kolerski et al. [24] studied the wind force on ice on the coast of a
lagoon and the ice jam formation by means of DynaRICE modeling. Staneva et al. [25]
studied the wind-wave interaction effects in a wave–ocean circulation model on Lagrangian
transport simulations. Wake and Rummer Jr. [26] developed a previous thermodynamic
model of ice formation and extended it to consider ice movement and deformation due to
both wind and water interaction. Morse and Richard [27] investigates correlation of air and
water temperature accounting wind surface ice thickness anchor ice thickness, etc. Shen
et al. [28] formulated a one-dimensional river-ice simulation model RICEN, accounting
wind effects on the ice-jam process and resistance of the flow due to the ice movement.

The aim of this study is to define the possibility of utilizing the reservoirs for installing
the floating structures in Northern Europe. The floating PV structure installed on Łapino
Reservoir is the first attempt to install the mentioned type of structures in northern countries.
In the past studies, the effect of ice on these structures is not considered; therefore, this
work aims at bringing a new quality to this area of expertise. Due to the hydrodynamic and
thermodynamic condition imposed on the subjected area, the wind velocity impact on ice
is the most influential factor to be considered in the determination of the loads impacting
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the structure. The study also sought to consider the wind effect on ice thickness variation
on the reservoir domain. Needless to say, in the small area of the reservoir, the pool level
may vary considerably. Therefore, in the case of maximum wind effect, another profound
change in water level is considered.

2. Materials and Methods
2.1. Site Description

Energa OZE Inc is located in Gdańsk, Pomorskie, Poland and is part of the Electric
Power Generation Industry. The company is planning to implement an innovative project
of photovoltaic panels floating on water. This will be the first undertaking of this kind in
Poland, and is yet another renewable energy project in the Energa Group. The floating
photovoltaic panels on water would be installed on a reservoir in Łapino, municipality of
Kolbudy. The Łapino reservoir on the Radunia River is a small reservoir with the single
purpose of hydropower generation (Figure 1). Due to this specific function of the dam and
the small area of the reservoir (0.37 km2), the water level varies by a noticeable range.
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Figure 1. Location of the PV installation on the Łapino Reservoir.

The impounded facility Łapino uses a dam to store the Radunia River water in the
reservoir and released through the turbine, which leads to regular changes in the position
of the water table, within the range of 99.8–98.2 m above sea level during the day. Despite
such large daily fluctuations, the speed of water in the reservoir is very low. The performed
numerical simulations showed that under the conditions of the maximum flow through
the hydropower plant, Q = 22 m3/s, the water velocities in most of the reservoir area do
not exceed Vw = 0.1 m/s (see Figure 2). This is due to the relatively large depth of water,
up to 8 m in the lower part of the reservoir.



Energies 2021, 14, 2466 4 of 20

Energies 2021, 14, x FOR PEER REVIEW 4 of 20 
 

 

tied up with dead anchors. The photovoltaic installation is designed for 4 types of rectan-
gular elements with the dimension of 6 × 12 m (Figure 2). A connection between the mod-
ules allows free movement of the panels. Modules equipped with plastic floats with a 
diameter of 0.5 m and length of 12 m. On the floating platform, a supporting substructure 
has been designed for photovoltaic panels with a total power of 0.5 MW, including cabling 
and operating equipment. 

 
Figure 2. Plane view and single module of PV installation. 

2.2. Determination of the Characteristic Ice Thickness for the Łapino Reservoir 
The experimental work of Hammar et al. [29] resulted in a certain range for skim ice. 

They showed that in slow flowing areas at the approximate range of 0–0.1 m/s, ice crystals 
formed on the supercooled water surface will remain on the surface to form a thin station-
ary or moving skim ice sheet. In the wide area of the reservoir, the water velocity is at the 
range of 0–0.05 m/s, and the negligible bounded area near the outlet related to the higher 
velocity is due to the 6 h per day of temporary water release, which seems not to make 
frazil ice formation due to being flushed away on the spillway. Therefore, it is expected to 
create a cover in the form of static skim ice on the entire reservoir, which will be generated 
at the beginning of the winter season as a result of density mixing and water stratification 
equilibrium [30]. 

Based on these data provided by the hydro power station (bathymetry and dis-
charge), the water velocity is calculated for the whole domain. Based upon the calculated 
velocity, the low flow is observed in a wide area of the reservoir. In this low flow condi-
tion, the stationary skim ice will be formed. The process of ice formation in stagnant wa-
ters or waters flowing at a slow speed without causing turbulent mixing is associated with 
the traversing of the top layer of water. Due to the physical property of water, which 
reaches its maximum density at 4 °C, cooling the water will generate mixing until it 
reaches 4 °C. Further cooling of the water will not result in convective mixing, as the 
lighter layer of cooler water will lie on the surface of the warmer water. In such a situation, 
only the surface layer of water will be cooled, and it is supercooled relatively quickly 
(temperature slightly lower than 0 °C) and the formation of a permanent ice sheet (Shen 
2010). The cover formed by the vertical water density stratification is uniform in thickness 
and has a smooth bottom surface [31]. The described phenomenon is characteristic for 
lakes and water reservoirs, as well as sections of rivers with a low flow velocity [28], such 
as the analyzed Łapino reservoir on the Radunia. 

Figure 2. Plane view and single module of PV installation.

The object of the photovoltaic power plant consists of floating platforms with anchor-
ing elements and elements of equipment, photovoltaic panels with a substructure and
power plant network equipment. The platform is designed to be floating, located approx-
imately 55 m from the embankment of the reservoir. The platform in the projection has
the shape of a rectangle with dimensions of 59.44 × 72.48 m, consists of 54 modules, tied
up with dead anchors. The photovoltaic installation is designed for 4 types of rectangular
elements with the dimension of 6 × 12 m (Figure 2). A connection between the modules
allows free movement of the panels. Modules equipped with plastic floats with a diameter
of 0.5 m and length of 12 m. On the floating platform, a supporting substructure has been
designed for photovoltaic panels with a total power of 0.5 MW, including cabling and
operating equipment.

2.2. Determination of the Characteristic Ice Thickness for the Łapino Reservoir

The experimental work of Hammar et al. [29] resulted in a certain range for skim
ice. They showed that in slow flowing areas at the approximate range of 0–0.1 m/s, ice
crystals formed on the supercooled water surface will remain on the surface to form a thin
stationary or moving skim ice sheet. In the wide area of the reservoir, the water velocity
is at the range of 0–0.05 m/s, and the negligible bounded area near the outlet related to
the higher velocity is due to the 6 h per day of temporary water release, which seems not
to make frazil ice formation due to being flushed away on the spillway. Therefore, it is
expected to create a cover in the form of static skim ice on the entire reservoir, which will
be generated at the beginning of the winter season as a result of density mixing and water
stratification equilibrium [30].

Based on these data provided by the hydro power station (bathymetry and discharge),
the water velocity is calculated for the whole domain. Based upon the calculated velocity,
the low flow is observed in a wide area of the reservoir. In this low flow condition, the
stationary skim ice will be formed. The process of ice formation in stagnant waters or
waters flowing at a slow speed without causing turbulent mixing is associated with the
traversing of the top layer of water. Due to the physical property of water, which reaches
its maximum density at 4 ◦C, cooling the water will generate mixing until it reaches 4 ◦C.
Further cooling of the water will not result in convective mixing, as the lighter layer of
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cooler water will lie on the surface of the warmer water. In such a situation, only the surface
layer of water will be cooled, and it is supercooled relatively quickly (temperature slightly
lower than 0 ◦C) and the formation of a permanent ice sheet (Shen 2010). The cover formed
by the vertical water density stratification is uniform in thickness and has a smooth bottom
surface [31]. The described phenomenon is characteristic for lakes and water reservoirs,
as well as sections of rivers with a low flow velocity [28], such as the analyzed Łapino
reservoir on the Radunia.

Modeling the thickness of the ice cover can be done based on a complete description
of the phenomenon, thus obtaining very accurate ice conditions in the river. In order to use
such a model, it will be necessary to take into account the hydraulic and meteorological
data in the form of water speed and state, and the heat balance of the ice surface [16]. Ad-
ditionally, it will be necessary to introduce data on the physical and mechanical properties
of ice into the model. Obtaining such an amount of data is very difficult or even impossible
in the case of the analyzed Łapino location.

In general, the process of increasing and decaying the thickness of the ice depends
on the heat transfer on both the upper and lower surfaces of the ice. The temperature
distribution over the thickness of the ice can be described in the form of the diffusion
equation [32]. Solving this equation requires the calculation of the full heat balance on
the water surface, which leads to the acquisition of great meteorological data, unavailable
for the analyzed location. An alternative to the full mathematical model is ice thickness
modeling using the cumulative average daily negative air temperature (freezing degree
day, FDDs). Freezing degree-days (FDD) are correlated with natural phenomena such as
thickness of lake ice, spring breakup of ice, and depth of frost in the ground [33]. This
method is proposed as Stefan’s formula [34]. After further modifications by Michel [35],
the method for calculating the increase and decay of the thickness of the ice sheet was
presented in the final version in the work of Shen and Yapa [36]. The main advantage
of the method presented here is its great simplicity in its application to practical issues,
with relatively high compliance with the observations at the same time. The input data are
only the air temperature, which is easy to obtain, both as historical data and in the form of
a forecast.

The basic assumption of the method presented below is the linear distribution of
temperature over the thickness of the ice sheet. If, in addition, no snow cover is assumed,
then the thickness of the ice cover at a given time can be determined from the difference in
temperature at the top and bottom thickness of the ice surface [17]:

φi(t) = ki(Tm − Ts)/η (1)

where φi(t)—heat flux passing through the ice [W·m−2] at time t, Tm and Ts denote the
ice temperatures at the air-ice and ice-water interface [◦C], respectively, ki ice thermal
conductivity ki = 2.24 W·m−1·◦C−1, while η is the thickness of the ice cover [m] at time t.
After taking into account the boundary conditions on the interface between water and ice,
and ignoring the heat flux caused by the penetration of short-wave radiation, it is possible
to present the change in the thickness of the ice cover with time in the form of an ordinary
differential equation [37]:

dη

dt
=

ki
ρiLi

[
(Tt − Ta)/

(
η +

1
kihai

)]
(2)

in which Ta is the air and water temperature, respectively [◦C], Tt—the melting point of
ice [◦C], ρi is mass density of ice, and Li is the latent heat of melting ice [333,000 kJ·kg−1].
The heat flux supplied to the ice on air-ice plane is taken into account in the form of linear
heat transfer coefficients, hai = 20 [W·m−2·◦C−1]. Integrating the Equation (2) with a time
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step equal to one day leads to the formula for calculating the increase and decay in the
thickness of the ice cover based on the sum of daily temperatures:

η = − ki
hai

+

[(
ki
hai

+ η0

)2
+

2ki
ρiLi

ST

]1/2

(3)

In the equation presented above, η0 represents the initial thickness of the ice sheet [m],
ST is the sum of average daily temperatures [◦C].

The meteorological data including air temperature collected by Institute of Meteo-
rology and Water Resources (IMWR) from Świbno station were used for the calculation.
The station in Świbno is located about 30 km from the Łapino reservoir, and its elevation
is about 100 m lower than the pool level of the reservoir. For this reason, in order to
determine the consistency of the obtained results, the calculated ice thickness on the basis
of the Świbno station was compared with a single measurement of air temperature from
the meteorological station located in close distance (Szadółki station). The FDD method is
used for the calibration. The comparison of data from the 2016/2017 winter season shows
that the maximum computed thickness of ice for Świbno and Szadółki station are 12.05 and
12.37 cm respectively (Figure 3). The estimated error of the calculated thickness for Świbno
station is 2.5%, which is acceptable. Since the data for Szadółki station, which is the closest
station, are only available for 1 season, the data from Świbno station can be used for the
whole simulation (see Figure 4).
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The table below (Table 1) summarizes the results of calculations in the form of the date
of ice start and breakdown and the date of maximum ice thickness in each winter season.
The charts show the air temperature data, as well as the result of the increase and loss of
ice thickness in the reservoir in individual seasons. For performing a more conservative
calculation (the ice thickness observed for Szadółki is higher than Świbno station), the
thickness of 15 cm has been used for the calculation.

Table 1. Results of ice thickness calculations on the Łapino reservoir in 2013–2019.

Winter Season Start Date Date of Breakup
Maximum Ice Thickness

[cm] Date

2013/2014 14 January 2014 10 February 2014 12.79 28 January 2014
2014/2015 29 November 2014 10 January 2015 5.41 29 December 2014
2015/2016 30 December 2015 28 January 2016 11.98 22 January 2016
2016/2017 4 January 2017 20 February 2017 12.05 13 February 2017
2017/2018 7 January 2018 11 March 2018 12.75 4 March 2018
2018/2019 7 January 2019 12 February 2019 4.87 3 February 2019
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2.3. Wind Speed and Direction

Ice can affect hydraulic structures in three ways:

• Dynamic impact of flowing ice floes against the structure [38]
• Static pressure due to constrained thermal expansion of ice [39]
• Static pressure of wind and currents on the structure [40]

Due to the existing hydrodynamic conditions (deep reservoir with low inflow), water
drag will be negligible. To eliminate potential static pressure on the ice sheet due to thermal
expansion, an open water space should be maintained between the structure and the ice
sheet. The installation will only be subjected to static forces from the ice sheet, which will
be pushed by the wind [41].

Wind data have been provided for the study covers the years 2015–2019, recorded
3 times a day at 6:00, 12:00 and 18:00 o’clock. They come from the Institute of Meteorology
and Water Management and are interpolated from the nearest observation stations to the
location of the Łapino reservoir. For this reason, it should be presumed that the wind
direction does not take into account the local topography of the area and does not relate
precisely to the situation that actually takes place over the valley of the Radunia River.
The data were analyzed in terms of the frequency of the phenomenon throughout the
observation period, the winter season of 2015−2019, and in individual months in that
specific period. The wind data are shown in the Table 2. The following were assumed for
the calculations:

(a) Maximum wind from the observation at 15 m/s from the north
(b) As an abnormal wind (wind gust) the speed of 20 m/s, blowing from the north
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(c) Design wind with a speed of 26 m/s blowing from the north considering the climate
change concept.

Table 2. The frequency of wind occurrence distributed over cardinal directions for the winter months in 2016–2019.

Velocity N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW

2–3 [m/s] 1% 0% 0% 1% 1% 1% 4% 3% 3% 2% 3% 7% 3% 2% 1% 1%
4–5 [m/s] 1% 1% 1% 2% 1% 2% 7% 5% 4% 3% 6% 14% 7% 4% 3% 1%
6–7 [m/s] 1% 1% 1% 3% 1% 3% 8% 6% 4% 3% 6% 17% 11% 7% 4% 1%
8–9 [m/s] 1% 1% 1% 3% 1% 4% 8% 6% 4% 3% 6% 17% 12% 9% 5% 1%
>10 [m/s] 1% 1% 1% 3% 1% 4% 9% 6% 4% 3% 6% 18% 13% 10% 5% 2%

In all cases, it was assumed that the west direction, which is dominant in the mea-
surement data, is not correct due to the high left bank of the reservoir. For this reason, it
was assumed that the design direction used in further calculations will be the north (N)
and north-north-east (NNE) direction, i.e., along the river valley and in the direction of the
water flow (Figure 1). At the same time, it will be the least favorable direction due to the
location of the planned installation in the downstream part of the reservoir. In the event of
a northward wind, the ice field pressing against the edge of the structure will extend for a
distance of about 1000 m, thus generating the greatest forces on the structure.

2.4. Mathematical Model
2.4.1. Applied Equations on Ice Dynamics

As mentioned above, ice processes are influenced by hydrodynamics, thermodynamics
and the ice mechanics. In order to grasp the full picture of the phenomena taking place, it
is necessary to derive an equation presenting the balance of forces acting on the ice. The
equation of the balance of internal and external forces acting on a fragment of the ice rubble
floating on the water surface can be presented in the form of the momentum conservation
equation (Newton’s second law of dynamics) [42]

Mi
d
→
V i
dt

=
→
R +

→
F a +

→
F w +

→
G (4)

→
R =

→
i
[

∂

∂x
(σxx Nη) +

∂

∂y
(
σxyNη

)]
+
→
j
[

∂

∂x
(
σyx Nη

)
+

∂

∂y
(
σyyNη

)]
(5)

→
F a =

→
i
[

ρaCw

∣∣∣∣→VL −
→
W
∣∣∣∣(u−Wx)N

]
+
→
j
[

ρaCw

∣∣∣∣→VL −
→
W
∣∣∣∣(v−Wy

)
N
]

(6)

→
F w =

→
i

[
ρ

ni
2

(αddw)
1
2

∣∣∣∣→V i −
→
Vw

∣∣∣∣(u− uw)N

]
+
→
j

[
ni

2

(αddw)
1
2

∣∣∣∣→V i −
→
Vw

∣∣∣∣(v− vw) N

]
(7)

→
G = −

→
i Mig

(
∂η

∂x

)
−
→
j Mig

(
∂η

∂y

)
(8)

where Mi is the unit mass (on the surface) of the ice particle under consideration,
→
V i = u

→
i + v

→
j [m·s−1] is the ice velocity vector, d

→
V i
dt is the acceleration of ice moving

on the water surface,
→
R is the force resulting from internal ice stresses,

→
F a is a force related

to the effect of wind on ice,
→
F w is the force representing the water drag on the underside of

the ice cover, and
→
G is the force of gravity. σxx and σyy are the normal components of the

internal stress in ice rubble, while σxy = σyx are the tangential components of the internal
stress of the ice. All stresses are determined at the point where the considered ice particle is
located. The location of this point is described in the form of a vector

→
r , which is defined as

follows:
→
r

2
= x2 + y2. N and η are surface ice concentration and ice thickness, respectively.
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Parameter Cw [–] is the wind interaction factor, Cw = 0.00155 [43], ρa and ρ are the air and

water density respectively [kg·m−3],
→
Vw = uw

→
i + vw

→
j [m·s−1] is the velocity of water,

→
W =

→
i Wx +

→
j Wy [m·s−1] is the speed of wind at a height of 10 m above the river surface,

ni is the coefficient of roughness of the underside surface of the ice, dw [m] is the water
depth under the ice cover, while αd [–] is a parameter describing the proportion of the
active cross-sectional area under the influence of the impact of ice.

2.4.2. Static Ice Pressure on the Structure

Assuming the buoyancy of the ice sheet, its thrust on the structure can be determined
from the balance of forces presented below. Forces acting in the x and y directions are
determined from the following equations [42,44]:

∑ Fx = −σxx Nηdy− σyx Nηdx + XNηdl +
1
2

τwx Ndxdy +
1
2

τax Ndxdy +
1
2

ρN
dh
dx

dxdy = 0, (9)

∑ Fx = −σxx Nηdy− σyx Nηdx + XNηdl +
1
2

τwx Ndxdy +
1
2

τax Ndxdy +
1
2

ρN
dh
dx

dxdy = 0 , (10)

where X and Y are components of the ice barrier reaction, τwx and τwy are the compo-
nents of the water drag in x- and y- directions, respectively, τax and τay are the components
of the wind drag in x- and y- directions, respectively. Determining X and Y from the above
equations, and ignoring the higher-order terms, the normal and tangential stresses acting
on a segment of a differential length dl can be determined:

σn = X
dy
dl

+ Y
dx
dl

= σxx

(
dy
dl

)2
+ σyy

(
dx
dl

)2
+ σyx

dx
dl

dy
dl

, (11)

σt = −X
dx
dl

+ Y
dy
dl

=
(
σyy − σxx

)dx
dl

dy
dl

+ σyx

[(
dy
dl

)2
+

(
dx
dl

)2
]

. (12)

According to the preliminary assumption, the ice cover with a uniform thickness of
15 cm was set over the entire calculation area, except for the squared space delineating
the planned PV installation. Full freedom of ice movement was assumed, which means
that the particles representing the ice cover can both move vertically with the changing
water level and also have the ability to move horizontally. The movement of ice in the
horizontal direction is a consequence of the dynamic balance of external forces acting on
the ice (see Equation (4)). From the forces presented here, both the force of gravity and the
force of flowing water will be of negligible importance, due to the practically horizontal
arrangement of the pool water level in the reservoir and the negligible speed of water flow.
The displacement of the ice will be mainly caused by the force from the wind and the drag
force due to stresses inside the ice. The dynamic balance of these two forces will result in
ice movement within the area.

The forces transmitted through the ice are recorded on the perimeter of the planned
structure at intervals of approximately 15 m (five points on each edge). The value is given
in kN/m, i.e., the total force must be multiplied by the length of the structure segment.

2.5. Model Implementation

The calculations were performed for the water inflow to the reservoir from the Radunia
river, Qin = 22 m3/s. Initial water level was set at the normal pool level H = 99.6 m (set at
the weir of the Łapino dam). Outflow from the reservoir through the hydroelectric power
plant was equal to inflow Qout = 22 m3/s. At the beginning of each simulation, ice covers
the entire surface of the lake with a thickness of η = 0.15 m. North wind speed varying
from 10 to 26 m/s was used, and the velocity remains constant for 12 h of each simulation.
The model was implemented in the reach of approximately 1100 m long, covering 26 ha of
the area (70% of the total area of the reservoir).
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A network of triangular finite elements with variable linear dimensions was built
in this area. In the immediate vicinity of the PV installation, the elements have a linear
dimension of 6 m, and then increase to 15 m in the upper part of the reservoir. In the area
of the inlet to the hydroelectric power plant and the spillway, the elements have a linear
dimension of 3 m in order to adequately address the boundary condition. Finally, the
model consists of 5215 nodes and 10,032 elements, as shown in Figure 5c.
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The open boundary conditions were set in such a way as to reflect the actual conditions
of water flow through the Łapino Barrage as much as possible. On the upper open
boundary, a constant inflow of Qin = 22 m3/s was applied, identical to the outflow, which
was discharged at the inlet to the hydroelectric power plant. It was assumed that during
the water discharge, the weir will not be open, but the water level will be maintained at
the initial value of 99.6 m above sea level (water level recorded during the bathymetric
measurement on 14 September 2019). Then, over the next 12 h, the water level will decrease
linearly to the final elevation of 98.6 m above sea level (lowering the damming level by
1 m). This procedure is in line with the half-day equalization hydroelectric mode, which is
also confirmed by the observation data of the water level on the reservoir. As the water
discharge often caused a decrease in water by 2 m, calculations were also carried out for
these conditions, i.e., lowering the water table to the ordinate of 97.6 m. The locations of
the open boundary conditions are shown in Figure 5c.
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3. Results and Discussion

The results are presented in Figures 6 and 7 the form of contour charts of the thickness
of the ice on the reservoir -and Figure 8 the distribution of normal and tan-gential forces
on the contour of the planned installation. Additionally, the size of the calculated force is
shown in the table (Table 3).
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Figure 7. Ice thickness expansion on the reservoir surface domain at different northerly wind speed, and (a–h) for lowering
the damming level by 1 m and (i) for reduction of the pool level by 2 m.

As it is not possible to calibrate the model due to the lack of observation of ice phe-
nomena on the Łapino reservoir, the area occupied by the ice obtained from the calculations
was compared with the satellite image taken on 12 February 2018 (Figure 6), obtaining a
high agreement of the results. Considering ice movement in both figures, the upstream
part shows to be free of ice. As regards both figures, at the high velocity of 15 m/s, and due
to the structure existence, the ice can be accumulated at the upstream edge of the structure.
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Table 3. Forces resulting from static ice pressure on the PV installation in the conditions of the northern wind with variable
speed.

Edge
Tangential

Force Positive
Direction

Wind 26 m/s Wind 20 m/s Wind 15 m/s

1 m Pool Level Reduction 2 m Pool Level Reduction 1 m Pool Level Reduction
Normal

Force
Tangential

Force
Normal

force
Tangential

Force
Normal

Force
Tangential

Force
Normal

Force
Tangential

Force

kN/m kN/m kN/m kN/m kN/m kN/m kN/m kN/m

North →

0.3 0.01 0.36 −0.04 0.26 −0.01 0.14 0
0.35 −0.03 0.35 −0.02 0.26 −0.02 0.14 −0.02
0.37 −0.04 0.38 −0.05 0.27 −0.02 0.16 −0.01
0.41 −0.05 0.43 −0.05 0.3 −0.02 0.16 −0.02
0.42 −0.07 0.4 −0.1 0.25 −0.05 0.16 −0.03

East ↓

0.15 0.08 0.12 0.07 0.09 0.05 0.06 0.03
0.12 0.05 0.15 0.06 0.09 0.04 0.05 0.02
0.11 0.04 0.11 0.04 0.07 0.02 0.04 0.02
0.08 0.03 0.09 0.03 0.05 0.02 0.02 0.02
0.02 0 0.02 0.01 0.01 0 0.03 0.02

South ←

0.02 −0.02 0 0 0.01 0 0.01 0
0.01 −0.01 0.01 0 0.01 0 0.01 0
0.01 0 0.01 0 0.01 0 0.01 0
0.01 0 0.01 0 0.01 0 0.01 0
0.01 0 0.01 0.01 0.01 0 0.01 0

West ↑

0.04 −0.02 0.04 −0.02 0.04 −0.01 0.02 −0.01
0.03 −0.03 0.04 −0.03 0.03 −0.01 0.02 −0.01
0.04 −0.02 0.04 −0.02 0.02 −0.01 0.02 −0.01
0.05 −0.03 0.06 −0.04 0.03 −0.01 0.03 −0.01
0.08 −0.02 0.09 −0.05 0.05 −0.01 0.04 −0.02

Figure 7 illustrates the expansion of ice under the northern wind. It is needed to
consider that wind blowing from the northern side plays an act in pushing the ice and
making it more compact at the adjacent of the structure layout. Considerable changes in
the ice thickness at the southern part of the domain are not the subject of analysis, since
these changes are based on the lowering the pool level, and the water in this area will
pass through the spillway. Apart from the bank, the structure edges themself play a role
as borders on the stream direction, therefore bridging the ice near the borders leads to
thickening the primary ice cover and forming the secondary ice layer. At the bottom of
the wind speed variation range, 10 m/s does not cause many changes on the primary ice
thickness. By increasing the speed to 15 m/s, more noticeable changes start to happen. At
this mentioned speed, the changes are observed more in front of the northern edge of the
structure and less at the vicinity of the bank.

Growing to 20 m/s, the ice expansion near the bank and the structure unify to create
a more expanded domain. Regarding 22 m/s, the larger thickness ice expanded area
gradually extends to the north direction, and also two other increasing border ice spots
can be recognized. Furthermore, ice compaction both at the border edge of the structure
and the bank rises by around 0.05 m. However, during the whole trend, more compression
is observed adjacent to the structure. Rising to 26 m/s, the new spots of border ice unify
with the extended area of the ice compaction, and the whole area extends both to the north
and south direction. Moreover, at this case of 26 m/s of wind velocity, expansion of greater
ice thickness is observed at the south-western domain. Considering the overall trend, the
most ice contraction is located first at the upstream edge of the structure, and then near
the bank. Moreover, by increasing the wind speed, the free of ice surface area increases
due to the impaction of the ice particles to the south. Needless to say, stream direction is at
south-east direction, hence the ice thickness changes are generally more observed in this
direction. A 2 m pool level reduction does not make a noticeable difference with 1 m, for
26 m/s wind speed. Since the former pool level reduction is the worst-case scenario, it
can be concluded that water level changes may not affect the ice thickness compaction to a
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great extent. Although, at the former case, more contraction is noticed near the bank and
the structure.

Figure 8 illustrates the number for different loads (both normal and tangential) exerted
on different nodes located on the edges of the structure border. Considering the normal
forces, the left side of the northern edge bears the maximum loads. The largest normal load
imposed on the structure at the case of 1 m reduction damming level and 26 m/s is 1.43
and 2.7 times that of 20 and 15 m/s, respectively. Practically, negligible minimum normal
forces are imposed on the bottom edge. On the corner edges (western and eastern), the
left one is under the minimum normal tension, apart from the northern part of the left
edge, which is placed under a slightly higher normal load. Northern part of the right edge
is relatively under higher normal forces in comparison with the left edge; the difference
exceeds by increasing the wind velocity (the maximum amount for the right edge is 0.05,
1.67 and 2 times that of the left edge for 15, 20 and 26 m/s of wind speed, respectively).
A 2 m reduction of damming level does not make noticeable changes on exerted normal
forces, although it makes the maximum normal force in the right edge to expand to a larger
part of the edge, and a slight increase in the northern section of the left edge.

Tangential force distribution on the north edge shows that the maximum load accrues
on the right side at the left direction. This maximum amount in 26 m/s sample is 2.67 and
1.6 times the amount of 20 and 15 m/s of wind velocity cases, respectively. Considering
ice contraction and the trend of tangential load on this mentioned edge implies that the
separate area of maximum ice jamming may cause the fluctuation force imposing trend.
As regards the southern edge, tangential loads show insignificant amounts. The evident
reason is the safe zone for this edge based on the direction of the wind. At both corner
edges, the tangential force is in south direction, with the maximum amount located on top
of both edges. It is also considered that a 2 m damming level reduction may not change the
range of the tangential load to a great extent. However, it changes the maximum amount
of tangential load on the left edge to 6 times the 1 m type.

Table 3 indicates the numbers for both normal and tangential forces placed on different
edges of the structure. Figure 9 demonstrates the magnitude and direction of the force
vectors placed on the structure edges for 26 m/s wind velocity. Regarding Table 3, it can
be concluded that in the case of wind speed of 26 m/s, there is more fluctuation in the
force magnitude on different edges, and by decreasing the wind velocity, more equipoise
in the imposed forces is observed. Furthermore, roughly zero amount for the tangential
forces imposed on the southern edge in variety of wind velocity shows approximately no
impact of the wind on this edge. This is due to the fact that, because of the wind action,
the contact between this edge of the structure and ice cover has been reduced. Although,
there is not a large space between the ice cover and the southern edge, and there still is a
slight contact between the edge and the ice cover. Considering both the table and figure,
tangential forces are mostly seen in the western direction for the northern edge, and the
southern direction for the eastern edge. Regarding the fact that both the other western and
southern edges do not bear noticeable total forces, a tilting at the south-east direction is
predicted. The tilting direction of the structure is more or less the same for different wind
speed and pool level variation.

There are not many former studies related to ice load on photovoltaic structures,
especially when the wind action is issued. Although, the approach that has been taken was
also applied for other floating subjects. One of the case studies with the same approaches is
numerical simulation of ice transport over the lake Erie-Niagara River ice boom [43]. The
resulting loads in the mentioned study are not comparable to this current one; since the
length of the water body and wind velocity in the worst-case scenario (this condition is
considered for the imposed forces calculation) are in a larger scale (200 km and 50 m/s,
respectively). Furthermore, in this case study, only the real case scenario is contemplated for
exerted forces calculation; therefore, no wind action scenario has been taken into account as
a comparison. The other study conducted based upon a similar approach is implementing
a DynaRICE model for the treatment of ice-boom interaction with the effect of wind and
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tidal current due to the more closeness with the scale of the lake and wind velocity (5 km
and 25 m/s, respectively), maximum calculated loads on the structure coincides with this
present study.
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Figure 10 indicates the maximum normal and tangential forces imposed on the struc-
ture for the variety of wind speed. Normal force shows a wider range of variation, in
comparison with tangential force. The variation range for normal force shows to be
5.8 times that of tangential force. From 10 to 20 (m/s), a steep increase is observed in
maximum normal force (from 0.07 to 0.31 kN/m). From 22 to 24 m/s, a less sharp increase
in normal load is observed, followed by another sharp increase to 26 m/s (0.42 kN/m).
As regards tangential load, no linear trend is observed. Between 10 and 13, 18 and 20,
and 25 and 26 m/s, no noticeable change in maximum tangential load is observed, which
are generally followed by a steep change in maximum load. This abrupt change is more
observed between 20 and 22 m/s (0.05 to 0.07 kN/m), which is before occurring an imme-
diate reduction in maximum force (0.06 kN/m). Basically, from 21 to 24 m/s, a downward
trend is observed in maximum tangential loads.
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Figure 11 represents the expansion of ice and the location distance of double thickness
and triple thickness to the structure. It should be noted that the structure is located at
roughly 1200 m distance from the upstream open boundary of the domain. At the range of
less than 10 m/s of wind velocity, there is not noticeable change in ice cover expansion.
After applying 10 m/s, wind shifts ice cover abruptly, and a sudden shrinkage happens
to 1070 m. Reaching 13 m/s, another steep contraction is shown to 800 m. Between 17
and 21 m/s, ice cover slightly varies from 800 to 700 m. From 21 to 23 m/s, another sharp
shrinkage in the ice expansion is observed to 650 m. Between 23 and 25 not any noticeable
decline occurs, and from 25 m/s another immediate shrinkage starts.
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Double thickness of ice cover location indicates the power of wind to contract the ice
cover. The farther from the structure it is, the more powerful the wind act on ice shrinking.
At the rage of less than 13 m/s, no double ice thickness is observed; after 13 to 15 m/s, it
appears at the instant vicinity of the structure. From 15 to 17, it recedes abruptly to 71 m of
the structure, due to the mentioned ice shifting by the wind. Between 17 and 21 m a slight
curved increment to the distance takes place (to 164 m). From 22 to 24 m/s, a mild linear
increment in the distance happens, which is followed by a reduction in the distance in 25
and 26 m/s.

Based on the aforementioned numerical results, it can be concluded that mechanical
ice cover thickening is represented by the model. The reservoir domain in this study can
be referred as a wide river, which is a basic for mechanical thickening, so called “Shoving
mechanism” [35,44]. Mechanical thickening is resultant of stream-wise direction force
growth. By means of growing this mentioned force, which in this study is supposed to be
wind action, the ice accumulation stress will overcome the internal resistance of the ice,
therefore the accumulation emerges and continues until an equipoised ice thickening oc-
curs.

4. Conclusions

This study aims at designing the loads imposed on the planned floating PV structure
on the Łapino reservoir. Due to the very low flow velocity in the reservoir and thermal
expansion space consideration into the designed structure, the only considerable force
on the planned structure will be the static pressure of the floating ice sheet pushed onto
the structure by the wind. A series of numerical simulations were carried out using the
DynaRICE mathematical model. Due to the low flow dynamics in the winter season, a
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relatively smooth and uniform ice cover on the surface is formed, which is determined to
be 15 cm, applying the freezing degree day (FDD) method for this study. As a result of high
banks of the reservoir (especially the left bank), it should be expected that the wind will be
heading along the river valley from the north or south. For this reason, the north wind was
used in the calculations. For the purpose of calibration, calculated ice cover on the reservoir
was compared with the ice cover recorded on the satellite image taken in winter 2018. The
obtained results are very consistent with the actual image. By means of implementing the
model and conducting simulations, the most important results are as followed:

Wind direction plays an important role in the inclination and expansion of secondary
ice layer formation. Moreover, the magnitude of wind velocity is a determinative factor
in the maximum thickness emerged in various spot of the area; in such a way that by
increasing the wind speed, maximum ice thickness noticeably rises. The main section of
secondary ice layer is at the vicinity of the northern edge of the structure; although, by
growth in wind velocity, scattered spots of this layer appear. Then, this scattered spots
unify following the wind velocity increment. Moreover, changes in pool level reduction is
not able to cause noticeable changes in ice cover expansion and maximum ice thickness.
Additionally, shoving mechanism is able to originate abrupt changes in ice thickness by
means of rising wind velocity.

As regards the impact of normal forces on structure edges, the largest normal load is
imposed on the left side of the northern edge. In addition, negligible forces are imposed
on the southern edge in different velocity. It can be concluded that for designing edges
for imposed forces, the southern edge is possible to be assembled in this way to bear
minor loads. Regarding the western and eastern edges, these undergo higher forces, and
the northern section of both edges carry higher loads in comparison with the southern
sections. In addition, 2 m reduction of damming level does not make noticeable changes
on exerted normal forces. Needless to say, normal force shows a wider range of variation,
in comparison with tangential force.

Considering tangential force distribution on the north edge, the maximum load
accrues on the right side at the left direction. On the northern edge, a separate area of
maximum ice jamming may cause the fluctuation loading trend. As regards the southern
edge, tangential loads show insignificant amounts due to the safe zone for this edge as a
result of wind direction. At both corner edges, the tangential force is in south direction,
with the maximum amount located on top of both edges. The only noticeable change
generated by 2 m pool level reduction is in the maximum amount of tangential load on the
left edge to 6 times the 1 m type.

It can be conducted that in the case of wind speed of 26 m/s, there is more fluctuation
in the force magnitude on different edges, and by decreasing the wind velocity, the edges
seem to be more balanced in the matter of imposed forces. Tangential forces are mostly
seen in the western direction for the northern edge, and the southern direction for the
eastern edge. Furthermore, roughly zero amount for the tangential forces imposed on the
southern edge in variety of wind velocity can be due to the fact that, as a result of the
wind action, the contact between this edge of the structure and ice cover is declined. Also,
since both western and southern edges do not bear noticeable total forces, a tilting at the
south-east direction is predicted. The rotations of the structure based on the ice load can be
considered in designing of the structure.

Considering the loads imposed on the structure, to remove possible static pressure of
the ice sheet resultant from thermal expansion, an open water space is recommended to be
designed between the structure and the ice sheet. There are a number of possible solutions,
including air curtains, which drag warmer water to the surface, preventing the ice from
freezing to the structure.

Due to the shoving mechanism, ice accumulation at the vicinity of the structure edges
increases. The more ice accumulation emerges, the more pressure is imposed on the edges.
Therefore, installation of ice control structures (i.e., ice booms) upstream of FPVs could
be considered.
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Based on this study, a few suggestions can be made as new parameters for the future
studies. For instance, the effect of the shape of the floating photovoltaic structures on the
pattern of ice accumulation can be an issue to be considered. In addition, the effect of ice
retention structures on the imposed loads on the floating photovoltaic structures can also
be a matter of attention. Furthermore, continuing the analysis of how much ice will form
directly on the photovoltaic panels on the floating installation and how it will affect the
stress of the supporting structure is also recommended for consideration.
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