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Abstract: The problem of freshwater deficit in the last decade has progressed, not only in Africa
or Asia, but also in European countries. One of the possible solutions is to obtain freshwater from
drifting icebergs. The towing of large icebergs is the topic analyzed in various freshwater supply
projects conducted in different zone-specific regions of the world. These projects show general effects
of iceberg transport efficiency but do not present a detailed methodology for the calculation of their
mass losses. The aim of this article is to develop the methodology to calculate the mass losses of
icebergs transported on a selected route. A multi-agent simulation was used, and the numerical
model to estimate the melting rate of the iceberg during its energy-efficient towing was developed.
Moreover, the effect of towing speed on the iceberg’s mass loss was determined. It was stated that
the maximum use of ocean currents, despite longer route and increased transport time, allows for
energy-efficient transport of the iceberg. The optimal towing speed of the iceberg on the selected route
was recommended at the range of 0.4–1 m/s. The achieved results may be of interest to institutions
responsible for sustainable development and dealing with water resources and freshwater supply.

Keywords: freshwater supply; transport; iceberg; ice melting; mass losses; water resources;
energy-efficient towing

1. Introduction

Our planet is currently in a period of global warming, when millions of inhabitants
live in regions without sustainable supplies of freshwater, or in areas that are threatened by
floods or droughts [1,2]. The world’s population is growing and the issue of sustainable ac-
cess to safe drinking water and sanitation services is becoming increasingly more important.
The access to freshwater enables people to solve different challenges of contemporaneity,
such as those related to public health, food safety, climate change, including droughts [3,4].
Such problems may have both a direct (immediate) or a mediated (long-term) nature.
Therefore, different countries have made efforts to solve these problems. The investments
made in this area cover a wide range of freshwater supply projects that consider drilling
groundwater wells, controlling consumption through usage limits and quotas, as well as
other solutions [5]. Nevertheless, the effects are insufficient. United Nations data reveal
that the consumption of water that does not meet sanitary standards deteriorates the health
of every fourth inhabitant of the Earth, and entire locations are forced to use water of
extremely poor quality [6,7]. According to some researchers [8], more than 3.4 billion
people of the planet’s current population of around 8 billion will suffer from water scarcity
by 2030, and the gap between freshwater resources and the demand for it will rise to
2 trillion cubic meters per year. Moreover, international institutions point to the urgent
need to secure universal access to freshwater resources by 2030 [9].

One of the ways to access freshwater is to get it from floating icebergs. The number of
projects was carried out to analyze the profitability of the transport of icebergs. Different
routes of iceberg transport were analyzed. The world is gradually approaching the practical
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implementation of these large-scale projects; however, doubts remain concerning the
effectiveness of the proposed technologies. This effectiveness depends on factors such
as eco-friendliness, the complexity of practical implementation, transport time and costs,
fuel consumption, towing trajectories, and ice melting rate during the iceberg’s movement.
The problems of such projects’ implementation are also connected with the long towing
distance from the icebergs’ location up to the shorelines of the arid and drinking water-
deprived regions. The loss of the iceberg’s mass during transport may vary from 20% to
80% of the initial mass. Therefore, the low profitability of icebergs’ towing projects has
been widely discussed.

The analysis of available literature revealed that mass losses of towed icebergs are
given mainly as the approximate values, without showing the methodology or the way
calculations were conducted. Moreover, the question remains with regard to the optimal
speed for the icebergs’ energy-efficient towing that will not have much influence on the
iceberg’s loss of mass.

The aim of this article is to develop the methodology for the calculation of the mass
loss of icebergs transported on a selected route. The route from South Georgia (southern
Atlantic Ocean) to Cape Town (South Africa) was considered. The relation of towing speeds
and iceberg mass loss was investigated, and the optimal towing speed range for the set
transport conditions was determined.

This article includes a literature review section, focusing on the comparative analysis
of existing projects on the transport of icebergs used to facilitate freshwater supplies. The
proposed numerical models to conduct calculations were presented in the Methodology
section. The Results and Discussion sections confirm the possibility of applying the devel-
oped methodology for conducting calculations of iceberg towing under the set conditions
on the selected route. The article is summed up with the Conclusions section.

2. Literature Review

Available literature positions pay attention to the climatic changes observed in the
oceans [10–13]. Global coupled climate models predict that ice loss will continue through
the twenty-first century, with implications in governance, economics, security, and global
weather [14].

As the result of climate changes, more and more icebergs are formed. Sea ice clas-
sification was conducted by Zakhvatkina et al. [15], while Tournadre et al. [16] created
a database of 5366 icebergs’ freeboard elevation, length, and backscatter based on data
covering the 2002–2012 period and analyzed it in terms of distributions of freeboard, length,
and backscatter, showing differences as a function of the iceberg’s quadrant of origin.

It was noted that sea and ocean currents influence ice drift [10,17–19]. Sea ice drift
maps can be estimated from satellite sensors, particularly from scatterometers and ra-
diometers [20]. The benefits of combining single drift fields with the same resolution into
a “merged” field, built at three- and six-day lags during winters, with a 62.5 km resolu-
tion were considered. Satellite observations were also used to detect and forecast sea-ice
conditions and iceberg movement [21].

The behavior of Antarctic icebergs on the ocean waves were investigated by Wadhams
et al. [22]. The developed model allowed for the prediction of wave height and period that
will cause the breakup of the icebergs, especially during major storms in the open southern
ocean. Pancake ice thickness mapping from wave dispersion was carried out in different
regions [23]. In turn, Marson et al. [24] simulated the drift and decay of Greenland icebergs.

The solution to the problem of freshwater shortage was sought all over the
world [5–7,25,26]. Research was carried out in different directions, and with the use
of different technologies, including the obvious technology for supplying this resource
in the solid state by towing icebergs of different dimensions over oceanic routes. High
costs resulting from the iceberg melt during towing comprise the main barrier to the wider
application of solid water supply technology in areas with insufficient drinking water
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resources. The conflicts around the water resources of the Arctic and Antarctic regions
were also analyzed by Filin et al. [27].

Available literature cover the number of projects that analyzed the possibility of iceberg
transport for freshwater supplies. Table 1 presents the list of strengths and weaknesses of
the most advanced projects. These projects assume the transport of icebergs of different
dimensions (Table 2).

Table 1. Comparative analysis of selected projects of iceberg-sourced freshwater supply to tropical-zone countries (own
elaboration based on [28–39]).

Project Name Route Strengths Weaknesses Sources

Water Transport

1. Crushing (or melting) the
glacier on site and loading

the aggregate (or water)
onto tankers

Unrestricted No water loss during
transport. Fast delivery.

High costs of crushing or
melting the ice. Loading
issues, including those

connected with mooring
ships to the glacier.

[28–30]

2. Melting of the glacier and
transporting water by means

of underwater pipeline
Along the pipeline No water loss during

transport. Fast delivery.
High costs of pipeline

construction and ice melting. [28]

Iceberg Transport

3. IceDream
(Mougin’s project)

Greenland–Canary
Islands

Relatively short
transport time. High

level of project
advancement.

Long route, substantial ice
mass losses. High transport
costs. The need to apply an

insulating enclosure.

[31–33]

4. Living water
(G. Khalidov’s project) Antarctica–Saudi Arabia

Minimal ice loss, fast
delivery, high

operating profits.

High investment costs. Some
of the technical issues

remain unresolved.
[28,34,35]

5. N. Sloane’s project Antarctica–RSA
(Cape Town)

Large mass of
transported iceberg.
The ability to exploit
cold oceanic currents.

Incorrect route selection.
Substantial ice mass losses.

The need to apply an
insulating enclosure.

[36–39]

Table 2. Iceberg’s parameters assumed in major projects in accordance with Table 1 (own elaboration).

Number of the Project in
Table 1

Overall Dimensions
(Length, Width, Height in Meters) Mass, Tons Speed, km/h

3 400 m × 150 m × 90 m 7 M 2.5–3
4 25 m × 25 m × 161 m 1 50–100 K 2 40
5 1000 m × 500 m × 300 m 125 M 1

1 Applies to one block of ice. 2 The displacement of the ice transported by trimaran.

The “Living water” project by G. Khalidov should be highlighted [34]. The objective of
the project was to supply ice from Antarctica to Saudi Arabia and neighboring peninsular
countries. It envisages the construction of a fleet of 40–50 specialized trimaran hull vessels
for transporting blocks of ice of a certain shape and size, and weighing several thousand
tons each. According to the assumptions of the authors of the project, the speed of such a
trimaran will be about 20 knots, and its displacement should be from 40 to 50 thousand
tons, which will allow for the transportation of 10 to 16 blocks of ice on board a single ship.
The calculated loading time is one to two days. Contemporary reloading techniques do
not allow for the handling of such masses and dimensions, and the glacier edge is not a
suitable place for the operation of stationary machines and mechanisms.

According to preliminary calculations of the economic effects performed by the au-
thors of the project, the annual income that a fleet of 40 vessels serving Saudi Arabia can
generate is about USD 5 billion, at a water price of USD 0.2/liter (these costs vary con-
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siderably, depending on the country and continent) and a water demand of 18.25 million
tons per year, which corresponds to 20 million tons of ice. However, the costs of just build-
ing such a fleet (without taking into account land infrastructure and the accompanying
expenses) will amount to over USD 4 billion. This is a huge amount, even for such a rich
country [34].

However, it still seems that not all of the strictly technical issues, or those related to
natural sciences, were resolved as part of this project. Ice cutting may face the phenomenon
of ice recovery (repeated freezing), as described in the book of Japanese professor N.
Maeno [40]. An attempt to cut the ice with a mill may cause the water to quickly freeze
again, as a result of heat exchange. Water freezes again as a consequence of the cold
accumulated in the block of ice. The mean block temperature will only increase by a
fraction of a degree in the process. The occurrence of these phenomena will render it
impossible to cut such a large block of ice off the glacier. In addition, even if the blocks
can be cut out, they will freeze together in the cargo hold, which in turn will prevent their
unloading through the airlock.

It is worth mentioning that there are also iceberg transport projects not related to
freshwater supply. They concern water tourism and the construction of floating airports,
including the use of ice composites [41,42]. These projects, as well as the iceberg transport
projects using sails, kites, multi-sectional water engine blocks [28], will not be the subject
of further analysis in the present article.

World experience in iceberg transport is gradually increasing. However, it is associated
with a slightly different problem: the threat of collision of icebergs with oil rigs. Oil
companies in the North and Norwegian seas and off the coast of Newfoundland rent
special vessels that hook up dangerous icebergs and change their drift rate by several
degrees to avoid collision with the rig [43]. Moreover, these actions should be thoroughly
planned and practiced (Figure 1).
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Figure 1. The towing of an over two-million-ton iceberg, using two icebreakers [43].

Attention should be also paid to Sloane’s project (No. 5, Table 1), which considers
iceberg towing and mass loss during its transport. This project investigates the transport of
icebergs with large dimensions (Table 2) on relatively short routes that pass mainly through
the cold waters of the southern part of Atlantic Ocean. It should be noted that Sloane’s
assumptions, related to the selected route, were as follows: route length—2000 km, average
tow speed—0.9 km/h, time to cover the route—3 months. However, the efficiency of the
icebergs’ energy-efficient transport on longer routes should also be further investigated.

A number of studies have paid attention to the issues of ice melting [44,45]. Climate
simulations related to ice shelf melt and dynamics of freshwater fluxes across the sea
surface were carried out by Gwyther et al. [46], Kimura et al. [47], Liu et al. [48], Lemström
et al. [49], Mackie et al. [50], Stouffer et al. [51], and Silva et al. [52]. Paolo et al. [53]
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highlighted that volume loss from Antarctic ice shelves is accelerating. Eirund et al. [54]
paid attention to the effect of airmass perturbations on boundary layer and cloud changes,
as well as their impact on the surface radiative balance, especially over sea ice with regard
to sea ice melt. The dynamics and trends of sea ice albedo and melt ponds in the Arctic
for the years 2002–2011 was analyzed by Istomina et al. [55]. The melt pond fraction and
sea ice albedo spatial and temporal dynamics obtained with the Melt Pond Detection
retrieval scheme for the Medium Resolution Imaging Spectrometer satellite data were
studied. Eicken et al. [56] found that the seasonal evolution of first-year and multiyear ice
permeability and surface morphology determine several distinct stages of ice melt. The
areas of improvement for fully prognostic simulations of ice albedo have been identified,
calling for parameterizations of sea ice permeability and the integration of ice topography
and refined ablation schemes into atmosphere–ice–ocean models.

Sivák et al. [57] noted that rain or snow affects heat exchange. Duarte et al. [2] used
meteorological data, satellite observations of sea ice concentration and drift to investigate
sea ice melt in the analyzed Atlantic water case study. The modeling carried out revealed
that realistic melt rates require a combination of warm near-surface Atlantic water and
storm-induced ocean mixing. In turn, Carmack et al. [14] made an attempt to summarize
the understanding of how heat reaches the ice base from the original sources—inflows
of Atlantic and Pacific water, river discharge, and summer sensible heat and shortwave
radiative fluxes on the ocean/ice surface—and speculated on how such processes may
change in the new Arctic. Sutterley et al. [58] compared four independent estimates of the
mass balance of the Amundsen Sea Embayment of West Antarctica, an area experiencing
rapid retreat and ice mass loss to the sea. However, it should be noted that these positions
mainly describe ice melting in regard to freshwater fluxes across the sea surface, but do not
consider the issue of iceberg mass loss during its towing.

An analysis of available literature revealed that the methodology for calculating the
mass losses of towed icebergs was not described in detail. Available literature positions
include mainly the route simulation results and do not show the way the research can be
conducted. Moreover, the are no dependences of iceberg towing speed on the iceberg melt
while considering transport conditions. Therefore, an appropriate calculation methodology
should be developed.

3. Methodology
3.1. Assumptions of Physical Parameters

In order to conduct the research, the set of assumptions was determined. Initial
calculated iceberg parameters are presented in Figure 2. The index 0 was used to indicate
the parameters of the iceberg at the beginning of the route.
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Figure 2. Iceberg calculation scheme (own elaboration), where: wh—tug speed, ww—current speed,
H—total height of the iceberg, h1—height of the above-water part of the iceberg, h2—height of the
underwater part of the iceberg (own elaboration).

The most important assumptions related to the movement of the iceberg during its
towing include the following:

• That the icebergs are moving using sea currents. This fact allows for the reduction of
fuel consumed by the tugs. Due to the significant differences in conditions prevailing
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at different route sections while the iceberg moves toward its destination [12,59], the
concept of calculating the ice losses is adopted individually for every section of the
route, and for every season;

• That the iceberg is flowing with the speed V0 using natural currents, the speed increase
that the tug needs to use;

• Take into account the large size of the iceberg and its proportion, the heat exchange
for all its walls, both above-water and underwater (submerged) surfaces, are treated
as flow around the unlimited wall [60,61];

• That the ice surface temperature Tl at all walls is assumed at 0 ◦C [61], as well as the
water temperature at all walls is the same;

• That when the iceberg moves at low speeds, in fixed conditions of heat exchange and
is surrounded by water, a laminar boundary layer of freshwater is formed, moving
together with the iceberg. At the bottom surface of the iceberg, a zone of perma-
nent thermal stratification is formed [61], where the stratification of water masses,
according to their density without their mixing, is observed (in this case, the effect of
water salinity on the heat transfer coefficient α can be neglected.). These conditions
correspond to low values of this coefficient (α = 20–40 W/m2K), while the current
speed has a weak effect on this value. For the vertical iceberg surfaces, the α coefficient
depends on the speed of the berg related to the current, the water’s salt content and
temperature, and the slope of the surface related to the vertical plane [62]. In sea
water with temperatures above 4–8 ◦C, an ascending stream occurs, while at higher
temperatures—a descending stream ensues [61,63].

It should be also noted that the height of the underwater part h2 of the iceberg chosen
for transportation is limited by selected conditions. The average value of this parameter
should be at least 50 m, which guarantees the stability of the towed iceberg. At the
same time, a depth of more than 100 m (even taking into account its decrease during
transportation due to melting) can create problems in the port of destination in case the
port water area does not have the appropriate depth.

Based on preliminary calculation results and literature data analysis [61], it was also
assumed that heat exchange between the air and the above-water part of the iceberg does
not have a significant effect on the final result of conducted calculations. When the air
temperature is below 0 ◦C, there is an increase in ice mass and its density due to the
condensation of moisture from the air as well as snowfall. When temperatures are above
0 ◦C, the opposite situation takes place—the ice and snow melt. The melting of the above-
water part of the iceberg is not considered in the presented methodology, estimating this at
the level of a 5% loss in relation to the initial mass of the underwater part of the iceberg.
The calculation methodology also does not take into account the total mass increase for
the above-water part of the iceberg under certain weather conditions (outside temperature
above 0 ◦C), considering the pessimistic conditions of iceberg transport. However, the
differences in the following conditions of iceberg transport, within individual route sections,
are taken into account:

• Weather conditions, especially wind speed influence on the iceberg during particular
sections of the route;

• Ice density and, respectively, its mass in the above-water and underwater parts of
the iceberg;

• Values of the heat transfer coefficient α, assuming that it is 5–10 times lower for ice–air
relation, when compared to coefficient values for ice–water heat exchange.

• Furthermore, the following limitations were set:
• Due to the adopted proportions of iceberg dimensions, the option of the iceberg “tip-

ping over”, as well as iceberg horizontal rotations during towing are not considered;
• The methodology does not take into account the way the iceberg is towed, thus

omitting the heat exchange of ropes that the iceberg is towed with;
• Impact of sea waves on transported iceberg is ignored, mainly due to the size of the

iceberg, although this can be taken into account by the relative increase in mass loss
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of about 10–15% [31], which results from the proportion of the surface on which the
waves make an impact in relation to the total underwater surface;

• The ability to limit ice–air heat exchange by covering the top with an appropriate
screen [28] is not considered.

Based on the abovementioned set of assumptions, the mathematical model was elaborated.

3.2. Mathematical Model

Multi-agent simulation was used to conduct the research. After selecting the route
and dividing it into sections, the conditions of iceberg transport within particular sections
are analyzed and appropriate calculations are carried out. It is considered that a tug is used
while the iceberg is flowing with the current.

The speed of the iceberg wg in relation to the speed of water ww and the speed of
the tug wh may be determined on the basis of the vector triangle principle, using the
following formulas:

wg = wwtgϕ, (1)

wh =
ww

cosϕ
, (2)

where ϕ—angle of the route direction relative to the direction of the sea current.
In order to assess the iceberg’s melting speed, the heat transfer coefficient α should be

calculated. For the underwater part of the iceberg at low water speed, this coefficient may
be calculated using the formula [60]:

Nu = 0.193Re0.67Pr0.33 (3)

where Nu—Nusselt number, Re—Reynolds number, Pr—Prandtl number.
The transformation of this formula to evaluate infinite large surfaces allows for its

simplification, as shown below [61]:

α = Bwg, (4)

B = 0.00626
λ

ν
, (5)

where B—proportionality coefficient, λ—water thermal conductivity coefficient at 0 ◦C,
ν—kinematic viscosity of water at the same temperature.

Formula (4) means that, at least within the adopted range of changes in speed and
temperatures, the α coefficient for water–ice heat transfer (applied to vertical surfaces [64])
is linearly dependent on the speed of the iceberg in relation to the surrounding water (fresh
and sea (saline)). The i index refers to the relevant section of the route (where different
climatic conditions may occur), while the j index refers to the relevant iceberg surface (e.g.,
bottom, side, front, rear).

The values of the iceberg’s mass loss, established for its respective surfaces and for
individual sections of the route, can be determined by applying the generalized heat
balance equation [60–62]:

αij
(
Twij − Tl

)
Fij = rρl

dVij

dτ
, (6)

where V—iceberg’s volume, F—melting surface, r—specific heat of ice melting, τ—time,
related to the relevant section of the route and the iceberg’s surface, Tl—temperature of the
iceberg’s surface, Tw—temperature of water, identified for the relevant section of the route
and the iceberg’s surface.



Energies 2021, 14, 4031 8 of 16

Assuming the elementary heat exchange surface F for the selected surface of the
iceberg and the selected zone, the Formula (6) may be simplified as follows:

α(Tw − Tl) = rρlwl ,
then

wl =
α(Tw−Tl)

rρl
,

(7)

where wl—the ice melting speed at the respective surface, expressed in m/s.
The wl value determines the loss of the iceberg’s mass at the end of its transport route.

The thickness of the molten ice layer δ in the i-th section of the route, at the j-th wall of the
underwater part of the iceberg is calculated as follows:

δij = (wl) ijτi, (8)

where τi—the time required to cover the i-th section of the route.
In order to analyze the impact of towing speed on mass loss, the following approach

is proposed. It should be noted that by increasing the towing speed, the transport time τ is
reduced; however, the intensity of ice melting wl simultaneously increases. The calculation
algorithm presented below is illustrated with a diagram in Figure 3. It is assumed that the
wh0 value is equivalent to the minimum towing speed, ensuring that the set course is kept,
and that the sea current speed wh0, adopted for a respective section of the route, remains
unchanged. The adopted water speed, considering an increase of towing speed with step z,
may be calculated as follows:

ww1 = wh1cosϕ, (9)

where wh1 = wh0 + z.
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The adopted increase of this value may be evaluated using the formula:

δww1 = ww1 − ww0 (10)

Therefore:
wg1

∗ = wh1tgϕ (11)

From the triangle marked in grey in Figure 3, it follows that:

wg1 =
√
(wg1

∗)2 + (δww1)
2. (12)

The wg values are calculated analogously for subsequent cycles. Considering the
speed increase using the set step z, it is possible to find the speed range that is the most
efficient for iceberg’s transport.
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The presented methodology was used to develop computational programs. Cal-
culations were conducted using QBASIC i Matlab software. It allowed us to trace the
impact of various factors (variables), including towing speed, on the iceberg’s mass loss for
selected routes.

4. Results and Discussion
4.1. Case Study Description

The analyzed case study focuses on iceberg-sourced freshwater delivery to Cape Town
(South Africa). Cape Town was considered in different projects as a city that needs to be
supplied with freshwater [65]. It was also chosen for further analysis due to its location.
In the southern part of the Atlantic Ocean, 2000 km away from Cape Town, only single,
relatively small icebergs drift, mostly in the November–December period [59]. Their small
number strongly limits the selection of icebergs suitable for transport. Therefore, the more
remote locations of icebergs were analyzed in the case study.

The south-eastern coast of the island of South Georgia was adopted as an area for the
iceberg selection (Figure 4). This area was chosen due to the floating icebergs observed
there during the August–September period [12]. These icebergs are carried away from the
continent by the eddy current of the Weddell Sea, and some of them run aground [66]. The
shortest distance from South Georgia to Cape Town is about 4730 km [67]. In the case of an
attempt to maximize the use of ocean currents to transport the icebergs, the route extends
to about 6100 km (Figure 4, Table 3).
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Figure 4. The sections of selected iceberg transport route (own elaboration based on [59]).

Selected climate assumptions for the respective sections of the route are presented in
Table 3. Taking into account the initial results of transport time calculations, the temperature
assumptions for the A–C route sections were adopted for the August–November period,
and the C–E sections, for the November–January period.
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Table 3. Assumptions for input parameters, divided into route sections considering climate zones (own elaboration).

Section No.
(Figure 4)

Length and Direction
of the Route Section

Si, km

Name of
the

Current

Tw,
◦C ww, km/h ϕ,o wg,

km/h
wh,

km/h
Tp,
◦C

wp,
km/h

I (A–B) N–E 1121
West
Wind
Drift

1–2 1–2 0–4 0.03 1.50 −5 20

II (B–C) E 2441
West
Wind
Drift

4–5 1–2 0–30 0.40 1.55 −1 50

III (C–D) N–E 2366

West
Wind
Drift

(African
branch)

10–11 1–2 0–10 0.05 1.51 +5 45

IV (D–E) N 175 Benguela 15–16 0.6–1.0 0–10 0.07 0.81 +15 10
Total 6103 - - - - - - - -

Tw—average water temperature; ww—average current speed;ϕ—the route direction relative to the direction of the sea current; wg—average
speed of the iceberg in relation to water; wh—average tug speed, Tp—average air temperature, wp—average air (wind) speed.

4.2. Calculation Results

The parameters used to calculate the iceberg’s mass loss on the selected route are pre-
sented in Table 4. By substituting the physical values in the Formula (4), the B = 1938 J/m3K
was calculated. The differences in heat exchange conditions at the respective iceberg sur-
faces on the individual walls of the underwater part of the iceberg during particular route
sections are presented in Table 5.

Table 4. Basic parameters used for calculation (own elaboration).

Parameter Value

Length of iceberg a0, m 1200
Width of iceberg b0, m 600
Height of iceberg h0, m 210 [37]

Height of the above-water part of iceberg h10, m 70
Height of the underwater part of iceberg h20, m 140

Relation of the above-water and underwater parts of iceberg h10/h20 0.5 [66]
Ice density (underwater part) ρl, kg/m3 917

Volume of the above-water part of iceberg V10, km3 0.0504
Volume of the underwater part of iceberg V20, km3 0.1008
Mass of the above-water part of iceberg m10, mln t 32.760
Mass of the underwater part of iceberg m20, mln t 92.434

Total initial mass of the iceberg m0, mln t 125.2 [36]
Average density of ice and snow (above-water part) ρl, kg/m3 650 [66]

Ice surface temperature Tl, ◦C 0 [61]
Heat transfer coefficient α, W/m2K 20–40

Water heat transfer coefficient at 0 ◦C λ, W/m2K 0.551
Kinematic viscosity of water at 0 ◦C ν, m2/s 1.78 × 10−6

Specific heat of ice melting r, kJ/kg 334

Calculated values of ice melting speed wl and the thickness of the molten layer δ,
based on Formula (8) for the respective surfaces and individual sections of the route, are
presented in Table 6.

The calculation results of mass loss for the underwater part of the iceberg, for route
sections and total route are presented in Table 7. The calculations show the values of the
losses at the end of individual route sections.
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Table 5. Calculated and assumed average values of the heat transfer coefficient α on the respective
walls of the underwater part of the iceberg, W/m2K (own elaboration).

Surfaces of
Iceberg

Sections of the Route (Figure 4)

I (A,B) II (B,C) III (C,D) IV (D,E)

Bottom 20.3 43.3 35.3 22.4
Side 28.2 216.4 70.6 37.3
Front 32.4 248.8 81.3 42.9
Rear 23.9 183.9 60.1 31.7

Table 6. Calculated values of ice melting speed and thickness of molten layer for the respective
surfaces and individual sections of the route (own elaboration).

Surfaces of
Iceberg

Sections of the Route (Figure 4)

I (A,B) II (B,C) III (C,D) IV (D,E)

wl,
m/month δ, m wl,

m/month δ, m wl,
m/month δ, m wl,

m/month δ, m

Bottom 0.26 0.27 1.64 3.60 3.14 6.85 2.93 0.90
Side 0.36 0.37 8.24 17.98 6.27 13.69 4.89 1.49
Front 0.41 0.43 9.48 20.67 7.22 15.75 5.62 1.72
Rear 0.30 0.32 7.00 15.28 5.34 11.64 4.16 1.27
Tw-Tl 1.5 4.5 10.5 15.5

Table 7. The calculated mass loss of the underwater part of the iceberg for individual route sections and total route
(own elaboration).

Section of
the Route
(Figure 4)

Length of the
Route Section

Si, km

τi,
h

τi,
months

wh,
m/s

Dimensions of the
Underwater Part of the

Iceberg at the End
of the Section
a × b × h2, m

Mass of the
Underwater
Part of the
Iceberg m2,

mln t

Mass Loss 1, %

Initial state at A - - - - 1200 × 600 × 140 92.434 0
I (A,B) 1121 747 1.04 0.417 1199.258 × 599.258 × 139.733 92.086 0.38
II (B,C) 2441 1575 2.19 0.431 1163.301 × 563.301 × 136.137 81.805 11.50
III (C,D) 2366 1567 2.18 0.419 1135.917 × 535.917 × 129.291 72.174 21.92
IV (D,E) 175 216 0.30 0.225 1132.927 × 532.927 × 128.394 71.673 22.46

Total (A–E) 6103 4105 5.71 - 1132.927 × 532.927 × 128.394 71.673 22.46
1 Total sum calculated in relation to the initial mass of underwater part of the iceberg.

Taking into account the set assumptions, the estimated mass losses of iceberg on the
selected route are:

• For its underwater part—about 22.5%;
• For its above-water part—about 5%.

The final mass of both parts of the iceberg, transported within the selected route,
account for 71.673 and 31.112 million tons, respectively, which correspond to an overall
iceberg mass loss of 17.9%. The comparison of the final masses of the above-water and
underwater parts clearly indicates that by the end of the journey, the mass of the under-
water part of the iceberg remains significantly higher than the mass of the above-water
part, which indicates the impossibility of its toppling over and the correctness of the
adopted assumptions.

In order to determine the optimal towing speed of the iceberg, we assume that the
towing speed increase step z is 0.1 m/s. The subsequent values of this speed relative to
water wg for each step were calculated (Figure 5).
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The results analysis (Figure 5) demonstrates that as long as the heat transfer coefficient
α linearly depends on the speed of the iceberg relative to water, the trend of the increase in
the ice melting speed wl is balanced by the shorter time required to cover the route. This
means that the ice mass loss only minimally depends on the towing speed. The slight
variations of ice loss values noticeable in Figure 5 for speed changes are within 0.5%, which
is 15–20 times less than the accuracy for calculating the α coefficient. These variations can
be explained by a separate analysis of ice losses along the sections of the route and at the
walls of the iceberg. Increasing the relative speed of the iceberg over 0.5 m/s (along with
increasing the tow speed over 2.0 m/s) leads to the breaking of the laminar layer of cold
water at the walls of the iceberg and the need to apply different formulas to calculate the α
coefficient for the conditions of forced convection. In turn, this causes the rate of α increase
to be significantly greater than the rate of shortening the travel time, thus leading to a
significant increase in the iceberg’s mass loss.

Considering that the curve of the dependence of the iceberg’s mass loss on the towing
speed has a weakly expressed minimum (Figure 5), a rather wide range of towing speeds
wh can be recommended as optimal (from 0.4 to 1.0 m/s). The specific choice for this speed
depends on the priorities set by the decision maker. If there is a priority to minimize the
travel time, then the speed values closer to the upper bound of the range may be chosen. If
the priority is to minimize fuel consumption for tugs, the speed values closer to the lower
bound of the wh range may be selected.

The calculation results clearly indicate the desirability for the icebergs’ towing at low
speeds. The presented research results do not take into account the possibility of reducing
the cost of these tasks by using, for example, a kite adapting to the gusts of the wind, placed
over the iceberg on a rope. The use of such and other innovative propulsion systems would
reduce fuel consumption by approximately 20–30%.

When analyzing ice losses during towing, some authors of iceberg transport projects
(e.g., Georges Mougin [32]) take into account the erosion of the iceberg vertical surface
near the water line due to sea (ocean) waves. Undoubtedly, this process is taking place. In
Mougin’s project, the initial iceberg mass was 7 million tons; however, in this article, the
transport of an iceberg with an assumed mass of 125 million tons was analyzed, which is
almost 18 times more. Accordingly, in the example considered in this study, the impact
of wave erosion is correspondingly smaller and can be estimated at a level of a small
percentage of the total mass loss.

Moreover, breakages of large pieces of iceberg due to emerging cracks may take
place during iceberg towing. These phenomena are of random nature and were not taken
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into account in the presented methodology. Nevertheless, this process can be considered
by correction factor implementation. However, its estimation requires a large array of
experimental data that are currently unavailable in the literature for the analyzed subject.

However, it should be highlighted that the research results may have been influenced
by the assumptions and limitations set solely for the purpose of making calculations. In
reality, different weather conditions may take place. The proposed methodology does not
take into consideration waves and storms that can influence the icebergs during its towing
to its destination [68]. Therefore, the calculation methodology may be improved in order
to take these issues into account.

5. Conclusions

The shortage of drinking water is increasing every year and is observed on almost
all continents (except Antarctica). It has generated an increased interest in various water
supply projects that were previously considered as unrealistic or very difficult to implement.
Nowadays, a number of concept projects has been developed, and specialists are trying to
solve specific technical problems related to freshwater supply.

The icebergs’ transportation allows for access to high quality water for inhabitants
of regions threatened with shortages of freshwater supply. The proposed methodology
showed a possible way to assess the mass loss of towed icebergs. The obtained calculation
results are reliable, and methodology may be applied to assess the mass loss of icebergs
during their energy-efficient towing at low speeds on different routes.

It has been established that the iceberg’s mass loss, calculated for the selected 6103 km
long route, was 17.9%. This result may be compared with the assumptions presented
in Sloane’s project [36–39] and other projects. The received calculated value is slightly
below the possible iceberg mass loss presented in other projects. It should be noted that
Sloane’s project assumed iceberg mass loss at a level of up to 30%, considered for shorter
routes, and higher towing speeds; however, iceberg transport time was comparable. The
presented calculation results showed that the level of losses may be similar, however, on a
longer route selected under set assumptions. On that basis, it may be stated that presented
methodology may be widely used to conduct calculations of towed icebergs’ mass loss.

The results of the conducted analysis prove that the correct selection of the route, com-
bined with the maximum use of ocean currents, can prevent additional costly treatments
such as insulation of both the underwater and above-water parts of the iceberg, limiting
the heat exchange of the iceberg with water during movement.

Moreover, it was possible to calculate the optimal speed range for iceberg transport.
For the analyzed case, it was 0.4–1 m/s. Therefore, it could be stated that the minimum
loss of ice mass is obtained for towing speeds equivalent to some 1.5 times the average
ocean current speed. Low towing speeds, required to keep the set course, may be treated as
optimal for the minimization of fuel consumed by the tug. The possibility of iceberg trans-
port for longer distances was also demonstrated. The achieved results may be beneficial
for institutions responsible for the development of freshwater supply and the sustainable
utilization of water resources.

Our further research will deal with an assessment of the effectiveness of approaches
applied to minimize the heat transfer between iceberg and water. The effective ways to use
sails on icebergs to increase their transport speed to ports will be considered. Moreover,
the technologies to get freshwater from icebergs in ports should be further discussed.
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