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a b s t r a c t

The productivity of the mining industry in Chile, currently the main driver of Chilean economy, is closely
tied to foreign demand for ores. Ore-processing is known for involving energyeintensive processes, such
as comminution, concentrating and cathodic processes. As mining activities take place in the arid north
of Chile, they are affected by water scarcity. Water shortage has forced the industry to pump desalinated
seawater up to mining sites over 2000 m above sea level, further increasing electricity consumption.
Given these energy needs, and the fact that electrical energy supply in the north of Chile is based on fossil
fuels, it is important to consider the use of renewable energies as environment-friendly and economic
alternatives. The aim of this work is to evaluate, by an optimized techno-economic analysis, the use of
photovoltaic and a novel wind-based technology to supply at least 10% of the current and the predicted
electrical energy requirements of the mining industry in the Antofagasta region. A combination of an
optimization problem and technical evaluation was performed using Matlab to obtain the optimal
number of solar and wind-based technology units in a case study. Total energy generation from a novel
wind-based technology unit is 67,616 MWh/y, corresponding to 14.45$106 Nm3 (1298 t) of hydrogen and
7.41$106 Nm3 (10,323 t) of oxygen after electrolytical transformation. Considering a 65% efficiency of the
combined cycle fed with hydrogen and oxygen, 28,133 MWh/y of electrical energy would be obtained.
For the cases studied the cost of energy from the combined system was estimated to be between 0.255
US$/kWh and 0.273 US$/kWh, slightly higher than the average energy regional cost. According to the
analysis, the renewable energy system could be a sustainable alternative to supply economic green
energy to the mining industry in Chile.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Chile is one of the most economically competitive countries in
Latin America, a new Organization for Economic, Cooperation, and
s-Bozo).
Development (OECD) member, and considered a high-income
country due to high Gross Domestic Product (over US$22,000 per
capita; The World Bank, 2016). Agriculture and mining activities,
together with services, are the principal drivers of Chilean eco-
nomic growth (Rehner et al., 2014). The mining industry is mainly
located in the north of the country, in the mountainous region of
the Atacama Desert, with the Antofagasta region producing almost
half of the copper (53% in 2014, as estimated by Cochilco, 2016).
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Nomenclature

dDF Driving force kg m/s2

dL Lift force kg m/s2

dD Drag force kg m/s2

FH Turbine drag resistance kg m/s2

Fv Viscous resistance kg m/s2

Fw Wave resistance kg m/s2

Fcr Model-ship correlation resistance kg m/s2

mship Ship mass kg
vap Apparent wind velocity m/s
vt Wind velocity m/s
vb Ship velocity m/s
g Gravity m/s2

g Pointing angle Degree
b Apparent wind angle Degree
rair Density of air kg/m3

rwater Density of water kg/m3

Vu Volume of the Hull underbody m3

Swings Surface of the wingsail m2

Sr Turbine surface m2

Swet Hull wetted surface m2

D Ship draft M
Re Reynolds number e
Fr Froude number e
c1 Hull characteristic parameter of wave resistance e

c2 Hull characteristic parameter of wave resistance e

c5 Hull characteristic parameter of wave resistance e

m1 Hull characteristic parameter of wave resistance e

m2 Hull characteristic parameter of wave resistance e

l Hull characteristic parameter of wave resistance e

aC Temperature power coefficient %
hA Availability factor %
hF Derate factor %
hm Module efficiency %
ε Average Chilean inflation %
R Discount rate %
Ik Incident Irradiation in month k kW h/m2 d
EB Energy generated per ship kW/ship
EP Energy generated per m2 of solar panels kW/m2

Ereq Electrical energy requirement kW
P Power of hydroturbine kW
Tcell Cell temperature �C
Tamb Ambient temperature �C
Cp Hydroturbine power coefficient e
CL Lift coefficient e
CD Drag coefficient e
Ct Thrust coefficient e
Cv Viscous resistance coefficient e
CA Correlation allowance coefficient e
CAPEXB,i CAPEX per unit of ship to year i US$
OPEXB,i OPEX per unit of ship to year i US$
CAPEXP,i CAPEX per m2 of solar panel to year i US$
OPEXP,i OPEX per m2 of solar panel to year i US$
Cj,ref Cost Reference for wingsails and hydroturbines US$
Cj Cost information US$
NB Number of ships e
NP Number of panels e
n Wingsail numbers e
nb Accumulated number of ships e
Clearn Learning coefficient e
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This industrial sector provides around 20% of the gross domestic
product and is worth almost 60% of Chilean exportations.

The mining industry is a large energy consumer (around 35% of
total electricity) according to the Chilean Statistical Institute and
Cochilco statistics on average, energy costs account for nearly 50%
of mine operating costs (Cochilco, 2016). Hence, the industry’s
profitability is highly susceptible to energy prices. The elevated
energy requirements are partly due to the continual, energy-
intensive, ore processing operational units (especially in the
comminution, concentrating, and cathodic processes) and, at the
same time, water processing. The need for water in mining pro-
cesses substantially adds to energy requirements since the industry
is mainly located in the extremely arid Atacama Desert, an area that
has seen persistent drought over the last ten years. Water Given
these conditions, the industry has been forced to obtainwater from
desalination; energy is required for desalination of seawater and to
pump thewater up to the pits at a height of 2000m above sea level.
Water and its exploitation is a constant concern in the region, given
its limited existence and climate changes (Oyarzún and Oyarzún,
2011; Rivera Salazar, 2012).

Tomeet energy requirements, the country is dependent on fossil
fuels. The electricity is mainly supplied by the North Interconnected
System, which in 2015 reached an installed electricity generation
capacity of 3968 MWh. This system is based on thermoelectric
generation and combined cycles (coal 49%, natural gas 37%, diesel
9% and renewable energy 5%; CNE, 2016).

Fossil fuels in Chile are primarily imported and their use incurs
numerous difficulties, such as the logistics of reaching remote areas
and increasingly stringent environmental regulations. Also, over
the last 15 years, Chile has intensified the use of coal as a source of
electricity generation, increasing CO2 emissions significantly (IEA,
2009). The main energy user (the mining sector), has so far
mainly focused on finding ways to improve energy efficiency
(Dur�an et al., 2015; Minenergia, 2013). Nevertheless, the mining
industry is currently striving to find alternatives that would respect
principles of sustainable development. Renewable energies could
be used to replace the present energy sources or to supply the
future requirements in the mining industry.

The use of individual sources of renewable energies for constant
electric requirements is challenging, given their temporal and
irregular nature: solar systems are dependent on sunlight; wind
systems cannot operate at high or low wind speeds; biomass are
competitive sources of feedstock; biomass production is affected by
temperature; and so forth. Nevertheless, by combining different
sources (renewable or not), it is possible to supply constant energy
to electric networks. Different works (Hiendro et al., 2013; Da Silva
et al., 2005; Lau et al., 2010; Himri et al., 2010; Ashok, 2007) have
demonstrated the technical and/or economic feasibility of imple-
menting hybrid systems in a variety of contexts. To our knowledge,
however, the feasibility of such a system to support the Chilean
mining industry has not yet been considered.

Given that the Chileanmining industry is located in the Atacama
Desert, the obvious choice for renewable energy is solar power,
using photovoltaic technology. Indeed, the regional irradiation in-
dexes range from 5 to 12 kWh/m2 fromwinter to summer (Escobar
et al., 2014), which are sufficient for the use of photovoltaic
technology.

The next seemingly logical choice of renewable energy to
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Fig. 1. Main step of proposal methodology.
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combine with solar power would seem to be wind power, but the
relatively low average wind speeds in the area (4 m/s; historical
record for Antofagasta Airport and Atacama Desert weather sta-
tion) and mountainous location of the mines, makes the use of
land-based wind energy a difficult task. Prevailing winds in the
Pacific Ocean, however, are considerably stronger, reaching average
speeds of 10 m/s. This wind energy could be harnessed using a
novel non-stationary wind-based technology alternative called
“Bound4blue”. Since Bound4blue is non-stationary, it does not
entail the costs of a distant stationary off-shore station that are
related to the transportation or connection of energy; further in-
formation about this technology can be found in section 3.

The present work therefore presents an optimized techno-
economic analysis of the use of combined photovoltaic and
Bound4blue technologies to supply at least the 10% of the current
and the predicted electrical energy requirements of the mining
industry in the Antofagasta region. The figure of 10%was selected as
an option for analysis as it would represent a significant amount,
but at the same time would be low enough to enable a smooth
transition from thermoelectrical-based supply to a renewable
supply. Sharp reductions in energy requirements of fossil fuel
supplies could cause damage to different operational units. As
mentioned in Bird et al. (2013), in the integration of variable and
uncertain renewable energies, it is important to consider the
characteristics of the current grid.

To perform the techno-economic analysis, two optimization
processes were performed. The first was used to establish the op-
timum route that the movable wind-based technology should use
to optimize the energy harvested. The second optimization used a
non-linear analysis to calculate the optimal number of ships and
solar panels that should be acquired during the project lifetime
(evaluated for 20 years) to supply the mining electrical re-
quirements at a minimum cost (as evaluated by a Net Present
Value; NPV). Relative fluctuations of the energy sources, and their
monthly variations, were considered in the optimization
formulation.

2. Methodology

In the present work the combination of two technologies,
photovoltaic and Bound4blue, was considered for the generation of
a specific electrical energy requirement. The determination of the
units of both technologies was carried out by considering different
optimization problems in which the minimum cost and maximum
energy harvested were sought in function of temporal, localization,
and/or energy requirement restrictions. Specifically, the temporal
restrictions involved the inconsistent nature of the natural energy
sources (wind speed and irradiation) during the differentmonths of
the year and the inexistence of energy to be extracted during the
night by the photovoltaic systems. The localization restrictions
involved a search for the optimal route that the movable wind-
based technology should follow (in function of the available ports
in Chile) to maximize the energy harvesting. The energy require-
ment restrictions involved an even supply of specific quantity of
energy during the whole year. For this task, the Matlab (R2010)
optimization toolbox was used. The constrained nonlinear mini-
mization was used together with the Interior Point algorithm and
the Sequential Quadratic Programming (SQP) algorithm (for com-
parison) followed by the branch and bound method to solve the
Mixed Integer Nonlinear Programming (MINLP) problem.

The cost function is represented as the Net Present Value (NPV)
of the project, which considers the capital and operational costs of a
constantly increasing demand for energy during the project life-
time (equal to 20 years), as shown in Fig. 1, where the different
parts of the proposal methodology are represented.
The energy supplied by each technology was estimated using a
technical evaluation which involved force balances, efficiencies,
compression, and/or energy conversion, among other evaluations.
For the solution of these problems, Matlab (R2010A) was also used.
3. Power generation from Bound4blue technology

Bound4blue technology has been developed by a company of
the same name that seeks to develop efficient innovative solutions
for maritime transport emission and power consumption; some
members of this company are coauthors of the present manuscript.
Bound4blue wind-based technology transforms wind energy into
the kinetic energy of a movable system, a wind-propelled ship, by
using efficient rigid wingsails. The wind-propelled ship possesses
hydroturbines which transform the higher-density kinetic energy
(produced by the relative velocity of the water and the ship) into
mechanical energy. The mechanical energy is transformed into
electricity to supply the ship’s electricity requirements and to be
used by an electrolytic system to produce hydrogen (H2) and oxy-
gen (O2) from seawater. The H2 and O2 are stored and transported to
port where they can be used or sold as a final product. The H2 can be
used as a fuel to produce electrical energy (and heat) in a hydrogen
combined cycle, as is the case in the present article.

The power generated by the Bound4blue system is obtained by
evaluating four related concepts:

i. The first concept is that the energy harvested in the hydro-
turbines (fixed to the ship) is obtained by the relative kinetic
velocity of the water passing through the turbine rotor.

ii. The second concept is that the ship’s relative velocity is ob-
tained by considering a force balance between positive and
negative forces; the positive forces are obtained by the wind
velocity information and by the considerations of the rigid
wing airfoil selection; the negative forces are obtained by
considering viscous resistances, wave resistances, the
model-ship correlation resistance, and turbines drag
resistances.

iii. The third concept is that the energy obtained from the
hydroturbine is transformed into electricity which is then
used in the electrolysis of sea water. Seawater cannot be used
directly in the electrolysis even though its salinity increases
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its electrical conductivity (a positive characteristic of heavily
ionized solutions). The different ions present in the water
(including chlorine, sodium, sulfate, magnesium, calcium
and potassium) can produce different non-desired byprod-
ucts in the electrolytic process. The seawater therefore must
be treated first, and the electrolyzer must be chosen keeping
in mind the limitations of an offshore system. Additionally,
the final products (H2 and O2) could need further treatment
to store them in tanks.

iv. A final concept is that chemical energy produced (H2 and O2)
must be transformed again into electrical energy in a plant
located close the port in order to avoid the installation of
expensive pipelines needed for the transportation of H2 and
O2. This hydrogen combined cycle power plant would supply
AC/DC electricity to the network.

Based on the second concept, it is necessary to understand the
vector decomposition and the angles involved in the force balance
problem. Fig. 2 shows a schematic of the ship considering only one
rigid wing sail.

In this figure, vap is the wind apparent velocity (the vector sum
of the real wind velocity and the wind generated by the motion of
the ship), b is the apparent wind angle (the angle between the
motion, and the apparent wind directions, v!ap); a is the angle of
attack (the angle between the airfoil chord line and v!ap); dL, dD,
dH, dR, and dDF are the lift, drag, healing, resulting aerodynamic,
and driving (projection of the aerodynamic resulting force to the
motion direction) forces, respectively. For a givenwind velocity, the
factors that determine the terminal sailing speed of the ship, and
therefore the power generated by the hydroturbines, are basically
the wind forces (previously mentioned) and other resistivity forces,
i.e. the thrust of the wing sails and the viscous (FV), wave (FW),
model-ship correlation (FCR), and the turbine drag (FH) resistances.
Thus, in order to increase the generated power, the wing sails
should give as much thrust as possible whereas the resistance
should be reduced as much as possible.

The driving force obtained for a selected airfoil depends on b,
which is an adjustable parameter that has to be specified in order to
obtain the highest power. Theoretically, it is known that the opti-
mum power for a rigid wingsail is obtained when bz 45� when no
interferences exist (based on Fig. 2 and considering the apparent
velocity as the hypotenuse of a right angle with real wind and ship
Fig. 2. Forces diagram (adapted from Trillo-Flores, 2012).
wind components as the other components of the triangle). In-
terferences would be produced when additional wing sails (or
other objects, such as tanks) are placed at distances that produce an
effect on the wind profile, causing an alteration in the wingsails lift
coefficient. By evaluating different b with different number of
wingsails, an estimation of b ¼ 60� was obtained as the optimum
apparent wind angle. To obtain this result, ANSYS 13.0was used as a
simulation tool where the problem was solved as a steady state
problem with 15 m/s as wind speed, inviscid as model, air as fluid
(density of 1.225 kg/m3), aluminum as solid, and airfoils as
boundary conditions, among other basic specifications. Ignoring
the heeling forces (compensated by both the ship hull and the
corresponding keel) the equation to apply in themotion direction is
Newton’s Second Law (Equation (1)).

dDF � FH � Fv � Fw � Fcr ¼ mship$
dvb
dt

(1)

As can be seen in Equation (1), the four resistances previously
mentioned are considered. Three of them depend on mathematical
calculation models (Holtrop and Mennen, 1982) and the fourth
corresponds to the turbine drag (Shieves and Crawford, 2010). This
method has been chosen because the characteristics of the ship are
within the working range of this method and because its reliability
is very high compared to other methods.

Considering the previous coordinate system, the apparent wind
velocity (vap) (Equation (2)) and the apparent wind angle (b)
(Equation (3)) in a specific time step can be determined (using the
cosines theorem) from the ship velocity (vb), the true wind velocity
(vt) and the pointing angle, formed by the wind vector and the
direction of movement (g). Equation (4) is also derived from the
cosines theorem, but in this case the expression is directly depen-
dent on b, which is the correlation used to determinate vap and vb
from b and vt information.

vap ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2t þ v2b þ 2vtvb cos g

q
(2)

b ¼ arccos
�
vtcos gþ vb

vap

�
(3)

vt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ap þ v2b � 2vapvb cos b

q
(4)

The apparent velocity which would be the basis of calculation
for the forces involved in the problem can be optimized by setting
the most suitable pointing angle. dDF is the projection of the
aerodynamic forces in the same direction of movement as the
vessel. It is calculated using dL, and dD of the wingsails, as observed
in Fig. 2. Equation (5) describes the driving force estimation when
the lift and drag forces are evaluated in the same axis of the vessel
movement and its corresponding coefficient (CL and CD, respec-
tively). As observed in Equation (5), andmost of the resistances that
are involved in the problem statement (Equations (8), (9), (11) and
(14)), a correlationwith the kinetic energy (~1/2v2) was used, which
is normally made for general aerodynamic considerations.

dDF ¼ 1
2
v2ap$Swings$nðCL sin b� CD cos bÞ (5)

Equations (6) and (7) show the lift coefficient (CL) and drag
coefficient (CD). In these equations, ri is the density of the i phase
considered (i¼water or air) and Swings is the surface of thewingsail.
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CL ¼
dL�

1
2rairv

2
apSwings

� (6)

CD ¼ dD�
1
2rairv

2
apSwings

� (7)

The drag and lift coefficients are functions of the airfoil selec-
tion, which in this case corresponds to Eppler 420. As evaluated for
this airfoil (with a Reynolds of 106), its maximum lift coefficient has
a value of nearly 2.3 with drag coefficient of 0.03. The maximum is
found at angles of attack of 14�.

The turbine drag, FH, is described in Equation (8). The drag force
slows the ship and thus the total generated power will be smaller.
In this equation, Sr is the turbine surface (perpendicular to the
flow), and Ct is the thrust coefficient. The Ct considers the forces
along the longitudinal axis of the turbine, perpendicular to the
rotation plane. The normal coefficient represents the projection of
the aerodynamic force into the rotation plane, the one that pro-
duces torque to rotate the turbine and from which the power
generated is computed. Further drag could be produced depending
on the shape of the turbines, as seen for ducted turbines, which
could be computed as efficiencies. In the present work, only
straight turbines were considered. This implies that the drag co-
efficient will directly increase the negative forces and positively
affect the power generation (i.e. an optimal condition is evaluated).

FH ¼ 1
2
$rwater$Sr$v

2
b$Ct (8)

As the ship moves through the water, the fluid friction acts over
the hull’s wetted surface, causing a drag force called viscous
resistance. For low velocities, this resistance represents about 85%
of the total resistances; at high speeds, it is about 50%. The semi-
empirical equation used to estimate the viscous resistance is
expressed in Equation (9), where the viscous resistance coefficient
Cv is estimated using a correlation that depends on the fluid dy-
namic of the system and a form factor k (Equation (10)) that de-
pends on the hull shape (k ¼ 19(Vu/LWL2D)2), where Vu is the
volume of the hull underbody, LWL the ship length, and D is the
ship draft.

Fv ¼ 1
2
$rwater$Swet$v

2
b$Cv (9)

Cv ¼ 0:075

ðlog10Re � 2Þ2
$ð1þ kÞ (10)

In Equation (10), the Reynolds number is estimated using the
ship length as the characteristic dimension and the properties of
water (water kinematic viscosity equals to 1.08 m2$10�6/s). The
model-ship correlation resistance, Fcr, describes the effect of the
hull roughness and the still-air resistance. It represents over 10% of
the total resistance for a Froude number of 0.3. Its representation is
presented in Equation (11), where CA is the correlation allowance
coefficient, the expression of which can be found in Holtrop and
Mennen (1982).

Fcr ¼ 1
2
$ rwater$v

2
b$Swet$CA (11)

Thewaves the ship creates when it moves through the water are
produced by the bow and the stern and propagate outwards from
the ship. There are two kinds of wave patterns, i.e. the divergent
waves and the transverse ones. Wave resistance is affected by beam
to length ratio, displacement, shape of the hull, and Froude number.
It increases rapidly with the velocity as the transverse wave length
approaches the ship’s length.

The wave resistance expression is shown in Equation (12). In
this equation g is the gravity and c1, c2, c5, m1, m2 and l are co-
efficients that depend on the geometrical characteristics of the hull,
as well as in the Froude number (Fr, Equation (13)). The wave
resistance is due to the energy transmitted to the water to generate
the waves, i.e. energy is lost by the vessel. The contribution of wave
resistance to the total resistance is approximately 27% for a Froude
number of 0.3. However, as speed is increased, the value of the
wave resistance also increases.

Fw ¼ c1$c2$c5$ Vu$ rwater$g$exp
�
m1$Frd þm2$cos

�
l$Fr�2

��
(12)

Fr ¼ vbffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g$LWL

p (13)

The coefficient c2 will be fixed and have a value of 1, as it de-
pends on the transversal section of the bulbous bow. The calcula-
tion of the coefficients is based on Holtrop and Mennen (1982).

The combinations of Equations (1) and (4e13) allows the
determination of the ship’s velocity in function of the wind speed
and b. The differential equation and equations create a system that
can easily be solved by different numerical methods or specialized
software. The output of the differential algebraic equation system is
mainly the instantaneous velocity that can be used to estimate the
power extracted from the hydroturbines (as described in Equation
(14)). The coefficients involved in each of the previous equations
and further information is presented in Table 1.

P ¼ 1
2
$rwater$Sr$v

3
b$Cp (14)

The hydroturbine generated power is transformed into elec-
tricity. The efficiency of this conversion is in the order of 95%
(Radovic and Schobert, 1991). The resulting electrical energy used is
further segmented by considering that 2.5% of the obtained elec-
tricity would be used in the ship’s electrical components.

It is essential that the electrolyzer selected to transform
seawater to H2 and O2 can use a process that is technically feasible
off-shore. As discussed in the work of Meier (2014), there are four
technologies that can be used in water electrolysis: brine electrol-
ysis, alkaline electrolysis, Polymer Electrolyte Membrane (PEM)
electrolysis, and Solid Oxide Electolyzer Cell (SOEC). The brine
electrolysis is described as a cell for caustic soda production with a
smaller molar production rate of hydrogen (Abdel-Aal et al., 2010).
Since no oxygen is formed (which is needed later for the production
of energy in fuel cell processes) its application was not considered.
The alkaline electrolysis uses a potassium hydroxide solution,
which would imply a requirement of storage and fungible material,
making its application unfeasible. Between the PEM and SOEC
electrolyzers, as discussed by Meier (2014), the technologies are
alike in that they both need a pure water source and, in their
optimal conditions, produce similar H2 flow rates; however, the
SOEC possesses higher efficiencies, uses relatively cheaper mate-
rials, requires higher energy and is technically more complex. Since
the SOEC has several technological considerations that make its use
complex, the PEM electrolyzer was considered for evaluation in the
present work; in addition, the PEM electrolyzer can easily be found
on the market with considerable conversion efficiencies (in this
work a Silyzer 200 of SIEMENSwas considered; 4.65 kWh/Nm3 H2).
Even though the PEM can produce similar results to the SOEC, there
is still a gap in energy recovery between the two technologies that



Table 1
Input values selected.

Parameter Value Units

Length at flotation line 295.96 m
Beam 50 m
Draught 17 m
Volume of the hull underbody 205,118.3 m3

Longitudinal position of the center of buoyancy forward of 0.5 L as a percentage of L 3.98 %
Vessel’s wet surface 21,255.85 m2

Midship section coefficient 0.996 e

Waterplane area coefficient 0.882 e

Stern form coefficient 0 e

Immersed transom surface 1.71 m2

Vessel’s weight 210,246,000 kg
Loading capacity 147,862 m3

Wingsails surface 2550 m2

Number of wingsails 8 e

Lift coefficient of the wingsail 2.03 e

Drag coefficient of the wingsail 0.05 e

Cross-sectional area of the turbine 78.53 m2

Turbine thrust coefficient 0.95 e

Turbine power coefficient 0.6 e

Number of turbines 2 e

Water density 1.025 kg/m3

Air density 1.225 kg/m3

Gravity acceleration 9.81 m/s2

Cinematic viscosity 1.19$10�6 m2/s

Fig. 3. Optimum route obtained from Huasco port.
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was not considered, which could mean that the SOEC may be a
better option in the future.

The remaining energy was considered to be used in the elec-
trolysis and compression of the gaseous products (set to 35 bar, as
stated in the electrolyzer specifications). To precisely define how
many cubic meters will be obtained, the compression rate had to be
considered, since it affects the time needed to fill the tanks.

To calculate the total power, or m3 of hydrogen and oxygen
produced by the vessel, it was necessary to develop a calculation
which used NOAA meteorological data to estimate the optimum
vessel route. The datawas specifically used to predict, with the help
of the vessel speed and pointing angle in every possible direction,
the maximum distance covered by the ship in a time lapse of 6 h.
This means that the program will iterate several times (calculate
optimum trajectory - move for 6 h - calculate optimum trajectory)
and then generate a route with the maximum traveled distance,
which is the same as the maximum power acquired by the turbines
and the hydrogen production rate. For the general calculations,
specific ports were evaluated as starting and finishing points in the
iteration.

Finally, the program selects the fastest route between all the
possible ports. Fig. 3 shows the optimal route obtained (which
starts and finishes in the Huasco port (�28.4667, �71.25)). Fig. 4
shows an example of the regional wind speeds (obtained from
the Vortex Online Wind Modelling Software, VOWM). The wind
conditions were evaluated as those reported for the 3rd July, 2016.
As stated in VOWM,which is based onwind numerical models from
the National Oceanic and Atmospheric Administration (www.noaa.
gov) and European Center for Medium-Range Weather Forecasts
ECMWF information (www.ecfmwf.int), the medium surface ve-
locity in the studied area was around 11 m/s. It was assumed that
the case studied contemplates the variability of the winds
throughout the year.

For the simulated route, the load factor (energy generated vs
total energy generation capabilities at nominal power for the
average wind speed in the route) was 61%, considering the losses at
the beginning and at the end of the route. It has been checked that
starting from a port situated at southern location, the load factor
can be increased to values even higher than 70%.
As evaluated by the programwith the fixed departure date (3rd
July, 2016), the duration of the route was 69 days. The total power
generated per route was of 13,800 MWh, which corresponds to a
generation of 2.96$106 Nm3 (266 t) of hydrogen and 1.48$106 Nm3

(2115 t) of oxygen. So, the selected vessel would lead to the pro-
duction of 73,000 MWh/y, which corresponds to 15.6$106 Nm3

(1402 t) of hydrogen and 7.8$106 Nm3 (11,146 t) of oxygen. If we
consider a loss of 5% from converting mechanical energy to elec-
trical energy and consider a loss of 2.5% for the energy consumption
of the ship, the total generation per ship in the year is 67,616 MWh/
y, corresponding to 14.45$106 Nm3 (1298 t) of hydrogen and
7.41$106 Nm3 (10,323 t) of oxygen.

The final stage in the evaluation is the conversion of the

http://www.noaa.gov
http://www.noaa.gov
http://www.ecfmwf.int


Fig. 4. Vortex online wind modelling medium winds near Chile.

Fig. 5. Chilean electrical grid, projects under development, and principal mining
locations.
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generated hydrogen and oxygen into useful electricity. For this task,
a hydrogen combined cycle with a 60% efficiency was considered
(Khartchenko and Kharchenko, 2013; Chiesa et al., 2005). If we
consider that the combined cycle is fed with pure oxygen instead of
air, the efficiency of the combined cycle will increase by 5%,
reaching 65% efficiency.

As discussed above, each ship generates 67,616 MWh/y, which
corresponds to 1298 t of hydrogen. Each kilogram of hydrogen
contains 33.33 kWh of energy; therefore, 28,133 MWh/y of elec-
trical energy would be obtained. Considering a constant production
throughout the year, each ship can provide 3.211 MWh of electrical
power.

As stated, the power plant generation was considered to be
located in the Huasco port. To transport electricity between the
Huasco port and Antofagasta, the existing power grid was consid-
ered. The distance between the two points is around 1500 km.
Losses due to power transmission to the power level and the dis-
tance are around 10% (Weimers, 2014; Vaillancourt, 2014). Hence,
the electric power that each ship brings to Antofagasta is of
2.89 MWh per hour. It must be highlighted at this point that the
electricity supply in Chile is subdivided in four interconnected
networks; the northern grid (Sistema Interconectado del Norte
Grande, SING, ~19% of national generation), the central grid (Sis-
tema Interconectado Central, SIC,e68.5% of national generation and
supply of 93% of the Chilean population), and two southern grids
(Ays�en grid and Magallanes grid). Most of the Chilean population is
supplied by the SIC and most of the energy in the north part of the
country is fed to the industry. Currently SING and SIC are not
connected but, as observed in Fig. 5, there are different projects
under development to bring about a connection (that have been
advanced up to a 60%, as reported in September of 2016 by the
Chilean Ministry of Energy). The SING and SIC will be connected
between Mejillones and Cardones by an AC one direction (SING to
SIC) interconnection and by a connection between Encuentro and
Cardones by a DC bidirectional interconnection (Salinas, 2014).
Fig. 5 describes the networks involved and includes the principal
locations (as marked in squares) considered in the present work.
Furthermore, the principal mining and different plants locations
that can incorporate low-energy producing renewable plants have
been included.

The efficiency of the system was estimated as 34.68% for the
complete cycle - hydrogen and oxygen generation, hydrogen and
oxygen storage, and the transformation of hydrogen and oxygen
into electricity and the transport of electrical energy. Even though a
full comparison of this efficiency level with that of an off-shore
wind turbine is beyond the scope of the present article, they can
be roughly compared as follows. As a maximum, by using the Betz’s
law, a 59.3% of the kinetic energy could be harvested from the wind
kinetic energy. Typical systems are in the order of 70%e80% of the
Betz limits. An off-shore system it would have power losses due to
the transmission of electricity from the offshore site and to other
sources that are not considered. Given only these considerations (a
75% of Betz limit, and 15% of transmission loss), an efficiency in the
order of 37.8% could roughly be estimated, which is not far from the
evaluation performed for the Bound4blue system.
4. Power generation from photovoltaic source

The power generated from the photovoltaic system was ob-
tained by considering a specific type of photovoltaic panels (Type:
polycrystalline, Brand: KOMES, Model: KM(P)240) in conjunction
with the monthly solar irradiation information (Escobar et al.,
2014). Of the different technical data for the panels, those used
for the calculations are the module efficiency of hm¼ 14.7%, module
size of 1650 � 990 � 50 mm3, nominal operating cell temperature
of 47 ± 2 �C, temperature coefficient of �0.35%/�C, a temperature
power coefficient o aC ¼ �0.47%/�C, and 60 cells per module.

Table 2 shows the monthly information for irradiation and
temperature in Antofagasta which is used to estimate temperature
derating (efficiency loss due to temperature effects which is
expressed by a coefficient called the derate factor; see Equation
(15)) and the final monthly average energy generation per square
meter of photovoltaic modules. The monthly information describes
the average daily energy that is irradiated per square meter close to
the Antofagasta city. The temperature used to estimate the tem-
perature derate factor was the average temperature reported plus
20 �C in order to approximate maximum temperatures of the local
area. The monthly average energy generated was obtained by using
the expression in Equation (15), where the first term in brackets
corresponds to the temperature derate factor, hA is the availability
factor (95%) which considers maintenance of the photovoltaic
modules, hF is the derate factor (75%) that stands for ambient effects
that could affect the photovoltaic panel efficiency (such as sand
over the panel, climate conditions, among others), and Ik is the
incident irradiation in the solar panel during the month k. In order
for Equation (15) to be true, the photovoltaic panels would have to
be considered to be at ambient temperatures. Given that the



Table 2
Monthly solar irradiation and temperature in the Antofagasta city area (adapted
from Escobar et al., 2014; Rahn and Garreaud, 2014).

Month Solar irradiation
(kWh/m2d)

Average
temperature (�C)

Monthly average energy
generated (kW/m2)

J 9.0 23.0 0.03595
F 8.5 22.5 0.03404
M 7.5 22.0 0.02991
A 6.2 20.0 0.02495
M 5.0 18.0 0.02049
J 4.6 17.0 0.01894
J 4.7 16.0 0.01945
A 5.5 17.0 0.02265
S 6.5 17.5 0.02670
O 7.9 18.0 0.03237
N 9.1 20.0 0.03691
D 9.4 22.0 0.03910
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irradiation could affect this, the temperature derate factor is an
approximation that may have a greater impact on photovoltaic
solar panel yield according to changes in the irradiation.

EP;k ¼ ð1þ aCðTcell � TambÞÞhAhFhmIk (15)

Similarly to the Bound4blue evaluation, we use the existing
power grid for the delivery of the electrical energy. In the previous
evaluation, it was necessary to incorporate the approximate dis-
tance from the energy plant in Huasco port to Antofagasta. How-
ever, in this case, the system will be located in Antofagasta so both
evaluated alternatives would suffer a similar efficiency effect. For
this reason, and because the relative distances from Antofagasta to
the mining locations was shorter, the distance was not considered
in the evaluation and would require further analysis.
5. Economic analysis and integrated system optimization

The objective of the economic analysis in the present work is to
evaluate the feasibility of using the photovoltaic and Bound4blue
technology to provide energy for the Chilean mining industry. At
the present, there is a lack of regulations and incentives to use
sustainable energy sources in Chile, so the present evaluation
would have to be modified if policies and regulations are imple-
mented in the future.

The electricity requirements of the Antofagasta regionwhich are
dedicated to the mining industry can be obtained from Cochilco
(2016). As reported, constant growth, in the order of 3.8%, can be
calculated for the Antofagasta region mining industry electrical
consumption (from 2006 to 2015). This electrical consumption
(1453.22 MW) was estimated by using the total electrical energy
consumption of the mining industry in Chile (84,983 TJ/y for 2015;
Cochilco, 2016) and the production percentage of the same region
(3108.35 kt/y of fine material produced in the region versus
5764 kt/y produced in Chile).

In the present work, the combination of photovoltaic and the
Bound4blue technologies is evaluated to cover 10% of the Antofa-
gasta mining industry electrical requirements. An optimization
process was performed to establish the number of ships (NB) and
m2 of solar panels (NP) that yearly (from 2016 to 2035) would be
required to supply a constantly growing electrical energy from
145.32 MW (for 2016) up to 295.71 MW (2035) at a minimum cost.
The cost was estimated based on the Operational Expense (OPEX)
and Capital Expense (CAPEX) that would be incurred during the
project’s life. The NPV was minimized in the optimization problem
in order to specify NB and NP.

The optimization problem must consider the monthly fluctua-
tions of the natural energy sources. These variations include, for
example, the radiation indexes which are higher during the spring-
summer season (see Table 2). These variations underline the need
for a combination of both technologies to create a robust process.

Based on the previous information, the optimization problem
can be stated as described in Equations (16)e(20), where Equation
(16) is the objective function to be minimized and Equations
(17)e(19) are restrictions (the no-negativity restriction is also
included). In these equations, NB,i and NP,i are the number of ships
or panels acquired during the year i, respectively; CAPEXB,I, OPEXB,I,
CAPEXP,i, and OPEXP,i are the CAPEX and OPEX per unit of ship (B)
andm2 of panels (P) during the year i, respectively; R is the discount
rate (considered as a 10%); 2 is the average Chilean inflation
(4.46%; as from the July 2015eApril 2016 Consumer Price Index); EB
and EP,K are the Energy generated per ship and per m2 of solar
panels during the month k (for the ship, a monthly average was
estimated from the yearly production estimations); Ereq,i is the
electrical energy requirement of the mining industry during the
year i.

Equation (16) describes the total cost during the project lifetime
(20 years). As observed in the equation, both costs (CAPEX and
OPEX) are modified by the discount rate and the inflation in order
to take into account the yearly temporal effects on each of the in-
dexes. The main difference in the CAPEX and OPEX cost consider-
ations is that the latter is multiplied by the total number of ships or
m2 of solar panels accumulated until the year i. Even though
Equation (16) seems to have a linear representation, as will be
described in the following sections, both the OPEX and CAPEX are
non-linear. In the determination of these values, learning curves
and scale factors were considered to represent cheaper operational
and fixed costs (per unit of ship or m2 of panels) as the number of
units increases.

Equation (17), which is an energetic restriction, establishes that
the electrical generation provided by the systems considered (ship
or photovoltaic panels) must be superior to the yearly mining in-
dustry electrical requirement on each of the k months.

Equations (18) and (19) establish that at least 25% of the energy
should come from each of the electrical generation systems
considered. This restriction has been added to avoid discontinuities
in the electrical supply given by the relative instability of the
renewable energetic sources. This information can clearly be
confirmed in Table 2, where the photovoltaic peaks can be observed
during November to March.

The previous problem corresponds to a MINLP (mixed integer
nonlinear programing) since the ships, due to their nature and cost,
need to be an integer number. The solar panels, due to their rela-
tively low cost and its implementation, were considered as a
continuous variable. In total, the problem statement considers 40
variables (NB,i and NP,i), and 500 restrictions.

X20
i¼1

�
NB;iCAPEXB;iþNP;iCAPEXP;i

�
$ð1þ εði�1ÞÞ

ð1þRÞi�1

þ
X20
i¼1

��Pi
j¼1NP;j

�
OPEXB;iþ

�Pi
j¼1NP;j

�
OPEXP;i

�
$ð1þ εði�1ÞÞ

ð1þRÞi�1
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S:T : for i ¼ 1 : 20

0
@Xi

j¼1

NB;i

1
AEB þ

0
@Xi

j¼1

NP;i

1
AEP;k

� Ereq;;i c k ¼ 1 : 12 (17)



Table 4
Solar Panel CAPEX cost.

Solar Panel Components Price
(US$/m2)

Polycrystalline Panel 131.26
DC/AC converter cost 16.22
Batteries (US$/m2) for 1/4 of day 36.98
Land (considering 8 UF/m2; 1 UF ¼ 25937.85 Chilean

Pesos (may-9-2016))
296.43

Movable Structure (for 5 modules) 63.48
Auxiliary costs (10%) (US$/m2) 24.79
Installation and Construction considering a 20% contingency 54.55
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S:T: for i ¼ 1 : 20

0
@Xi

j¼1

NB;i

1
AEB � 0:25Ereq;i (18)

S:T: for i ¼ 1 : 20

0
@Xi

j¼1

NP;i

1
AEP;k � 0:25Ereq;i c k ¼ 1 : 12

(19)

The ship CAPEX were obtained from the Bound4blue company’s
information, with eight rigid wingsails (60 m � 20 m) being
considered per ship. Additionally, some strategy components of the
ships were modified by a learning coefficient (Clearn ¼ 0.9; the
wingsail systems and the hydroturbines). Table 3 summarizes the
costs considered in the present study (as reported by the
Bound4blue company) for the first ship manufactured. Although
the ship CAPEX are high compared to photovoltaic technology, the
relevant point of comparison, as will be presented in the results
section, is the cost of the electricity produced.

Equation (20) describes the formulation used to determine the
learning effect on the wingsails and hydroturbines components
(which would affect the overruns costs and the general expenses).
Equation (20) takes into account the accumulated number of ships
(up to a maximum of 100; i.e the learning curve was unaffected
afterwards), and ref stands for the reference cost information (Cj).
Finally, an additional 5.63% was included as an overrun, a 6% (over
the wingsails) was added as profit, and general expenses equal to
1.6% of the total previous cost were added, as reported by the
Bound4blue company.

Cj ¼
P

nClearn
bP
nb

Cj;ref (20)

As explained, the hydrogen generated by the Bound4blue sys-
tem would be transformed into electricity using a combined cycle
plant fueled by hydrogen and oxygen. The CAPEX of a hydrogen
combined cycle is 570 US$/kW and the OPEX of a hydrogen com-
bined cycle is 18 US$/kW, according to Khartchenko and
Kharchenko (2013) and Chiesa et al. (2005). The hydrogen pro-
cessed to produce electricity by the hydrogen combined cycle
generates 28,133 MWh/y of electrical energy at a plant in or near
the port. With these data, the CAPEX and OPEX of the hydrogen
combined cycles was estimated to be of US$1,830,270 and
US$57,798 per ship, respectively.

The solar panels CAPEXwere estimated by considering a Chilean
Supplier costs (data obtained from Ningbo Komaes Solar Technol-
ogy Co.) and regional information. Table 4 specifies the cost per m2

of panels. It must be considered that the batteries have an average
duration of 5 years, so starting from year 6, it was considered that
the batteries bought 5 years earlier would be replaced.
Table 3
Ship CAPEX reported by manufacturer (Bound4blue) for 2016.

CAPEX Parameter COST (US$/ship)

Ship’s hull 46,130,116
Wingsail system (�8) 14,882,660
Hydroturbine þ transmission 5,849,145
Power generation equipment and regulation system 3,647,389
Electrolysis equipment 7,438,082
H2 and O2 Tanks 35,720,575
General overrun 5,983,412
Industrial profit over wingsail system 892,960
General expenses 1,934,746
Total CAPEX (US$/ship) 122,479,083
The ship OPEX was estimated by considering time corrections
(MS indexes) and scale factors (scale factor equal to 0.6) (Seider
et al., 2008) applied to the ship’s referenced information (HSH
Nordbank, 2010). The OPEX considers manning costs (halved by
considering lower salaries in Chile), and insurance costs for hull and
machinery, protection, indemnity, loss of hire, and other in-
surances, maintenance, repair, outfitting costs, lubricants, oper-
ating costs, docking and class, management, commission fees
(considered equal to 0 for the case study), and other types of costs.
The medium cost of the ship OPEX (not considering the hydrogen
combined cycle) is around 2.2% of the total investment of the first
ship (2,681,369 US$/y). The photovoltaic system OPEX was esti-
mated as a 1% of the total investment (which was regularly updated
using an inflation of 4%; VGB PowerTech, 2012).
6. Economic and energy production from the combination of
photovoltaic and Bound4blue technology

The previously optimization problem was solved by using
Matlab to obtain the optimal NB and NP to supply the 10% of the
electrical requirement of the mining industry in the Antofagasta
region. Table 5 shows the results obtained (CAPEXB,i, CAPEXP,i,
OPEXB,i, OPEXP,i, and average annual MWproduced by the combined
system) under two different circumstances (to evaluate the sensi-
bility of the formulated problem). The first number on each grid
specifies the results obtained based on the CAPEXs and OPEXs the
previously mentioned problem (here and after referred to as the
original problem), while the second number specifies the optimi-
zation results when the CAPEXB,i was reduced by 20% (here and
after referred to as the modified problem). As could be deduced
from the previous definitions, the sensibility of the system was
evaluated as a function of the ship cost, which would inevitably
lead to using one or other of the energy sources under
consideration.

As observed in the original problem, 13 ships and almost
5.69 km2 of solar panels would be required for the first year of the
project. During the following years, an increasing number of solar
panels and ships would be required to meet the predicted increase
in electricity requirements, with almost one ship per year over the
whole duration of the project, and from an additional 0.139 km2 of
solar panels in 2017 up to 0.418 km2 of solar panels in 2035. The
irregularity of the numbers obtained (years with 0 ships and small
variations in the increasing number of solar panels) is given by
solving the problem as a MINLP and the implication that one ship
could modify considerably the costs and total energy produced for
the stated problem.

It should be highlighted that the results with a 20% CAPEX
reduction was obtained with the Interior point algorithm. Similar
results were obtained with the SQP algorithm but with a 31%
reduction in the CAPEXB,i. Regardless of these results, by evaluating
the final NPVs it was observed that the Interior Point algorithm



Table 5
Optimal number of ships and solar panels without (first number) and with (second number) sensitive analysis (20% reduction of ship CAPEX). The economic results include the
inflation but not the discount rate.

Year Ships [Units] Solar Panels [km2] CAPEXB (MUS$) CAPEXP (MUS$) OPEXB (MUS$) OPEXP (MUS$) Average Electricity (MW)

1 13 5.690 1556.00 3548.80 35.61 35.49 198.82
37 2.029 3493.20 1265.50 101.34 12.65 164.40

2 1 0.139 124.34 90.17 39.88 37.81 205.64
1 0.139 98.12 90.17 108.25 14.63 171.23

3 0 0.303 0 203.86 41.42 41.30 214.22
2 0.000 203.67 0 118.332 15.77 177.01

4 1 0.162 133.78 112.90 46.02 43.96 221.69
2 0.021 211.08 14.68 128.85 17.13 182.97

5 0 0.326 0 235.92 47.66 47.89 230.93
1 0.174 109.27 125.57 136.63 19.83 190.77

6 1 0.186 143.21 391.68 52.59 50.93 239.09
1 0.033 113.01 115.05 144.63 21.52 197.50

7 0 0.351 0 278.09 54.35 55.35 249.05
2 0.046 233.42 42.14 156.24 23.42 204.59

8 1 0.212 152.62 183.69 59.60 58.83 257.95
1 0.212 120.44 169.37 164.78 27.13 213.49

9 0 0.379 0 319.56 61.46 63.78 268.68
2 0.073 248.27 601.54 177.17 29.65 221.36

10 1 0.240 162.03 220.32 67.06 67.76 278.38
2 0.088 255.67 83.25 189.99 32.48 229.62

11 1 0.255 166.67 527.17 72.86 71.98 288.51
2 0.103 263.06 196.54 203.25 35.68 238.31

12 0 0.423 0 406.33 74.94 77.84 300.51
2 0.118 207.44 116.09 216.94 39.27 247.44

13 1 0.287 176.07 293.02 81.08 82.65 311.52
2 0.134 277.83 135.65 231.08 43.32 257.03

14 1 0.304 180.71 318.23 87.43 87.76 323.02
3 0.000 427.73 5.31 249.81 45.69 265.69

15 1 0.321 185.35 344.98 94.01 93.20 335.01
2 0.167 292.54 177.57 264.93 50.67 276.21

16 1 0.339 189.98 701.00 100.80 98.96 347.50
2 0.186 299.92 314.11 280.49 56.28 287.27

17 0 0.510 0 577.30 103.32 106.65 361.96
3 0.053 460.86 73.14 300.98 60.01 297.43

18 1 0.377 199.36 444.85 110.44 113.21 375.53
3 0.072 471.84 96.93 322.13 64.24 308.13

19 1 0.397 204.00 479.64 117.78 120.16 389.67
2 0.245 321.94 262.37 339.22 71.85 320.85

20 1 0.418 208.63 516.63 125.34 127.54 404.41
3 0.113 493.89 151.86 361.57 77.41 332.71
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produced better results; the NPVs in the limiting conditions
(maximum number of solar panels or maximum number of ships)
should be similar and, as observed, the SQP underestimated the
limiting condition, with a NPV considerably lower than the original
problem. This result supports that notion that a 20% reduction in
CAPEX would be more than enough to make a transition from one
energy source to another (a further explanation is given below).

For the modified problem, about 37 ships and 2.09 km2 of solar
panels would be required for the first year of the project. The
following years the numbers will irregularly increase (given by the
MINLP formulation) from an additional ship in 2017 up to 3 ships in
2035, and from an additional 0.139 km2 of solar panels up to
0.113 km2 of solar panels. The results clearly establish that for the
original problem, the solar panels would be the preferred energy
source since the panel surface area is the maximum number that
can be used to fulfill the system restrictions (i.e. minimum number
of ships that can be used). On the other hand, bymodifying the ship
CAPEX by 20%, the Bound4blue system is established as the
preferred energy source, since the number of ships is established as
close to its maximum and the solar panel surface area to its mini-
mum. Given the sensitivity of the problem to the ship CAPEX, slight
variations in the power outputs, costs, or technologies could lead to
prefer one source of energy over the other. The NPVs for the original
and modified systems are very close - 9468.3 MUS$ and 9321.9
MUS$ (with the interior point algorithm), respectively (8575.2
MUS$ with the SQP algorithm, which establishes that SQP wrongly
predicts the transition from one energy source to another). For the
original problem NPV, 88.8% comes from the CAPEX. Similarly, for
the modified problem (as solved with the interior point algorithm)
80.5% comes from the CAPEX. This result implies that the ship OPEX
is relatively higher.

Additionally, Table 5 shows the average energy produced by
both problems under consideration. As observed in the original
problem, the average energy produced is higher than the modified
problem. This is due to the variable energy output of the solar
panels due to temporal fluctuations. For the solar panels case, the
minimum happens when the irradiation energy is at its minimum
(June) but, for the rest of the year, there will be an over production
of energy. As the surface area of the solar panels is increased, the
average annual production would considerably increase over the
mining industry requirements. On the other hand, in the optional
problem, the ship is the preferred energy source and the average
energy produced is relatively closer to the requirements.

As observed in Table 5, for the fifth year of the project (year 6 in
the table), an increase in the CAPEX of the solar panels can be
observed for both problems. This is due to the consideration of the
battery lifetime, which is about 5 years, and implies a considerable
increase in the CAPEX for the solar panels. In fact, this number will
increase every five years (years 11, 16, and so on). This growing
CAPEX will inevitably incur a considerable cost to the solar panel
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analysis and could lead, depending on the year of the economic
evaluation, to the selection of ships a more favorable alternative.

By analyzing the energy generated, it can be observed that the
ships produce almost 0.231/1.876 times the energy produced by the
solar panels (original/modified problems, respectively); for the first
year of evaluation the ships produce, on average, 37.55 MW/
106.89 MW (original/modified problems, respectively). The ship
OPEX implies an average cost of electricity of 0.108 US$/kWh
(independently of the original/modified problems) which is
considerably lower than the average regional cost (which is in the
order of 0.2 US$/kWh; as observed in market prices). By consid-
ering the CAPEX of the first year (and its energy produced) divided
over the evaluation period (20 years) and the OPEX costs, the total
cost of energy is 0.255 US$/kWh/0.273 US$/kWh (original/modified
problems, respectively). The previous results establish that as the
number of ships increases, the cost of the electricity productionwill
be slightly increased. Nevertheless, as further ships are incorpo-
rated, the cost should be reduced considerably, according to the
ship learning curve (consideration made in the ship costs).

Regardless of these results, there are several considerations that
could increase or reduce the costs involved in the ship evaluation.
The prices could be reduced further since the investment and
operational costs of Western Europe, on which the calculations
were based, are considerably higher than in South America. In fact,
this factor could reduce some of the costs involved by up to a 20%,
as observed in the investment site factors (Seider et al., 2008).
Furthermore, the depreciation was not included in the analysis,
which could affect the NPV of the projects. Additionally, the ship
has mainly been considered as being used for energy generation,
but it could be used for additional purposes such as transportation,
that would generate profit or reduce other expenditures involved in
the transport of mining supplies and products. Finally, the evalua-
tion has been made by considering several transformations in the
energy production (kinetic-to-mechanical-to-electrical-to-chemi-
cal-to-electrical energy conversions); as stated in previous work
(Reyes-Bozo et al., 2015), the Bound4blue technology could also be
considered a cheaper alternative for hydrogen production (about
30%), so it could partially be self-sustained. These factors clearly
establish the advantages of Bound4blue as a sustainable alternative
to supply energy to the mining industry in Chile. If governmental
incentives or restrictions are implemented in the country, this
could lead to an improved acceptance for introduction of technol-
ogies such as Bound4blue.

7. Social and environmental benefits

Energy plants fired by fossil fuels are well known for emitting
particulate matter that can be dangerous to health, including, for
example sulfur dioxide, NOX, Hg, and particulate matter 2.5. Evi-
dence of this can be found even up to thousands of kilometers
downwind of plants (Cohen et al., 2005; Wang et al., 2016).
Continual exposure to these pollutants has been linked to elevated
health risks for illnesses of the respiratory (asthma, lung disease
and cancer), cardiovascular (arterial occlusion, infarct formation)
and nervous systems (Cohen et al., 2005) and increased associated
morbidity (Pope, 2000). In Chile, there are significant correlations
between emissions from the mining, metal processing, paper pro-
duction and energy industries and increases in health risks in local
communities around facilities for cardiovascular and respiratory
diseases (Ruiz-Rudolph et al., 2016). Replacing 10% of the current
and predicted electrical energy requirements for the mining in-
dustry in the Antofagasta region by using the hybrid technology
evaluated in this study could bring social, environmental and eco-
nomic benefits that would contribute to the overall sustainability of
the copper mining industry.
8. Conclusions

The use of renewable energies to supply 10% of the current and
future electrical requirements of the copper mining industry in the
Antofagasta Region of Chile has been evaluated. A hybrid system
that comprises two different sources of renewable energy is pro-
posed. The first source is a photovoltaic system that uses solar
irradiation in the northern region of Chile. The second is a novel
renewable energy system called Bound4blue which harvest wind
kinetic energy, using ships with rigid wingsails, to produce as final
output electrical energy (by different transformations). In order to
perform the economic feasibility study, an optimization problem
was stated (min-max problem; minimal cost with maximum en-
ergy production). The maximum energy produced was found by
obtaining an optimum route to harvest the kinetic energy while the
minimum cost evaluated operational and capital costs involved in a
global project evaluation over a period of 20 years. The optimal
number of ships and solar panels for the first year in a combined
systemwas estimated as 13 ships and 5.75 km2 of solar panels. If a
20% reduction of the ship capital costs (e.g., costs of wingsails
systems and, H2 and O2 storage tanks, electrolysis equipment) is
made, the combined systems was estimated as 38 ships and
1.92 km2 of solar panels. The results establish that fluctuations in
technology, energy efficiency, and costs could lead to a preferred
source of renewable energy for the problem stated. For both sce-
narios, the energy costs were estimated to be between 0.255 US$/
kWh and 0.273 US$/kWh, which are slightly higher than the
average regional energy cost.

Evidently this paper presents a simulation of the costs involved
in the proposed photovoltaic-Bound4blue hybrid system, and it
would be important in the future to carry out a trial run to identify
possible shortcomings and practical difficulties. Nonetheless, we
consider that the evaluations made in this paper have been
extremely thorough, and are therefore confident that this renew-
able system could partially supply the energy mining requirements
in Chile and, at the same time, improve the overall environmental
sustainability of the copper mining industry. Given that the costs of
such a system are slightly higher than the current regional energy
costs, economic support would be crucial for its implementation.
Increasing costs of fossil fuels and the growing need for energy
independency may lead to the financing of such alternative energy
sources in Chile in the near future.
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