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Photovoltaic Potential of the Dutch Inland Shipping Fleet:
An Experimentally Validated Method to Simulate the
Power Series from Vessel-Integrated Photovoltaics

Dora de Jong and Hesan Ziar*

1. Introduction

Despite a drop during the COVID pandemic, the CO2 emission
from transportation has increased again. Globally, transportation
emitted 8.5 Gton of CO2 in 2019,[1] which accounts for 14% of
CO2 emissions, including water-based transportation.[2] Water-
based transportation emits � 2% of the global CO2.

[1] Several
subsectors of transportation, such as trucks and buses, aviation,
and shipping, are not on track with meeting the global targets.
Only EVs are growing rapidly but no direct impact on CO2 reduc-
tion has been observed yet[3] as EVs are charged by grid electricity

that is still dominated by fossil fuels. This
imposes the necessity to introduce renew-
able energy, both in the grid and onboard
vehicles, to achieve the actual reduction of
CO2.

[4] Large transportation vehicles, such
as trailers and vessels, benefit from
relatively large areas, where conventional
photovoltaic (PV) technologies can be
integrated.[5–7] Therefore, to make the
transportation sector more sustainable,
the surface of vessels can also be used
for onboard PV module installation.

The Netherlands has the largest fleet in
Europe, making up 38.4% of the European
shipping fleet.[8] As the largest European
fleet, the Dutch inland shipping industry
aims to be climate neutral and emission-
free by 2050. To meet this goal, the propul-
sion of the inland shipping vessels needs
to change from diesel-powered to diesel-
electric (short term), battery-electric
(medium term), and hydrogen-fuel cell
(long term).[9] The inland fleet consists of

5060 vessels, with various types, such as general cargo vessels.[10]

General cargo vessels seem to be suitable for the implementation
of PV modules. There are a couple of advantages of these vessel
types that make them suitable for the implementation of PV
modules. These ships have little equipment installed on top of
their deck. General cargo ships have a relatively large surface area
that is only used to store goods, the hold, which can be smartly
integrated with PV modules (see Figure 1 as an example). Above
this hold, PV modules can be integrated. All ships of this type
look similar. The ship is designed as rectangular as possible,
to be able to transport as many goods as possible onboard.
The wheelhouse is located at the back, before that there is the
hold of the vessel. After the vessel’s hold, there is a small part
that contains the necessary equipment, such as anchors and
cranes. From the complete inland shipping fleet, 79% of the ves-
sels are general cargo inland vessels.[10]

As electric vessels have batteries onboard, one can envision a
fleet of urban vessels as a fleet of small PV power plants
that supply power to the electrical grid whenever needed.
Decentralized energy production will also lower the power losses
due to less transmission. The same applies to electric cars or
future solar cars.

However, assessing the PV power that a vehicle can produce is
challenging.[11] Unlike a stationary PV plant, modules on a vehi-
cle move around and their ambient and surrounding changes.
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The surface of the vessels, as moving tiny islands, can be utilized to implement
vehicle-integrated photovoltaics (VIPV). Herein, a methodology is reported to
calculate the power generated by a fleet of urban vessels as a function of time.
Then, the result is shown for the largest European shipping fleet, using sailing
data of 2746 Dutch general cargo vessels. Results show that the studied fleet can
produce � 226 GWh of energy per year, which corresponds to � 6.5% of the
whole fleet’s energy demand. Next, this research validates the model with
three week experimental data gathered by a test vessel sailing through the
Netherlands. The validation phase reveals that the model can predict within a 4%
error range. Finally, as an interesting finding, it is experimentally shown that the
energy production profile of a fleet of urban vessels follows a Weibull distribution,
quantified by scale (λ) and shape (k) parameters: λ¼ 880WhWp�1 and k¼ 27
for the Dutch fleet. A sensitivity analysis shows that the parameters of the Weibull
distribution are a function of urban fabric roughness and the climate. Such
probability distribution can be extended to other urban fleets, such as solar cars,
and help estimate the financial feasibility of integrating PV into vehicles.
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For an urban vessel, this is even more challenging as the
vibrations due to waves can alter the tilt/orientation angle of
PV modules. This effect is more influential on offshore applica-
tions, such as offshore floating PV,[12,13] where the magnitude of
waves is several times bigger than inland calm waters. Further,
the speed vector of the vessel influences the effective wind and
changes the PV module temperature and subsequently power.
Studies on vehicle-integrated PV showed that the speed of the
vessel should not be neglected when the effective wind speed
on the PV module is calculated.[14] Moreover, the load on a
vessel changes its sinking depth and thus installation height
of the PV modules alters with respect to the raised horizon
around the vessel. This effect is almost unimportant for open
seas but should be considered when a vessel is cruising inland,
where landscape, buildings, vegetation, etc. are blocking part of
the sky dome.

Considering the aforementioned importance of knowing the
PV potential of urban ships and pinpointing associated chal-
lenges, in this research, we aimed for developing and validating
a methodology to simulate the PV power production of vehicle-
integrated PV systems at every time step. The rest of this article is
organized as follows. Section 2 describes in detail the methodol-
ogy, data, and submodules of the model developed in this work.
Then, Section 3 discusses the experimental plan and platform.
Further, Section 4 presents the results of the simulation and
experiments. Finally, in Section 5, the research results are
highlighted.

2. Methodology

A MATLAB-based simulation framework (see Figure 2) is devel-
oped to simulate the PV power production of vehicle-integrated
solar PV systems at predetermined time steps. This simulation
framework consists of five subparts: skyline model, vessel model,
irradiance model, temperature model, and PV power model.

2.1. Skyline Model

The surrounding of a moving vehicle, in this case a vessel, is
changing over time. The skylines of the Dutch waterways repre-
sent the changing surrounding of the general cargo vessels sailing
over these canals. The skyline model is developed to simulate the
surroundings of the Dutch inland shipping waterways. In total,
3036 geo-referenced waterway points provide a representation
of the locations of the waterways used by inland shipping vessels
(see Figure 3). For every waterway data points, a skyline is gener-
ated to simulate the surroundings of that location. The waterways
points of the Netherlands are provided by the Dutch government,
Rijkswaterstaat.[15] The distance between the points is on average
1000m. Rijkswaterstaat only provides waterway data points for
the canals, not for the lakes and open waters such as Ijsselmeer.

Height data of the Netherlands is used to generate a skyline of
a specific waterway point. The Dutch government provides a dig-
ital surface model (DSM) of the whole Netherlands. Light detect-
ing and ranging (LIDAR) technologies are used to generate this
DSM dataset. In this work, the AHN3 (Actueel Hoogtebestand
Nederland 3) with a resolution of 0.5� 0.5m2 is used.[16] The
AHN3 DSM dataset of the complete Netherlands is divided into
1374 tiles. Each tile represents a Tiff image with a size of around
500MB, which for the whole Netherlands adds up to a complete
AHN3 DSM dataset of 656 GB.

The location of the waterway (ww) points in a 3D grid can be
denoted by Cartesian coordinates as (xww, yww, zww). The LIDAR
height data of the Netherlands give us information about every
point in the sky dome. When considering one point from the
AHN dataset, its location can be defined as (xAHN, yAHN, zAHN).
The altitude and azimuth of this specified point p, with respect
to the waterways point, can be calculated using simple geometry
by the following equations.

rww�AHN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxAHN � xwwÞ2 þ ðyAHN � ywwÞ2

q
(1)

θww�AHN ¼ tan�1 yAHN � yww
xAHN � xww

� �
(2)

αww�AHN ¼ tan�1 zAHN � zww
rww�AHN

� �
(3)

where θ is the azimuth angle and α is the altitude angle. For every
azimuth from 0° to 360°, with a step size of 0.5°, the highest raised
altitude (elevation of the vegetation and buildings), observed from
the waterway point, is visualized in a skyline profile (see Figure 4).
The scan radius to generate the skyline at a specific point is
considered 1000m (rww�AHN,max¼ 1000m).

The skyline is generated from the waterway up. A waterway
height of �0.745 is used, which is the average drainage level
of the Netherlands waterways, zww¼�0.745m. A drainage level

Figure 1. A bulk vessel with integrated PV. Photograph courtesy of
Wattlab.nl.

Figure 2. Submodels of the developed MATLAB-based simulation framework.
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is the water level of the canals with respect to Normaal
Amsterdams Peil (NAP).[17]

The solid angle of the sun is an indication of how large the sun
appears to an observer who is located on earth. The sun covers
the sky on average with an angular diameter of 0.53°.[18] Because
of the average sun’s solid angle, the step size of 0.5° is used for
both the altitude and the azimuth.

2.2. Vessel Model

The Vessel model is developed to simulate the different vessels
for which the energy yield is calculated. General cargo inland

vessels are usually two types: container vessels and bulk ves-
sels.[19] For container vessels, the PV modules can be placed
on top of the containers while the holds of the bulk vessels
are a suitable area to implement PV. The containers have stan-
dard sizes and are made to be stacked on top of each other.
Therefore, PV modules can be easily connected and systemati-
cally placed. Bulk vessels have hatches that cover the holds.
PV modules can be installed on the hatches of these vessels.
An example of this implementation is given in Figure 1.[20]

The PVmodules are placed on top of the holds. The hold is above
the waterline and the PVmodules are away from the splash zone.
As a result, salinization and/or marine deposits will not take
place on the PV modules. For a container vessel, the PV modules
are installed horizontally. The heading of modules is the same as
the heading of the container vessel. On the other hand, for a bulk
vessel, PV modules are installed at a tilted angle on both sides of
the hatches. The hatches have corridors that must remain free for
safety reasons. The average tilt of the hatches is 8°.[21] The mod-
ules installed on the starboard side have an azimuth of the ves-
sel’s heading plus 90°, while the PVmodules installed on the port
side have an azimuth of the vessel’s heading plus 90°, as indi-
cated in Figure 5.[21]

Information about the general cargo vessels can be obtained
from AIS data.[16] AIS data are stored anonymously for every cor-
porate vessel in the Netherlands for every second.[22] The AIS
dataset contains the location, heading, speed, length, and width
of all the individual general cargo vessels. The AIS dataset pro-
vided by the Dutch government is very large and to some extent
disorganized. As the data for the whole year were too large to be
provided, this research used the AIS data from 2019 for the
months of January, April, July, and October. The year 2019 is
chosen as this is the most recent year, while COVID was not
interfering with the inland shipping industry. For every hour
the vessel location is known from the AIS data. The skyline of
the waterway point closest to this vessel’s location is assumed

Figure 4. Example of waterway points and an example of extracted surrounding (horizon).

Figure 3. Geo-referenced waterway points of the shipping fleet in the
Netherlands, obtained from processed data.
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to be the vessel skyline. When the vessel is in open waters, a free
skyline is considered.

The skylines of the waterways are generated considering the
waterlines as the height reference. When a vessel is transporting
cargo, the draught of the vessel is higher as the vessel sinks
deeper. The height of the vessel’s holds depends on the load that
the vessel carries. As the vessel sinks into the water, the installa-
tion height of the PV modules changes. Therefore, the PV
modules’ height for skyline extraction should be corrected based
on the vessel’s load. The draught of a vessel for a specific vessel
length, when it is loaded or unloaded, is provided by the govern-
mental organization.[23] In this model, it is assumed that half of
the time the vessel is transporting cargo. The average height of
the PV module, when the vessel is loaded and unloaded, is used
as an overall height correction on the skyline.

2.3. Irradiance Model

The irradiance model uses climate data as input to simulate the
solar irradiance received by the PV modules implemented on the
vessels. Climate data are obtained from the nearest KNMI weather
station,[24] depending on the vessel’s location. The model retrieves
hourly Global Horizontal Irradiance (GHI). Then, Direct Normal
Irradiance (DNI) and Diffuse Horizontal Irradiance (DHI) are
decomposed from the GHI, according to the irradiance decompo-
sition model of Boland–Redley–Lauret (BRL).[25]

The irradiance on the PV module, GPoA, is divided into three
different components: direct, diffused, and reflected compo-
nents.[26]

GPoA ¼ Gdir þGdif f þGground (4)

The direct component of irradiance is a proportion of the DNI,
corrected with the angle of incidence (AOI), the angle between
the normal of the PV module and the sunlight direction.[27] If the
sun is blocked by the surrounding objects, according to the gen-
erated skylines, the PV module will not receive direct irradiance.
This effect is modeled by the shading factor (SF), which is unity
when the sun is not blocked by its surroundings; otherwise, it is
zero.

Gdir ¼ DNI: cosðAOIÞ:SF (5)

In this research, the Perez model is used to calculate the
diffused component, as this is a sophisticated model that takes
hourly climate data into account.[28] The diffused irradiance is
composed of three components.[27] The first component is the
isotropic component, Giso, which indicates the overall irradiance

from the sky dome.[27] The circumsolar component, Gcir, repre-
sents the irradiance around the sun disk. The last component is
the horizon brightening component,Ghor, which models the hor-
izontally diffused irradiance.

Gdif f ¼ DHI:
SVF:ð1� F1Þ þ F1:SF: A

B

� �þ F2: sin θm
� � (6)

The three terms in Equation (6), from left to right, are, respec-
tively, Giso, Gcir, and Ghor. The Perez model calculates the
circumsolar and horizon brightening components on complex
empirical fitted functions F1 and F2. F1 and F2 can be calculated
for a specific sky clearness value.[29] The equations of F1, F2, A,
and B are depicted in Appendix A. The sky view factor (SVF) is a
factor that indicates the proportion of the sky that is visible by the
PVmodule. The SVF is calculated from the skyline profiles based
on the work of D.G. Steyn.[30]

The ground reflected component is a function of Gh

(see Equation (7)). Gh contains the components of irradiance
which is received by the earth’s surface: the direct irradiance,
the circumsolar diffused irradiance, and the isotropic diffused
irradiance (see Appendix A). Albedo, the second indicator in
Equation (7), represents the reflectivity of the ground. In this
research, the water albedo of 0.06 is considered.[31] VFground indi-
cates the proportion of the ground from which the module can
receive the reflected irradiance.

Gground ¼ Gh:α:VFground (7)

2.4. Module Temperature Model

The module temperature has an influence on the performance of
the PVmodule. In this research, the fluid-dynamic model is used
as the thermal model.[27] There are three different cooling mech-
anisms for a PV module: radiation, convection, and conduction.
The conduction coefficient is neglected as a very small area of the
PV module has contact with the mounting structure. The PV
module radiates heat toward the sky and toward the deck of
the vessel. The air movement at the top and back of the PV
module cools the module. This is indicated in the heat transfer
balance in Equation (B1) in Appendix B. The convection on the
back side of the PV module is lower compared to the top side of
the PVmodule, as the PVmodule is mounted on a structure. The
convection difference between the top and back sides of the PV
module is calculated with the ratio factor R, where R is the ratio
between the actual and the ideal heat loss from the back side. The
R ratio takes into account the effect of the mounting structure by
correcting the nominal operating cell temperature (NOCT). In
our simulations, the NOCT is corrected with þ18 °C, indicating
direct mounting systems.[27]

The module temperature can be calculated when rewriting the
heat transfer balance in Appendix B

Tm ¼ αGþ hc;topTa þ hc;backTa þ hr;skyT sky þ hr;deckTdeck

hc;top þ hc;back þ hr;sky þ hr;deck
(8)

Equation (8) tells how the irradiation G and the ambient tem-
perature Ta affect the module temperature. The wind speed is
implemented in the top convective heat transfer coefficients

Figure 5. Cross-sectional container (left) and bulk (right) vessel and the
PV module installation manner.
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hc,top. The deck temperature Tdeck is assumed to be the same as
the water temperature, for simplicity. The water temperature is
also taken into account in the radiative heat coefficients of hr,sky
and hr,deck. The effect of cloud coverage implemented the tem-
perature of the sky Tsky.

When a PV module is installed on a moving body, it is possible
that the PVmodule is cooledmore when comparing it to a fixed PV
module. The PV module experiences more airflow, caused by the
movement of the vessel. This additional cooling effect will decrease
the module temperature, which boosts the performance of the
module. It is assumed that a body, which is moving at a certain
speed, encounters an air flow with the same speed as the moving
body. Therefore, the wind speed is corrected with the vessel’s veloc-
ity with respect to the ground, speed over ground (SOG). Themete-
orological parameters are again obtained from the nearest KNMI
weather station depending on the province the vessel is located.

2.5. PV Power Model (DC Yield Model)

The PV power submodule consists of two parts: the PV module
fitting calculator[32] and the PV power calculator. The former
calculates the maximum available area for PV installations on each
type and size of the vessel then fits the maximum number of mod-
ules, and the latter calculates the output PV power at each time-
stamp. The submodule needs irradiance, PVmodule temperature,
and specifications. In this research, a monocrystalline Longi PV
module LR4-60HPB with a rated power of 360W was considered.

The PV surface is calculated for every vessel individually and
runs simulations for both landscape and portrait orientations,
selecting the optimum PV surface utilization. For the container
vessels, the PV modules are placed flat, above the containers in
the cargo hold. For the bulk vessels, the PV modules are tilted on
both sides of the hatches. The flat part of the hatches will not be
used for PV installations as this must remain free as a corridor.

Dimensions of the hold for every vessel depend on the vessel’s
size. AIS data provide the length and width of the vessel but do
not provide the dimensions of the holds. The company
Blommaert Aluminium Constructions manufactures the hatches
for almost all general cargo ships in the Netherlands.[21] The
company has provided, for this research, the relationship
between the dimensions of the ships and their hold for four char-
acteristic sizes. General cargo ships are organized in six different
classes (CEMT-klasses).[23] Every class has guidelines for the
dimensions of the ships. These guidelines are based on the
dimensions of the canals, sluices, and bridges.

As a result, four characteristic ships provide a good indication
of the complete fleet. The company also provided the ratio of the
corridor width and the average tilt angle of 8° of the hatches. A
margin of 0.1 m is considered between the PV modules and the
hold edges. The spacing of 0.1 m was decided after a field survey.

The PV power model is based on efficiency calculations and
uses the single diode model. The working temperature and irra-
diance are different from the STC values and that affects the
working efficiency. Thus the efficiency must be corrected.
This corrected efficiency is indicated in Appendix C. By knowing
the working efficiency η(Tm,G), irradiance G, module tempera-
ture Tm, and the number of modules nm, one can calculate
the produced power at every hour

PðTm,GÞ ¼ ηðTm,GÞ:G:Am:nm (9)

The PV power in the simulation is calculated for every hour for
every vessel individually. For the complete general cargo fleet, the
PV power is integrated over 8760 h (see Equation (10)). du indi-
cates a time step of 1 h.

EðTm,GÞ ¼
Z
year

PðTm,GÞdu (10)

3. Experimental Validation

The developed simulation model was validated by an experiment,
whereby a PV module was installed on a test vessel, Harmonie.
The PV module and the ship were monitored for 3 weeks.

3.1. Experiment Setup

The ship’s dimensions are as follows: 10m in length, 2.85m in
width, and a draught of 0.9 m. The test vessel Harmonie is an
electrical battery-based propelled by a 22 kW 3-Phase AC asyn-
chronous electrical motor. In a 48 V 800 Ah battery system,
energy is stored, which is delivered by shore energy (grid). To
perform the experiment, a PV energy system was installed.
On the vessel’s top deck, a monocrystalline half-cut PERC
LR4-60HPB Longi 360W peak PV module was installed. This
PV module is also used in the MATLAB simulation. The module
was installed on a structure that enabled various tilts. The mast of
Harmonie has been lowered during the entire experiment, to
prevent shadows on the PVmodule. The PVmodule is connected
to an EPsolar Tracer 415BN 12/24 V 40 A charger controller,
which uses maximum power point tracking (MPPT). The energy
that is generated is stored in two lead–acid batteries with a volt-
age of 12 V and a total capacity of 240 Ah. Four data loggers were
installed on Harmonie, to store various parameters. To monitor
the PV module, a EPEVER elog01 data logger is connected to the
charge controller. A Qstarz BL-1000ST BLE GPS travel recorder
and a motion data logger are installed on the PV module. An
Alecto WS-5500 wind data logger is installed to monitor the wind
speed (see Figure 6). Table 1 lists the data loggers and recorded
parameters.

3.2. Travel Route

During the experiment, Harmonie’s PV module tilt was set to 0º,
imitating a container vessel, and 8º toward the port, imitating a
bulk vessel. Appendix D shows the travel report of the experi-
ment weeks.

During the first week of experimenting, Harmonie was
docked in a harbor in the center of Rotterdam (see the red
dot in Figure 7). The harbor of Rotterdam is the biggest harbor
in the Netherlands. This port was specifically chosen as it is
located in an urban area of Rotterdam. Therefore, the effect of
obstructed horizon on the PV energy yield can be analyzed.
Appendix E shows the horizon around the harbor point.

During the second and third weeks, Harmonie followed its
scheduled route through the Netherlands. Figure 7 shows the
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sailed route. For blue, green, and red dots, the module tilt was,
respectively, 8º, 0º, and 8º. This sailing route has been mapped
out in such a way that Harmonie sails in different directions and
sails in different types of waters. Harmonie followed four main

and busy canals and also has crossed the largest
open inland waters of the Netherlands, the IJsselmeer and
Markermeer. There were two break days in the two sailing weeks,
during which no measurements were done. During the two sail-
ing weeks, the Harmonie sailed for 63 h and 20min, on average
�5 h day�1. The Harmonie always sailed during the daytime and
most of the time between 12:00 and 17:00.

3.3. Experiment Outcomes and Statistical Analysis

The roll motion (here equivalent to module tilt) of Harmonie var-
ied �1.09° and �3.0° when the vessel was docked and sailing,
respectively. The pitch motion (here equivalent to module azi-
muth) when Harmonie was docked and sailing varied �2.71°
and �9.38°, respectively (see Appendix F).

The PV energy yield and the energy demand for the two sailing
weeks have been measured. Most of the energy demand comes
from the consumption of the engine. Figure 8 shows the power

Figure 6. Experimental test setup. a) The test vessel Harmonie at a port in Delft, the Netherlands. b) Charge controller, PV panel data logger, and the
battery discharge system and its protection unit. c) PV module and the wind sensor. d) PV module, GPS, and motion sensor.

Table 1. Data loggers and recorded data information.

Data logger Stored parameter Time interval Accuracy

PV module Module DC power, voltage, current 10min Unknown

Wind Wind speed 5min �1 m s�1> 5 m s�1 and �10%< 5 m s�1

GPS Location, heading, speed 5min Speed: �0.05 m/s

Motion Pitch and roll motions, ambient temperature 30 s Motion: 0.03%< 5º and 0.17% full range

Temp.: �0.5º

Figure 7. Sailing route of the test vessel Harmonie.
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demand of the engine of theHarmonie. On September 12 and 18,
the energy demand is almost zero, as the Harmonie did not sail.
The total energy demand of the Harmonie was 162 kWh and the
PV energy generation was 11 kWh. Thus, 6.60% of the energy
demand was supplied by the PV module and the rest was from
shore power. The 6.60% of the energy demand coverage by PV is
only from one PV module. The Harmonie would have the capac-
ity to integrate 4 PV modules. The Harmonie is a recreational
vessel, and on holidays the vessel would not have the same sailing
pattern as during the experiment, which will result in a higher
percentage of energy demand that can be covered with PV energy.

To validate the developed model, a covariance linear regres-
sion model is used. The regression model describes the relation-
ship between the measured data, response, and different
predictors. The linear regression model is given by

Measured ¼ α� Estimatedþ β � Sailingþ γ � Tilt (11)

where Measured is a response variable that contains 170 mea-
sured PV power values; Estimated is a predictor variable which
contains 170 values of the estimated PV power; Sailing is a binary
predictor variable, which is 1 when the vessel is sailing; and Tilt
is a binary predictor variable, where 1 indicates if the PV module
is tilted 8º to the port side. Table 2 shows the regression coeffi-
cients α, β, and γ with the corresponding p-values.

The significance level of the model is set to 5%, 0.05. We stud-
ied the p-values for each predictor to understand the importance
of each predictor: model estimations, sailing, and module tilt.
The p-value for the predictor value Estimated is below the signi-
fication level, indicating that there is a relation between the mea-
sured and estimated PV power. The α is 0.96; therefore, the
model overestimates the outcomes by 4%. The R2 of the linear
regression model is 0.70. The simulation model is able to esti-
mate the outcomes close to the measured values. Figure 9 shows
the linear regression model, the 170 data points, and the ideal
line where the estimated values are equal to the measured values.

The Sailing predictor has a p-value above 0.05, which indicates
that the prediction of the model is not affected by the sailing or
docking status of the vessel. The Tilt predictor is statistically
significant; the effect of a different tilt on the outcome of the
measured PV power is not random, as the p-value is below
0.05. As the Tilt is a binary vector and gamma is 8.56, the mea-
sured outcome can be affected by 8.56W for a tilt of 8º compared
to a tilt of 0º. The effect of 8.56W is relatively small as the PV
power range is between 0 and 230W.

4. Results

Now that we are confident the model provides accurate results,
we follow with modeling the whole fleet. In this research, 2746
general cargo vessels are considered in the developed simulation
model, of which 2146 bulk vessels and 600 container vessels.

4.1. Sailing Behavior

The sailing behavior of the general cargo vessels is an important
factor when determining the PV energy yield of the fleet. From the
data, we extracted the probability a general cargo vessel is sailing
during an average day (Figure 10). Between 08:30 and 16:30, the
probability that a vessel is sailing is the highest. The probability at
night is only slightly lower, a sufficient amount of vessels still sail
at night. A cargo vessel sails on average for 48.68% of the time.

Appendix G shows how the waterway points are scattered
throughout the whole country, and how often a vessel passes
through every waterway point. According to the AIS dataset,
the vessels sail fairly uniformly through the Dutch waterways,
with the exception of the ports. The traffic is higher near the
Rotterdam and Amsterdam ports, thus the amount of clean
PV energy that could be generated by the fleet is higher at those
locations. The ports in Rotterdam and Amsterdam are the big-
gest ports in the Netherlands.

4.2. Surroundings of the Dutch Waterways

The horizon for 3036 waterway points throughout the whole
Netherlands was obtained and analyzed. It was found that the
average values of SVFs for vessels sailing through the Dutch
waterway points was 95%. The maximum SVF for the container
and bulk vessels is 1 and 0.9951, respectively. The equation
[(1þ cos(8º))/2] confirms that the SVF of 0.9951 is the theoretical
maximum of a PV module titled 8°, with an open horizon. The
minimum SVF for the container and bulk vessels is 0.0051 and
0.0049. This occurs when a vessel is sailing under a bridge or
through a lock.

4.3. Surface Utilization

The suitable surface for PV modules on the general cargo inland
vessels is calculated for every vessel individually. This is an
important parameter used to estimate the PV potential of the
Dutch general cargo fleet. The total PV surface of the complete
general cargo fleet is 1 359 794m2 (see Table 3). The PV surface
on average for a general cargo inland vessel is 495.19m2.

Figure 8. Power demand of the Harmonie’s engine.

Table 2. The covariance linear regression model.

Coefficients p-value 95% confidence interval

Estimated α¼ 0.96 2.43� 10�48 [0.87 1.05]

Sailing β¼�2.08 0.65 [�11.14 6.97]

Tilt γ¼ 8.56 0.03 [0.97 16.15]
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We defined PV surface utilization as the percentage of suitable
PV surface with respect to the vessel’s surface. The surface utili-
zation of an average container and bulk vessel is 60.49% and
50.83%, respectively. For bulk vessels, the PV modules are
installed on the hatches of the holds, which contain a corridor

and therefore have a smaller average PV surface utilization.
There might be other surfaces on a vessel, such as the wall, win-
dows and roofs of the cabin, or even the outside body of the ship.
Due to curvature or the need for light to pass through, these spots
can be covered by thin film and/or transparent PV. However,
usually such surfaces do not have favorable angle toward the
sky which limits their energy production.

As mentioned in Section 2.5, 360Wp PV modules were used
in the simulation. The total installed peak power on the general
cargo fleet is 266.74MWp, which comprises 740 958 installed PV
modules. On an average general cargo vessel, 270 modules can be
installed. Table 3 gives an overview of the potential PV surface area,
PV installed peak power, and the number of installed modules.

4.4. Photovoltaic Energy Yield

Table 4 gives an overview of the potential PV energy of the
container and bulk vessels and the whole fleet combined. The
simulated PV energy yield gives an estimation of the PV energy
potential of the general cargo fleet. The average annual PV energy

Figure 9. Measured data points and the results of the covariance linear regression model.

Figure 10. Sailing behavior over an average day.

Table 3. Overview of PV module placement capacity for the fleet.

Container
vessels

Bulk
vessels

General cargo
fleet

Number of vessels 600 2146 2746

Mean PV surface area [m2] 599.45 461.38 495.19

Total PV surface area [m2] 369 670 990 124 1 359 794

Mean PV surface utilization [%] 60.49 50.83 52.94

Mean PV installed power [kWp] 118.46 91.18 97.14

Total PV installed power [MWp] 71.08 195.67 266.75

Mean number of installed modules 329.06 253.27 269.83

Total number of installed modules 197 438 543 520 740 958
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potential per area is 167.27 kWhm�2. The energy per unit area
for a container vessel is 169.42 kWhm�2 and for a bulk vessel
166.67 kWhm�2. According to these values, placing a PV
module flat is on average slightly more effective than tilting them
angle of 8° to the port and starboard sides.

Figure 11 shows a box plot of the annual energy yield distri-
bution for the container and bulk vessel. The total annual energy
generated when installing PV modules on general cargo vessels
is 225.63 GWh. Comparing this generated energy with the
energy needed to produce the installed PV modules on the gen-
eral cargo vessels, the Energy PayBack Time on average is 7 years
and 15 days.[33] On average, the annual energy yield of the con-
tainer and bulk vessels is 103.37 and 77.97MWh, respectively.
The minimum generated annual energy yield for container
vessels is 2.96MWh which is relatively small compared to the
175.65MWh for the bulk vessel. This annual PV energy is related
to a small surface area of a container vessel, i.e., 30m2. This ves-
sel is 34m in length and 3m in width.

Figure 12 shows the distribution of the monthly PV energy per
unit area for the general cargo vessels. December and January
have the lowest energy generation per unit area and May and
June are the highest.

4.5. Energy Demand

The energy demand of a general cargo vessel depends on its size.
The typical engine power for every size class of general cargo
vessel is provided by the Rijkswatertstaat.[23] The annual energy
demand of a 110m inland shipping vessel, according to the
research of Panthei, is 2500 MWh.[9] This number is cross-
validated in a conversation with an inland shipping vessel expert
of the Delft University of Technology, Dr. ir. H.J. de Koning
Gans.[34] The average energy demand of a general cargo vessel,
for a specified length class, can be calculated by scaling the
energy demand of 2500MWh with the engine power of the
different general cargo size classes.

This energy demand can then be compared with energy
generated by PV on the vessels. For container vessels, the average
annual energy demand is 1440MWh and the annual PV genera-
tion is 103MWh, as indicated in Table 4. This generated energy
can cover 7.18% of the energy demand. The average energy
demand of a bulk vessel is 1350MWh and the average energy
generated by the PV modules is 78MWh; thus, 5.78% of the
energy demand can be supplied by PV energy. Note that these
values will increase when in the future more ships will use elec-
tric propulsion with higher efficiencies.

4.6. Energy Distribution of Fleet

Probability distributions emerging from studying a fleet of PV
systems have already attracted attention.[35] We continued
our study with analyzing the probability distribution of the

Table 4. Annual PV energy yield calculated for the fleet.

Container vessels Bulk vessels General cargo fleet

Mean annual PV energy yield per unit area [kWhm�2] 169.42 166.67 167.27

Total annual PV energy yield [GWh] 58.30 167.33 225.63

Mean annual PV energy yield [MWh] 103.37 77.97 83.52

Max annual PV energy yield [MWh] 825.35 1724.80 1724.80

Min annual PV energy yield [MWh] 2.96 175.65 2.96

Specific PV energy yield [kWh kWp�1] 857.31 843.39 861.39

Max specific PV energy yield [kWh kWp�1] 939.63 929.50 939.63

Min specific PV energy yield [kWh kWp�1] 76.92 7.82 7.82

Figure 11. Annual energy yield distribution for the container and bulk
vessels.

Figure 12. Monthly PV energy per unit area for the general cargo vessels.
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specific energy yield of the vessel’s fleet. The general cargo
vessels that transport containers on average can generate
857.31WhWp�1. Bulk vessels will generate less; they have a
smaller PV surface utilization and thus less specific PV energy yield,
843.39WhWp�1. For the whole cargo fleet, the average energy
per installed power over a year is 861.39WhWp�1. Table 4 gives
an overview of the potential PV energy per installed power.

For further research, it is useful to know the probability distri-
bution of the PV energy generation of the general cargo vessel. A
probability distribution fit is perused by studying 17 different con-
tinuous distributions. For every probability distribution, four sta-
tistical weighting factors are calculated and compared: NLogL
(negative of the log-likelihood), BIC (Bayesian information
criterion), AIC (Akaike information criterion), and AICc

Figure 13. Weibull distribution of the Dutch urban fleet: a) container vessels (λ¼ 890.64WhWp�1, κ¼ 28.54); b) bulk vessels (λ¼ 877.31WhWp�1,
κ¼ 27.20); and c) the whole general cargo fleet (λ¼ 880.30WhWp�1, κ¼ 26.99). Note that κ is dimensionless while λ has the same unit as
the x axis.
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(Akaike information criterion for small sample size).[36] These fac-
tors examine the goodness of the fit for a specific probability
distribution.

The best fitting probability function for the specific annual PV
energy is the t location-scale distribution. Usually, in statistics,
the t location-scale distribution is used for smaller datasets with
heavier tails, containing more outliers.[37] When removing the
outliers out of the data set the best distribution fit changes to
a Weibull distribution, according to the same 17 possible contin-
uous distributions and the four statistic weighting factors. It is
indeed interesting as previous literature did also report on fitting
Weibull distribution to irradiance data.[38–41] Plots in Figure 13
show the Weibull distribution for container vessels, bulk vessels,
and the whole fleet. Equation (12) gives the continuous probabil-
ity function when the scale and shape factors are larger than zero.

f ðx, λ, κÞ ¼ κ

λ

x
λ

� �
κ�1

e�
x
λð Þκ (12)

where κ> 0 is the shape parameter and λ> 0 is the scale param-
eter. Statistical analysis of the simulation outcome showed
λ¼ 891WhWp�1 and k¼ 28.54 for container vessels and
λ¼ 877WhWp�1 and k¼ 27.20 for bulk vessels.

A sensitivity analysis on the probability distribution showed
that the parameters of Weibull distribution are mainly linked
to the city roughness and climate. In inner city parts, where
the horizon is more blocked, the Weibull distribution shifts to
the left and its peak flattens (lower λ, higher κ) while in the
countryside with fewer obstacles on the horizon, the Weibull dis-
tribution shifts to the right and its peak increases (higher λ, lower
κ). Therefore, the roughness of urban fabric (r) works as a shifter
smoother on the Weibull distribution (dλ/dr< 0, dκ/dr> 0).
Further, our analysis showed that vehicles movement speed
(assuming inner city speed ranges) has minor effect on
the Weibull distribution parameters. By testing different fleet
populations, we found that the larger the fleet size, the better
is the fit with the Weibull distribution.

4.7. Computational Time

Generating a skyline of the surrounding is a time-consuming pro-
cess, which significantly lowers the simulation speed. Therefore,
the skyline model is developed, which generates skylines of
the waterways. Instead of generating skylines for every vessel
at every time step, a database of waterway skylines was developed.
This allows large-scale implementations of vessels; in this
research, the biggest fleet in Europe is implemented.

The computational time for a container vessel is 1:18min. The
computational time for a bulk vessel is 2 times bigger. The sim-
ulation for a bulk vessel needs to run 2 times, as two PV systems
with different azimuths are installed on both sides of the hatches.
With a personal laptop, the total computational time of the gen-
eral cargo inland shipping fleet is 4 days and 10:30 h.

5. Conclusions

The objective of this research was to establish a modeling frame-
work for the simulation of vehicle-integrated PV s. This was
accomplished by determining the PV potential of the largest

European general cargo fleet, the Dutch. This is of great impor-
tance especially for countries with low land accessibility for
energy production purposes. The surface utilization of a con-
tainer vessel is 60% and for a bulk vessel is 51%. The total poten-
tial surface area of the general cargo inland fleet that can be used
to integrate PV systems is 1.36 km2.

The developed simulation model is an irradiance model
framework that estimates the energy yield from hourly power cal-
culations. With LIDAR height data, a dataset of skyline profiles
for 3036 waterway points was generated. The average sky view
factor of the general cargo vessels is 0.945. By the means of
AIS data, the sailing behavior of 2746 general cargo vessels
was simulated. On an average 24 h day, a general cargo vessel
is sailing 51% of the time. The irradiance model uses the BRL
decomposition model to decompose the DNI and DHI from
the GHI. The diffused irradiance is calculated based on the
Perez model. The PV module temperature is estimated according
to the fluid-dynamic model, taking into account the additional air
caused by the movement of the vessel and the water temperature.

The PV power is calculated according to a single diode model.
Three weeks of measurements with a test vessel were con-

ducted to validate the simulation framework. According to the
covariance linear regression model, the simulated PV power
series for this experiment is statistically significant and overesti-
mated the PV power by 4% with a 95% confidence interval
between 0.87 and 1.05.

The estimated annual PV energy potential of the general cargo
fleet is 226 GWh. The specific annual PV energy yield for a
container vessel is 857WhWp�1 and for a bulk vessel is
843WhWp�1. The probability distribution functions which
can describe the annual PV energy per peak power are the t
location-scale and the Weibull distribution if the outliers are con-
sidered and removed, respectively. Our results showed that
7.18% and 5.78% of the energy demand of container and bulk
vessels, respectively, can be supplied by implementing PV mod-
ules on general cargo vessels.

Appendix A. Irradiance calculations

Irradiance on the surface of the PV module (GPoA) can be mod-
eled by the following main equation.

GPoA ¼ Gdir þGdiff þ Gground (A1)

where Gdir, Gdiff, and Gground, respectively, stand for the direct,
diffuse, and ground reflected components of the sunlight
irradiance.

A.1. Direct Irradiance

Direct part of the irradiance, the part that directly reaches to the
target surface from the sun disk, can be obtained by

Gdir ¼ DNI : cosðAOIÞ :SF (A2)

where

cosðAOIÞ ¼ sinðθmÞ cosðαsÞ þ cosðAm � AsÞ þ cosðθmÞ sinðαsÞ
(A3)
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and

SF ¼
	
0 when the sun is blocked
1 when the sun is not blocked

(A4)

In Equation (A2)–(A4), DNI is the direct normal irradiance
(Wm�2), AOI stands for the angle of incidence, and SF is the
shading factor. θm, αs, Am, and As angles are, respectively, PV
module tilt, altitude angle of the sun, azimuth angles of the mod-
ule, and the sun.

A.2. Diffused Irradiance

The diffuse component is subdivided into three parts: isotropic
(Giso), circumsolar (Gcir), and horizon brightening (Ghor)

Gdiff ¼ Giso þ Gcir þGhor (A5)

where

Giso ¼ DHI : SVF : ð1� F1Þ (A6)

and

Gcir ¼ DHI : F1 : ðA=BÞ : SF (A7)

A=B ¼ maxð0, cosðAOIÞÞ=maxðcosð85Þ, sinðαsÞÞ (A8)

and

Ghor ¼ DHI : F2 : sinðθmÞ (A9)

In Equation (A6)–(A9), DHI is the diffuse horizontal irradiance
(Wm�2) and SVF is the sky view factor. Factors F1, F2, A, and B
are determined using the following set of equations

F1 ¼ max 0, f 11 þ f 12Δþ πθZ
180∘

f 13

� �
 �
(A10)

F2 ¼ f 21 þ f 22Δþ πθZ
180∘

f 23 (A11)

Δ ¼ DHI� AMa

Ea
(A12)

ε ¼ κθ3Z þ ðDHIþDNIÞ=DHI
1þ κθ3Z

(A13)

Ea ¼ Esc �
Rav

R

� �
2

(A14)

Rav

R

� �
¼ ð1.00011þ 0.034221 cosðbÞ þ 0.00128 sinðbÞ

þ 0.000719 cosð2bÞ þ 0.000077 sinð2bÞÞ (A15)

b ¼ 2π
DOY
365

(A16)

where θZ is the solar zenith angle, Ea is the extraterrestrial
radiation which is the sun radiation intensity at the top of the
atmosphere, and Esc is the solar constant (1367Wm�2). κ is a
constant equal to 1.041 when angles are in radians or equal to
5.535� 10�6 when angles are in degrees. AMa is the absolute

air mass and ε is related to the cloud coverage (okta) and defines
the bins for the f coefficients, as shown in Table A1. Rav is the
average distance between the sun and the earth while R is the
distance between the sun and the earth and a specific time.
Finally, DOY is an integer number representing the day of
the year.

A.3. Ground Reflected Irradiance

The part of irradiance reflected from the ground (Gground) and
falling on the PV module is obtained by knowing the albedo
of the ground (αground) and the view factor from the module
to the ground (VFground)

Gground ¼ Gh : αalbedo : VFground (A17)

where

Gh ¼ ðDNI : sinðαsÞ : SFÞ þ Giso þGcir (A18)

and

αalbedo ¼ 0.06 (A19)

VFground ¼ ð1� cosðθmÞÞ=2 (A20)

As the material covering the ground, in this case, is the water
which has a low albedo, the value of 6% was considered.

Appendix B. Heat transfer balance

Considering the PV module as a single mass with uniform
temperature Tm and placed in ambient with the temperature
of Ta that works under steady state condition (i.e., the module
temperature does not change within the duration of one
time step), one can write the heat transfer balance equation as
follows

qsun ¼ qrad;deck þ qrad;sky þ qconv;top þ qconv;back (B1)

where qsun is the heat received from the sun in the form of irra-
diance; qrad,deck and qrad,sky are the heat radiated from the mod-
ule, respectively, toward the sky and deck of the vessel; qconv,top
and qconv,back are representing the heat transfer via convection
from the top and back side of the PV module. In Equation (B1),
the contribution of conduction in heat transfer is neglected due

Table A1. Perez model coefficients for irradiance.

εbin f11 f12 f13 f21 f22 f23

1 �0.008 0.588 �0.062 �0.06 0.072 �0.022

2 0.13 0.683 �0.151 �0.019 0.066 �0.029

3 0.33 0.487 �0.221 0.055 �0.064 �0.026

4 0.568 0.187 �0.295 0.109 �0.152 �0.014

5 0.873 �0.392 �0.362 0.226 �0.462 0.001

6 1.132 �1.237 �0.412 0.288 �0.823 0.056

7 1.06 �1.6 �0.359 0.264 �1.127 0.131

8 0.678 �0.327 �0.25 0.156 �1.377 0.251
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to the small contact area between the PV and the vessel’s deck.
The equation can be further simplified as follows

αG ¼ hc,topðTm � TaÞ þ hc,backðTm � T aÞ
þ hr,deckðTm � TdeckÞ þ hr;skyðTm � T skyÞ

(B2)

where Tsky and Tdeck stand for the temperature of the sky and the
vessels’ deck, respectively. G is the irradiance falling on the mod-
ule and here α is the absorptivity of the PV module. hc,top and hc,
back are the convective heat transfer coefficients, respectively, for
the front and rear sides of the PV module.

The other two coefficients can be found by

hr;deck ¼ εbackσðT2
m þ T2

deckÞðTm þ TdeckÞ (B3)

hr;sky ¼ εtopσðT2
m þ T2

skyÞðTm þ T skyÞ (B4)

where εback and εtop are the emissivity of the PV panel from the
back and the top part of the PV panel, respectively. σ is the
Stefan–Boltzmann constant.

Appendix C. Photovoltaic power and energy
calculations

Using the following set of equations, one can obtain the PV
module efficiency at a non-STC condition, η(Tm,G), by knowing
the datasheet efficiency, η(STC), and assuming a constant fill fac-
tor (FF).

n is a ideality factor of 1.2

PðTm,GÞ ¼ ηðTm,GÞ :G :Am : nm (C1)

EðTm,GÞ ¼
Z
year

PðTm,G, uÞ du (C2)

ηðTm,GÞ ¼ ηð25∘C,GÞ 1þ 1
ηðSTCÞ

∂η
∂T

� �
ðTm � 25∘CÞ


 �
(C3)

ηð25∘C,GÞ ¼ FF : VOCð25∘C,GÞISCð25∘C,GÞ
G :Am

(C4)

VOCð25∘C,GÞ ¼ VOCðSTCÞ þ
nkBTm

q
ln

G
1000

� �
(C5)

ISCð25∘C,GÞ ¼ ISCðSTCÞ
G

1000
(C6)

FF ¼ Pmpp

VOCðSTCÞISCðSTCÞ
(C7)

In Equation (C1)–(C7), n is the ideality factor (in this work con-
sidered as 1.2) and KB is the Boltzmann constant. VOC, ISC, and
Pmpp are, respectively, open-circuit voltage, short-circuit current,
and the maximum power point of the PV module. We note that
in equation (C5), the Tm, module temperature, can be plugged in
Kelvin, yet in the others are in Celsius.

Appendix D. Travel report

Day Date Start
time

End
time

Sailing
duration
[h:min]

Start location End location Module
tilt [º]

1 7/9/2021 13:47 17:37 3:50 Rotterdam Schoonhoven 8

2 8/9/2021 15:17 17:47 2:30 Schoonhoven Nieuwegein 8

3 9/9/2021 11:27 16:27 5:00 Nieuwegein Wijk bij
duurstede

8

4 10/9/2021 10:47 18:57 8:10 Wijk bij
duurstede

Arhem 8

5 11/9/2021 11:57 14:37 2:40 Arhem Frankerwaard 8

6 12/9/2021 Break

7 13/9/2021 11:07 14:47 3:40 Frankerwaard Deventer 8

8 14/9/2021 14:19 18:59 4:40 Deventer Kampen 0

9 15/9/2021 12:29 16:19 3:50 Kampen Ketelhaven 0

10 16/9/2021 10:19 17:59 7:40 Ketelhaven Lelystad 0

11 17/9/2021 10:09 12:49 2:40 Lelystad Almere 0

12 18/9/2021 Break

13 19/9/2021 13:09 17:19 4:10 Almere Amsterdam 0

14 20/9/2021 11:19 19:19 8:00 Amsterdam Leiden 0

15 21/9/2021 08:29 14:59 6:30 Leiden Rotterdam 0

Times are local (Central Europe time).

Appendix E. Skyline of the Harmonie when
docked in the harbor of Rotterdam (Figure E1)

Figure E1. Digital surface map and the skyline of the harbor around the test vessel when it was docked at the red point.
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Appendix F. Motion data from the experiment
(Figure F1 and F2)

Figure F1. Logged roll angle of the PV panel, equivalent to module tilt, under four different conditions: a) docked at the harbor with 0° tilt, b) cruising with
0° tilt, c) docked at the harbor with 8º tilt, and d) cruising with 8° tilt.

Figure F2. Logged pitch angle, equivalent to module azimuth, of the PV panel at four different conditions: a) docked at the harbor with 0° tilt, b) cruising
with 0° tilt, c) docked at the harbor with 8° tilt, and d) cruising with 8° tilt.
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Appendix G. Traffic of the main Dutch canals by
general cargo vessels (Figure G1)
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