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Summary

The unique feature of river transport is given by the rivers' flow and the changing cross-
sections of the riverbed. Most river vessels operate with a conventional propulsion system.
Engine power should be scaled to the maximum expected power demand, which means that
the engine is forced to run at medium or low load, almost always downstream and upstream
for part of the operating time. In these cases, the engine's operating point is far from ideal, so
there is an increase in specific fuel consumption. This is especially true for ships that are
forced to stop and start frequently. An example for the circumstances mentioned above is the
BKV-100 type ship operated at Budapest as a public transport vessel. A measurement on a
schedule route revealed that with given environmental conditions (water level, river flow rate,
etc.), the power installed in the vessel is almost double the maximum power demand
measured. Due to this reason and to the differences in power demand of downstream and
upstream, it may be technically worthwhile to replace the existing conventional propulsion
system with an alternative propulsion system. Based on the measurements, in this paper the
authors compare 4 alternative drive systems to the existing one with regards to fuel
consumption and the investment costs. Beside this, a simple but effective fuel consumption
estimation method and a simple cost-benefit analysis are also described.

Keywords: alternative propulsion system; inland navigation; operational profile; cost
and fuel consumption estimation

1. Introduction

Unlike long sea shipping, inland navigation in many cases operates with variable power
loads. The use of full installed engine power is just a small part of the ship's operating time
(Fig 1). The distribution of power demand over the entire operating time can be interpreted by
the power utilization histogram, also known as the operational profile. The nature of the
profile depends on the vessel, the operating conditions, and the environmental conditions.

The propulsion system of a ship that has been in operation for decades will become
obsolete over time and increasingly uneconomical to operate. Some ships may also need to
operate in task that is completely different from its design purpose. In this case, it may be
worthwhile, at least from a technical point of view, if it is feasible, to replace some drive
system components or the complete drive system. This requires knowledge of the operational
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profile. In the case of an existing ship, we can measure power utilization directly on the ship.
For more accurate and reliable measurement, it is important to measure for a longer period at
variable conditions. After assessing the operational profile, several possible configurations
need to be considered. However, for an existing vessel there may be several limits. Examples
include engine room size limits, number of propeller shafts, and payback time. The first two
can also be varied within certain limits, but these will require restructuring, which will
increase conversion costs, resulting a longer payback time. With all this in mind and with
appropriate weight factors you can decide, whether new drive system would be worthwhile or
not.
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Fig. 1 Operational profile of a cruise ship on Basel-Amsterdam route [1]

One of the most important components of operating costs is fuel consumption. It is
generally true that efforts should be made to minimise fuel consumption because via this the
increase of profit can be made [2]. In addition to the old traditional propulsion systems,
several alternative solutions can be used better to suit the propulsion system to the operational
profile. The following will examine a simple cost-benefit analysis of some alternative
propulsion systems for an IW passenger ship.

2. Propulsion energy demand factors in the Budapest section of the Danube

In waterborne traffic on the Danube, particularly the section of the river covered by the
BKV 100 type (Fig. 2, Fig. 3), the following factors may affect the vessel's main engine's
energy consumption.
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Fig. 2 Drawing of BKV 100 [3] Fig. 3 Photography of BKV 100 [3]

2.1 Environmental factors

2.1.1 Wind, wave

In general, the effects of wave and wind in river navigation are negligible. Although the
measured vessel has a relatively large wind surface, only the north and south winds can
generate a more serious positive (booster) or negative (pull back) effect due to the orientation
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of the river. In addition, during a scheduled tour, these effects are more or less balanced, so
they don't need to be considered. The waving on the Budapest section does not significantly
increase the ship's resistance either.

2.1.2 Resistance to flowing water

Unregulated rivers are characterized by flowing water. As a result, moving in the
opposite direction to the flow (upstream) will always require more power under a similar load
case than when sailing in the direction of the flow (downstream). The river's flow rate
depends on the continuous change of water level and the convex and concave nature of the
shoreline. The Danube flow rate at Budapest can vary between 500 and 8000 m®/s [4], and the
water depth difference can exceed 8 meters. The average speed of the river is 1,25 m/s here.

2.1.3 Shallow water resistance

Another feature of river navigation is the constantly changing water level, which can
significantly increase the required power as a result of the shallow water effect. BKV
(Budapesti Kozlekedési Vallalat) boats run on a very varied course, and in many cases —
especially during moorings — they run in shallow water. At low water levels almost the entire
route can be considered as shallow. Increase in resistance and so power demand can even be
detected despite of decreasing flow speed (due to decreasing water level).

2.1.4 Ship traffic

Although, the waterways of Western Europe are much busier than the traffic on the
Danube, scheduled public transport in Budapest (provided by BKV Zrt.'s line routes between
its own pontoon ports) is increasingly influenced by ship traffic on the route and during
moorings. There are many freight, cruise, and hotel vessels operating in the narrow stretch of
the river. Hence, navigation of public transport vessels is often slowed down and requires
more maneuvers, which is in most of the cases compensated by higher cruising speeds. This
results in higher engine load and fuel consumption.

2.2 Operating factors

2.2.1 Up- and downstream

As described in 2.1.2., river ships travel with higher resistance upstream than
downstream. On the other hand, in downstream sail, decelerations and turns can also cause
higher energy requirements. Meanwhile, the ship rarely travels parallel to the flow of the
river, as it is forced to approach ports by zigzagging from one bank of the river to the other.
Thus, in almost all cases, its longitudinal axis makes an angle with the flow velocity vector,
which further increases its resistance during travel.

2.2.2 Maneuvers

The full route consists of 22 to 23 stops, and it is approx. 23 km long, so they are
located on average every 1 km, but in the city center rather every 500 meters on both banks of
the river [5]. All this requires a lot of maneuvering. Due to the single screw-straight shaft
propulsion system of BKV vessels, the bow of the vessel must always be turned upstream at
downstream moorings in order for the vessel to be able to withstand the flow of the river.
Leaving the port, boat can re-enter the downstream direction with another relatively high-
energy maneuver. All this is coupled with a great waste of time.
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2.2.3 Load factors

For most boats, its resistance is mostly determined by its draft, which can vary over a
wide range. However, in the case of the BKV-100, the weight load does not significantly
change the operating characteristics because the maximum mass of passengers, together with
the mass of daily provisions, is not significant compared to the lightship of the vessel (approx.
10%) [5].

2.3 Driving factors

Finally, the vessel's required or appropriate speed, the associated engine load control,
fundamentally affects fuel consumption and propulsion system load. The required or
appropriate speed of the vessel may also be influenced by environmental characteristics (e.g.
fog, wading conditions), but in the case of public passenger vessels the timetable may also be
such a controlling factor. In the case of cargo ships, the traffic on the locks, the knowledge of
the expected time of transit, or even the possible time of loading also affect the ship's speed.
Today, taking all this into account, leads to the so-called "Smart steaming” technologies, the
essence of which is to dynamically optimize the ship's speed based on real-time nautical and
environmental conditions and information on the port of destination and loading. Due to the
factors listed above, it is difficult to control or require the driver to adjust the engine fuel rate
(throttle position) for cruise D11. The engine load relies on the captain's experience to
determine at which the maneuver will be conducted, and in some cases this may be more than
necessary. By choosing the cruising speed the schedule keeping is normative.

3. BKV-100 case study

3.1 Measurement information

The Budapest University of Technology (BME), Department of Aeronautics, Naval
Architecture and Railway Vehicles, performed power and speed measurements on the ship
"Lanchid", in order to record a route diagram and an operational profile on the route of
scheduled passenger vessel D11.

Strain gauges suitable for torque measurement were placed on the propeller shaft, right
after the engine. The data logger was mounted on a larger diameter part of the shaft using a
bracket. This included a unit capable of receiving signals from gauges and shaft rotational
speed measuring unit, and a radio frequency transmitter that transmitted the measured data
from the rotating shaft immediately to a stationary receiver in the engine room. The receiver
was connected directly to a laptop on which the signals could be stored and checked in real
time. The measured data were the voltage signal proportional to the deformation of the shaft,
I.e. the load torque, and the speed of the shaft. For the duration of the measurement, BME also
placed its own GPS transmitter on the ship, with which the current GPS coordinates and the
speed of the ship could be measured and recorded.

General data:

Engine type: Doosan L126TIM, MEDIUM DUTY, 400 PS (294 kW) 2,100 rpm
Main dimensions: Lpp = 23.25 m; Bmax = 6.40 m; D = 1.60 m; Tmax= 0.95 m;
Place and date of measurement: Budapest Danube section, 31.01.2018

Weather conditions: cloudy, calm weather all day, ice-free water

Water level: 344 cm [6]

Ship load: almost empty ship, 5 persons on board
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Before presenting the results obtained, some additional information regarding the
measurement circumstances worth to be given. The measurement was made without
passengers and the route was ideally completed. This means that the ship stopped at the
stations for only half a minute, which is in real conditions always more because of the
passengers boarding. A longer exchange of passengers requires a higher speed between stops.
Nominal passenger load causes an increase in the ship's draft and thus its resistance and in
power demand. However, usage factor is — unfortunately — rather low. On the other hand, on
the day of the measurement, the Danube's water level was almost 100 cm higher (344 cm)
than the average water level in Budapest for the last 15 years (248 cm). For the last 5 years,
over 90% of the time, the water level was below 344 cm [6]. So the ship was moving in a
higher water flow than average. Without detailed measurements, it is quite difficult to take
these effects into account, but it can be assumed that they balance each other. It can be said
that the measurement data show the results of an average route so the average power demand
can be estimated without corrections.

The measurements were made on the entire downstream route, and the majority of the
upstream route (9 of the total 11 sections). Accurate performance data is not available for the
missing small part, but for this sections a fairly accurate average upstream energy
consumption can be calculated from the measured section's data.

3.2 The measured operational profile

3.2.1 Upstream route diagram
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Fig. 4 Upstream route diagram

Fig. 4 shows that power can be divided into 2 relevant ranges. The lower range is up to
30 kW, the upper range is between 85 and 115 kW based on average values. The power is
between 85 and 115 kW for nearly 2/3 of the total upstream operating time, and for the
greater part of the remaining 1/3 of the operating time, the engine runs below 30 kW. This
value is presumably displayed due to minor - sometimes even reverse - corrections during
mooring maneuvers. Four local peaks are also visible in the 115-130 kW range due to big
accelerations.
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3.2.2 Downstream route diagram

The diagram below (Fig. 5) also shows a variety of power utilization, with the
maximum value exceeding 95 kW for only a small fraction of the operating time. It can be
seen that just like upstream, the ship's engine operates in a narrow range. It runs between 85-
95 kW for most of the time of downstream route. The local peaks, which can sometimes
exceed 140 kW, result from the start against the water flow. The distance between 5 ports is
so small that it must suddenly decelerate after the ship reaches cruising speed. We can see that
the ship in downstream sailed almost 2 times faster than in upstream. Also we can estimate
the water flow speed, which can be 5-6 km/h. That means a little bit faster than average.
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Fig. 5 Downstream route diagram

3.2.3 Measured operational profile
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Fig. 6 Operational profile BKV-100 type D11 route (upstream — orange, downstream — blue)
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It can be seen from the diagrams described in the previous two sections that the vessel
has sufficient speed upstream and downstream to ensure the current schedule. The vessel's
engine is low loaded for the full time. It can also be seen that the engine hardly ever runs
above 45% of maximum power, which can also be attributed to the small distance between
stations. From the diagram below (Fig. 6) one can conclude that for most of the operating
time the ship requires only extremely low power, so the built-in 294 KW main engine then
operates at very low loads. It is important to emphasize that these conclusions were drawn
from measured data related to a given water level and in a schedule in which the vessel needs
not to sail very fast between stations. Only the propulsion power was measured during the
measurement, but in addition an approx. 5 KW generator to charge the auxiliary batteries was
driven by the engine via a belt drive. This extra power should be added to the engine power at
calculations.

4. Fuel consumption calculations

Unfortunately, fuel consumption couldn’t be measured; therefore only an estimate of
fuel consumption can be realized. However, estimation methods allow a comparison of the
existing and some alternative propulsion systems. Fuel composition can affect the fuel
consumption as well [7], but as during the measurement the same batch was used this effect
can be neglected.

4.1 Estimation possibilities

The most accurate estimation can be achieved by using the so-called "specific fuel
consumption map" or "performance map" (an example is shown on Fig. 7). The curves vary
from engine to engine, so each engine has its own fuel map. Such charts are rarely public.
Manufacturers usually provide only basic engine data and the (specific) fuel consumption
values measured at a few points are reported. Neither the "fuel map" of the original nor a
possible new engine was available, so another method was needed.
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Fig. 7 Fuel map of Perkins 2506C [8]

The method we used was published by Altosole et al. [9]. The process is based on the general
data shown on Fig. 8. The diagram shows a general diesel engine's relative performance as a
function of relative speed and different fuel consumption levels.
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Fig. 8 Relative power change at the same fuel consumption levels as a function of relative engine speed [8]

For example, the 60% fuel consumption line indicates 60% of the fuel consumption at
the maximum power. With higher engine speeds and low power consumption, the specific
consumption is increasing as the performance drops, leading to a steeper reduction in the
same fuel consumption curves when approaching the rated speed. The authors developed Eqg.

(1) to estimate the correlation between engine brake power performance, fuel consumption
and engine speed:

X X y 2
P, = (ﬁj a(%) n +b(%] n +c[%] ne (1)
Mgy me me me
Where:
Pg - current break power [kW]
ne - current engine speed [RPM]
mr / Mrq - current and design fuel consumption ratio (fuel rate)
X, Y, Z - engine specific exponents (x =1.5*y;z=0.5*y)
a, b, ¢ - design fuel consumption curve coefficients

Index "d" refers to design value, i. g. the nominal engine values

The curve coefficients are calculated by having the Pgg-neq relationship generally
provided by the engine manufacturers and fitting a cubic polynomial curve according to the
Eq. (2):

P,, =and, +bnZ, +cn,, 2)

With this in mind, the determination of X, y, z exponents is done so that the deviation
from the available engine data at any point other than the design point is minimised.
According to the authors, the method is extremely accurate. Making a calculation for a diesel
engine that can be used in inland navigation, we got fairly acceptable results for the fuel
consumption (with a deviation of +/- 5%) [10].

4.2 Estimated fuel consumption results for the current propulsion system

The method presented in the previous section allowed us to generate the quasi-fuel map
of the existing engine measured in the BKV 100 vessel. The results can be seen in Fig. 9,

where not the values of the engine power but rather the torque is shown as this was the
directly measured value.
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Fig. 9 Generated fuel map of Doosan L126TIM

The data of the generated table was imported into MATLAB to create a surface (Fig.9)
and its polinomial equation. With even a third-order polinom, the R-square's value is above
0.99, giving acceptable accuracy for further computations. The surface can be improved by
choosing different exponent levels of the variables. MATLAB gives the equation of this
surface with the required coefficients, so the estimated specific fuel consumption value can be
determined for any torque-speed pair. The instantaneous BSFC (Brake specific fuel
consumption) values at each measurement point can be determined using the recorded speed-
torque pairs and the generated surface equation. The current fuel consumption can be obtained
by multiplying the corresponding instantaneous power values (including the engine’s
generator surplus). Since the measurement sampling took place at the same intervals, it is easy
to calculate the average consumption for the whole journey in either kilograms or liters.

After performing the calculations, the following results were obtained for the current
engine (Tab. 1). The propulsion energy demand was calculated for each turn from the
measured data, via integrating the area under the power curve. It already includes the energy
demand of the engine’s generator.

Table 1 Results of fuel and energy consumption calculations

Upstream Downstream
Total energy | Av. Fuel | Turn | Total Fuel | Total energy | Av. Fuel | Turn | Total Fuel
demand cons. time cons. demand cons. time cons.
[kWh] [ka/h] | [l | [kg/1] [kWh] [ka/h] | [h] [kg /1]
140.5 19.75 2.0 [39.5/46.5 73.0 15.90 15 |23.86/28.1

5. Alternative propulsion system options

Based on the measured operating profile, the drive system may seem very oversized.
Reasons for this, on one hand, could be that this vessel type originally was not designed for
the public transport conditions in Budapest. On the other hand, in the case of a combination of
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high water levels, high vessel loads, and a sudden maneuver, it may be necessary to have
much more power than measured in rather normal conditions. However, for most of the
operation time, the propulsion system could be much more economical, so it may be worth at
least considering an alternative propulsion system. In the following chapters, 4 promising
alternatives are shown in more detail.

5.1 Hybrid and Plug-in hybrid propulsion system

One possibility is to build in a hybrid system. Of the different designs, the parallel
design may be better in this case, because the serial system although it is simpler, it has more
losses [11]. In this case it is still possible to plan at least two solutions. On the one hand, only
the low-load periods (maneuvers, mooring) could be completed with a battery-powered
electric motor, thus avoiding the diesel engine's high specific fuel consumption. Another
option is to power the full downstream turn (which has lower energy demand) with the
battery-powered electric motor. By this a part of the downstream diesel consumption can be
saved, as on the other side, there is the need to charge the batteries, which also demands
energy. Charging is again possible in two ways: with a generator driven by the main diesel
engine through a gear or belt drive, and with shore-based quick chargers installed in ports. In
the former case, there is extra fuel consumption due to the extra engine power to be spent on
driving the generator, and in the latter case the cost of electricity for charging must be
considered.

In the following, the components of such a system are described.
5.1.1 Diesel engine

The first step is to find a diesel engine with a lower power than the original, which
covers the power of the maximum measured demand. Neglecting the power peaks, the max.
constant power upstream fluctuated around 110 kW, to which the power requirement of the
engine’s generator must be added (5 kW). Higher water levels and vessel load can lead to an
increase in power demand, therefore it is worth calculating with an additional safety margin,
which has been set (without any measurement basis) at 140%, so min. a 161 kW motor must
be installed. In addition, the torque of the new engine must be at least close to the torque
values for the measured speeds (max. torque approx. 750 Nm at 1650 RPM) and has to have
the lowest possible specific fuel consumption values. The engines listed in Table 2 met best
with the characteristics listed above (engine for diesel-electric solution is also shown in the
table, see later chapter).

Table 2 Engine specifications [12] [13]

Doosan L126 TIM | Deutz BF6M1013MC | Deutz BF4M1013MC
Unit (original) (hybrid & P1 hybrid) (diesel-electric)
Power | kW/HP 294/400 174/233 100/134
Speed | RPM 2100 2300 1800 (60Hz)
BSFC | g/kWh 215 226 230

The method of calculating fuel consumption for the new engine is done in the same way
as for the original engine. Diesel fuel bad winter behavior [14] could be a disadvantage for
engines, but water is frozen when it happens; thus, it can be neglected.
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5.1.2 Battery pack

A key point is the selection and sizing of the battery pack. Lithium-ion batteries are
generally used to drive vehicles, because they have the highest energy density. The life cycle
of a lithium ion battery is the longest and its efficiency can reach 99% if its state of charge
(SOC) remains between 25-85% of its rated voltage level [15]. This means that only 60% of
the installed capacity can be utilised for the propulsion. Keeping this in mind, a battery pack
(containing fully enclosed 3.2 V Li-lon battery cells connected in series) of min. 122 kWh
capacity can provide the required energy of 73 kWh (see Tab. 1.). Given that approx. 15% is
the energy loss through the drive chain, the required capacity is approx. 140 kWh. However,
only the used amount needs to be recharged, this is approx. 85 kWh. Considering the chargers'
efficiency of 85%, the energy consumption of the chargers is about 100 kWh.

5.1.3 Electric motor and other system elements

The system also requires an electric motor, frequency converter, PTI/PTO (Power take
in / Power take off) gearbox and energy management. In the propulsion system of vehicles it
is justified to use the asynchronous type of electric motors. However, for asynchronous
motors, the required energy can only be provided by a 3-phase power supply. Neglecting the
power peaks, downstream the max. constant power fluctuated around 95 kW, to which the
power requirement of the engine’s generator must be added. It is again worth calculating with
an additional safety margin of 140%, so min. a 140 kW motor must be installed. Assuming
95% motor efficiency, the min. required rated power of the electric motor is about 147 kW.
When used as a generator, an asynchronous electric motor can operate at the same or higher
efficiency (~ 97%). Considering the 110 kW power needed for upstream propulsion and that
the installed power in case of the Deutz engine is 174 kW, in theory approx. 60 kW is
available for charging the batteries during upstream. Taking into account the power peaks,
only a part of this power can be used. In 5.1.2 it was stated that about 100 kWh is necessary
for full recharge of batteries, so the 2-hour long upstream period is enough — in optimal
situation — for recharging.

In case of a plug-in hybrid, the quick charger(s) installed at the port(s) would charge the
batteries, making a simpler drive and easier energy management. However, charging units can
have a high initial investment cost and the price for electricity can also become a serious
factor. It is possible to install one big charge station at the final station or more small charge
stations at dedicated ports, however, the authors choose the first option.

D-engine 174 kWm

. - Plug-in option
. Energy
storage

E-engine/generator  Battery pack
150 kWe 140 kWh

Fig. 10 Hybrid and Plug-in hybrid propulsion system
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5.2 Diesel-electric propulsion system

It is also possible to build a diesel-electric system. In this case there is no need for
expensive chargers, PTI/PTO gearbox, battery packs. It requires only 2-3 low power gensets
and the same elements in the electrical system as in the hybrid case. The only difference is
that the power of the electric motor must be higher, as the max. power requirements of the
whole route must be covered. In energy management, it is advisable to set the switching
points a little bit higher, then the minimum of the specific fuel consumption curve. This
usually occurs at 70-80% load level. If the demand exceeds the corresponding power level,
the next motor is turned on and so on. As in a diesel-electric system energy conversion take
place several times and the number of system elements is also larger, the efficiency loss will
increase. An additional loss of about 10% can be expected [16]. Because of the previously
defined min. engine power (161 kW) and additional losses of the diesel-electric system min.
177 kW total power will be required. It is also important to note that the gensets have to be
the type of variable speed, otherwise no reduction in consumption compared to the original
system can be achieved. In this paper, the DE configuration was realized with 2 small power
generator sets. The relevant details of the selected generator set are shown in the Table 2.

E-engine 180 kWe

GENSET 2x100 kWm

Fig. 11 Diesel-electric propulsion system

5.3 All-electric propulsion system

Thanks to the development of batteries, even larger ships can run on all-electric
propulsion. This requires a larger battery pack, but usually there is enough space in a ship, and
if the weight and volume of the batteries doesn't cause a major drawback, they can be used.
Of course, there is also a need for a high-performance charging unit but today there are no
technical barriers for this. Using the method already presented at the hybrid system
description, a battery capacity of 420 kWh is required for an up- and downstream route (one
round-trip). The previously introduced 140% safety margin would be excessive here, as much
of the reserve was only used to cover power peaks used for a short time. Here, taking a 120%
margin into account, a battery pack with a capacity of approx. 500 kWh was calculated.
However, only the used amount needs to be refilled when charging the battery pack, which is
approx. 250 kWh. With the previous charging efficiency, the energy consumption of the
chargers would be approx. 295 kWh. The other components of the system are the same as in
the diesel-electric configuration, but here no complex energy management is required, a
simple battery management system (BMS) can be sufficient.

Plug-in option

E-engine 180 kWe

O Energy
0 storage
Battery pack

500 kWh
Fig. 12 Pure electric propulsion system
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6. Cost analysis

The cost analysis can be divided into two main parts:
- operating costs (only for the propulsion energy consumption)
- capital costs (only for system components)

6.1 Operating costs

The energy required for the propulsion, which can be provided by fuel or electricity, is
taken into account here. The price of fuel is constantly changing, but fuels used in shipping
are always much cheaper than road diesel. In a publication made in 2019 [17], a price of 0.70
€/liter is used as the basis for the return of investment (ROI) calculations, but two independent
sources (BKV, MOL Hungary) also reported a lower value of 0.5 € / liter in relation to
Budapest. The lower value was taken into account in the calculations. Since the Altosole
method is able to estimate consumption with only a deviation of approx. 5%, optimistic and
pessimistic scenarios are also included in the payback time calculations. In the optimistic
case, the calculated consumption of the existing configuration is increased by 5%, while fuel
consumption of the new system decreases by the same amount. In the pessimistic case, the
opposite is true. In reality, consumption will most likely be between optimistic and calculated
cases. This is because the current engine is more than 10 years old, so it certainly has a higher
fuel consumption, what can be read from the technical data sheet.

According to Eurostat data, the costs of electricity in Hungary have been between 0.065
and 0.085 € / kWh among non-household consumers in the last 5 years [18]. Based on the
averages of the last 5 years, 0.075 € / kWh can be expected. Due to the uncertainty, the price
of electric energy was 0.5 cents lower in the optimistic case and 0.5 cents higher in the
pessimistic case calculations. When using electricity, only the costs of recharging the energy
are accounted.

6.2 Capital costs

A diploma thesis work provided the basis for estimating the value of investment costs
[2]. The diploma project includes similar alternative drive system configurations based on the
same measurement data. Therefore, for drive system elements having the same parameters or
are parameter independent, there has been no change in the cost rate. In other cases, we made
searching for the most accurate and actual costs. For the engines and motors, costs are
calculated from [19]. Regarding batteries, it can be stated, that road- and marine battery
systems differ very much [20]. One reason for this is the much higher security standards for
marine applications which increase the system level costs. Technical requirements for inland
navigation vessels are not that strict as for marine applications, but additional system costs
obviously should be taken into account. However, not too much cost related data is publicly
available for inland vessels. Therefore, based on [21], we use 120 € / kWh for battery
investment cost, knowing that return of investment would be even worse, if battery
installation price is higher.

The BKYV fleet consists of 8 similar vessels, in the PI hybrid calculations, we assumed 4
vessels and thus in the first round we take into account only a quarter of the cost of the
charger to one vessel (25 k€/ship). For pure electric calculation a stronger charger unit is
necessary. For the calculation we assume that electric network is sufficient for the charger, so
power connection cost is neglected. Assuming same 4 vessels, we calculated in this case with
75 k€/ship. In addition we calculated without gearbox cost in pure electric and diesel-electric
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case, because it is possible to use the current gearbox. Estimated gross capital costs are shown
in Table 3.

Table 3 Estimated gross capital costs of propulsion systems

Estimated gross
Propulsion systems and their most important elements capital costs
(EUR)
Hybrid system
4 stroke diesel engine (174 kW, Deutz BF6M1013MC) 35 000
Electric motor/generator (asynchronous, 150 kW) 18 000
Drive system battery pack (140 kWh, Li-ion) 17 000
Gearbox (PTI/PTO) 15 000
Power and battery management system (CPU, BMS) 30 000
Total 115 000
Plug-in hybrid system
4 stroke diesel engine (174 kW, Deutz BF6M1013MC) 35 000
Electric motor/generator (asynchronous, 150 kW) 18 000
Drive system battery pack (140 kWh, Li-ion) 17 000
Gearbox (PTI/PTO) 15 000
Power and battery management system (CPU, BMS) 30000
Quick charger (400 V, transformer+inverter) 25 000
Total 140 000
Pure electric system
Drive system battery pack (500 kWh, Li-ion) 60 000
Electric motor (asynchronous, 180 kW) 21 500
Battery management system (BMS) 10 000
Current gearbox 0.000
Quick charger (700 V, transformer+inverter) 75000
Total 166 500
Diesel-electric system

Diesel generator set (2 x 100 kW, Deutz BF4AM1013MC) 2 x 32000
Electric motor (asynchronous, 180 kW) 21 500
Current gearbox 0.000
Power management system (CPU) 10 000
Total 95 500
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7. Payback time calculations

From the measurement it seems that a more economical solution for the propulsion of
such vessels is possible. After estimating the operating and capital costs of the 4 alternative
propulsion systems, it is interesting to determine the payback time. The vessel was built in
1986, so the acceptable payback period should not be too long, as there is a good chance that
the vessel will be out from service in a reasonable time. The maximum acceptable limit may
be around 15-20 years. Payback time was simply calculated as the ratio of capital costs and
annual operational cost reduction. This cost reduction is calculated from fuel cost saving,
which is reduced in some cases with electric energy consumption cost.

For most system components, the capital cost is considered as a one-time cost, since
most of them have a lifespan of more than 20 years. Unfortunately, the battery pack is not one
of them. Normally, lithium-ion batteries last for 800-2000 cycles without major loss of
capacity. With careful battery management, this can be extended up to 9 000 cycles [22], but
above 2000 cycles only a fraction of the total capacity is available. If we count one cycle a
day, this can be enough for up to 25 years. According to the current timetable for BKV
vessels (which might change, however) a vessel completes 3 rounds per day for 8 months, but
only 1 per day for the remaining 4 months. Thus, a total of approx. 800 cruises per year is
done per vessel. In the case of hybrid and pure electric systems, this would mean that
replacing the battery pack every 11 years is necessary. In this payback calculations we assume
a 6-year replacement, which means appr. 5000 cycles. Hence, if a configuration with endless
battery life has a payback time of 15 years, it would actually require at least three battery
packs. This would increase the capital cost, resulting in a longer payback time. The iteration
will end if the number of invested battery packs is higher than the payback time divided by 6.

The following subsections contain the summary results of calculations and estimates
that do not exceed the 30-year time limit. If the payback time exceeds 30 years, the capital
cost cannot be determined (shown with “---* in the tables).

7.1 Hybrid system

Table 4 Payback calculation: Hybrid system

Current Current Hybrid Hybrid Operatin Pav-
.. |Fuel cons.| Fuel cons. |Fuel cons.| Fuel cons. P g Capital y
Hybrid cost back
Upstream | Downstream. | Upstream.| Downstream reduction Ccosts time

diesel diesel diesel |electric energy
kg kg kg kWh k€lyear k€ | year
calculated| 39.5 23.86 53.8 100 4.639 --- | exc.
optimist | 41.87 25.29 50.57 100 8.051 149 1851

The electric motor functions as a charger in the hybrid case, so there is no need for a
shore charger unit. However, charging requires extra power from the motor, so you can see in
the Table 4 a big surplus in fuel consumption at upstream with the same motor. Due to the
size of the surplus, the return on investment in an optimistic case would take 18.5 years, but in
other cases it would take more than 30 years.
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7.2 Plug-in hybrid system

Comparison of alternative propulsion systems —
A case study of a passenger ship used is public transport

The Table 5 shows that with the new, less powerful engine, lower fuel consumption can
be achieved on an upstream voyage and the energy consumption in downstream is already
electric, as batteries power the vessel. Capital costs include a quick charger, which one-time
cost is very high, so it only makes sense to invest in it if it is used by several ships.

Table 5 Payback calculation: Plug-in hybrid system

PlUG-iN Fuel cons. Fuel cons. Oper. Ca Pay- | Cap. costs | Payb. time
g Upstream Downstream cost P-| back | without without
hybrid . . costs | .
diesel electric en. red. time | charger charger
kg kWh k€/year | k€ | year k€ year
calculated 36.7 100 6.75 --- | exc. 183 27.11
optimist 34.50 100 10.0 174 | 17.27 149 14.79

Onshore recharging of batteries significantly reduces the profit from fuel savings, so

even in an optimistic case, the investment pays off only after 17 years. By financing the
charging unit from an external source (state, EU), the return on investment would be already
15 years in an optimistic case and 27 years in the calculated case, but it would be still over 30
years in other cases.

7.3 Pure electric system

Table 6 Payback calculation: Pure electric system

Pure Fuel cons. | Fuel cons. | Oper. Ca Pay- | Cap. costs | Payb. time
. Upstream |Downstream| cost P- 1 hack Without without
electric . . costs .
electric en. | electric en. red. time Charger charger
kWh kWh kely k€ year k€ year
calculated 195 100 125 exc. 211.5 16.93
optimist 195 100 1556 [346.5| 22.27 91.5 5.88

Based on the Table 6, this combination seems to be the 2nd worst solution, as even in an
optimistic case, the payback period is 22 years, but this would already be an investment of
almost 700 thousand euros for 4 ships. Financing the cost of the charging unit from an
external source (state, EU) would return the investment in 6 years in the optimistic case and in
17 years in the calculated case. In the pessimistic case it would still be over 30 years.

7.4 Diesel-electric system

Table 7 Payback calculation: Diesel-electric system

. Fuel cons. Fuel cons. . ]
Dlesel'— Upstream Downstream Operatlng cost | Capital Payback
electric ) . reduction costs time
diesel diesel
kg kg k€/year k€ year
calculated 38.7 21.6 1.485 exc.
optimist 36.38 20.30 5.086 95.5 18.78
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The diesel-electric configuration summary table (Table 7) shows that the system's
capital cost is much lower than in previous cases. However, in the pessimistic case in terms of
fuel consumption, it would perform worse than the current conventional propulsion. The
payback time would be roughly 19 years in an optimistic case.

8. Conclusion

Budapest's public water transport fleet is not in an easy position, as a lot of
circumstances can affect the power demand of vessels. At first look, alternative drive systems
could be expected as promising not only from the environmental point of view. Thus, it was
worth to analyse some alternative drive systems.

In this article, 4 different configurations of 3 systems were examined not only in terms
of fuel/energy consumption but also in terms of expected costs. Based on the results, it can be
stated, that neither of the cases provide early return of investments.

A major disadvantage of onshore charging solutions is the high investment cost of the
charging unit. Even if divided between 4 vessels, no early return is expected in the plug-in
hybrid and pure electric cases. A much earlier return can be expected if a grant could cover
the charging unit's full cost, even with fewer vessels. On the other hand, using onshore
electricity as a power source greatly reduces the operational costs, compared to those cases, in
which electricity is produced by burning fuel oil. The reason for this is to be found in the
lower cost of electricity providing the same amount of energy. This also emphasizes the
importance of how the charger could be financed.

Based on these data, it can be said that switching to any alternative drive system would
not be easy or risk-free. However, the payback time can vary greatly as investment costs
decrease. It is possible that the operator may have access to the components at a lower cost
than here estimated values. Fuels are sure to become more expensive over time, while
lithium-ion batteries' cost is on a declining trend. Both factors have a positive effect on the
payback time. In the article, the authors did not account for maintenance, design, and
installation costs because they are very difficult to quantify in general. The latter two would
certainly increase the payback time, but not significantly (max. 5%). The systems with a
battery pack require less maintenance. Increasing the proportion of battery power in total
demand, decreases the maintenance costs compared to a traditional system. In the case of an
alternative drive system, the redundancy of the drive system increases. Additional benefits
include lower noise and emissions, which can attract more passengers to the ships.

As a final conclusion, alternative drive systems for inland vessels can result in reduction
of fuel consumption and operational costs, but one has to pay for this on the investment side,
which may prevent the refitting. This also shows that the optimisation of the propulsion
system should be a major consideration when designing a ship.
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