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Unconventional approaches to propulsion system design are increasingly being explored to meet increasing

demands for efficiency, ecology, and reliability. This paper focuses on the analysis of simulated dynamic loads
on the propulsion system of ships that feature unconventional power systems — Reformed Methanol Fuel Cell
System (RMFC). The analysis is aimed at understanding the performance of these systems under dynamic sea
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conditions, assessing their performance, and identifying potential challenges and benefits associated with them
(including military ones). According to military assumptions, an undeniable benefit is the minimization of the
ship's physical fields and its independence from the base (i.e., in the future, obtaining hydrogen from seawater
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1. Introduction

Today's marine technology is constantly evolving, striv-
ing for ever more advanced and efficient solutions. One of
the core components of modern vessels is their propulsion
system, which plays a key role in ensuring not only effi-
ciency but also the sustainability of the marine environ-
ment. Increasingly, unconventional approaches to propul-
sion system design are being explored to meet the growing
demands for efficiency, ecology, and reliability.

In addition to the aforementioned commercial require-
ments, special — purpose entities — such as the military —
focus additionally on logistical aspects (independence from
the base), and stealthiness of operations (minimizing the
physical ship, including acoustic and thermal). These aspects
can be provided by propulsion systems equipped with hydro-
gen-powered fuel cells.

The conditions of use of marine main propulsion en-
gines are peculiar, resulting from the resistance characteris-
tics of the vessel and the characteristics of the propellers.
The movement of the vessel is characterized by significant
dynamics resulting from changes in the external conditions
of swimming, which significantly affects the course of the
resistance characteristics and, thus, changes in the power of
the main engines at a given speed of swimming. The dy-
namic change of loads, during which there is a change in
the performance of the propulsion system at a given time,
occurs as a result of steering, the interaction of external
conditions as well as their correlation. Typical dynamic
conditions occur during starting from a standstill, changes
in speed, changes in the direction of movement of the ves-
sel, sailing in storm conditions, working on DP, performing
special tasks (e.g. fishing, trawling, searching for mines)
[17].

Reciprocating internal combustion engines were the tra-
ditional solution adopted for most ships of the last century.
The emerging sense of environmental responsibility in the
early 20th century [15, 35] as the changing climate led to

a change of approach in ship propulsion design [1]. The
shipbuilding industry focused its efforts on implementing
exhaust gas cleaning systems to ensure compliance with
MARPOL regulations [3, 16]. The 21st century brought
further restrictions on toxic exhaust emissions [16, 22],
forcing the introduction of alternatives for energy efficiency
as well as emission reduction.

Leo et al. [19] took up the study of PEM fuel cells in
terms of exergy loss and exergy efficiency. He performed
the analysis for PEM fuel cells powered by hydrogen pro-
duced by methanol reforming and direct methanol fuel cells
powered by direct liquid methanol [19].

The issue of using hydrogen as an alternative power
source at sea was dealt with, among others, by Meryem
Gizem Siirer and Hiiseyin Turan Arat. They summarized
the latest research, hydrogen production, and storage meth-
ods and challenges, which allowed them to analyze the
development of fuel cell-based marine vehicles [26].

Zuhang et al. [10] in their research present a literature
analysis of the economics, feasibility, and primacy of fuel
cells and hydrogen for marine applications in four aspects:
key technologies for marine fuel cell applications, key
technologies for marine hydrogen applications, costs, and
standards.

Elammas [7] paper analyzed the environmental benefits
of hydrogen fuel cells, including their potential to reduce
greenhouse gas emissions and improve energy efficiency.
In addition, he addressed the issues of improving energy
security and reducing dependence on fossil fuels in mari-
time transportation.

One variant of the solution is the use of hybrid propul-
sion systems (HPS), which use electric motors, power gen-
eration systems, and power storage systems (Fig. 1). The
downside of hybrid solutions is the increased weight of the
vessel. However, the benefits of such a solution, including
the high efficiency of the electric engine and the reduction
of toxic exhaust emissions, outweigh the potential losses.
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Satisfactory results obtained for hybrid propulsion systems
encourage total propulsion electrification. An issue still
being worked out is the optimization of electricity storage
in batteries, the efficiency of this process depending on the
speed and temperature of battery operation, and the thread
of electricity production [2, 25, 32].
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Fig. 1. AKA Hybrid propulsion [36]

A major trend in the development of marine propulsion
systems is the use of alternative fuels such as hydrogen and
its compounds. The revolution, which is already underway,
is being driven by fuel cell (FC) technology and hybrid
energy storage systems (HESS). Fuel cells are a quiet and
clean energy source. On the plus side, fuel cells have a
much higher energy density and high energy efficiency than
batteries. Given these advantages, fuel cells themselves as
well as hybrid systems have a promising future in marine
applications [21, 22, 23]. One example of a hybrid system
is the use of a PEMFC cell in a propulsion system in which
an electrochemical battery can be recharged from a fuel cell

(Fig. 2).
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Fig. 2. Schematic of the construction ship propulsion system in which
electrochemical battery can be recharged from a PEMFC

Among the 6 main types of fuel cells available (Table
1), which are used commercially, FCs containing a solid
electrolyte are the most predisposed for power unit applica-
tions.

This group includes proton exchange polymer mem-
brane fuel cells (PEMFCs), which can operate in the tem-
perature range from 20 to 70°C (LT-PEMFC), and solutions
operating at temperatures of 120-160'C (HT-PEMFC) [4,
31]. It should be noted that LT-PEMFC polymer cells, with
respect to HT-PEMFCs, have already been used commer-
cially in transportation for many years [5, 6, 31].

Despite the main advantage of LT-PEMFCs being low-
temperature operation, they have one key disadvantage. In
the use of these cells is the need to use high-purity hydro-
gen H2 (5N), due to the presence of a platinum catalyst. An
example of an LT-PEMFC fuel cell stack is shown in Fig.
3. Unfortunately, the cost of the Pt catalyst, accounts for
about 50% of the total cost of a PEMFC fuel cell stack. In
addition, the Pt catalyst, shows very poor resistance to CO,
SO, (the possibility of catalyst degradation, leading to sig-
nificant degradation of the electrical performance of the FC
stack) [5, 6, 33].

Fig. 3. Example PEM fuel cell stack [11]

LT-PEMFC fuel cells can operate as electricity genera-
tors in a wide range of electrical outputs from a few watts
to several hundred kKW. In turn, these units can be combined
in a modular fashion (i.e., series connection of smaller
units, parallel connection of more units) or electrically
connected in series-parallel to form high-power generators,
i.e., the 15-19 MW range [5, 6].

Table 1. Types of fuel cells [9, 31]

Type of cell Electrolyte Operating temperature [°C] Fuel Efficiency [~%)] Application
PEMFC — polymer . Ha, NH4, CH,4 — fuel and astronautics, military
membrane fuel cell solid polymer 20-160 oxidizer devoid of CO, 53-58 technology
AFC — alkaline fuel solution KOH 50-200 Hy, NoHa, CHa 60 astronautics, military
cell technology
If?J';/IHZSII_ methanol solid polymer 20-90 methanol 40 portable
PA_FC — phosphoric Concentrated 150-200 H,, CH;0H, naFuraI gas, > 40 public facilities
acid fuel cell H3PO4 kerosene, biogas
MCFC — molten fused carbonate CH30H, natural gas, power generation
carbonate fuel cell (Li, K, Na) 600-700 biogas 45
SOFC - solid oxide 2r0,:Y20; 500-1000 Ha, CHA,_naturaI gas, 35.43 power engineering,
fuel cell biogas cogeneration
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PEMFC generators have an electrical efficiency of 45—
65%, The rest of the energy is lost as heat. In order to re-
move heat from the fuel cell space, they must have cooling
systems. Liquid cooling systems are used at scales above 10
kW. It should be noted that the heat from LT-PEMFC fuel
cells can be recovered and used in the system, raising the
efficiency of the integrated energy system to 70-80% [8,
28].

As a rule of thumb, LT-PEMFC fuel cells require a sup-
ply of 0.8 m® of H, (at 50% efficiency) to produce 1 kWh.
Based on this relationship, it can be assumed that an FC
generator (FC stack module of 100 kW, to produce 100
kWh will require the supply of 80 m* of H, or 7.12 kg of
H,. In the case of FC LT-PEMFC generators, it is necessary
to take into account about 2-3% H, of hydrogen additional-
ly for the so-called own needs (purification, membranes,
over—blowing). Media outlet temperatures from the media
cooling system and from the cathode space are in the range
of 45-55°C [6, 15, 24, 34].

This article focuses on analyzing the simulated dynamic
loads of a ship's propulsion system, which features an un-
conventional power system (in this case, a power genera-
tion module consisting of a 5 kW fuel cell powered by
reformer-generated hydrogen (RMFC)). The analysis of
such a solution is aimed at understanding their performance
under dynamic maritime conditions, assessing their perfor-
mance, and identifying possible challenges and benefits
associated with them.

The conclusions of this analysis may have important
implications for the future of marine transportation and
vessel operations. By considering unconventional power
systems, we are able to chart development paths that will
contribute to a more sustainable and efficient use of marine
resources, while reducing environmental impact.

In terms of military application, the key is to achieve
independence from fossil fuels, which, during a potential
conflict, can increase the operational potential of the ships.
In addition, which is also part of the research issue, the use
of RMFCs allows for minimizing the ship's thermal field by
lowering the temperature of the exhaust gases.

2. Research object

In order to carry out the study, it was necessary to ob-
tain the actual load spectra of the marine engine. Data were
obtained from a vessel equipped with an MTU 8V2000
M72 propulsion engine (Fig. 4).

Fig. 4. View of the MTU 8V2000 M72 engine [27]

Basic technical engine data is shown below in Table 2.
Table 2. Technical data of the MTU 82000 M72 engine [27]

Rated speed rpm 2250
Rated power kw 720
Number of cylinders - 8
Cylinder arrangement and quantity ° 90
Piston stroke mm 156
Cylinder diameter mm 135
Cylinder displacement cm® 2230
Total engine displacement cm® | 17840
Number of inlet valves per cylinder — 2
Number of exhaust valves per cylinder — 2

The object of laboratory research was a stationary test
stand for power generation, which is located at the equip-
ment of the Poznan University of Technology (Fig. 5). The
configuration of this station allows simulation studies that
faithfully, assuming the scalability of the processes, reflect
the nature of load changes in the ship's propulsion system.

Power generation
module

D N

F
) -
=

Fuel tank - reformer -

Electric drive module
Drive motor - inverter -

transmission system

Computer that controls the
power generation system

Fig. 5. Reformer test stand including battery, electric motor, power take-
off system and data acquisition station

The main components of the stand (Table 3) are a power
generation module (H3-5000 is a Reformed Methanol Fuel
Cell System (RMFC)) consisting of a 5 kW fuel cell
(HTPEM) powered by hydrogen generated in the reformer.
The reformer, on the other hand, is powered by an aqueous
methanol solution with a methanol-water ratio of 60/40.
The stand also includes a battery, an electric motor and
a resistor.

The operation of the test stand load system is controlled
by software dedicated to the developed test stand design.
The reformer feeding the fuel cell operated in automatic
mode, selecting the fuel dose according to the charging
current. The control interface is shown below (Fig. 6). To
test toxic compounds, a TESTO 350 analyzer was used,
which was plugged into the reformer's exhaust outlet.
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Table 3. Technical specifications test bench [30]

RMFC
Maximum power output W 5000
Input/Output voltage w 42/57
Output current A 125
Fuel consumption dm¥kWh 0.9
Battery
Total energy capacity kWh 25.92
gperatlonal energy capaci- KWh 23.30
Number of cells - 192
(I:?eaﬁed voltage of a single v 375
(I:?ealied capacity of a single Ah 36
Rated voltage \Y% 395
Electric motor
Engine power kw 65 at 3000 rpm
Continuous engine power kw 43
o e |

Mt 101,884 SW. 1720
Sertenergy i
The Power of

priprinh o R

AControl Panel  EiOverview O Settings () Alarm List

{ 21— i

Fig. 6. RMCF data acquisition workstation interface

3. Research plan

In accordance with the research methodology, a re-
search plan was developed, taking into account the research
object, the measurement apparatus used and the measured
parameters of the research object. Due to the complexity of
the processes occurring during the load changes of the ma-
rine engine, it was decided to carry out tests for 4 cases
determined on the basis of data collected on the vessel
according to:

— the experimental plan of PS/DK 3?
— the propeller characteristics

— the load histogram

— the battery charging plan.

Crankshaft speed, engine torque load, fuel consumption,
exhaust toxic content and temperature, battery dis-
charge/charge current, battery voltage, battery charge level
were measured for the test object.

3.1. Research according to the experimental plan

of PS/DK 3°

Design of experiment (DoE) is often used to create em-
pirical models. It reduces the number of measurements
required, which translates into a reduction in the use of the

object under study and, consequently, a reduction in costs.
A properly selected research plan gives the possibility of
obtaining accurate results, i.e., mathematical relationships
describing selected process quantities [12 13, 20].

The study was planned using a static determined com-
plete research plan (PS/DK 3?), with which the influence of
two input factors (crankshaft speed and engine torque load)
was analyzed.

One of the steps in planning the experiment is to deter-
mine a set of characteristic quantities for the test object
(Fig. 7), which were selected by introducing the following
simplifications:

1. Constant values, due to their invariable influence on the
waveform output values, are not taken into account
2. Interference factors are ignored due to studies conduct-
ed under identical environmental conditions
3 The set of input (independent) quantities is defined as
follows:
— shaft speed n = 300-1200 rpm
— torque set on brake M = 0-60 Nm
4. The output quantities are limited to the quantities:
—  receiver (motor) power P [kW]
—  battery voltage U [V]
— battery voltage drop dU [V/s]
— battery current lpy [A]
— charging current I 4 [A]
— battery charge level [%]
— exhaust gas temperature tg, [°C]
— nitrogen oxides concentration in the exhaust gas

NO [ppm]
— nitrogen oxide concentration in the exhaust gas
NO [ppm]
— nitrogen dioxide concentration in the exhaust gas
NO; [ppm]
— carbon monoxide concentration in the exhaust gas
CO [ppm]
— carbon dioxide concentration in the exhaust gas
CO, [%].
Z1l Z, Zil
Xy Y ,
X, Research object Y2
—’ _,
Xi Vs
G, .
G,

B
>

Fig. 7. Research object — structure. x — input quantities, y — output quanti-
ties, Z — disturbing quantities, C — constant values [37]

The values of the input parameters (in the number k) in
the given intervals took over three levels of variation,
which allows us to obtain a mathematical model of the
studied process in the form of a polynomial of the second
degree [37]:
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y = by + X b Xk + X b Xip + X by XX 1)

where: y— dependent output factor, x— j-th independent
input factor, b — regression function coefficient.

The experiment was carried out according to the appro-
priate (for the chosen research plan) set of process input
parameter values (Table 4).

Table 4. The experimental plan

Test A | B n [rpm] M [Nm]
1 -1]-1 300 20
2 0 | -1 750 20
3 1|1 1200 20
4 -1]0 300 40
5 0 0 750 40
6 1|0 1200 40
7 111 300 60
8 0 |1 750 60
9 111 1200 60

The researcher were able to perform as few as nine
tests, which made it possible to satisfactorily analyze the
results obtained. In this plan:

— Ais crankshaft rotational speed
— B istorque set on brake.

Number -1, 0 and 1 means lowest, middle and highest

value of parameters A and B.

3.2. Research by propeller characteristics

The analysis by propeller characteristics was performed
on the basis of the quantities obtained from the field of the
MTU 8V2000 M72 engine (Fig. 8).

3600

3200
Fuel stop power

720 kW
2250 min™

2800

2400 |

Torque

2000

DBR-Curve
1660

1200 MCR-Curve

800 P=f(n’)

(©)

400

Fig. 8. MTU 8V2000 M72 engine work field. DBR — temporary work
curve, WMT — maximum continuous work curve, P = f (n) — propeller
characteristics, 1 — unit fuel consumption curves [27]

In order to perform the experiment, the assumed values
of power and speed obtained from the working field were
converted to denominated values to perform the bench test
(Table 5).

Table 5. Independent parameter assumptions for the helical characteristics

No. | n[rpm] M [Nm] nine | P/Pe | n[rpm] M [Nm]

1 600 20 0.33 | 0.03 400 1.8

2 800 40 044 | 0.11 530 6.6

3 1000 60 0.55 | 0.16 660 9.6

4 1200 110 066 | 03 790 18

5 1400 170 0.77 | 0.46 920 27.6

6 1600 260 088 | 07 1050 42

7 1800 370 1 1 1200 60
SHIP TEST STAND

3.3. Research according to the load diagram

Data from the ship's machine log was used to develop
the load diagram. In the ship's machine log, load status
information is recorded in the form of changes in engine
speed. Records are made every hour of continuous opera-
tion or when the engine speed changes. Nowadays, this
process is done automatically with the help of dedicated
ship engine room monitoring programs.

Engine load processes during operation can be treated as
a stochastic process (with engine standstill treated as an
additional operating state) described by a process state
space:

Q = {ey,e;,€3,€4,€5,€6} 2)

where: e; — the operating condition of the engine in "loose
gear”, n = 600 rpm, e, — engine running condition on "very
slow forward”, n = 600 rpm, P, = 0.03 P, (20 kW), e; —
engine running condition on "slow forward”, n = 1200 rpm,
P. = 0.15 P, (110 kW), e, — engine running condition at
"half ahead”, n = 1800 rpm, P, = 0.51 P, (370 kW), e5 —
engine running condition at "full ahead”, n = 2250 rpm, P,
=P, (720 kW), e — ,,stop”.

The power values for individual engine loads were de-
termined indicatively for the ship's averaged propeller char-
acteristics and assuming that in the ship's propulsion system
the engines reach their rated operating point, i.e. for full
displacement at rated speed value n = 2250 rpm the engines
reach rated power P, = 720 kKW.

55,954
55,952~

55,95-
55,948
55,946~

55,944

1 1 ' ' ' 1 '
2034 2035 2036 2037 2038 2039 204

Longitude [deg]

' ' '
2031 2032 2033

Fig. 9. The recorded path during the task searching by lanes
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Also key to the operation of the ship's propulsion sys-
tem is the type of task being performed, e.g. (minesweep-
ing, patrolling, searching, identification). Each of the tasks
requires different engine settings and introduces additional
variables (e.g., changes in the direction of swimming, wind
influence, making turns). An example of the path of a spe-
cial-purpose vessel while performing a strip search task is
shown in Fig. 9. Data for the chart was obtained from the
"Automatic Identification System™ AIS system.

Based on the values from the machine log, a histogram
was developed for each working conditions (Fig. 10).

el e2 e3 e4 e5

Load status of engines

60

[0
=}

B
o

N
=}

workingtime share [%)]
W
o

[
=}

o

Fig. 10. Histogram of engines running time

In order to perform the experiment, the assumed values
of power and speed obtained from the time balance of the
motors (load histogram) were converted to denominated
values, which allowed to perform the test on the test bench
(Table 6).

Table 6. Independent parameter assumptions for the load diagram

Power for
Propulsion n Usable the propul- n M
mode [rpm] power sion mode [rpm] [Nm]
[kw]
el| luz 600 0 0 400 0
e2 | BWN | 600 | P=0.03Pma 20 400 1.8
e3| WN 1200 | P =0.15 Ppax 110 790 18
e4 | PN 1800 | P =0.51 Prax 370 1200 60
e5| CN 2250 | P=1.0 Pmax 720 1400 110
SHIP TEST STAND
a)
(1)n [rpmi(L) :-15.43333
(2)M [NmJ(L) —‘11.63333
1Lby2L |6.T
n [rpm](Q) 2166667
1Lby2Q ‘.2
1Qby2Q A
1Qby2L 05
M [Nm|(Q) ‘.OIEGGBT

-2 0 2 4 6 8 10 12 14 16 18 20 22

3.4. Research according to the plan charging the battery

The analysis according to the 'battery charging' plan was
carried out during battery charging using the system pre-
sented in Chapter 2. During start-up and preheating and
cooling of the reformer, the test quantities were not meas-
ured due to the lack of measurement capabilities. Attention
should be paid to the preparation time of the reformer for
operation, i.e. the preheating process, which takes about 36
minutes, and the cooling time — 24 minutes. This accounts
for about 33% of the device's operating time. The test plan
for battery charging is shown in Table 7.

Table 7. The experimental plan for battery charging

Battery charging . .
No. current [A] Measurement time [min]
- start + preheating 36
1 2 8
2 4 23
3 6 7
4 8 10
5 10 8
6 12 10
7 13 12
8 6 37
— cooling + stop 24

4. Test results

In accordance with the established test plan, all the men-
tioned parameters of engine operation were measured and
recorded for the set speed, torque, and battery charging
current. After the tests were performed, the obtained output
values were analyzed in the STATISTICA program.

4.1. Analysis of the results for the experiment plan
PS/DK 3?

The analysis began by determining the significance of the
influence of individual input parameters and their interac-
tions were determined using ANOVA analysis of variance.
The next step was to determine the quality of fit of the ob-
tained (quadratic) models to the measured values was deter-
mined on the basis of coefficients of determination R? and
standard deviation of the residual component s [12, 18, 29].

b)

1Lby2L

- ,005
,0033333

|.0025

(2)M [Nm](L)

1Qby2L

1Lby2Q -,0026

n [rpmj(Q) “0011111
M [Nm)(@) ‘-.000550
1Qby2Q ‘0004167
(1)n [rpm](L) 0,
-0,001 0,000 0,001 0,002 0,003 0,004 0,005 0,006

Fig. 11. Pareto charts of concentration of a) battery current Iy, b) battery voltage drop dU
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The approximated polynomials (1) allowed the determi-
nation of relationships between the variables, including the
calculation and evaluation of the effect of loadings on the
determination of correlations. Pareto charts were used for
preliminary analysis.

Figure 11 shows the effect of individual independent
factors and their interactions on battery performance indica-
tors. The input quantities are represented on the vertical
axis of the graph. Number 1 is crankshaft rotational speed,
2 — torque on the brake. The designation "L" means that the
value of the coefficient is assigned to the linear magnitude
of the polynomial, "Q" — to the quadratic magnitude, while
"wz" — in relation to. As you can see, the main effect on the
studied quantities is directly influenced by the speed as well
as the torque, and for changes in battery voltage the rela-
tionship between the independent variables.

Based on the data obtained, surface plots were created
and the changes in the parameters studied were presented as

a) DV: dU [Vis]

00
001
001°
0008
00%°
00
000
00%°
000

SINOR

d)

a function of fuel crankshaft speed and torque set on the
brake (Fig. 12).

In the studied range of load and speed, the battery volt-
age drop was found to be the smallest for high loads and
low speeds at the same time, or low loads and high speeds.
The other studied parameters, such as power, battery dis-
charge current, and battery charge level, show changes as
expected, i.e., as the independent parameters increase, the
values of battery current and receiver power increase, while
the battery charge level decreases.

4.2. Analysis of results for propeller characteristics

For the results obtained, a slight spike in the battery
charge value is visible (Fig. 13). This is due to both the
time of measurement, which for technical reasons was lim-
ited to two minutes, and the small load variances of the
system.

: battery charge level [%
b DV: battery charge level [%

Tpyere sbie RisNed

wha

Fig. 12. Dependence of a) battery voltage drop, b) battery charge level, c) battery current, d) receive power
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Fig. 14. Scatterplot of multiple variables against a) crankshaft rotational speed n, b) torque on the brake M, c) battery current, d) measurement time
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Analyzing the data obtained, it can be concluded that
both battery currently,; and battery voltage drop dU show
the highest correlations with the other measured quantities.

4.3. Analysis of the results for the load diagram

The analysis according to the load diagram was per-
formed on the basis of the operating time balance of the
motors presented in Chapter 3 (Fig. 10, Table 6).

Due to technical limitations of the test stand, measure-
ments were not made for maximum values, i.e. n = 1400
rpm and M = 110 Nm. The tests (Fig. 14) according to the
load balance are made for 60 minutes. The operating time
for a given float mode was selected proportionally with the
actual operating times of the drive.

Comparing the scatter plots for the test according to
propeller characteristics (Fig. 13) with the scatter plots for
the load diagram (Fig. 14), significant differences in the
distribution of variables are apparent. This is due to the
measurement times and the actual settings selected for the
diagram in Fig. 14. Battery voltage drops over time for high
current values are lower, which may allow the battery to
run longer at a given load.

4.4. Analysis of results for battery charging

The analysis of the results for battery charging was per-
formed based on the experimental plan shown in Table 7.

During start-up and preheating and cooling of the re-
former, the test quantities were not measured due to the
lack of measurement possibilities. Note the reformer's own
operating time (i.e., the preheating process, which takes
about 36 minutes, and the cooling time — 24 minutes). This

represents about 33% of the device's operating time. The
test results are shown in Fig. 15.

From the above scatter plots, it can be seen that an in-
crease in the charging current affects the increase in the
tested quantities. It should be noted that the magnitudes of
the measured toxic compounds of the exhaust gas are close
to zero. This has a positive effect on environmental protec-
tion, including a reduction in the emission of toxic com-
pounds into the atmosphere.

5. Conclusion
The conducted studies, both empirical and model-based,

prove that it is reasonable to use unconventional power

sources for ship propulsion systems (equipped with fuel
cells powered by hydrogen generated in a reformer), espe-
cially under specific operating conditions.

The main conclusions of the study are as follows:

1. The test object should be analyzed based on its specific
load character.

2. The ship sails more than 50% of the task time in the
very slow forward (BWN) mode. The battery voltage
drop, for this mode, is the smallest at 1.263 mV/s for the
test object.

3. As can be seen from the Pareto plots, speed and torque
have the greatest influence on the quantities studied,
while their linear and quadratic interactions are much
less important.

4. Battery voltage drop is smallest for high loads and low
speeds at the same time, or low loads and high speeds.

166

COMBUSTION ENGINES, 2024;197(2)



Analysis of simulated dynamic loads of a ship propulsion system of a non-conventional power system

5. Both battery current Iy, and battery voltage drop dU
show the highest correlations with the other measured
quantities.

6. The magnitudes of the measured values of toxic com-
pounds of exhaust gases are close to zero, and thus close
to the values of the measuring resolution of TESTO
350. This is due to the nature of the combustion of
methanol and has a beneficial effect on reducing their
emission into the atmosphere.

In summary, the use of fuel cells can help improve air
quality, reduce greenhouse gas emissions, and create

a more efficient and sustainable energy system. However, it

is worth noting that the implementation of this technology
also requires consideration of aspects related to fuel (hy-
drogen) production and transportation. According to mili-
tary assumptions, an undeniable benefit is the minimization
of the physical fields of the vessel and its independence
from the base (i.e., in the future, obtaining hydrogen from
seawater electrolysis).

The promising results of the research will be continued.
They will focus on developing a model for optimizing the
selection of the battery buffer and placing it on the vessel so
that the vessel's stability assumptions are maintained.

Nomenclature

AIS automatic identification system HPS hybrid propulsion system

ANOVA analysis of variance HT high temperature

DP dynamic positioning LT low temperature

DV dependent variable PEMFC polymer membrane fuel cell

FC fuel cell RMFC reformed methanol fuel cell system
HESS hybrid energy storage system
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