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Editorial

Due to the dynamic development of

machine and vehicle powertrains, the
"Combustion Engines” scientific jour-
nal, while retaining its historical title,
currently publishes works related not
only to internal combustion engines, but
also otherpowertrains, including hybrid
drives, electric drives and fuel cells.
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Study of pulse jet engine thermodynamic cycle using workflow mathematical modeling

new data on the processes, parameters, and/or characteris-
tics of aircraft pulsejets, expanding on the known data from
the first half of the 1940s from the leading German devel-
opers of the classic Argus As 014 engine [9], have been
obtained during this entire period.

Fig. 1. Schematic diagram of a classic valved pulse jet engine with straight
air intake: 1 — inlet device; 2 — valve grid; 3 — Venturi diffuser; 4 — com-
bustion chamber; 5 — cone (nozzle); 6 — resonance tube

The situation with theoretical research is no better.
Thus, the method of characteristics [37], developed in the
first half of the 1940s, remained, for many decades, one of
the few available methods for theoretically studying the
pulse-jet engine workflow. Numerous works devoted to
theoretical research and the development of methods for
modeling motors [8, 44] have not led to greater clarity of
the processes than was investigated by the founders of the
pulsejet technology in Germany 80 years ago [36]. It is
characteristic that even half a century after the creation of
this project, in the subsequent decades of general computer-
ization, not a single computer program for modeling the
workflow and characteristics of a pulse jet engine has been
developed that is accessible to a wide range of users, alt-
hough significant efforts have been made to this end, in-
cluding the use of the most modern 3-D modeling [39, 40].

The lack of a systematic approach in research naturally
leads to difficulties in assessing the feasibility of various
engine designs. As a result, for many decades, numerous
enthusiasts, primarily amateurs, unsuccessfully attempted to
make various exotic pulsejet designs work, including valve-
less designs [22, 45], while the experience of German de-
velopers clearly indicates the ineffectiveness of such de-
signs in aviation [6] and the practical absence of an alterna-
tive to the valve-based pulsejet design [9].

The reasons for these failures are ambiguous. On the
one hand, it is worth noting the lack of interest in this en-
gine type in "large™ aviation since the late 1940s, which led
to the closure of all areas of development and application of
aviation pulsejets in favor of turbojet engines. Consequent-
ly, research into pulse jet engine processes has become
a proactive endeavor, where a lack of, or even complete
absence of, adequate funding for this topic prevents the full
implementation of all necessary research [35, 38]. On the
other hand, significant research has been devoted to inves-
tigating pulse combustion [33, 44], including efforts to
develop industrial installations and devices based on this
phenomenon [26, 27]. Since the purpose of such work was
not to obtain the characteristics of an aircraft engine, in-
cluding thrust and specific fuel consumption, their results
have rather limited application for aviation.

In general, it should be noted that the insufficient re-
search into these processes leaves a wide range of possibili-
ties for the emergence of various theories unsupported by
theoretical modeling and experiments, which are the basis
for numerous attempts to create inefficient [28] or com-
pletely inoperable engine designs [41]. This situation is
understandable, since for many decades the main field of
application of the pulse jet engine was aircraft modeling
[11], where the main "scientific centers" were workshops
and garages, and the main research tools were metal cutters
and welding machines [23]. It is for this reason that signifi-
cant gaps are observed, first and foremost, in the fundamen-
tals of the theory of pulsejets, including in the study of their
thermodynamic cycles.

An analysis of known sources on the topic of pulsejets
allows us to draw the preliminary conclusion that German
developers clearly justified the thermodynamic cycle of the
pulse jet engine as the Lenoir cycle [36]. As is known [34],
the ideal Lenoir cycle (Fig. 2a) consists of three processes.
Initially, heat is released to the working fluid during iso-
choric combustion at constant volume, increasing the work-
ing fluid's pressure. This is followed by polytropic (adia-
batic) expansion, after which heat is released to the envi-
ronment at constant atmospheric pressure in isobaric cool-
ing. In other words, the key feature of the Lenoir cycle is
that pressure increases solely as a result of heat release,
without the use of mechanical boosters such as compressors
or superchargers. This explains the low maximum cycle
pressure, Pmax, relative to ambient pressure, po — in pulse-
jets, the cycle pressure ratio (1 = pmax/Po) does not exceed
2.2-2.4.

The closed curve of the component processes forms the
diagram of the ideal working cycle (Fig. 2a) of a pulse jet
engine. This is not merely a theoretical diagram; on the
contrary, it demonstrates that during operation, the state of
the working fluid in the engine, not only in the combustion
chamber but also in all other sections, undergoes continu-
ous changes in accordance with the circular movement of
the diagram at a frequency of 40-200 Hz. This feature
characterizes the pulse jet engine as a periodic-flow engine
[16], by analogy with an internal combustion engine [4].
But at the same time, it significantly distinguishes this en-
gine from other air-breathing engines (turbojets and ram-
jets), in which the flow is stationary [42], that is, the state of
the working fluid in a specific section of the engine remains
constant over time.

Despite the indication of the German developers [36],
and also taking into account the fact that no serious theoret-
ical studies of the pulse jet engine cycle have been conduct-
ed for almost 80 years, in some sources [7], nevertheless,
there have been claims that the engine's workflow is de-
scribed by another, more efficient thermodynamic cycle —
the Humphrey cycle (Fig. 2b).

The main difference between the Humphrey cycle and
the Lenoir cycle lies in the preliminary polytropic (adia-
batic) compression before the onset of heat release at con-
stant volume [19]. In other words, an engine operating on
the Humphrey cycle, unlike the Lenoir cycle, has an addi-
tional compression process in the chamber in addition to the
combustion itself. In addition, the Humphrey cycle can be
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considered a kind of modification of the Brayton cycle,
typical of ramjet engines [7], but instead of heat release at
constant pressure, heat is released at constant volume, and
there is no gas exchange, instead there is a conditional pro-
cess of heat removal from the cycle to the environment at
a constant atmospheric pressure.

a) p

const <4

— V

b)

=const

1&q,,3
\'

Fig. 2. Diagrams of thermodynamic cycles attributed to a pulse jet engine

and their individual processes (phases): a — Lenoir cycle [5], b — Humph-

rey cycle [7]; A — isobaric gas exchange (intake) and heat removal; B —

isochoric heat release (combustion); C — polytropic (adiabatic) expansion;
D — preliminary polytropic (adiabatic) compression

According to proponents of this concept [14], prelimi-
nary compression also occurs in a pulse jet engine; howev-
er, no studies supporting this claim are presented in these
works. Some sources provide an additional clarification,
albeit without proper justification, stating that the thermo-
dynamic cycle of a pulse jet engine can be represented by
two variants [26]. Thus, the cycle of a valve engine when
operating at a stationary speed, at zero speed, and a valve-
less engine remains, as previously believed, the Lenoir
cycle [12, 20]. However, at a non-zero flight speed, it was
proposed to treat the valve engine cycle as a Humphrey
cycle [12]. This later enabled some researchers [7, 14] to
completely exclude the Lenoir cycle, treating it as a special
case of the Humphrey cycle at zero speed, and to consider
the Humphrey cycle as the only working cycle of a pulse jet
engine without additional conditions [20]. Thus, contrary to
the data of the German founders, it was proposed to describe

the working cycle of a pulse jet engine as a modification of a
ramjet engine, with heat release at constant volume.

It means adding another process to the Lenoir cycle of
a pulse jet engine can create a contradiction. A pulse jet en-
gine, as noted above, is a periodic, not continuous, engine. It
features gas exchange, as in an internal combustion engine,
rather than constant-temperature heat removal at constant
atmospheric pressure, as in other types of jet engines. This
workflow characteristic significantly influences seemingly
obvious patterns, or at least requires substantiation.

For example, all air jet engine types have an appropriate
inlet device that brakes the oncoming airflow, but ramjet
and turbojet engines are not engines with a periodic work-
flow; their operating cycle is open, closed only conditional-
ly by the conventional process of heat removal to the envi-
ronment at constant atmospheric pressure. In contrast, the
pulse jet engine's operating cycle is closed, so the introduc-
tion of a new process, such as preliminary braking and air
compression, must be substantiated by relevant data.

However, such data is currently unavailable. Further-
more, when describing the pulse jet engine workflow using
the Humphrey cycle, well-known designs of valved pulse
jet engines [24] with a side intake (Fig. 3) are often omitted.
It is perfectly clear that such a design does not allow for
straight air intake and pre-compression as flight speed in-
creases. However, the most important fact is that all re-
searchers, without exception, consider only the ideal theo-
retical cycle of a pulse jet engine. Such a cycle, whether the
Lenoir or Humphrey cycle (Fig. 2), bears no relation to
specific operating pulsejets constructed of metal. Accord-
ingly, a purely theoretical representation of the workflow,
without its connection to real objects and their processes, as
well as attempts to use theoretical assumptions without
verification and to link them to a specific object of study,
do not allow us to identify real operating principles for
subsequent practical application.

Fig. 3. McDonnell XPJ40-MD-2 valved pulse jet engine with side air entry
(McDonnell TD2D Katydid air target [24])

Therefore, there is every reason to believe that insuffi-
cient research into the processes involved has led to uncer-
tainty, or even a contradiction, regarding the actual operat-
ing thermodynamic cycle of a heat engine known for over
80 years — namely, the pulse jet engine. It is also unclear
which of the known thermodynamic cycles is more efficient
in a pulse jet engine, and how to practically implement
either cycle in a real product. These questions are quite
important, as they may be fundamental both to the correct
evaluation of the efficiency of existing pulse jet engine
designs and to the development of potential new designs for
this type of engine.
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In light of the identified contradictions and problems,
this work aims to determine the actual operating cycle of
a pulse jet engine. To achieve this goal, the following tasks
must be resolved:

1) Perform a theoretical analysis of known thermody-
namic cycles of a pulse jet engine.

2) Consider the possibility of using software tools to
simulate the pulse jet engine cycle.

3) Obtain calculation equations for determining the pol-
ytropic exponent in the pulsejet thermodynamic cycle.

4) Simulate the pulse jet engine's workflow, calculate
the polytropic exponent, and determine the actual thermo-
dynamic cycle of the pulse jet engine.

5) Compare the obtained thermodynamic cycles of
pulsejets of different designs and identify the general effect
of flight speed on their workflow.

3. Research materials and methods

3.1. Real operating cycle of pulse jet engine: preliminary
notices

At first, a valved pulse jet engine operating under static
conditions, that is, at zero airspeed, has been considered.
Next, analyze the operating cycle of such an engine, taking
into account that, as reported in various sources [19, 31,
36], it corresponds to the Lenoir cycle. We begin with the
differences between ideal and real thermodynamic cycles.

In the handbook on internal combustion engine (ICE)
theory [10], the relationship between cylinder pressure and
its volume in a piston engine, or equivalently, piston posi-
tion, is commonly referred to as an indicator diagram. This
relationship was historically determined using a special
indicator device, hence the name of the diagram. Character-
istically, an indicator diagram in a piston engine is a graph-
ical representation of the real operating cycle of the internal
combustion engine, used to analyze engine efficiency, as
opposed to the theoretical (ideal) Otto, Diesel, Atkinson,
and Miller cycles, which are typically needed primarily to
understand the operating principles of internal combustion
engines.

In other words, an indicator diagram is a graphical rep-
resentation of the change in pressure and volume of gases
inside the cylinder during internal combustion engine oper-
ation under real conditions. It captures all the features of the
real operating cycle, including gas exchange processes, heat
loss and combustion imperfections and incompleteness.
Obviously, such diagram can be made not only experimen-
tally, on a real engine, but also simulated using an engine
computer model through numerical experiments. Thus, the
ICE indicator diagram precisely corresponds to the actual
operating cycle of a specific engine, from which it was
measured experimentally or simulated.

Unlike the ICE, no real operating cycle of a pulse jet
engine has been considered to date. Numerous studies only
consider theoretical (ideal) Lenoir and/or Humphrey cycles,
which are unsuitable for analyzing real engine operation.
On the other hand, when analyzing the operating cycle of
jet engines with a steady flow of the working fluid [42], it is
customary to determine which points correspond to which
cross-section of the engine's flow path. This approach to

a pulse jet engine yields only the ideal thermodynamic
cycle diagram (Fig. 2).

The real operating cycle diagram cannot be constructed
in this way; its construction requires certain assumptions,
including volumetric combustion (heat release) and a uni-
form distribution of instantaneous gas parameters through-
out the combustion chamber. The key feature of interpret-
ing the real operating cycle of a pulse jet engine is that it
lacks a cylinder with a moving piston, and the combustion
chamber volume, conventionally defined, remains constant
during engine operation. This means that a complete analo-
gy with an ICE is not possible in this case. However, con-
sider the piston analogy or "liquid piston" method [15, 16]
adopted when describing gas flow in a resonance tube, the
gas volume in a pulse jet engine, limited by the “liquid”
piston in the tube, also changes over the cycle time due to
gas periodic expulsion. This is generally consistent with the
process of an ICE with piston movement in the cylinder.

In ICE theory, it is common to represent the real operat-
ing cycle (indicator diagram) in p — v coordinates, where
v = V/ma is the specific volume of the cylinder, i.e., relative
to the mass of gas in the cylinder. This value is the recipro-
cal of the current (instantaneous) density p of the gas in the
cylinder, i.e.:

1
Ve — ==
m p

The same can be achieved in a pulse jet engine. Fur-
thermore, in an ICE, the mass of the gas in the cylinder
remains constant during the compression and power
strokes, but changes during intake and exhaust (gas ex-
change). In a pulse jet engine, by contrast, with a constant
combustion chamber volume, the mass changes, and the gas
exchange process is generally little different from that in an
ICE.

In essence, this means that the movement of a hypothet-
ical “liquid” piston in the exhaust tube of a pulse jet engine
can be represented by analogy with the movement of
a metal piston in an ICE cylinder. In this case, it becomes
quite acceptable and reasonable to refer to the real operat-
ing cycle diagram of a pulse jet engine as an indicator dia-
gram, as is the case with an ICE. This is indeed important
for practice, as it highlights the fundamental difference
between the real operating cycle of a pulse jet engine dis-
cussed in this paper and the previously widely known ideal
theoretical cycle. This name, indicator diagram, for the real
operating cycle of a pulse jet engine is proposed in this
paper and used below.

3.2. Theoretical analysis of possible thermodynamic

cycles of a pulse jet engine

Thus, it is known that the following assumptions are
typically made in studies of ideal (reversible) thermody-
namic engine cycles [34]:

1) The working fluid is an ideal gas.

2) The mass of the working fluid is constant and the
same throughout all processes.

3) Compression and expansion processes are assumed to
be adiabatic.

4) Heat is supplied to the working fluid by heat transfer
from a hot source.
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5) Gas exchange processes are replaced by a reversible
process of heat removal from the working fluid to a cold
source.

Since such an idealized representation of the workflow
is far from reality, it can yield significant errors when used
to identify the characteristics of a real engine. For example,
assuming a constant mass of the working fluid, an adiabatic
expansion process with extremely hot walls, and neglecting
the gas exchange processes that determine the filling of the
combustion chamber — such crude assumptions make the
results of theoretical analysis more than questionable for
practical application. It follows that reliable data on the
engine's workflow, especially with a periodic one, can only
be obtained through the analysis of real cycles. This is
confirmed by the experience of theoretical analysis of the
operating process of another type of engine with a periodic
workflow — internal combustion engines [24].

Indeed, the actual cycle of a pulse jet engine differs sig-
nificantly from the ideal one, and one of the main differ-
ences is that instead of a constant heat removal process at
constant atmospheric pressure and a constant mass of the
working fluid, the actual cycle involves a process of gas
exchange with a variable mass of incoming and outgoing
gas. It is also known that during this period, the pressure in
the combustion chamber of a pulse jet engine is not con-
stant and does not equal atmospheric pressure, but rather
drops significantly to 0.60-0.65 atmospheric [21]. Moreo-
ver, in the actual process, one should not expect ideal heat
release at constant volume, nor an ideal subsequent adia-
batic expansion. All this suggests that the expected indica-
tor diagram of the real cycle (Fig. 4a) will also differ signif-
icantly from the ideal one (Fig. 2a). Under such conditions,
the polytropic indices of individual processes depicted on
the indicator diagram can be particularly important for
understanding the operating cycle. To determine patterns of
polytropic index change, all possible thermodynamic pro-
cesses can be represented as functions of their direction
(Fig. 4b), with a distinction made between positive (yellow)
and negative (blue) polytropic exponent values. Based on
these values, the limiting values of the polytropic index can
be shown on the real indicator diagram (Fig. 3a).

Thus, approximately halfway through the gas exchange
process, the polytropic index increases from —o and passes
through n = 0, which corresponds to isobaric heat removal
(cooling). However, it will continue to increase and, at the
beginning of the heat-addition phase, reach +o0. Obviously,
during heat addition, a discontinuity in the value of n will
occur, since this phase of the process begins at +oo and ends
at —oo, with a transition (discontinuity) from +oo to —oo.
Thereafter, n will gradually increase to approximately the
adiabatic expansion exponent y = 1.4, from where it will
gradually increase to +oo, with the new cycle beginning
with a discontinuity and again at —oo.

An approximate picture of the change in the polytropic
index during a circular walk through the indicator diagram
of Fig. 4a is shown in Fig. 5a as a function of time. The
cycle is taken to start at the time of intake (gas exchange) at
point 3. For comparison, Fig. 5b shows a similar depend-
ence, but for the ideal cycle depicted in Fig. 2a. The vertical
line in the middle of the heat addition process indicates

a conditional discontinuity associated with the change in
sign of the polytropic index from +o to —o between the end
of the isobaric heat removal process with n = 0 and the
beginning of the adiabatic expansion with n = y. The dis-
continuities in the polytropic index values do not always
lend themselves to a precise physical explanation, but in
this task, they should be considered and used as transition
points between processes.

a) p
8
|
Il
=
8
+
Il
=
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Fig. 4. Changes in the polytropic index in thermodynamic cycles: a — in
a hypothetical real operating cycle of a pulse jet engine, constructed based
on a theoretical logical analysis of the engine's workflow (the specific
volume, the inverse of the gas density, is used instead of volume V); b —
ranges of values of the polytropic index of the processes (the field of
positive values is shown in yellow, the field of negative values in blue)

Overall, one can note the qualitative agreement between
the diagrams of the polytropic index change for the ex-
pected real and ideal cycles — despite significant simplifica-
tions, the difference in the nature of the n dependence in the
ideal cycle (Fig. 5b) and the real cycle (Fig. 5a) is not as
great as one might expect.

Similar calculations could be made by assuming that the
thermodynamic cycle of a pulse jet engine is a Humphrey
cycle. It can then be assumed that at the beginning of the
curve's rise, immediately before heat input at constant vol-
ume, a section D of polytropic air compression (Fig. 6a)
may appear. In this case, a characteristic step will appear in
the diagram of the change in the polytropic index (Fig. 6b),
corresponding to the transition from the gas-exchange pro-
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cess A (3-1) through the preliminary compression D (1-4)
to the isochoric heat input B (2-3).
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Fig. 5. Change in the polytropic index over time in the operating cycle of

a pulse jet engine corresponding to the Lenoir cycle (according to Fig. 2a):

a — real cycle (expected change); b — ideal cycle; A — gas exchange (air

intake) at constant pressure; B — combustion at constant volume; C —
polytropic expansion (exhaust)

This step should be considered an indication of prelimi-
nary compression in the pulsejet working cycle, as shown
by a comparison of the nature of the change in the poly-
tropic index for both cycles (Fig. 5b and Fig. 6a). In fact,
for the Lenoir cycle (Fig. 5a), there is only a smooth transi-
tion of the polytropic index during gas exchange through 0
from —oo to +oo, while for the Humphrey cycle, after passing
through 0, a step must still appear that characterizes the
polytropic air compression (braking).

Despite its logical consistency, the theoretical construc-
tion of the real operating cycle (Fig. 4-6) may prove erro-
neous, especially when attempting to accurately depict the
aforementioned air deceleration in the inlet device at high
flight speeds. Therefore, it is necessary to verify and con-
firm preliminary assumptions about the actual nature of
processes in the real operating cycle.

This can be accomplished by constructing an indicator
diagram (and the dependence of the polytropic index
change in the cycle) based on modeling the pulse jet engine
workflow using the Pulsejet-Sim program [18, 31].

a) p

ik E

b)

T.

Fig. 6. Representation of the pulse jet engine operating cycle as a thermo-

dynamic Humphrey cycle (according to Fig. 2b): a — hypothetical real

cycle; b — hypothetical change in the polytropic index in the real cycle; A —

gas exchange (air intake); D — preliminary polytropic compression; B —
combustion; C — polytropic expansion (exhaust)

3.3. Using Pulsejet-Sim software for modeling pulse jet
engine operating cycle

The Pulsejet-Sim software is based on a thermodynamic
model of volumetric combustion of a fuel-air mixture in a
combustion chamber and the "piston analogy” model for
gas flow in a resonance tube [15]. The program specifies
the engine's geometric dimensions and the UAV's flight
mode, then numerically calculates changes in the instanta-
neous gas parameters over time for a selected number of
cycles, with increments of 0.01 milliseconds (107 s).

The calculation results in diagrams of changes in instan-
taneous pressure and temperature in the combustion cham-
ber, velocity in the resonance tube and intake duct, and
other parameters, including an indicator diagram in "pres-
sure-specific volume" coordinates [34]. The program also
accounts for air deceleration at the inlet, taking into account
total pressure losses (using the total pressure recovery coef-
ficient o [13]), enabling the comparison of engine operating
modes at various flight speeds.

In general, the Pulsejet-Sim program replicates the
methods of thermodynamic modeling of instantaneous gas
parameters in the cylinder of an internal combustion engine
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[17, 25], with the difference that in a pulse jet engine, the
combustion chamber volume, unlike in an internal combus-
tion engine cylinder, remains constant [31]. However, both
engines share a key property: their workflow is periodic
rather than steady-state, making it possible to apply re-
search methods used in internal combustion engines to
pulse jet engines.

Thus, by using the program to obtain diagrams of
changes in instantaneous gas parameters in the chamber, it
becomes possible to calculate the instantaneous value of the
polytropic index of the process occurring in the combustion
chamber at a given moment.

3.4. Derivation of calculation equations for determining
the polytropic index in a pulsejet thermodynamic
cycle

To derive the calculation relationships, considered the
process of changing gas parameters in the pulsejet combus-
tion chamber. According to the definition of a polytropic

process for an ideal gas [34]:

pv" = const (D

where p is the gas pressure; v=V/m = 1/p is the gas
specific volume; m, V, p are the gas mass, volume, and
density, respectively.
Let's rewrite equation (1) as:
p = p"const (2)

Let's assume that the polytropic process occurs between
the adjacent time points 1 and 2 in the thermodynamic
cycle (the Pulsejet-Sim program calculates 1000 time points
during the pulsejet working cycle [18], which yields a very
short time interval between time points). Then the follow-

ing relation holds:
P2 (Pz)“
e _ (= 3
P1 P1 )

Hence, the polytropic index of the process between
these points is:
P2
3 In (E)

n=
P2
In (91)
From the equation of state of an ideal gas, its density is
related to pressure p and temperature T:

p = pRT (5)

where R is the gas constant.
Then equation (4) can be rewritten as:

Pz Pz
_ In (p1) _ In (p1) ©
P2 Ty P2) _ (L2
ln (p1 Tz) ln (p1) ln (Tl)
From here, the polytropic index is expressed in terms of
the pressure and temperature in the combustion chamber:
1

In(72

1 B ll’l(—1

4

n=

(7

T
=N
N~—

o T
N
~—|

For ease of calculations directly from the resulting en-
gine indicator diagram in "pressure-specific volume" coor-
dinates, where the specific volumes are the inverse of the
density, expression (4) can be transformed as follows:

P2 P2 P2
. In (p1) _ In (1;1) _ In (p1) ®
P2 1/vy vi)’

Formulas (7) and (8) have a specific points at the begin-
ning of the engine calculation: when the pressures, tempera-
tures, and gas densities in all engine sections are the same
and equal to the initial (atmospheric) values, the result of
calculations using formula (7) may be undefined and equal
to 0/(1-0/0), while using formula (8) it may simply be equal
to 0/0.

To eliminate uncertainty, including random uncertainty,
a safeguard was introduced into the calculation. Thus, for

p2/p1 = 1, a small value was added to the logarithm in the
denominator of the fraction in formula (7):

In (&> +0.00001 ©)
P1

A similar technique was used for the entire denominator
of formulas (7) and (8).

Thus, when calculating the closed thermodynamic cycle
of a pulse jet engine, as determined by its indicator dia-
gram, it becomes possible to obtain a diagram of the change
in the instantaneous value of the polytropic exponent
throughout the cycle. This diagram can be used to directly
determine where and when, in the pulse jet engine cycle (if
it occurs at all), the preliminary compression of air during
its deceleration in the inlet device occurs, and which ther-
modynamic process it corresponds to.

4. Research results

The well-known Argus As 014 valved pulse jet engine
[9] was selected for the calculations. Even after 80 years, it
remains the only fully and comprehensively studied engine
of this type [6]. Furthermore, this engine is also one of the
standard engines in the Pulsejet-Sim program [18, 31].

After confirming the engine dimensions, the program
simulates the start-up and calculates a specified number of
cycles (10 cycles were calculated), which allows us to ob-
tain diagrams of instantaneous gas parameters (Fig.7).
These parameters are displayed in dimensionless form in
the diagrams: pressure p/p,, temperature T/T,, gas velocity
in the resonance tubev,/a,, air velocity at the inletve/asand
heat release ratedQ/dt(1/(aoCpoTo)) Where parameters with
the index "0" correspond to the environment; ay, Cp, are the
speed of sound and the heat capacity of the ambient air at
constant pressure.

In addition to the diagrams of instantaneous parameters,
the program also plots the pulse jet engine's indicator dia-
gram in the "dimensionless pressure — dimensionless spe-
cific volume™ coordinates for the last specified calculation
cycle. To verify the assertion that, at non-zero flight speeds,
the thermodynamic cycle of a valved pulse jet engine
smoothly transforms from the Lenoir cycle to the Humph-
rey cycle, similar indicator diagram calculations were also
performed for a speed of 800 km/h (Fig. 8). The indicator
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diagram data then allows one to directly plot a diagram of
the polytropic index change in the pulsejet operating cycle
(Fig. 9), using formula (8) for different flight speeds.
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Fig. 7. Diagrams of instantaneous dimensionless parameters: pressure,
temperature, inlet velocity, resonance tube velocity, and heat release rate,
which were obtained using the Pulsejet-Sim program [31] for the classic
Argus As 014 pulse jet engine during operation at zero flight speed v; =0

u=0 1 u=800 km/h

TITO:p/p0

Fig. 8. Indicator diagram (the real operating cycle) of the valved pulse jet
engine, obtained using the Pulsejet-Sim program [31] for the Argus As 014
engine during operation at speeds of us = 0 and us = 800 km/h

To explain and synchronize the processes, diagrams
(from bottom to top) of the heat release rate, inlet air ve-
locity, and combustion chamber temperature and pressure
are shown above the diagram of the process's polytropic
exponent change. The vertical lines sequentially show four
characteristic moments in time (Fig. 9): 1 — the start of
combustion (heat release), 2 — reaching the maximum heat
release rate, 3 — the end of the intake phase (change in the
pressure drop across the valves from positive to negative),
and 4 — closing of the valve system petals (end of backflow
from the chamber).

In addition, the obtained diagrams of the change in the
polytropic index (Fig. 9) conventionally indicate the phases
of the pulse jet engine operating cycle, including gas ex-
change (intake) shown in blue, heat supply during combus-
tion in yellow, and expansion in green.

To ensure a complete study, a simulation of the Argus
As 014 engine with a side air inlet was also performed. Fig.
10 presents the operating cycle simulation and calculation
results for instantaneous parameter changes, including the
indicator diagram and the polytropic index of the process
for this engine design at the same flight speed of 800 km/h.

o 21 21
. {p;_c/\
1\-_‘—'-/ 1

pipO

104

[=] o
= =
: \~ 5\/
10 = - 1.0 - A
o 0.5 o 0.5
g '
> 0.0 4 = 0.0 |
-0.5 . -0.5 +- - Attt
15 15 -
LY g 107
i 2113 5 2| 134
g . g )
1 T —|
0 ) .
' 5.0

2.5

4
JSE—
c 0.0 = 0.0
-2.5 f =2.51 I
(1]

'0.000 0005 0010 0015 ‘0000 0005 0010
ts Ls

a) b)

Fig. 9. Calculated change in instantaneous parameters of the Argus As 014

pulse jet engine with parameter synchronization over time in the operating

cycle shown in Fig. 7 and 8 (from top to bottom): pressure, temperature,

inlet air velocity, heat release rate, polytropic index; a — at zero flight
speed uf = 0; b — at flight speed of us = 800 km/h

T
0.015

5. Discussion and results analysis

From the obtained results, it follows that the calculated
indicator diagram (Fig. 8) for static conditions closely
matches the diagram constructed solely based on theoretical
inferences (Fig. 4a). A fairly close match is also observed
between the diagram of the change in polytropic index (Fig.
9a) and the diagram shown in Fig. 4a. This confirms the
fact that the thermodynamic cycle of a valved pulse jet
engine during stationary operation is a Lenoir cycle. At the
same time, as shown in the comparison of the diagrams for
a straight intake engine at 0 and 800 km/h (Fig. 9), increas-
ing airspeed and inlet dynamic pressure produce noticeable
changes in the indicator diagram.

First, the significant increase in airflow (Fig. 9b) is un-
derstandable for a straight intake design with an open
downstream resonance tube. However, this design degrades
combustion chamber performance at higher airspeeds, as
the amplitudes of pressure and temperature fluctuations
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Fig. 10. Results of modeling the workflow of Argus As 014 valved pulse

jet engine with a side air intake: a — indicator diagram at flight speeds of 0

and 800 km/h; b — change in instantaneous parameters (top) and polytropic
index over cycle time at flight speed of 800 km/h

decrease. This is clearly visible in the indicator diagram
(Fig. 8), where, as airspeed increases, a drop in maximum
pressure along the vertical axis is accompanied by a propor-
tional drop in maximum specific volume along the horizon-
tal axis, which is proportional to temperature. It's also sig-
nificant that, as flight speed increases, the air pressure at the
engine inlet rises due to the dynamic head (accounting for
the total pressure loss). As a result, in the upper diagram at

800 km/h (Fig. 9c), the intake phase begins and ends at
a pressure above atmospheric, although below the total
free-stream pressure.

The second major difference observed in the indicator
diagram of the valved pulse jet engine with a straight air
intake at 800 km/h (Fig. 8) is a characteristic slope in the
lower-left corner, absent from the indicator diagram for
engine operation at zero flight speed. This slope corre-
sponds to a "shelf" in the polytropic index curve at the very
beginning of the heat release process (Fig. 9b), which is
also absent at zero speed (Fig. 9a).

Let's examine this slope in more detail. As shown in
Fig. 9b, at the end of the gas exchange (intake) process, the
polytropic index stabilizes for some time at n > 2.5, which
is significantly higher than in the adiabatic process with
n = y. In other words, this is a polytropic pre-compression
process, but with a significant energy loss.

Such losses are understandable. Really, in a valved en-
gine, significant hydraulic losses should be expected as air
flows through the petal valve grid. Furthermore, the Pulse-
jet-Sim program calculates instantaneous pressure and
temperature values in the combustion chamber, accounting
for heat losses from all outer engine walls, including the
resonance tube [18]. Accordingly, heat losses from the
combustion chamber during the air inlet process are signifi-
cant, as indicated by the increased polytropic index. It fol-
lows that, as flight speed increases, the actual operating
cycle of a valved pulsejet with a straight air intake corre-
sponds to the Humphrey cycle, not the Lenoir cycle.

However, the validity of this statement for all valved
pulsejets should be verified. Thus, in a valved pulse jet
engine with a side air intake, as follows from the diagrams
(Fig. 10), the inlet pressure does not increase with increas-
ing flight speed. Accordingly, unlike a straight intake en-
gine (Fig. 8 and 9), a preliminary air deceleration (compres-
sion) section does not occur in a side-entry engine. As
a result, the indicator diagram changes only slightly with
increasing speed (Fig. 10a). This is confirmed by the ap-
pearance of the diagram of the change in the polytropic
index for the such engine workflow (Fig. 10b), as well as
by its comparison with the diagram of the change in the
polytropic index for an engine operating at zero flight speed
(Fig. 9a) — in both cases, no air deceleration section is ob-
served.

Therefore, a valved pulse jet engine with a side air in-
take, unlike a straight intake engine, continues to operate in
accordance with the Lenoir thermodynamic cycle even at
high flight speeds. However, the results of the study con-
firm that, at least within the investigated range of parame-
ters and operating conditions, the thermodynamic cycle of
a valved pulse jet engine can be represented as a Humphrey
cycle, which in special cases, at zero flight speed and/or
with a side air intake, does not have polytropic pre-
compression before the heat supply and corresponds to the
Lenoir cycle.

Significantly, a comparison of the pulsejet cycles of dif-
ferent designs (Fig.8 and 10a) at zero flight speed and high-
speed flight indicates a clear advantage of the side-intake
engine operating on the Lenoir cycle over the classic
straight intake pulse jet engine operating on the Humphrey
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cycle. At least, the cycle work, estimated by the area under
the indicator diagram curve, at high flight speed, is signifi-
cantly higher for the side-inlet engine operating on the
Lenoir cycle. However, due to limitations in the parameter
ranges and operating modes considered, as well as the as-
sumptions and errors of the methods used, the results ob-
tained are preliminary and require further study, verifica-
tion, and justification (or refutation).

6. Conclusions

A preliminary theoretical analysis of possible thermo-
dynamic cycles of a pulse jet engine revealed that two types
of thermodynamic cycles — the Lenoir cycle and the
Humphrey cycle can correspond to the workflow of this
type of engine. At the same time, a significant difference
between the theoretical ideal cycle of a pulse-jet engine and
its actual operating cycle is noted. The characteristics of the
real operating cycle and the similarity of its processes to
those of internal combustion engines suggest that it can be
called the indicator diagram of a pulse jet engine.

To clarify the type of thermodynamic cycle of a pulse
jet engine, equations for calculating the polytropic index
based on instantaneous values of gas parameters in the
combustion chamber, were derived. The classic Argus As
014 valved pulse jet engine workflow was simulated using
the Pulsejet-Sim program at both static condition and at
a flight speed of 800 km/h.

The workflow simulation results show that the actual
thermodynamic cycle of a valved pulse jet engine in static
condition is the Lenoir cycle. However, in a straight intake
engine, the shape of the indicator diagram changes with
increasing flight speed, developing a characteristic slope

absent at zero flight speed. At the same time, the polytropic
index curve before the onset of heat release exhibits a brief
stabilization at n > 2.5, which is significantly higher than in
an adiabatic process with n =y and corresponds to a poly-
tropic pre-compression process. This process pattern indi-
cates significant hydraulic and heat losses from the com-
bustion chamber during the air intake process, but confirms
that the real thermodynamic cycle of a straight intake
valved pulse jet engine at high flight speed corresponds to
the Humphrey cycle, not the Lenoir cycle.

Unlike a straight intake engine, in a side-intake valved
pulse jet engine, pre-compression of the air does not occur
as flight speed increases, and the indicator diagram changes
only slightly. As a result, the valved pulse jet engine with
a side air intake operates according to the Lenoir thermody-
namic cycle across the entire flight speed range.

The study results confirm that, at least within the stud-
ied range of parameters and operating conditions, the ther-
modynamic cycle of a valved pulse jet engine can be repre-
sented as a Humphrey cycle. However, in specific cases,
such as at zero flight speed and/or with a side air intake,
polytropic pre-compression before heat release is absent,
and the real operating cycle corresponds to the Lenoir cy-
cle.

Despite the apparent higher efficiency of the Humphrey
cycle compared to the Lenoir cycle, due to the design fea-
tures of the valved pulse jet engine, organizing the work-
flow at high flight speeds in accordance with the Lenoir
cycle (side air intake) may offer advantages in key parame-
ters over the Humphrey cycle (straight air intake). Howev-
er, this issue requires further research and substantiation.
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ARTICLE INFO The maritime sector is undergoing a critical transition driven by increasingly stringent emissions regulations
from the International Maritime Organization (IMO) and the European Commission (EC). Among the leading
alternative fuels for marine diesel engines, methanol and liquefied natural gas (LNG) have gained significant
attention. This review synthesizes recent research and industry data to compare the two fuels across physico-
chemical properties, combustion performance, emission behavior, safety, and economic feasibility. Methanol, a
liquid under ambient conditions, enables easier storage and refueling using existing liquid-fuel infrastructure
while providing substantial reductions in sulfur oxides (SOy), nitrogen oxides (NO), and particulate matter
(PM) emissions. However, its low energy density and the formation of formaldehyde remain drawbacks. In
contrast, LNG offers higher volumetric energy density and immediate reductions in carbon dioxide (CO:), SOy,
and NOy emissions but requires expensive cryogenic storage systems and faces the persistent challenge of
methane slip. Economically, LNG engines entail higher capital investment yet support short-term regulatory
compliance, whereas renewable methanol offers a scalable pathway toward long-term carbon neutrality.
Overall, the optimal choice between methanol and LNG depends on operational profiles and strategic objec-
tives, with LNG serving as a transitional solution and methanol representing a flexible, future-proof option for
sustainable marine propulsion.
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1. Introduction

The global maritime industry stands at an important
juncture. As international trade volumes continue to ex-
pand, the sector faces growing scrutiny over its environ-
mental footprint. Shipping is responsible for approximately
3% of global anthropogenic CO: emissions and contributes
a substantial share of global NO, (= 15%) and SO, (= 4—
9%) emissions [38, 53, 96, 141]. These pollutants are now
recognized as major contributors to both climate change
and regional air quality degradation, driving international
policy reform. The IMO and the EC have therefore intro-
duced increasingly stringent measures to decarbonize mari-
time transport, including the IMO’s 2023 Greenhouse Gas
(GHG) Strategy, the Carbon Intensity Indicator (CII)
framework, and the extension of the European Union (EU)
Emissions Trading System (ETS) to the shipping sector [4,
17, 31, 33, 136, 182]. The IMO’s 2023 GHG Strategy for
shipping sets an ambition for the sector to reduce carbon
intensity by at least 40% by 2030 (vs 2008) and to achieve
net-zero greenhouse-gas emissions by or around 2050.
Meanwhile, the EU’s FuelEU Maritime Regulation (Regu-
lation (EU) 2023/1805) mandates the use of renewable and
low-carbon fuels on board ships calling at EU ports from 1
January 2025 [30, 31, 33, 44, 110].

Conventional marine fuels such as heavy fuel oil (HFO)
and marine diesel oil (MDO) have long dominated the
sector due to their low cost and established infrastructure,
but they have been increasingly criticized for their contribu-
tion to air pollution and climate change [20, 115, 159]. The
combustion of these fuels releases high levels of SO,, NO,,
CO-, and particulate matter (PM), leading to both local air-
quality degradation and global warming impacts [45, 71,

134, 150]. Consequently, identifying and adopting alterna-
tive marine fuels that can ensure energy security, regulatory
compliance, and long-term sustainability has become a
strategic priority across the maritime industry [20, 27, 51].

A broad spectrum of alternative energy carriers has been
proposed, including hydrogen, ammonia, biofuels, LNG,
and methanol, as well as emerging options such as synthetic
(e-)fuels and hybrid-electric systems [20, 123, 179]. Each
pathway offers unique advantages and challenges in terms
of energy density, handling safety, storage requirements,
infrastructure availability, and overall lifecycle emissions
[94, 166]. However, among these options, LNG and metha-
nol have emerged as the most technically mature and com-
mercially deployable alternatives for near- and medium-
term adoption in the maritime sector [121, 179].

While hydrogen and ammonia offer significant decarbon-
ization potential, their storage complexities, toxicity risks,
and limited infrastructure pose major barriers to large-scale
deployment in the current decade [103, 155, 156]. Similarly,
biofuels face challenges of feedstock sustainability, cost
volatility, and an uncertain lifecycle emissions-reduction
potential [20, 80, 107]. In contrast, LNG and methanol occu-
py a pragmatic middle ground — they are compatible with
current engine technology and logistics, can be produced
from both fossil and renewable sources, and are supported by
established industrial supply chains. Their comparative read-
iness makes them strong candidates for transitional and ear-
ly-adopter decarbonization strategies under the IMO’s 2030
and 2050 frameworks [20, 94, 123, 179].

However, despite growing deployment, the two fuels em-
body fundamentally different decarbonization philosophies.
LNG offers an incremental, bridge-fuel approach, providing
immediate reductions in SO, NO,, and PM, albeit con-
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strained by methane slip and upstream leakage [8, 10, 56, 69,
154]. Methanol, conversely, presents a transformational long-
term solution, capable of achieving near-zero life-cycle emis-
sions when produced from renewable hydrogen and captured
CO: (“green” methanol) [5, 20, 40, 105].

The literature contains numerous studies addressing ei-
ther LNG or methanol independently. However, a unified
comparative review that synthesizes the latest data on per-
formance, lifecycle emissions, safety, infrastructure, and
economics, particularly for dual-fuel (DF) marine diesel
engines, remains limited. This paper addresses that gap by
providing a comprehensive, integrative analysis of both
fuels, combining recent findings from peer-reviewed litera-
ture, life-cycle assessments (LCAs), and industry data. It
aims to clarify the relative advantages, trade-offs, and stra-
tegic implications of choosing between LNG and methanol
as alternative fuels for diesel engines, and to identify key
research needs for supporting the maritime sector’s ongoing
transition toward carbon neutrality.

2. Methodology

2.1. Search strategy and information sources

This review followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA 2020)
guidelines. Literature searches were conducted on 15 Sep-
tember 2025 across three major databases: Scopus, Web of
Science Core Collection, and ScienceDirect. The search
covered the period from January 2010 to September 2025
and was limited to English-language, peer-reviewed journal
papers.

Exact search strings:

Scopus:

TITLE-ABS-KEY/(("methanol” OR "liquefied natural
gas" OR LNG) AND ("marine fuel” OR "ship" OR "diesel
engine" OR "dual-fuel") AND ("emission" OR "perfor-
mance" OR "life cycle” OR "LCA" OR "well-to-wake™))

Web of Science:

TS=(("methanol™ OR "liquefied natural gas" OR LNG)
AND ("marine fuel"™ OR "shipping" OR "dual-fuel engine™)
AND ("emission" OR "LCA" OR "life-cycle” OR "effi-
ciency™))

ScienceDirect:

"methanol” OR "LNG" AND ("marine fuel" OR "dual-
fuel engine™) AND (“emission” OR "LCA" OR "perfor-
mance") in Title, Abstract, Keywords.

Manual searches of Energy Conversion and Manage-
ment, Fuel, Journal of Marine Engineering & Technology,
Journal of Marine Science and Engineering, and Applied
Energy were also performed to capture in-press or early-
view articles. Reference lists of key papers were hand-
checked to identify additional studies.

2.2. Eligibility criteria (PICO framework)
The review used the PICO framework to identify publi-

cations. In which:

— Population (P): Marine diesel or DF engines and ship
propulsion systems

— Intervention (I): Operation using methanol or liquefied
natural gas (LNG) as an alternative or DF

— Comparison (C): Conventional marine diesel oil
(MDO), and heavy fuel oil (HFO)

— Outcomes (0): Engine performance (BTE, power out-
put), regulated and unregulated emissions, well-to-wake
(Wtw) greenhouse-gas emissions, techno-economic
metrics, and safety or infrastructure aspects.

Only peer-reviewed original research and review arti-
cles providing experimental, numerical, or life-cycle-based
data were included. Exclusion criteria comprised: (a) con-
ference abstracts without full text, (b) non-English papers,
(c) studies lacking clear methodology or quantitative re-
sults, (d) conceptual opinion papers, and () non-marine or
unrelated power applications.

2.3. Screening and selection protocol

All retrieved records (n = 523) were imported into
EndNote X21 for de-duplication, leaving n = 412 unique
records. Two independent reviewers screened titles and
abstracts. Disagreements were resolved by discussion with
a third reviewer. During title and abstract screening, 288
records were excluded for the following reasons: out of
scope (n = 156), non-English language (n = 42), conference
abstracts without full text (n = 47), and studies lacking
quantitative engine or LCA data (n = 43). After initial
screening, 124 full-text papers were evaluated for eligibil-
ity. Finally, 48 studies were included in the qualitative
synthesis, and 36 in the quantitative comparison. The
PRISMA 2020 flow diagram summarizing identification,
screening, eligibility, and inclusion is shown in Fig. 1.

Records identified
via databases
(n=523)
+ Scopus:241
+ Webof Science: 75
*  ScienceDirect: 107

Records excluded
(n=288)
+ Outof scope: 156
* Non-English: 42
+ Conferenceabstracts: 47
+ Noenginedata: 43

L 4

Records screened

(n=412)
Full-textarticles
excluded
" (n=76)
y * Review/Commentary: 31

Full-text articles
assessed for eligibility
(n=124)

+ Non-engine/marine fuel focus: 25
* Low methodological quality: 13
+ Non-peer-reviewed:7

A 4 A 4

Studiesincludedin Studiesincludedin
qualitative synthesis quantitativesynthesis
(n=48) (n=36)

Fig. 1. PRISMA 2020 flow diagram

2.4. Quality evaluation and data extraction

Each included study underwent methodological quality
assessment using the Critical Appraisal Skills Program
(CASP) checklist for quantitative studies, complemented by
ROBINS-I for risk-of-bias evaluation where applicable.
Scores were assigned on a 10-point scale; papers scoring
< 6 were excluded from quantitative synthesis but discussed
qualitatively.

Key variables extracted included: fuel type and proper-
ties, engine configuration and operating conditions, emis-
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sion metrics (CO2, CHs, NOy, SOy, PM, aldehydes), LCA
boundary assumptions, and techno-economic indicators
(CAPEX, retrofit cost, fuel price). Extraction was per-
formed independently by two reviewers using standardized
forms to ensure consistency.

3. Fuel properties and characteristics

3.1. Properties of methanol (CH:OH)

Methanol is a colorless, volatile liquid with a faintly
sweet, alcohol-like odor and is completely miscible with
water [158]. One of its most notable characteristics is its
low energy density. By weight, it has an energy density of
approximately 22 MJ/kg, and by volume, this figure is only
15.7 MJ/L [128, 187]. This means that methanol has a sig-
nificantly lower energy density than both diesel and LNG.

In terms of combustion properties, methanol has a very
low cetane number (below 5) and a high octane number
(109), making it unsuitable for direct use in conventional
compression-ignition engines (CIEs). Another property to
note is that methanol burns with a faint, nearly invisible
blue flame that produces no smoke or soot [158, 187].

3.2. Properties of LNG

LNG is natural gas, primarily methane (CH,), that has
been cooled to an extremely low temperature of approxi-
mately —162°C to convert it to a liquid. This process reduc-
es its volume to about 1/600™ of its gaseous state. In its
liquid state, LNG is colorless, odorless, non-corrosive, and
non-toxic [82, 130, 151].

LNG has a higher energy density than methanol, with a
volumetric density of 23.4 MJ/L. By weight, it has an ener-
gy density of 53.6-55 MJ/kg [185]. A critical parameter for
LNG is the Methane Number (MN). This parameter indi-
cates a fuel's resistance to knocking in an engine; a higher
MN value (above 80) indicates better fuel quality and opti-
mized engine performance. The MN is highly dependent on
the composition of the LNG. In which "heavy LNG" (with
a higher content of ethane and propane) has a lower MN
than "light LNG" (with a higher methane content) [84].

3.3. Synthesis of fuel characteristics

A fundamental difference between these two fuels lies
in the trade-off between volumetric energy density and
handling complexity. As mentioned, methanol has a lower
energy density than both LNG and diesel [117, 132]. This
directly results in the need for larger storage tanks to
achieve the same operating range. However, methanol is a
liquid at ambient temperature and pressure, allowing it to
be handled and stored similarly to conventional fuels,
though with safety and corrosion considerations [68].

Conversely, LNG's higher energy density is tied to its
cryogenic state. This requires specialized, highly insulated
storage systems that are more complex and expensive.
LNG's higher energy density, an advantage, is offset by the
complexity of cryogenic storage, a major disadvantage.
Meanwhile, methanol's low energy density, a disadvantage,
is offset by its simple physical state, a major advantage.
This is not just a list of facts but a fundamental, causal
trade-off that affects design, cost, and logistics [6, 52, 165].
A comparison of the physical and chemical properties of
methanol and LNG is presented in Table 1.

Table 1. Comparison of methanol and LNG physical and chemical proper-
ties

Property Methanol (CHsOH) LNG (Primarily CHa)

Physical state Liquid (at ambient Cryogenic Liquid (at
temp. & pressure) approx. —162°C) [101,

[173] 130]

Energy density 15.7 [158, 187] 23.4[185]
(MJ/L)

Energy density 22 [158, 187] 53.6-55 [185]
(MJ/kg)

Cetane number <5158, 187] N/A (requires methane

number) [84]

Octane number 109 [158, 187] > 120 [13]

Flash point 12°C [108] —188°C (volatile) [148]
Flame charac- Invisible, blue flame Visible when burning
teristics [108] [133]

4. Engine technology and performance

4.1. Methanol DF engine systems

Methanol has a very low cetane number, which means it
cannot self-ignite in a traditional diesel compression-
ignition cycle [59, 178]. Therefore, its combustion requires
a catalyst, most commonly a small amount of diesel fuel in
a pilot injection system [39].

DF technologies, such as High-Pressure Direct Injection
(HPDI), work by injecting a small amount of diesel to initi-
ate combustion, which raises the temperature and pressure
inside the cylinder, followed by the injection of methanol
into the combusting mixture [90, 118, 137, 161-164, 175,
186]. Other injection strategies have been proposed and
tested to optimize performance and reduce knocking, in-
cluding injecting methanol before or after the diesel injec-
tion, or even in a split-injection mode [97].

Existing engine conversion solutions are available from
major manufacturers such as Wirtsild and Everllence (for-
merly MAN B&W). These conversions require the addition
of new components and double-walled piping systems to
ensure safety [39]. Real-world projects have demonstrated
the successful conversion of small tugboats and large con-
tainer vessels to run on methanol [32].

4.2. LNG DF engine systems

LNG can be used in two main types of engines: Low-
Pressure Dual-Fuel (LPDF, Otto-cycle premixed combus-
tion) engines and High-Pressure Dual-Fuel (HPDF, based
on high-pressure direct injection — HPDI) [18, 79, 127,
131]. HPDF, often referred to as the Diesel-cycle engines,
is becoming increasingly popular in heavy-duty applica-
tions. Similar to methanol, the HPDI system utilizes a small
amount of diesel (approximately 5% of the total fuel vol-
ume) as a "liquid spark plug" to initiate combustion [18, 79,
127,129, 131].

However, converting a diesel engine to run on LNG of-
ten requires a "complete overhaul" [13, 34, 109, 114]. This
involves fundamental mechanical changes, such as modify-
ing pistons to lower the compression ratio and installing
spark plugs, modifying injection systems, adding a gas
supply, and installing safety systems, particularly for Otto
cycle engines [13, 18, 34, 79, 109, 114, 131]. The system
also requires a high-pressure cryogenic pump to convert
low-pressure liquid LNG into a high-pressure gas ready for
injection [72, 79]. Table 2 summarizes the key technical
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and strategic differences between methanol- and LNG-

fueled marine engine systems.

Table 2. Conceptual comparison of methanol and LNG dual-fuel marine

engine systems

Aspect

Methanol D) engine

LNG DF engine

Fuel Physical State

Liquid at ambient
temperature and
pressure

Cryogenic liquid
(approx. —162°C)

Onboard Storage

Non-pressurized
tanks; conventional
liquid-fuel storage

with material compat-
ibility measures

Cryogenic Type C
insulated tanks;
vacuum insulation;
boil-off management

Fuel Supply System

Low-pressure liquid

fuel supply; double-
walled piping; leak
detection systems

Cryogenic pumps,
vaporizers, high-

pressure gas lines;
insulated piping

Injection Strategy

Diesel pilot injection
+ direct methanol
injection

Diesel pilot injection
+ high-pressure gas
injection (HPDF) or
low-pressure pre-
mixed injection
(LPDF)

Combustion Mode

Compression-ignition
(Cl)-based dual-fuel
operation

HPDF: Diesel-cycle
stratified combus-
tion; LPDF: Otto-

cycle premixed
combustion

Engine Modification
Level

Incremental retrofit;

addition of fuel sys-

tem and safety com-
ponents

Major modification
or complete over-
haul (especially
LPDF conversions)

Brake Thermal
Efficiency (Typical
Range)

approx. 40-46%
(optimized high-load
operation may exceed

diesel baseline)

HPDF: approx. 44—

46% (diesel-like);

LPDF: approx. 38—

44% depending on
load

Tank-to-Wake
Emission Character-
istics

SOx: approx. 99%
reduction; PM: ap-
prox. 95-99% reduc-
tion; NOy: approx.
40-80% reduction;
possible increase in
aldehydes (formalde-
hyde)

SOx: approx. 100%
reduction; PM:
approx. 100%
reduction; NOx:

approx. 80-90%
reduction; methane
slip possible

Well-to-Wake
Climate Perfor-
mance

Grey methanol: may
exceed diesel COze;
Green methanol:
approx. 50-70%
reduction

HPDF LNG: approx.
15-23% reduction;
performance sensi-
tive to methane slip

Infrastructure Re-
quirements

Compatible with
existing liquid-fuel
logistics; simpler
bunkering

Requires cryogenic
infrastructure;
complex bunkering
procedures

Safety Profile

Toxicity risk; low
flash point; invisible
flame; requires con-

tainment and gas

detection

Cryogenic hazards;

vapor cloud explo-

sion risk; methane-

air flammability (5—
15%)

Strategic Decarboni-
zation Role

Long-term pathway
toward carbon neutral-
ity via green methanol

Transitional “bridge
fuel”; near-term
regulatory compli-
ance advantage

4.3. Performance and efficiency

Methanol-fueled engines can achieve high brake ther-
mal efficiency (BTE), even outperforming the original
diesel engine under certain conditions, thanks to their high
octane number and high heat of vaporization. Guo et al.
reported that a marine DF engine with approx. 90% metha-
nol energy fraction, with methanol injection at approx.

80°CA (crank angle) BTDC (before top dead center) and
diesel pilot at approx. 12°CA BTDC, has thermal efficien-
cies of about 46% at high loads, approx. 45% at medium,
and approx. 43% at low loads. The study highlights that
thoughtful timing and injection strategies can leverage
methanol’s characteristics (e.g., heat of vaporization, etc.)
to approach or exceed diesel-mode efficiency in many load
cases [58]. Karvounis et al. noted that methanol’s high
latent heat of vaporization reduces in-cylinder temperatures,
thereby reducing heat losses and, under some conditions,
improving indicated or BTE [77]. Lebedevas and Milasius
reported that the marine engine cycle modeling with ap-
prox. 95% methanol injected (direct injection) alongside a
diesel pilot, under optimized conditions, produced an ap-
prox. 4.2% higher thermal efficiency compared to diesel in
that mode [91]. Liu et al. showed that methanol, when used
in high-compression-ratio engines, has the potential to
achieve high indicated efficiency. Methanol’s latent heat of
vaporization is approx. 2.6 times higher than that of diesel
per unit mass, which cools the intake charge and lowers the
in-cylinder temperatures, which reduces heat transfer losses
[99]. Pu et al. mentioned that methanol engines (including
turbocharged and high-compression concepts) reach very
high thermal efficiencies. The review reported a peak BTE
of approx. 43% in a turbocharged engine with a compres-
sion ratio (CR) of 19.5. The authors explicitly connect such
high efficiencies to operation strategies that exploit metha-
nol’s high octane and strong charge-cooling (high latent
heat) to enable advanced phasing and lean/low-temperature
combustion modes [132]. Treacy et al. reported in [153]
that under optimized intake temperature, injection timing
and higher CR, methanol direct-injection (DI) compression-
ignition (CI) operation can achieve competitive indicat-
ed/thermal efficiency. The paper emphasizes the latent heat
and mixing/auto-ignition roles of methanol, as well as the
need for intake preheating to stabilize combustion. This
explains how high heat of vaporization cools the in-
take/charge air, enabling favorable combustion phasing and
reduced heat losses. Karvounis et al. summarized that many
bench studies have shown that methanol, when used in
partial- or DI strategies, increases BTE under medium-to-
high loads when injection timing, CR, and intake tempera-
ture are optimized. They review and attribute efficiency
gains to methanol’s higher resistance to knock (high
RON/RON-like behavior in premixed strategies) and its
charge-cooling effect, which reduces combustion/heat loss-
es [77]. A single-cylinder experimental work reported a net
fuel conversion efficiency of approx. 42.5% for methanol in
a high-compression research engine under stoichio-
metric/controlled conditions. The efficiency of methanol in
this study is higher than several alternative fuels tested. The
study results demonstrate practical efficiency benefits
traceable to methanol’s favorable knock resistance (allow-
ing higher compression) and its cooling during vaporiza-
tion, which alters heat transfer/loss profiles [49]. An exper-
imental and parametric study on a marine engine showed
that optimized methanol injection timing and injection
strategy (single-point vs multi-point) produced BTE in-
creases up to approx.4-5% relative to diesel-only operation
in certain configurations. The authors explicitly link the
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BTE gains to phasing changes enabled by methanol proper-
ties (cooling during vaporization that reduces heat loss and
high knock resistance) [58]. However, some studies have
shown a slight decrease in engine performance (power
output) with methanol blends, offset by a significant reduc-
tion in emissions. Hassan et al. showed that low-to-
moderate methanol blends can reduce peak power slightly
while lowering carbon monoxide (CO), unburnt hydrocar-
bon (uHC), and soot, and improving brake-specific fuel
consumption (BSFC) at many operating points [60]. Kad-
him et al. reported measurable reductions in CO, uHC, and
PM with increasing methanol fraction, along with small
reductions in power output at some loads [74]. Visan et al.
showed that methanol/biofuel blends can cause a few per-
cent decrease in brake effective power relative to pure die-
sel while substantially reducing particulate and uHC emis-
sions [160]. Vargiin et al. reported slight reductions in peak
power with methanol addition in some blends, coupled with
reduced PM and CO emissions and mixed NO, response
depending on operating point [157].

Regarding LNG-fueled engines, the HPDI system in
HPDF engines that injects gaseous fuel at high pressure
near top dead center (TDC), producing diesel-like stratified
combustion but with NG as the primary fuel. This preserves
the diesel combustion phasing and in-cylinder thermody-
namics that give diesel its high BTE. Recent experimental
and review studies report that HPDF engines achieve ther-
mal efficiencies similar to those of diesel engines. The
HPDF concept is explicitly shown to approach diesel BTE
while keeping the emissions benefits of gaseous fuels [28].
Babayev et al. reported in a numerical study that HPDF
preserves diesel-like thermodynamic behavior and can
achieve high thermal efficiency with appropriate injec-

tion/combustion phasing [14]. Recent review of new DF
combustion modes (pre-chamber-ignited HPDF, premixed
stratified, etc.) concluded that PI-HPDF and related high-
pressure concepts can achieve diesel-like BTE while reduc-
ing PM and SO, [23]. Zhang et al. reported that advancing
pilot diesel injection timing increases power and thermal
efficiency in a pilot-ignited NG engine, but also affects
NO, and CHea slip [183]. Wei et al. reported that split/high-
pressure injection strategies can optimize heat release and
increase BTE in NG HPDF engines while reducing me-
thane slip [170].

Meanwhile, the LPDF and port-injection DF systems, in
which gas is supplied at low pressure and premixed with
intake air, result in more premixed combustion and can
shift heat release earlier, sometimes increasing knock/uHC
or requiring pilot diesel for ignition. The efficiency depends
strongly on load and gas fraction. Several reviews and field
studies show LPDF engines often have somewhat lower
BTE at low loads or at high gas substitution, though at
medium-high loads, efficiency can be near diesel if opti-
mized. A comparative analysis shows that LPDF and port-
injection systems are simpler but often show lower BTE at
part load than HPDF [22]. Overall, HPDF tends to show the
best chance of matching diesel [124, 149].

The conversion of diesel engines to LNG has many dif-
ferences compared to methanol. The literature consistently
describes converting diesel engines to LNG-fueled engines
as a "complete overhaul”, involving fundamental mechani-
cal changes such as piston modification and the addition of
spark plugs. This implies a more complex and costly pro-
cess [21, 50, 73, 106, 146, 152]. In contrast, methanol con-
versions are described as "retrofit solutions" and the "addi-
tion of components" to the existing diesel cycle [167].

Table 3. Comparative performance and thermal efficiency of methanol- and LNG-fueled engines

Fuel Engine cqnflguratlon/ Typical BTE [%] Performance characteristics and key observations Refer-
operating mode ences
Hiah load: 46%: Optimized methanol injection (~80°CA BTDC) and pilot diesel
DF marine engine (=90% g i ! (~12°CA BTDC) achieve BTE approaching or exceeding diesel at
- . Med. load: 45%; - - e [58]
methanol, diesel pilot) : all loads. High octane and strong charge-cooling enable efficient
Low load: 43% - p
combustion phasing.
DI DF marine engine (~95% Increase 4.2% vs. Modeling shows ~4.2% higher cycle efficiency vs. diesel due to [91]
methanol, pilot diesel) diesel optimized combustion phasing and methanol’s latent heat.
Turbocharged methanol endine High compression ratio and turbocharging leverage methanol’s
g - 9 approx. 43% charge-cooling and knock resistance; high efficiency under lean [132]
Methanol (CR =19.5) operation
High-compression research aoorox. 42 5% Methanol exhibits higher efficiency than other tested fuels due to [49]
engine (stoichiometric DI) Pprox. 42. reduced heat losses and favorable autoignition control.
. Methanol’s high latent heat reduces in-cylinder temperatures and
General_ DF/D.I strategies 40-46% heat transfer losses; injection timing and CR strongly influence [58, 77,
(medium-high load) BTE 99, 153]
Blended operation (methanol- Slightly reduced Small reduction in power output offset by improved BSFC, lower [60, 74,
diesel or methanol-biofuel) power (—1-3%) CO, uHC, and PM emissions. 157, 160]
- . Maintains diesel-like combustion and thermodynamic cycle; high [14, 23,
HPﬁ}!é:t'i%z)pgésg’geiﬂgem 44-46% (<Diesel) | efficiency with diesel pilot ignition and late high-pressure gas | 28, 170,
LNG . 9 injection; low PM/SOx. 183]
(high- Pre-chamber or stratified HPDI Advanced HPDI and PI-HPDI systems achieve near-diesel BTE
43-45% . - - [14, 23]
pressure) concepts with lower soot and improved combustion control.
HPDI with split/advanced Increase 1-2% Optimized injection strategies improve heat release, enhance BTE, [170,
injection over baseline and reduce CHa slip. 183]
Simpler system, lower pressure, higher substitution possible, but [22, 124
LNG LPDF/port-injection DF engine 38-44% lower BTE at part load due to earlier heat release and incomplete 1’49] '
(low- combustion at high gas fractions.
pressure) Complete overhaul or spark- 3 Requires complete mechanical overhaul (spark plugs, piston %1150%
ignited conversions redesign). Higher complexity and cost than methanol retrofit. 1 46’ 152’]
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This suggests that an LNG conversion requires a fun-
damental shift in the engine's operating principle (from
compression-ignition to spark-ignition), whereas a metha-
nol conversion is an incremental modification to the exist-
ing diesel combustion process [35, 39, 83, 184]. This dif-
ference has direct implications for the capital cost, down-
time, and technical complexity of a conversion project. A
comparative performance and thermal efficiency of metha-
nol- and LNG-fueled engines is presented in Table 3.

5. Environmental and emission profile

5.1. Tank-to-wake emissions

Methanol combustion is extremely clean. It significantly
reduces SO, emissions by up to 99%, NO, by up to 60%,
and PM by up to 95% compared to conventional fuels [9,
111]. Parris et al. also reported in [123] that methanol dra-
matically reduces SO, (up to approx. 99%) and PM (up to
approx. 95%), while NO, is reduced by up to approx. 80%
compared to HFOs. Methanol Institute reported the same
tendency [66]. Aakko-Saksa et al. stated that methanol and
LNG vyield near-complete elimination of SO, and large
reductions in PM compared to HFO/MDO, and provide
comparative ranges for NO, benefits [2]. IMO reported in
GreenVoyage2050 that methanol can achieve approx. 92—
99% SO, reduction, approx. 55% NO, reduction (lifecycle
average), and very large PM reductions when replacing
HFO/MDO [64].

Multiple experimental and numerical studies reported
that methanol combustion tends to produce higher levels of
unregulated aldehydes (notably formaldehyde) and other
partial-oxidation products than conventional hydrocarbon
fuels [169, 171]. Methanol oxidation proceeds through
partial-oxidation intermediates (CHsOH — HCHO —
HCOOH — CO/CO3). Under engine conditions, especially
in quench zones, crevices, or regions with short residence
time / low local temperature, oxidation can stop at formal-
dehyde, which is less oxidized and can be emitted. Crev-
ice/quenching and incomplete mixing effects (and certain
low-temperature or lean-combustion modes) increase the
fraction of formaldehyde escaping the cylinder [102]. Wil-
liams et al. reported that formaldehyde is the dominant
aldehyde emitted from methanol combustion and that
HCHO emissions are substantially higher when methanol
(or methanol blends) are used compared with gasoline
[172]. Ma et al. reported in [102] that formaldehyde forms
in crevice/quench regions and can be emitted. Chao et al.
showed that adding methanol to diesel can increase formal-
dehyde emissions by up to 4.5 times at low engine loads
[26]. A summary of the emission-reduction effectiveness of
methanol and LNG compared with conventional marine
fuels is presented in Tables 4 and 5, respectively.

Regarding LNG, multiple studies and real-world meas-
urements show that LNG combustion can reduce SO: and
PM emissions by nearly 100% relative to MDO and yield
NO, reductions of 80-90% [2, 62, 100, 116]. Aakko-Saksa
et al. reported that LNG-fueled ships have demonstrated
nearly complete elimination of SO, and PM emissions and
approx. 90% reduction in NO, compared to conventional
marine fuel oil engines [2]. Lebedevas et al. stated that
switching from diesel to LNG fuel resulted in the reduction

of SO: by approx. 91% and NO, by 65%, while CO- de-
creased by about 23% [92]. Anderson et al. reported that
LNG operation resulted in near elimination of sulfur and
particulate emissions and an approx. 85-90% reduction in
NOj relative to HFO [10].

Table 4. Summary of methanol's emission reduction effectiveness in
comparison to conventional marine fuels (HFO/MDO)

Pollutant Max/typical reductions References
SO« approx. 92-99% [64, 66]
PM approx. 90-99% [48, 66]
NOy approx. 40-60% [2, 64]

Table 5. Summary of LNG's emission reduction effectiveness in compari-
son to conventional marine fuels

Researchers NOx SO« PM Refer-
reduction reduction | reduction ences
Livaniou et al. 83.7% approx. approx. [100]
100% 100%
Aakko-Saksa et approx. approx. approx. [2]
al. 90% 100% 100%
Lebedevas et al. 65% 91% — [92]
Anderson et al. 85-90% approx. approx. [10]
100% 100%
Heikkili et al. 88% 99% 97% [62]

5.2. Well-to-wake emissions

While both methanol and LNG are cleaner than diesel,
they each pose unique challenges regarding non-CO, emis-
sions. For methanol, it is the increase in unregulated alde-
hyde emissions [26, 102, 169, 171, 172]. For LNG, it is
"methane slip”, the leakage of unburned methane from the
engine exhaust. Of these, methane slip is the more concern-
ing issue.

Methane is a potent GHG, with a Global Warming Po-
tential (GWP) of up to 28-36 times that of CO, over a 100-
year timescale (GWP100 = 28-36) [16, 78]. Methane slip is
increasingly recognized as a major challenge for realizing
the climate benefits of LNG in marine propulsion [12, 61,
70, 85-89, 139, 154, 176, 181]. Methane slip is particularly
concerning for LPDF engines and at low engine loads (e.g.,
in port or during maneuvering). Multiple onboard studies
reported that methane slip rises sharply at low engine loads.
Engine load monitoring on a RoPax vessel with an LPDF
engine measured a yearly average fuel-slip coefficient of
approx. 1.57% [142]. The primary causes identified are
incomplete combustion due to low-pressure injection or
poor mixing, quenching or crevice-volume losses, and low
temperatures [95]. Mitigation strategies under study include
catalytic aftertreatment, design optimizations (reduced
crevices, improved injection pressure), and operational
measures such as minimizing low-load operation [12, 139,
176, 181]. Unregulated aldehyde and methane slip create a
direct trade-off: the choice between a powerful but short-
lived GHG (methane) and a pollutant with harmful health
effects (formaldehyde). This decision is a choice between
global environmental impact and local air pollution.

Another critical difference lies in the decarbonization
pathway. Based on analysis from several sources, fossil
LNG (often called “grey LNG”) provides an immediate and
significant GHG emissions reduction on a WtW basis, up to
23% compared to conventional fossil fuels, especially with
high-pressure engines [69, 125]. LNG is widely recognized
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as a transitional marine fuel capable of delivering measura-
ble WtW GHG reductions compared with conventional
marine fuels. The magnitude of this benefit depends strong-
ly on engine technology, operational conditions, and up-
stream methane management. LCAs have demonstrated that
low-speed, high-pressure DF (HPDF) engines, which oper-
ate on the Diesel cycle and exhibit minimal methane slip,
offer the most substantial WtW GHG reductions, typically
in the range of 15-23% relative to very-low-sulfur fuel oil
(VLSFO) or MDO [3, 69, 143]. In contrast, LPDF engines
can offset these gains through higher unburned methane
emissions [3, 125]. The comprehensive industry LCA by
Sphera and SEA-LNG [143] reported up to 23% WtW
reduction for LNG in HPDF configurations, a finding
broadly supported by independent peer-reviewed studies [3,
69]. However, the potential advantage is sensitive to me-
thane slip and upstream leakage, as emphasized by the
International Council on Clean Transportation (ICCT)
[125], underscoring that the overall climate performance of
LNG as a marine fuel hinges on both engine design and
methane management across the supply chain.

In contrast, fossil methanol (often called “grey” or
“brown” methanol) has a worse WtW CO, footprint than
diesel, meaning it is not a viable long-term decarbonization
solution on its own. Multiple recent LCAs and reviews
showed that methanol made from fossil feedstocks (NG or
coal) often has higher WtW CO-e emissions than conven-
tional MDO, because methanol production (steam methane
reforming, gas-to-methanol, or coal-to-methanol) is energy-
intensive and emits COss upstream; when these upstream
emissions are included in a WtW accounting, “grey/brown”
methanol can exceed diesel’s COze footprint unless low-
carbon electricity, carbon capture, or renewable feedstocks
are used [56, 93, 126, 140, 180]. Fossil methanol produc-
tion requires conversion of carbon feedstock to synthesis
gas and then to methanol; these steps consume heat and
generate CO: (and fugitive methane in upstream stages), so
that well-to-tank (WtT) emissions are high and may out-
weigh any modest combustion-phase benefits, producing
WtW CO:e greater than diesel for certain production routes
and assumptions [93, 126, 140, 180].

However, “blue” and “green” methanol offer dramati-
cally improved climate performance compared to fossil
methanol, provided production is powered by low-carbon
energy and/or paired with carbon capture. LCAs show that
“green” methanol (bio- or electro-methanol) can reduce
WtW GWPi00 emissions by approximately 50-70% relative
to conventional diesel under favorable conditions (e.g.,
imported “green” methanol offers approx. 66% reduction;
local “green” methanol offers approx. 57% reduction) [7,
166]. “Blue” methanol, industrial methanol with upstream
CO: capture (or using renewable COz), delivers moderate
improvements over “grey” methanol and diesel, but per-
formance depends heavily on capture rate, feedstock sup-
ply, and upstream emissions; in some cases “blue” metha-
nol still falls short of the reductions achievable by “green”
methanol [166]. Hence, while “blue” methanol can serve as
a transitional pathway, only “green” methanol constitutes a
viable long-term decarbonization solution for marine pro-

pulsion, assuming scale-up of renewable hydrogen or sus-
tainable biomass use [120].

Although biomethane (bio-LNG) and synthetic methane
(e-LNG) can be produced and used as low-carbon marine
fuels, multiple techno-economic and life-cycle studies con-
cluded that there is no direct “green-LNG” pathway that is
as practical and scalable as “green” methanol. Green (e or
bio) methanol benefits from higher synthesis efficiency, a
mature synthesis industry, and more favorable economics
and scaling potential (power-to-methanol), whereas power-
to-methane followed by liquefaction suffers larger conver-
sion losses, higher costs, and greater constraints on sustain-
able biomass availability for biomethane. Hence, e-/bio-
LNG remains less favorable in most near-term decarboniza-
tion scenarios [29, 37, 46, 55, 76]. This distinction points to
a strategic trade-off. The choice between the two fuels is
between immediate benefits (LNG) and a long-term, deep-
decarbonization potential that requires a leap of faith in the
development of the green supply chain (methanol).

5.3. Emission reduction effectiveness of methanol and
LNG compared to conventional marine fuels

Methanol and LNG both demonstrate substantial emis-
sion reduction potential compared to conventional marine
fuels (HFO and MDO). On a tank-to-wake (TtW) basis,
methanol offers nearly complete elimination of SO, emis-
sions (~ 99%) and significant reductions in PM (~ 95%)
and NO, (~ 55-80%), owing to its sulfur-free composition
and oxygenated nature, which promote more complete
combustion [2, 9, 64, 66, 111, 123]. However, methanol
combustion tends to form unregulated aldehydes (particu-
larly formaldehyde) through partial oxidation pathways
(CH;OH — HCHO — HCOOH — CO/CO0»), especially
under low-temperature or quench-zone conditions [26, 102,
169, 171, 172]. LNG, in contrast, also yields near-total
elimination of SO, and PM emissions and achieves 80-90%
reductions in NO, due to its clean-burning characteristics
and high hydrogen-to-carbon ratio [2, 10, 62, 92, 100, 116].

On a WtW basis, fossil LNG (“grey” LNG) offers an
immediate and measurable GHG reduction potential of up
to approx. 23% relative to conventional fuels, particularly
in HPDF Diesel-cycle engines with minimal methane slip
[3, 69, 124, 143]. However, methane slip from LPDF en-
gines, especially under low load conditions, can partially or
completely offset these gains [12, 61, 70, 85-89, 95, 139,
142, 154, 176, 181]. Fossil methanol (“grey” or “brown”
methanol) generally exhibits a higher WtW CO.e than die-
sel, mainly due to the CO-intensive upstream reforming
and synthesis processes [56, 93, 126, 140, 180]. Converse-
ly, “blue” methanol (fossil-based methanol with carbon
capture) and “green” methanol (bio- or electro-methanol
from renewable sources) offer substantial WtW emission
reductions—approx. 50-70% lower than diesel, depending
on feedstock and energy source [7, 120, 166]. In contrast,
bio-LNG and e-LNG pathways exist but remain less favor-
able due to higher conversion losses and costs, with limited
scalability compared to methanol-based alternatives [29,
37, 46, 55, 76]. The comparative emission profile of metha-
nol and LNG is presented in Table 6.
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Table 6. Comparative emission profile of methanol and LNG

Fuel Emission Reduction vs. HFO/MDO Key characteristics Main challenges References
category
SO« approx. 99% reduction Sulfur-free fuel —
NOx approx. 55-80% reduction Lower combustion temperature, | A slightly lower flame
Meth- oxygenated molecule temperature may affect | [2, 9, 64, 66, 111, 123]
anol performance
(TtW) | P™m approx. 95-99% reduction Clean, oxygenated combustion —
Unregulated | Increase (Formaldehyde dominant) Partial oxidation intermediates Local air toxicity, [26, 102, 169, 171,
aldehydes (HCHO, HCOOH) health risk 172]
SO« approx. 100% reduction No sulfur content —
I(_'I',\tl\?\l) NO« approx. 80-90% reduction Lean premixed combustion Engine-type dependent Ezl’éo’ 62,92, 100,
PM approx. 100% reduction No heavy hydrocarbons —
LNG CO2e approx. 15-23% reduction (HPDF High efficiency, lower carbon Methane slip (up to 1- | [3, 12, 61, 69, 70, 85-
(WEW) engines) ratio 2%) 88, 95, 124, 139, 142,
143, 154, 176, 181]
COze (_Erey/Brown: more than Diesel Fossil feedstock (coal/natural High upstream CO: [56, 93, 126, 140, 180]
h (increase) gas)
Q/rl]gtl " | COse Blue: Moderate reduction Fossil methanol + CO- capture Capture efficiency
critical
(WEtW) - — [7, 120, 166]
COze Green: approx. 50-70% reduction Renewable H: + CO: captured Cost and scalability
from air/biogenic
e-/bio- | COze Potential ‘l‘vloder’?te reduction, but Renewable methane synthesis I-!lgh cost, low effi- [29, 37, 46, 55, 76]
LNG less than “green” methanol ciency

5.4. Limitations and uncertainty

Despite extensive literature coverage and methodologi-
cal harmonization, several limitations and uncertainties
should be acknowledged when interpreting the comparative
findings of methanol and LNG as alternative marine fuels.

First, LCA heterogeneity remains a key challenge. Pub-
lished WtW studies differ substantially in their system
boundaries, allocation methods, and upstream process
emission factors. Some include full supply-chain emissions
from extraction to combustion, whereas others limit the
scope to WIT or TtW phases. These methodological incon-
sistencies introduce uncertainty of up to £20-30% in the
reported WtW GHG reduction potential.

Second, methane slip variability significantly affects the
real-world climate performance of LNG-fueled engines.
Reported slip rates range from below 0.2% for HPDF en-
gines to over 3% for LPDF engines, depending on engine
type, operating load, and maintenance conditions. Even
small deviations in slip rates can negate much of LNG’s
nominal CO. advantage over diesel on a GWPio0 basis,
particularly under low-load or maneuvering operation.

Third, there is considerable uncertainty surrounding the
scalability and supply chain maturity of green methanol.
Current global production capacity for electro- and bio-
methanol is limited, and its cost remains several times
higher than that of fossil methanol or LNG. The climate
benefits of green methanol are strongly dependent on the
carbon intensity of the hydrogen source and the capture
efficiency of the CO. feedstock. Supply-chain emissions
associated with renewable electricity generation and CO:
transport also introduce variability across case studies.

Finally, data transparency and measurement gaps, par-
ticularly the lack of consistent onboard monitoring of me-
thane emissions and aldehyde formation, limit the ability to
validate modeled or laboratory results under operational
conditions. In addition, the dynamic regulatory landscape
(e.g., updates to IMO GHG strategy and FuelEU Maritime)

adds uncertainty to long-term economic projections and
compliance costs.

Future research should prioritize:

1. Standardized WtW methodologies for marine fuels that
harmonize functional units, GWP metrics, and boundary
definitions.

2. Continuous onboard monitoring of methane slip and
unregulated emissions to build real-world datasets for
model validation.

3. Techno-economic optimization studies evaluating the
integration of carbon capture and renewable hydrogen
for scalable green methanol pathways.

4. Cross-sectoral LCA databases with transparent data
sharing to reduce duplication and improve comparabil-
ity across studies.

Together, these actions would enhance the robustness of
future assessments and support evidence-based decision-
making in the maritime decarbonization transition.

6. Infrastructure, storage, and safety

6.1. Onboard storage and space requirements

Methanol has a volumetric energy density of approx.
15.7 MJ/L versus approx. 36.6 MJ/L for MDO. Therefore,
on an equal-energy basis, methanol requires roughly 2.2—
2.5 times of the tank volume of MDO to achieve the same
range [65, 66, 104]. Because methanol is a liquid at ambient
temperature and pressure, it can be stored in simple, non-
pressurized tanks and handled with conventional liquid-fuel
systems (with material compatibility and gas detection
precautions), and several retrofit studies and pilot projects
have demonstrated that existing ballast tanks can be repur-
posed as methanol fuel tanks (subject to coatings, coffer-
dams and safety segregation) when performing a conver-
sion [36, 66, 123].

LNG fuel storage generally requires significantly more
volume than MDO to achieve the same operational range.
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The difference arises primarily from LNG’s lower volumet-
ric energy density (approx. 22 MJ/L) compared with MDO
(approx. 36.6 MJ/L). Peer-reviewed analyses indicated that
the net LNG fuel volume required to supply equivalent
energy is typically about 1.6-2.0 times that of MDO [63,
122, 135]. However, when system-level factors, such as
cryogenic insulation, structural supports, and safety spac-
ing, are considered, the effective installed volume of LNG
tanks can reach 2.5-4.0 times that of MDO tanks. This
higher space requirement results from the need for special-
ized, highly insulated cylindrical or spherical Type C con-
tainment systems that minimize boil-off and maintain cryo-
genic conditions [122]. Consequently, LNG fuel storage
imposes additional design constraints on ship layout, in-
creases overall weight, and can reduce available cargo ca-
pacity, particularly for retrofit installations or small vessels
[63, 135]. In summary, while the intrinsic physical energy
properties of LNG dictate roughly double the fuel volume
requirement, practical marine engineering considerations
amplify this to an overall onboard space penalty of approx.
3-4 times that of MDO.

6.2. Bunkering Infrastructure

Methanol bunkering is operationally simpler and less
capital-intensive than LNG bunkering. As a liquid at ambi-
ent temperature and pressure, methanol can be handled,
stored, and transported using conventional chemical-
industry infrastructure, allowing existing tankage and pipe-
lines to be adapted with minor modifications [81, 123, 168].
Bunkering can be performed via truck-to-ship (TtS) or ship-
to-ship (StS) operations without cryogenic or high-pressure
systems, leading to shorter transfer times, typically reported
as up to 50% faster than LNG operations in industry prac-
tice [66, 123]. Comparative techno-economic analyses
confirmed that methanol infrastructure investment and
handling costs are significantly lower than those for LNG,
largely due to the absence of specialized insulation, vapor
recovery systems, and safety clearances required for cryo-
genic fuels [123, 179]. Furthermore, methanol distribution
benefits from mature global supply chains, with storage
facilities already available at over 100-125 major ports
worldwide according to the Methanol Institute, a figure
reported and cited in peer-reviewed assessments of port
readiness [81, 168]. This extensive infrastructure base,
combined with simplified logistics and lower capital costs,
underpins methanol’s growing attractiveness as a near-term
marine fuel alternative to LNG.

Unlike methanol, LNG bunkering is a complex and cap-
ital-intensive process due to its cryogenic nature and the
stringent safety requirements involved. LNG must be stored
at approx. —162°C, necessitating double-walled, vacuum-
insulated storage systems and specialized transfer pipelines
[20, 177]. The bunkering process involves multiple safety
zones, inert gas purging, and boil-off gas management, all
of which contribute to longer bunkering times and higher
operational costs compared to conventional liquid fuels [15,
20]. Typical LNG bunkering operations take roughly twice
as long as those for methanol or MDO and require exten-
sive crew training and emergency procedures to mitigate
cryogenic and flammability hazards [177]. Infrastructure
availability also remains limited. As of 2024, LNG bunker-

ing is supported at approx. 200 ports worldwide, far fewer
than the more than 125 ports capable of handling methanol
[15, 177]. Consequently, while LNG provides substantial
emission benefits, its high infrastructure cost, operational
complexity, and logistical constraints hinder rapid deploy-
ment compared to methanol, which leverages existing lig-
uid fuel handling systems and port facilities.

In conclusion, methanol and LNG differ substantially in
terms of bunkering logistics, infrastructure requirements,
and operational complexity. Methanol, being a liquid at
ambient temperature and pressure, can be handled using
conventional fuel storage and transfer systems, allowing for
easy integration into existing port infrastructure. Methanol
bunkering is considered to be relatively simple, less expen-
sive, and can typically be completed in about half the time
required for LNG refueling. Moreover, methanol benefits
from a well-established global logistics network, with stor-
age and handling facilities already available at more than
125 of the world’s largest ports. Its compatibility with ex-
isting liquid-fuel supply chains allows for retrofitting of
conventional bunkering terminals with minimal modifica-
tions.

In contrast, LNG bunkering presents more stringent
technical and safety challenges. LNG must be stored at
cryogenic conditions of approx. —162°C, requiring double-
walled, vacuum-insulated tanks and specialized transfer
systems equipped with boil-off gas management and inert
gas purging. These design and operational constraints sig-
nificantly increase both the capital cost and complexity of
LNG bunkering operations. Typical LNG refueling takes
roughly twice as long as that for methanol or MDO and
demands strict adherence to safety protocols and crew train-
ing standards. Although LNG bunkering infrastructure has
expanded rapidly, reaching roughly 200 ports worldwide by
2024, it still lags behind methanol in terms of global availa-
bility and logistical flexibility. Consequently, while LNG
provides substantial emission reduction potential, its de-
ployment is limited by the higher cost, operational com-
plexity, and infrastructure demands associated with cryo-
genic fuel systems, whereas methanol’s ambient liquid state
and compatibility with existing infrastructure position it as
a more practical near-term solution for low-carbon marine
fuels.

6.3. Safety and handling

The safety profiles of methanol and LNG are fundamen-
tally different and require distinct mitigation strategies.
Methanol’s hazards are primarily static, stemming from its
inherent chemical properties. It is highly toxic through
ingestion, inhalation, or skin absorption, exposure to as
little as 30 mL can cause blindness or death, and its low
flash point of approx. 12°C makes it easily flammable with
an almost invisible flame under sunlight, posing significant
fire risks during handling and operation [1, 68, 123]. Con-
sequently, methanol safety management emphasizes con-
tainment integrity, double-walled fuel systems, continuous
gas detection, and specialized crew training [68, 123].

In contrast, LNG’s hazards are dynamic, associated with
its cryogenic physical state and the risks arising from phase
change. In its liquid form, LNG is neither flammable nor
explosive; however, when vaporized, methane—air mixtures
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within 5-15% concentration become flammable and can
form large vapor clouds capable of ignition or explosion
[24, 57]. Additionally, contact with cryogenic LNG can
cause severe cold burns and structural embrittlement, while
the rapid vaporization of a small spill may displace oxygen,
leading to asphyxiation hazards. Therefore, LNG risk miti-
gation primarily focuses on preventing and controlling
vapor releases, maintaining cryogenic containment integri-
ty, and ensuring safe venting and insulation practices [24,
57, 119].

7. Economic viability and total cost of ownership

7.1. Capital and operating costs

The capital cost implications of adopting alternative ma-
rine fuels vary considerably between methanol and LNG.
Industry and peer-reviewed studies consistently indicate
that LNG-fueled new buildings require substantially higher
capital expenditure (CAPEX) than conventional MDO
designs, typically approx. 22-40% higher, due to the need
for cryogenic tanks, double-wall piping, and complex fuel-
gas handling systems. In contrast, methanol-fueled new-
builds show smaller CAPEX premiums, commonly in the
range of 10-25%, because methanol can be stored at ambi-
ent temperature and pressure using simpler fuel-delivery
equipment [19, 144].

For existing tonnage, retrofit costs for methanol engines
are estimated at roughly €250—€650 per kW, encompassing
engine conversion, fuel-supply system, and safety upgrades,
with lower values expected for subsequent retrofits as expe-
rience grows [67, 174]. Comparable LNG retrofits general-
ly demand higher investment because of cryogenic storage
and gas-handling complexity. Collectively, these data illus-
trate that methanol offers a less capital-intensive pathway to
compliance and early decarbonization than LNG, albeit
with smaller immediate GHG benefits.

7.2. Fuel costs and regulatory impact

Economic and techno-environmental analyses indicate
that the total cost of ownership (TCO) and lifetime fuel
costs of LNG and methanol pathways depend strongly on
engine technology, regulatory context, and fuel price as-
sumptions. Peer-reviewed LCAs and cost studies show that
while both fuels entail higher capital expenditure than con-
ventional designs, their operational and compliance costs
vary substantially across scenarios [54, 75, 93, 174, 179].
Kanchiralla et al. [75] and Gore et al. [54] demonstrated
that the economic competitiveness of LNG and methanol is
highly sensitive to carbon pricing and upstream energy
intensity. Similarly, Lee et al. [93] and Zamboni et al. [179]
reported that methanol’s viability improves markedly under
decarbonization policies such as FuelEU Maritime, while
LNG remains favorable in low-carbon-price contexts due to
lower near-term compliance costs. Wu et al. [174] per-
formed a full TCO analysis and concluded that methanol
DF vessels exhibit only a modest cost premium compared
with conventional diesel ships when lifetime operating
costs and potential carbon charges are included. Industry
analyses corroborate these findings: the SEA-LNG consor-
tium reported that the lifetime fuel cost of the LNG path-
way can be approx. half that of methanol when regulatory
compliance costs are considered [42], reflecting the fact
that grey LNG already meets short- to mid-term GHG com-
pliance thresholds, whereas grey methanol requires imme-
diate blending with costly green fuels. Conversely, a DNV
commercial case study found that the TCO for a methanol-
fueled 5,500 TEU container vessel was only 0.4% higher
than a conventional counterpart over a 25-year life cycle,
emphasizing that the increased fuel-flexibility capability
comes at little to no extra cost [41]. Overall, these results
suggest that the modest CAPEX premium for methanol-
capable designs represents a strategic investment in long-
term fuel optionality, while LNG offers short-term econom-
ic advantages under current compliance regimes. The com-
parative economic indicators for Methanol and LNG as
marine fuels are presented in Table 7.

Table 7. Comparative economic indicators for methanol and LNG as marine fuels

Parameter Methanol

LNG References

Increase 10% over conventional diesel vessels
(typical range: increase 8-12%) due to minor
engine and tank modifications.

Newbuilding CAPEX

Increase 22% over conventional diesel vessels
(typical range: increase 20—25%) due to cryogen-
ic storage systems, double-walled piping, and
safety equipment.

[41, 75, 174, 179]

Estimated €250-650 per kW depending on
engine type and tank design. Retrofit usually
involves add-on components (fuel system,
tanks, control upgrades).

Retrofit Cost

Requires near complete overhaul of fuel system

and engine; cost can exceed €800—1,200 per kW. [41,174,179]

Fossil methanol approx. $500-650 / t; “green”
methanol approx. $1,200-1,800 / t (price
volatility high; limited supply).

Fuel Price (2024
average)

Fossil LNG approx. $350-450 / t; Bio-LNG/e-

LNG approx. $1,000-1,500 /t. [42, 54,75, 93]

Requires immediate blending with “green”

Cost of Compliance methanol to meet GHG targets; high short-term

Fossil LNG provides sufficient GHG reduction

ship (TCO) methanol.

(FuelEU Maritime, compliance cost but low lona-term penalt for compliance until approx. 2040 under FuelEU [41, 42, 93]
2025-2040) P Y P Y Maritime; blending not required initially.
once green supply scales.
Total Cost of Owner- approx. +0.4% higher than diesel over 25 Lifetime fuel cost approx. 50% lower than meth-
years; flexible transition pathway to “green” anol pathway due to lower compliance costs and [41, 42, 174]

established infrastructure.

“Future-proof” long-term decarbonization
option with seamless transition to “green”
methanol.

Strategic Outlook

“Bridge fuel” offering immediate compliance and
cost advantages but challenged by methane slip
and long-term GHG limits.

[41, 42, 54, 75, 93,
174, 179]
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8. Real-world applications and market outlook

8.1. Case studies and pilot projects

Methanol adoption in shipping has accelerated in recent
years, driven by both commercial orders and demonstration
projects that signal market confidence in the fuel pathway.
Recent review and comparative studies document growing
interest in methanol as a near-term low-carbon fuel and
summarize the expanding project pipeline [123, 179]. A.P.
Moller-Maersk’s strategic decision to order multiple meth-
anol-capable vessels in mid-2023 represents a major market
signal, demonstrating that leading container operators view
methanol as a credible primary decarbonization route [113].
Real-world demonstrations further underline progress: the
Port of Antwerp—Bruges-supported “Methatug” project
delivered the world’s first methanol-powered tug, and in-
dustry announcements describe the retrofit of the container-
ship Maersk Halifax to DF methanol operation, both mile-
stones that illustrate technical and operational feasibility at
different vessel scales [11, 112, 147]. By contrast, LNG has
a much longer maritime history (the first seaborne LNG
operations date to the Methane Pioneer era in the late
1950s) and today there are substantially more LNG DF
vessels in service and on order than methanol ships; indus-
try fleet databases and independent analyses report hun-
dreds of LNG-fueled vessels and a continuing orderbook,
with major operators such as CMA CGM committing to
large-scale LNG deployment alongside other fuel strategies
[20, 25, 43, 98, 145]. The major milestones in the adoption
of Methanol and LNG as marine fuels are presented in
Table 8.
8.2. Strategic outlook

LNG’s longer history in commercial shipping has pro-
duced a clear first-mover advantage, an established in-
stalled base of DF vessels, bunkering infrastructure and
supply chains, which generates positive feedbacks that
lower unit costs and further entrench LNG as a pragmatic
near-term option [47, 140]. However, recent strategic
commitments by major shipowners, most notably A.P.

Moller-Maersk’s large methanol orders and upstream sup-
ply agreements, signal a competing industry vision that
prioritizes a fuel pathway with a clearer long-term route to
deep decarbonization, even if that choice requires a more
active role in developing green supply chains and policy
frameworks [123, 138]. The academic literature frames this
divergence as two legitimate strategic approaches to the
maritime energy transition: an incremental/bridge strategy
(LNG) that reduces near-term emissions and leverages
existing infrastructure, and a transformational strategy
(methanol/e-methanol/bio-methanol) that seeks long-term
carbon neutrality but depends on the emergence of scalable
green feedstocks and supportive regulation [93, 138, 179].
Empirical studies and techno-economic modelling demon-
strate that the economic attractiveness of each path is highly
scenario-dependent, sensitive to carbon pricing, methane-
slip performance, and the pace and cost of green fuel de-
ployment, so fleet decisions increasingly reflect corporate
risk profiles and regulatory expectations as much as current
fuel price differentials [93, 179].

9. Conclusions and strategic recommendations

9.1. Conclusions

This review provides a structured, PRISMA-based
comparative synthesis of methanol and LNG as alternative
fuels for marine diesel engines, integrating engine thermo-
dynamics, TtW emissions, WtW LCAs, infrastructure con-
straints, safety considerations, and techno-economic per-
formance into a unified decision-oriented framework.

Key scientific contributions of this review
1. Integrated multi-dimensional comparison

Unlike prior fuel-specific reviews, this study consoli-
dates performance, lifecycle emissions, safety, infrastruc-
ture, and cost data into a single comparative structure, ena-
bling cross-domain evaluation rather than parallel narrative
discussion.

Table 8. Major milestones in the adoption of Methanol and LNG as marine fuels

Year Fuel Milestone/Project Description and Significance References
First-ever seaborne LNG cargo; marked the start of
1959 LNG Methane Pioneer voyage LNG marine transportation and development of cryo- [20]
genic fuel systems.
Early commercial DF Widespread adoption of LNG DF engines (MAN ME-
2014-2019 LNG y GI, Wirtsild DF) for ferries, container ships, and tank- [20, 145]
vessels . < -
ers; proven operational safety and reliability.
) CMA CGM confirms large-scale LNG strategy, plan-
2022 LNG Sig/r!A CGM fleet expan ning > 150 DF vessels by 2029, combining LNG and [25, 98]
biomethane options.
Maersk methanol vessel Maersk orders six methanol-powered container ships—
2023 Methanol order first global top-tier liner commitment to methanol as a [113]
decarbonization pathway.
. Delivery of the world’s first methanol-fueled tugboat, a
2024 Methanol Methatug project (Port of milestone for port operations and small-vessel decar- [11]
Antwerp—Bruges) bonizati
onization.
World’s first large container ship converted to DF
2024 Methanol Maersk Halifax retrofit methanol operation, proving retrofit feasibility at com- [112, 147]
mercial scale.
} _ | DNV reports “unprecedented year” for LNG-fueled
2025 LNG bROeglc()rd LNG-fueled order ship orders; LNG remains dominant among alternative- | [43, 145]
fuel designs.
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2. Technology-dependent climate differentiation

The analysis demonstrates that LNG’s climate benefit is
not fuel-intrinsic but engine-configuration-dependent.
HPDF engines can achieve approx. 15-23% WtW GHG
reduction, whereas low-pressure systems may negate this
advantage due to methane slip variability (0.2-3%). Thus,
LNG’s decarbonization effectiveness is conditional rather
than universal.

3. Pathway-dependent methanol performance

Fossil (“grey”) methanol does not offer WtW climate
advantages over diesel, while “green” methanol can reduce
WItW emissions by approx. 50-70%, making feedstock
origin the decisive factor in its long-term viability.

4. Strategic trade-off clarification
The LNG-methanol choice is fundamentally a trade-off

between:

— Immediate regulatory compliance with moderate GHG
reduction (LNG), and

— Long-term carbon neutrality potential with supply-chain
uncertainty (green methanol).

Decision-oriented strategic synthesis
Based on the integrated findings:

— For short-term (2025-2040) compliance under FuelEU
Maritime or IMO CII frameworks, LNG — particularly
in HPDF configuration — offers lower compliance risk
and stronger near-term economic competitiveness.

— For long-term net-zero alignment (post-2040 scenarios),
methanol provides a clearer decarbonization trajectory
due to its compatibility with scalable renewable hydro-
gen pathways.

— For retrofit feasibility and infrastructure simplicity,
methanol presents lower CAPEX premiums (=10-25%
vs 22-40% for LNG newbuilds) and reduced bunkering
complexity.

— For vessels sensitive to cargo-space penalties, LNG
imposes higher volumetric installation penalties (up to
3-4x effective tank volume vs MDO when system fac-
tors are included).

Overall strategic conclusion

LNG should be regarded as a bridge fuel whose climate
credibility depends on methane-slip control, while methanol
should be considered a platform fuel whose ultimate suc-
cess depends on green production scale-up.

Therefore, the optimal fuel pathway is not universal but
scenario-dependent, shaped by:

— Carbon pricing trajectories

— Methane regulation intensity

— Renewable hydrogen deployment speed
— Vessel lifetime and retrofit horizon.

Future research must prioritize standardized WtW
methodologies, real-world methane monitoring, and techno-
economic optimization of green methanol production to
reduce decision uncertainty.

Table 9 synthesizes the integrative strategic comparison
between methanol and LNG under different regulatory and
technological scenarios.

Table 9. Decision-oriented strategic comparison of Methanol and LNG as

marine fuels
cI‘D_emsm'n Methanol LNG pathway tStrat_eglg
imension pathway implication
Near-Term Requires blend- | HPDF LNG LNG favored
Regulatory ing with green provides imme- | for short-term
Compliance methanol to diate approx. compliance
(2025-2040) meet stringent 15-23% WtW under moder-
GHG targets GHG reduction | ate carbon
pricing
Long-Term Green methanol | Fossil LNG Methanol
Net-Zero enables approx. | limited by favored for
Alignment 50-70% WtW methane slip; e- long-term
(Post-2040) reduction; /bio-LNG less
- deep decar-
scalable with scalable bonizati
onization
renewable Hz
Engine Tech- | Retrofit- HPDF mature; Both techni-
nology Ma- friendly; incre- LPDF sensitive | cally viable;
turity mental modifi- to methane slip LNG perfor-
cation of Cl mance more
engines configuration-
dependent
Methane / Formaldehyde Methane slip LNG risk
Aldehyde formation (local | (high GWP more critical
Risk toxicity con- climate con- for global
cern) cern) climate met-
rics
Onboard approx. 2.2— Effective 3-4x Methanol
Space Re- 2.5x MDO tank | MDO volume more favora-
quirement volume (system-level) ble for space-
constrained
retrofits
Infrastructure | Compatible Requires cryo- Methanol
Complexity with existing genic bunkering | easier for
liquid-fuel and safety rapid infra-
logistics zones structure
scaling
Capital approx. +10— approx. +22— Methanol
Expenditure 25% vs diesel 40% vs diesel lower upfront
(Newbuild) premium
Strategic Role | Platform fuel Transitional Choice de-
for green bridge fuel pends on
transition corporate risk
horizon

9.2. Strategic recommendations

— Shipowners: Adopt methanol-ready or DF designs to
ensure compliance flexibility under progressively strin-
gent carbon-intensity and fuel life-cycle regulations
(e.g., IMO ClII, FuelEU Maritime)

— Engine manufacturers: Prioritize R&D on methanol
combustion optimization and high-pressure LNG sys-
tems that minimize methane slip and maximize thermal
efficiency

— Policy-makers: Implement targeted incentives for re-
newable methanol and bio-LNG infrastructure, includ-
ing carbon credits, green corridor support, and certifica-
tion frameworks to accelerate scale-up

— Researchers: Harmonize WtW LCA methodologies and
expand real-world measurement campaigns on unregu-
lated aldehyde emissions (methanol) and methane slip
(LNG)

— Port authorities and regulators: Establish a coordinated
international framework to standardize methanol bun-
kering safety protocols and mandate transparent moni-
toring and reporting of methane slip from LNG-fueled
vessels. These measures will ensure safe fuel handling,
enhance inter-port data consistency, and underpin glob-
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ally harmonized compliance systems aligned with the
IMO’s 2023 GHG Strategy.
Collectively, these actions will enable a balanced transi-

tion — leveraging LNG’s readiness for near-term compli-

ance while building the foundation for a methanol-based,
carbon-neutral maritime sector in the coming decades.
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Nomenclature

bio-LNG biomethane HFO heavy fuel oil
BSFC brake-specific fuel consumption HPDI high-pressure direct injection
BTDC before top dead center ICCT International Council on Clean Transporta-
BTE brake thermal éfficiency tion
CA crank angle IMO International Maritime Organization
CAPEX capital expenditure LCAs life-cycle assessments
CHs;OH methanol LNG liquefied natural gas
CH, methane MDO marine diesel oil
CIEs compression-ignition engines MN methane number
Cll carbon intensity indicator NO, nitrogen oxides
Co carbon monoxide PM particulate matter
CO: carbon dioxide R&D research and development
CR compression ratio SOx sulfur oxides
DF dual-fuel StS ship-to-ship
DI direct-injection TCO total cost of ownership
EC European Commission TDC top dead center
e-LNG synthetic methane TtS truck-to-ship
ETS emissions trading system TtW tank-to-wake
EU European Union uHC unburnt hydrocarbon
GHG greenhouse gas VLSFO very-low-sulfur fuel oil
GWP global warming potential WtwW well-to-wake
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ARTICLE INFO For several years, a rapid growth in interest in unmanned aerial vehicles (UAVs) in many applications has been

observed. The UAVs are seen as both entertaining equipment for kids and sophisticated tools for agriculture,
archaeology, and terrain scanning. There are also military applications for these flying objects across various
missions. This allows multiple UAV configurations to be observed, thereby addressing specific requirements.
The wide variety of UAV applications requires a wide range of propulsion systems. In the present paper, the
authors sought to present and evaluate specific engine parameters used in modern UAVs. There are described
electric motors, piston engines, and turbine engines that produce from about 18 W to 900 kW of power. That is a
very wide power range, so the presented engines cannot be compared directly. However, after obtaining the
power-to-weight ratio, it can be seen that, in most cases, it stays between 0.1 and 0.15 kW/kg. In some specific
cases, this ratio has different values.
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1. Introduction
Unmanned aerial vehicles are often presented as a syno-

nym of modernity, yet their history dates back about 100

years, to 3rd September 1924, when the first successful

flight of a radio-controlled aircraft without a safety pilot
was performed. In 1933, the UAF was first used as a target
drone, and in 1944, both Germany and the USA first used

UAVs in combat missions [7].

Recently, the unmanned aerial vehicle market has been
growing rapidly. The forecast for 2022-2028 predicts an
average annual increase in the value of unmanned aerial
vehicle sales worldwide of 21.6% [52]. This is because
unmanned aerial vehicles are increasingly used, both in
civil and military applications [41, 42]. The variety of re-
quirements placed on UAVs results in a range of structures
differing in configuration and size. This entails different
requirements placed on the propulsion units. In this paper,
the units used to propel civil and military unmanned aerial
vehicles will be analyzed from multiple perspectives.

Apart from the recreational use of unmanned aerial ve-
hicles, in utility applications, such objects have numerous
advantages over the use of manned aircraft, such as [44,
51]:

— Mass — no need to carry the pilot (or crew) and their
equipment (seats, operational instruments and installa-
tions); this is a very important parameter in agricultural
aviation or military applications

— Shape — no need to integrate the crew cabin, so the
design could be focused on aerodynamic or useful prop-
erties

— Safety — the UAVs can enter areas, which could be
dangerous for humans, like biological research, polar or
volcanic research, disaster areas with high risk (flood,
fire areas) of an accident or areas with radiation, mili-
tary reconnaissance

— Efficiency — Some of the UAVs can perform autono-
mous or predefined missions, including the collection of
specific data

— Higher maneuverability because the pilot's resistance to
overloads during flight does not have to be taken into
account, which is especially important in military appli-
cations.

There are applications where UAVs are the only possi-
ble solution. Such an area is training on air defense sys-
tems, where the target is to destroy the target [43].

An important factor in the use of military unmanned
aerial vehicles is the lack of fear of losing the pilot, which,
aside from the humanitarian factor, represents a loss of
money spent on the pilot's training. According to U.S. Air
Force data, for military pilots, costs can range from 1.1
million USD to about 11 million USD [49].

15E

C-130

Forbes statistaZa

Fig. 1. The cost of training U.S. Air Force Pilots for different types of
aircraft [49]

The aim of the paper is to present and evaluate specific
parameters of engines used in modern UAVSs. In the follow-
ing chapters, the authors will describe the classification of
UAVs and then the types of engines used to propel different
types of UAVS. In that chapter, the data of engines used to
propel the selected UAVs will also be presented. The next
chapter will present an evaluation of parameters character-
izing the analyzed engines and the flight parameters of the
UAVs powered by them.
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2. Unmanned aerial vehicles classification

Due to the variety of available UAVs, there are many
criteria for categorizing them. In the literature, you can find
classifications based on parameters such as weight, flight
range, flight duration, wing loading, maximum ceiling, and
engine type [16]. Among the most popular classifications
are those based on takeoff mass and range. According to the
literature, 5 takeoff mass classes are listed (Table 1) [7].
Classification by UAV range comprises three classes that
also depend on flight endurance (Table 2) [7].

Table 1. UAV classification according to takeoff mass [6, 7, 31, 45, 46]

Class UAV mass [kg] Example

Super heavy Over 2000 RQ-4B Global Haewk
Heavy 200-2000 Bayraktar TB2
Medium 50-200 HESA Shahed 136
Light 5-50 Albatros

Micro Less than 5 Hee Wing Ranger T1

Table 2. UAV classification according to UAV range and endurance [7,

13, 25]
UAV range UAV endurance
Class [km] ihr] Example
High Over 1500 Over 24 MQ-9 Reaper
Medium 100-400 5-24 Camcopter S-100
Low Less than 100 Lessthan5 | AeroVironment FQM-
151 Pointer

The most popular and easily noticeable UAV classifica-
tion is according to its configuration, following types of
UAVs can be distinguished (Fig. 2) [1, 48, 55]:

— Fixed-wing
— Multirotor (Rotary-wing)
— VTOL (Hybrid).
Fixed-Wing Multirotor VTOL

Fig. 2. Example of UAV classification [1]

In some classifications, different types are also listed,
such as helicopters (which can be considered a type of
rotary-wing configuration), blimps, and flapping-wing
aircraft [55].

Due to the widespread use of UAVSs, categories are
sometimes created that incorporate multiple classification
criteria. This is how the MALE (Medium-Altitude Long-
Endurance) and HALE (High-Altitude Long-Endurance)
classes were created. These classes refer mainly to drones
in fixed-wing configuration, which are used both for mili-
tary and civil purposes [36, 50]

Fixed-wing aircraft are designed to monitor large areas.
This type of platform often resembles a typical aircraft (Fig.
3). It is particularly suitable for mapping terrain, monitoring
high-voltage lines, or performing reconnaissance missions.
This type of platform is characterized by higher cruising
speeds and lower energy consumption than multi-rotors,
which makes them well-suited for flights over longer dis-

tances. This type of UAV platform is less popular than multi-
rotors due to the requirement of a more experienced pilot,
more space for take-off and landing, and legal restrictions on
flights beyond visual line of sight (BVLOS) [47].

g

Fig. 3. Example of UAV in fixed-wing configuration [54]

Multi-rotor platforms, in addition to standard flight, are
characterized by their ability to hover and move at low
speeds. The hovering feature, similar to helicopters, is par-
ticularly useful during monitoring point infrastructure and
work requiring precision or time to collect the appropriate
amount of data (Fig. 4). Another advantage of this type of
platform is the possibility of vertical take-off and landing,
which allows the mission to start and end on a small piece
of flat terrain. This feature allows to work in difficult envi-
ronments, such as urban or forested areas. These platforms
are typically equipped with electric motors that drive pro-
pellers (main rotors), mounted symmetrically on the arms.
The most common configurations of multi-rotor aircraft use
4 to 8 rotors [47].

Fig. 4. Example of UAV in multirotor configuration [34]

The solution that combines the advantages of both pre-
sented technical solutions is a hybrid VTOL platform (Fig.
5). It is most often built as a fixed-wing aircraft with a push
or pull propeller and additional rotors, enabling vertical
take-off and landing. Of course, this type of solution slight-
ly disrupts aerodynamic properties during flight or reduces
the payload, but these are small compromises compared to
the wide range of flight properties. This type of construc-
tion is used in the unmanned transport of blood samples on
the Warsaw-Sochaczew and Warsaw-Puttusk lines.
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Fig. 5. Example of VTOL UAYV platform [23]
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In a fixed-wing configuration, most objects use only one
engine to maintain the thrust to fly. Unmanned aircraft base
their flight characteristics mainly on the strong lift generat-
ed by the wing. The engine, engine-gearbox-propeller as-
sembly, or combination provides the necessary thrust to
maintain flight conditions. Models with this solution take
off in a conventional way, via a runway run, or with
a launcher (pneumatic or mechanical), or manually (from
"hand"). This group also includes unmanned helicopter
models.

Fixed-wing aircraft can also use two engines. They use
the same flight mechanics principle as the machines in the
above-mentioned category with one engine. Two engines
can be used, for example, to distribute thrust, allowing us to
use cheaper engines that often generate less thrust as
a single drive. The methods of getting into the air are also
duplicated from the second paragraph of this subsection,
but with some exceptions. Some concept models can take
off vertically — these are the so-called “Tailsitters”. They
take off from a parking position, resting on their tail. Re-
mote-controlled helicopters can also fall into this category.

Devices using three or more drive units are the largest
group, including popular multi-rotor, fixed-wing, and
tiltrotor aircraft. Remotely controlled multi-engine fixed-
wing aircraft, however, are mainly found in hobby designs,
e.g., models reproducing aircraft from the events of the last
century.

Multirotor platforms typically use an even number of
engines, such as four, six or eight (higher numbers are less
common), but designs with three engines also exist.

3. Engines in unmanned aerial vehicles

Most commonly used propulsion systems are electric
motors and combustion engines, which drive a propeller
directly or via a gearbox. Additionally, in UAVS, turbine
engines are used, which generate thrust via a propeller. The
smallest group is the turbojet engines, which generate thrust
directly by the exhaust gases leaving the engine.

Electric drives consist of an electric motor assembly di-
rectly connected to a propeller, with various parameters
such as diameter, pitch, and number of blades, depending
on the needs of the structure.

Electric motors themselves can be divided into three
categories:

1. Due to the shaft arrangement:
— with an internal shaft (so-called Inrunner): the housing is
stationary, the shaft is inside, and it transmits the power

— with an external shaft (so-called Outrunner): the mova-
ble housing transmits the torque, the shaft is embedded
in it.

2. Due to the power supply method:

— single phase or DC power supply — only two wires re-
quired

— three phase power supply — minimum three wires re-
quired.

3. Electric motors may or may not contain brushes.

Internal shaft motors are also most often brush motors.
This design is being replaced in many applications by
brushless phase motors, but is still used in cheaper designs
due to its low cost and simple operation and production.
Such motors have different shapes and sizes. Such units are
powered by direct current.

Brushless electric outrunner motors are the most popu-
lar type of this drive. They are characterized by high torque
and high efficiency. They are powered by one or three
phases. This motor, thanks to the shaft attached directly to
the housing, which contains a certain (even) number of
magnets, does not require the use of brushes, because the
winding creating the magnetic field is located on the stator
placed inside the housing.

The control system is usually implemented as a power
amplifier based on switching transistors, the number of
which depends on the number of stator windings. It per-
forms basic functions such as changing the rotational speed,
regulating acceleration, and analyzing rotor position infor-
mation from feedback.

Table 1. Specifications of selected UAV equipped with electric motors [2—
6, 11, 12, 19, 20, 29, 30, 38]

UAV Flight | Max | Powerof
UAV name mass R[ir%g]e time ceiling er?ni(;e

[kg] [hh:mm] | [m] [\9/’\/]
DJI Mini 3* 025 | 18 | 00:38 | 4000 | 22.3
Helion 10° 095 | 10 | 00:30 | 7000 | 21438
BETAFPV Cetus X' | 0055 | 01 | 00:05 | 100 | 185
DJI Agras T25" 32 2 04:00 120 1305
Altura Zenith ATX 8! | 9.65 1 00:40 | 1000 | 400
Albatros? 10 | 280 | 04:00 | 10000 | 260
hee JingRenger T 1 75 | 30 | o105 | 1000 | 206

1 — Multirotor, 2 — Fixed-wing

An example of UAVs powered by electric motors is
shown in Fig. 6 and 7. The first object is a typical recrea-
tional UAV, and the second is more professional in a fixed-
wing configuration. Electric-motor UAVs are the most
popular, especially in civil applications (recreational and
professional). In fixed-wing applications, a single engine is
often sufficient (Fig. 7). In contrast, multirotor platforms
require multiple engines (Fig. 6).

Piston engines in the described designs are most often
four-stroke units, with an even number of pistons (usually
four). The cylinder arrangement is most often a boxer,
though there are units with a linear or "V" arrangement.
The ignition method in UAV engines is dominated by spark
ignition (SI) with a carburetor, but compression ignition
(CI) has been implemented, e.g., in the MQ-1C Gray Eagle,
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Table 2. Specifications of selected UAVs equipped with piston combustion engines [9, 13-16, 22, 24, 25, 31, 33, 35, 37, 39, 53]

UAV name Engine name UAV mass [kg] Range [km] FEL%hH:;?e Max[g;a]lllng I:z\éviireo[fk(\)/\r/\]e
Bayraktar TB2* Rotax 914 700 300 27:00 5486 75
Elbit Hermes 900" Rotax 916 1270 1000 36:00 9100 160
HESA Shahed 136! Mado MD-550 200 2500 4000 373
MQ 1 Predator® Rotax 914 1020 1250 24:00 7600 86
MQ 1C* Thielert Centurion 1.7 1633 400 27:00 7600 123
IAI Heron® Rotax 914 1150 1000 45:00 10500 160
Mohajer 6* Rotax 914 670 200 12:00 5500 84.6
Wing Loong I* Rotax 914 1100 4000 20:00 5000 75
Kronsztadt Skorpion* Ittan APD-115T 1150 1440 24:00 7500 86
Forpost* APD-85 454 350 16:00 5797 58.85
Falco Xplorer* Rotax 914 1300 300 24:00 9144 86
Camcopter S-100° AE-50R 200 100 06:00 5900 40.4

1 — Fixed-wing, 2 — Helicopter

which uses the Thielert Centurion 1.7 HFE (Heavy Fuel
Engine). It can be seen that many unmanned aerial vehicles
use engines used in small aviation, such as the Rotax 914,
which is used not only in UAVs but also in many small
manned aircraft.

Piston engines are mostly used in fixed-wing UAVS, but
this type of powerplant also propels other UAV configura-
tions, such as helicopters (Fig. 8 and Fig. 9). This type of
propulsion system is used more in military than in civil
applications.

Fig. 7. UAV Albatros [6]

Combustion engines used in UAVs are divided into pis-
ton engines and turbine engines: turboshaft, turboprop, or
turbojet. Each of them is connected to the propeller via an
appropriate gearbox, except for turbojet engines, which
generate thrust directly (they do not drive propellers). It
should be emphasized at this stage that the use of a combus-
tion engine by civilian unmanned aerial vehicles is legally
prohibited (except for model and specialist models) - such
designs are not classified in the open category. Therefore,
we can expect these engines to be used in specialist and
military designs.

Fig. 8. UAV Bayraktar TB 2 [10]

=

Fig. 9. Unmanned helicopter Camcopter S-100 [17]

Turbine engines in UAV systems are of three types: tur-
boshaft, turboprop, and turbojet. Two of the three types
predominate in implementation. Turboshaft and turboprop
engines allow for a significant increase in power while
slightly increasing weight. They also enable flights at much
higher altitudes, resulting in increased flight time and
range.

Jet engines are used in the heaviest unmanned aerial ve-
hicles and are mainly used in structures intended for mili-
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tary purposes. Currently, only two such machines are used
— the RQ-4B Global Hawk and the Guizhou WZ 7 Soaring
Dragon (it should be mentioned that other producers work
on that type of UAVs). Both designs are specialized ma-
chines, though their tasks differ slightly. The Global Hawk
is a machine with an almost global range, which acts as
a machine for collecting radio-electronic and radar infor-
mation about the battlefield (e.g. SIGINT — Signal Intelli-
gence). The mission specification of the WZ 7 is not fully
known, though it is assumed to be a heavy-strike drone.

Table 3. Specifications of selected UAVs equipped with turbine engines
[8, 13, 26, 27, 32, 40, 45]

UAV Engine name | UAV | Range | Flight Max | Power

name mass [km] time | ceiling | of one
[ka] [hh:mm] | [m] | engine

[kw]
MQ-8* RR 250 1430 | 203.7 | 08:00 6100 | 313
VM o | PTe67A | 5400 | 7400 | 30:00 | 14000 | 900
itan

Bay-

raktar - 6000 | 7500 | 24:00 | 13750 | 560

AKINCI?

MQ-9 TPE331-10 | 2223 | 1900 | 27:00 | 15420 | 671

Reaper? :

RQ-4B? F13170'§R' 14628 | 22800 | 34:00 | 18000 | 34 kN

UZGA

AL- WK-800S 7500 | 3600 | 48:00 | 12000 | 589

TIUS?

Guizhou Guizhou . 43.1

WZ 72 WP-13 7500 | 7000 | 10:00 | 18000 KN

1 — Helicopter, 2 — Fixed-wing

* — beyond another unit in the cell

The turbine engines are used mostly in military drones,
like RQ-4B Global Hawk (Fig. 10). In most civil applica-
tions sufficient power is delivered by electric motors or
piston engines.

Fig. 10. RQ-4B Global Hawk in flight [28]

4. Comparison of UAV engines

Small UAVs powered by electric motors have different
applications, which implies different efficiencies across the
criteria shown in the above graphs. The Helion 10 UAV is
a system designed to fly in FPV (First Person View) mode,
allowing real-time observation of the drone's flight from the
camera's perspective. Such systems are characterized not
necessarily by a large range but by a very high engine pow-

er-to-weight ratio, which ensures high maneuverability and
speed of the remotely controlled multi-rotor.

It should be noted that for legal reasons, civilian UAVs
do not use combustion engines, except for strictly model-
oriented designs (the author of the article noted the domi-
nance of single-cylinder two-stroke piston engines in this
area of use) or special-purpose designs (however, these
designs/systems require certification, e.g., from the domes-
tic Civil Aviation Authority). The list included in this arti-
cle includes all designs, therefore, as military, special-
purpose, and/or experimental. Such a decision is also driven
by the desire to achieve, for example, greater UAV perfor-
mance, such as flight endurance. Of course, today the army
also uses UAVs powered by electric motors (e.g. the Polish
Warmate system from the WB Electronics Group), but it is
not limited only to them, as is the case with civilian cus-
tomers.

The range of UAVs produced for different applications
is very broad. The mass of those objects ranges from about
100 g to 8000 kg. Also, drones are produced for different
uses, which is why engine power ranges from about 18 W
to 900 kW (Fig. 11). As shown in the figure, electric drones
are very close to zero at the left edge of the graph. Also, the
piston-engine drones differ by only a very narrow range,
which is why there are additional graphs for electric UAVs
(Fig. 12) and piston-engine UAVs (Fig. 13). Of course, the
most powerful are the turbine-engine UAVs. Of course, the
turbine drones are the heaviest too — up to 7500 kg for the
analyzed objects. However, the turbine engine-propelled
drones, in case of their application, operate at higher speeds
and altitudes than other UAVs.
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Fig. 11. Engine power as a function of UAV mass in all categories of
analyzed UAVs

In the presented UAVs which use an electric motor,
there are only civil drones. Despite it the motor power and
UAYV mass vary respectively from about 2 W to 2.1 kW and
from 100 g to 32 kg (Fig. 12). These values range, because
also in that class of UAVs, there can be several applications
listed, like: recreational use with camera (DJI Mini), very
fast flying (Helion 10) and agricultural application, where
payload is also important (DJI Agras).

The power and weight parameters of UAVs with piston
engines vary between 40 kW to 160 kW and 200 kg to 1600
kg (Fig. 13).
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Fig. 12. Electric motor power as a function of UAV mass in electric mo-
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An interesting comparison is the power-to-mass ratio in
kW of engine power per 1 kg of UAV mass (Fig. 14). Most
drones have values around 0.1 kW/kg. That value is espe-
cially relevant for a fixed-wing configuration. There are
higher values of that parameter in some multirotor or heli-
copter configurations, like Camcopter (0.2 kW/kg) or BE-
TA FPV Cetus X (0.34 kW/kg). Higher values are observed
for special-purpose objects, such as the MQ-9 Reaper (0.3
kW/kg).
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Similar observations could be formulated in the case of
the presented UAVs range (Fig. 15). Most of these objects
can fly up to a few hundred kilometers. Some fixed-wing
aircraft can fly around 1000 km, and some specialized ap-
plications can reach up to 7500 km (Bayraktar AKINCI and
IAl Eitan).
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Fig. 15. Range for analyzed UAVs

It should be noted that at this point, UAVs with jet en-
gines have been omitted due to the difference in the method
of generating thrust. The graphs include unmanned systems
powered by internal combustion turbine engines of the
turboshaft or turboprop type.

The use of an internal combustion turbine engine is as-
sociated with higher costs of purchasing and maintaining
the drive unit than the previously mentioned types of en-
gines. However, it should be noted that these are also the
most powerful engines of the types described in this article,
allowing one to reach nearly any place in the world and to
reach the highest altitudes.

Summary

Work on UAVa began shortly after the first flight of an
aircraft — the first launch of an unmanned aircraft took
place in 1922. That was a RAE 1921 Target for training
purposes. After the mentioned date, the development of
military drones accelerated, culminating in the first combat
mission in 1944 [7]. However, last years make the UAVs
more popular in civil applications, which can be used for
transport of goods, archaeology, agriculture, or even
a drone can be a play for kids. Very often in some applica-
tions, the UAVs have to carry some specific equipment,
like cameras, lidar or ground penetrating radar. Agricultural
drones have to carry the spraying equipment, along with
fertilizers or plant protection agents. Even more sophisti-
cated requirements are sometimes set for military drones,
because the agricultural drone, even if it has to carry some
load, does not have to fly to another continent; it can just
turn around to charge or change the battery, whereas the
military drone often has to fly longer distances and/or stay
in the air for a long time.

Above listed requirements resulted in a very wide range
of UAVs on the market. If we assume the drone's mass as
a criterion, we can find a drone weighing about 100 g,
while on the other end of the scale, a drone weighing about
8000 kg. The different masses of objects that should be
propelled result in the power of a single engine, which
varies from about 18 W for Beta FPV Cetus X to 900 kW in
IAI Eitan.

Only the engine's power isn't everything. The character-
istics of every drone can vary depending on the type of
engine used, which can also affect the power-to-weight
ratio. For recreational use, only electric motors are used.
This type of propulsion is also used in military drones,
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where the electric motor provides silent operation. Another
type is the piston engine, which is used in heavier UAVS.
Also, this type of engine is used when a longer range is
needed, because liquid fuels have a higher energy density
than electric batteries. The largest UAVs with the highest
ceiling use turbine engines.

Interesting results are observed regarding the power-to-
mass ratio. In that case, most of the analyzed UAVSs repre-
sent values at around 0.1 kW/kg. It can be observed that
this value is specific to the aircraft (fixed-wing configura-
tion). The multirotor and helicopter configurations are more
likely to exhibit higher power-to-weight ratios. Also, some
specialized application drones exhibit higher values of the
mentioned ratio, such as the MQ-9 Reaper (0.3 kW/kg).

The presented material shows the variety of UAVs and
their engines. According to the analysis in this paper,
drones used for civil applications are propelled by smaller,
less powerful engines. The reasons are the operational pa-
rameters, which, compared to military drones, are: mostly
lower mass (less than 50 kg), lower flight speed, and lower
ceiling. It should also be noted that turbojet engines are not
considered in this paper. Turbojet engines are characterized
by thrust rather than power, so it will be problematic to
compare all the powerplants together. Nevertheless, it can
be very valuable to include that type of engine in the com-
parison in the future, thereby making the study more com-
plex. This type of drive will become increasingly popular as
new UAVs are developed (e.g., Bayraktar Kizilelma).
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1. Introduction

The electromagnetic field (also called electromagnetic
radiation), abbreviated as EMF, is the effect of electric and
magnetic fields. The magnetic field is a manifestation of the
electromagnetic field with frequencies in the range from
0 Hz (constant fields) to 300 GHz (microwave radiation).
Above the upper limit of the indicated range, the following
radiations are distinguished: infrared, visible, ultraviolet,
X-ray, gamma and cosmic radiation. Electromagnetic fields
are divided into natural and artificially generated. Natural
magnetic fields are associated with phenomena occurring in
the atmosphere (e.g. lightning during a storm), while artifi-
cially generated fields are a manifestation of human activi-
ty. They may differ in wavelength and frequency. An alter-
native quantity to the magnetic field intensity — magnetic
induction — is often used to characterize low-frequency
magnetic fields. Magnetic induction (B) is a component of
the magnetic field, which is measured in teslas (T) or gauss
(G). This is a quantity related mainly to the magnetic field,
regardless of whether it is constant (e.g. the field of a mag-
net) or variable (e.g. around a conductor with alternating
current). Magnetic induction is presented by formula (1) [7,
12]:

B=upH @

where: B — magnetic induction, T, p — magnetic permeabil-
ity, T-m/A, H — magnetic field intensity, A/m.

The main difference between electromagnetic field
measurement and magnetic flux density measurement is
that magnetic flux density measurement deals only with the
magnetic component of the field, whereas electromagnetic
field measurement includes both electric and magnetic
components, often in the context of electromagnetic waves.

It should be emphasized that measuring the electromag-
netic field differs significantly from measuring magnetic

flux density. EMF measurement encompasses both the
electric and magnetic components of the field and is typi-
cally used to analyze electromagnetic waves, especially in
the high-frequency range. Magnetic induction measure-
ment, on the other hand, concerns only the magnetic com-
ponent and is primarily used to analyze low-frequency
fields, such as those in the immediate vicinity of electrical
devices and test vehicles [5-7].

2. Electromagnetic field in motor vehicles
Electric car engines and the AC power supply system

emit frequencies from 20 Hz to 600 Hz, depending on the

driving mode. Battery charging stations emit EMF with
frequencies from 20 kHz to 100 kHz. The vehicle structure
is largely made of metal elements, which at operating fre-
quencies of 0.8-150 kHz constitute a barrier against elec-
tromagnetic field emissions. The electromagnetic field in

electric vehicles ranges from low-frequency fields to mi-

crowave radiation. The engines and the inverter with wires

in electric cars, as well as the alternator in combustion cars,
emit low-frequency magnetic fields, i.e. magnetic induction

[6-9, 13, 15].

Main sources of magnetic induction in electric cars:

— Electric motor — in the motor, the flow of current
through the stator windings generates a magnetic field
that affects the rotor. Since the rotor is often made of
magnetic materials (e.g. permanent magnets or ferro-
magnetic cores), this field creates magnetic induction,
which creates torque and drives the wheels.

— High-voltage cables — electrical cables and connections,
e.g. between the battery and the inverter, also generate
a magnetic field.

— Inverter — controls the flow of current to the motor,
converting direct current (DC) from the battery to alter-
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nating current (AC). The alternating current in the mo-

tor windings creates an alternating magnetic field.

— Batteries and charging systems — although the batteries
themselves do not generate an alternating magnetic field
(DC), alternating currents can occur during charging
(e.g. in chargers).

In a conventional car, the sources of magnetic induction
(B) differ from those in an electric car, but they still occur.
The main sources are:

— Alternator — the main source of the magnetic field. In-
side the alternator, the rotor with the winding generates
a variable magnetic field.

— lgnition coil and high-voltage wires — change the volt-
age from 12V to several thousand volts to generate
a spark in the spark plug. The flow of current through
the coil creates a strong magnetic field, which then dis-
appears, inducing high voltage.

— Starter motor — generates a magnetic field in the wind-
ings. Although it works only for a moment, it generates
strong magnetic field pulses [1, 2, 15,16, 19-22].

In hybrid vehicles, the classic alternator and starter are
replaced by one or more electric motor—generator units,
which can function as both a drive motor and a generator to
charge the traction battery. These components, such as
electric motors, inverters, DC/DC converters, and high-
voltage cables, generate magnetic fields due to the flow of
current [1, 3].

The scientific literature contains numerous studies on
magnetic field emissions from vehicles with different drive
types. Tell et al. measured magnetic field intensity in elec-
tric and combustion cars, showing that electric vehicles
generate significantly higher magnetic fields, especially in
the drive systems and passenger compartment. The greatest
exposure was in the area around the driver's and front pas-
senger's legs [17].

He et al. studied the effects of static magnetic fields
generated by electric vehicles on drivers' cognitive func-
tions. Their results suggest that even fields with intensity
consistent with applicable standards may affect the nervous
system and reaction time during long-term exposure [6].

In Poland, studies by Gryz et al. found higher magnetic
induction levels in hybrid and electric vehicles than in con-
ventional vehicles. It was indicated that the main sources of
emissions are inverters, high-voltage cables, and electric
motors, and that field values in the area of the driver's feet
can reach 10-15 pT [7].

In turn, Wang et al. [20] conducted long-term monitor-
ing of low-frequency magnetic fields in electric vehicles
and observed significant variations in emission levels de-
pending on driving mode, load and arrangement of drive
system components. The highest values were recorded
during acceleration and battery charging [21].

The conclusions from the cited studies clearly indicate
that electric and hybrid vehicles exhibit higher levels of
magnetic field emissions, and user exposure is significantly
influenced by the power of the drive system, component
arrangement, and distance from the field sources [6, 22].

3. The effects of electromagnetic fields on humans
An electromagnetic field can stimulate excitable tissue
by inducing electric currents in the body. This phenomenon

is most significant at frequencies lower than several hun-
dred kHz. In addition, tissue heating occurs due to the ab-
sorption of field energy (the so-called thermal effect), and
the most important aspect is its occurrence at frequencies
above 1 MHz. Moving in an electromagnetic field can also
cause, among other things, dizziness, nausea, and impaired
eye-hand coordination. They stop after moving away from
the source. An electromagnetic field can cause undesirable
changes in the body's functioning. The results of scientific
research indicate that possible effects of electromagnetic
fields include disorders of the nervous, cardiovascular, and
immune systems, neoplastic processes, and subjective com-
plaints such as headaches, fatigue, and memory disturb-
ances. A large number of diseases are reported in people
living near transmission lines, electricity generators and
similar interfering devices. A 1979 study by physicist Ed
Leeper showed that children exposed to just 0.3 pT had
twice the incidence of leukemia. In 1998, the New York
State Department of Health repeated the study and con-
firmed the previous study's results. Studies show that the
protective threshold for direct exposure to an AC electric
field should not exceed 5 V/m at ground potential and 1.5
V/m without ground potential. The AC magnetic field
emission should not exceed 0.1 uT. [6-11, 13, 14, 22, 23].

4. Apparatus and subject of research

The measurements were carried out using two electro-
magnetic field meters, TM-191 and TM-196. The TM-191
meter operates in the range of 30-300 Hz, while the TM-
196 meter operates in the range from 10 MHz to 8 GHz.

Magnetic Field Meter
) EMF/ELF Moter T™M-191 [}

Fig. 1. Electromagnetic field meter TM-191 [17]

Table 1. Technical parameters of the TM-191 electromagnetic meter [17]

Feature Value
Measured field Very low frequency (LF) magnetic field
30-300 Hz

Measurement method Single-axis sensor

Measurements For frequencies 30-300 Hz
H (magnetic field) 200.0/2000 mG; 20.00/200.0 uT
Accuracy +2.5% for frequencies 50/60 Hz

X, Y, Z measurement none

Bench measurements were performed, as were magnetic
induction measurements during charging of an electric
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vehicle at a charging station. To avoid interference with the
measurements, the radio and other electronic devices were
turned off for the duration of the measurement.

Fig. 2. Electromagnetic field meter TM-196 [17]

Table 2. Technical parameters of the TM-196 electromagnetic meter [17]

Feature

Value

Measured field

Radio frequency electromagnetic
field 10 MHz-8 GHz

Measurement method

Digital measurement 3-axis

Directional characteristic

Isotropic, triaxial

C-HR brand with a 1.8 internal combustion engine with
an output of 72 kW and an electric motor with an output of
53 kW. The total power of the hybrid system is 90 kW [18].
All vehicles were manufactured in 2021 and had Crossover
bodies. However, this brand does not offer a hybrid car,
which is why a Toyota hybrid drive [3] was selected for
comparison.

The research object is three passenger cars. A conven-
tional drivetrain car of the Dacia Sandero Ill brand with
a 1.0 Tce petrol engine with a turbocharger with an output
of 67 kW. An electric car of the Dacia Spring brand with
a synchronous motor with a permanent magnet with an
output of 33 kW [4, 5]. A hybrid drive car of the Toyota

a) Conventional drive vehicle

Fig. 3. Conventional drive car Dacia Sandero

Table 3. Technical data of the Dacia Sandero [5]

Model Dacia Sandero 111 Hatchback; 2021
Drivetrain type ICE

Engine 1.0 Tce petrol turbocharged
Displacement 999 cm?®

Engine power

67 kW, 90 HP for 4600 rpm

Torque 160 Nm for 2100-3750 rpm
Drive Front axle

Range 962 km

Current weight 1152 kg

CAL coefficient Settable in the range 0.10-9.99 Fig. 4. Electric drive car Dacia Spring
(default 1)
Measurements CW signal (f > 50 MH2) Table 4. Technical data of the Dacia Spring [4]
E (electric field) 38.0 mV/m; 11.0 V/im Model Dacia Spring Crossover Electric; 2021
H (magnetic field) 53.0 pA/m.; 28.64 mA/m Drivetrain type Electric
S (power density) 0.1000 W/m?; 309.3 mW/m? Engine Permanent magnet synchronous
5 - 01000 wW/omE: 30.93 wW/om? Engine power 33 kW, 45 HP for 3000-8200 rpm
ynamic ranges C PP wirem; 025 wiiem Torque 125 Nm for 5002500 rpm
Accuracy 75dBm Drive Front axle
Isotropic deviation Absolute error £0.1 dBm at | mV/m Battery lithium-ion
: and 2.45 GHz : : Gross battery capacity 27 kWh

X, Y, Z measurement Selection: aILﬁ);eséx)i(s-axm, Y-axis Charging time socket/fast 13 h/1h

Range 230 km

Own weight 920 kg

¢) Hybrid electric vehicle

Fig. 5. Toyota C-HR hybrid car — view under the engine cover

Table 5. Technical data of the Toyota C-HR [18]

Model Toyota C-HR Crossover SUV; 2021
Drivetrain type Hybrid (HEV)
Engine 1.8 Hybrid

Engine system power

Power 90 kW, 122 HP at 5200 rpm

Petrol engine power

72 kW, 98 HP at 3600 rpm

Petrol engine torque

142 Nm at 3600 rpm

Electric engine power 53 kW, 72 HP
Electric engine torque 163 Nm
Battery lithium-ion
Gross battery capacity 1 kWh
Gearbox type Automatic e-CVT
Range 895 km
Current weight 1380 kg
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5. Research
5.1. Stationary measurements

a) Conventional drive vehicle

In a conventional drive car, magnetic induction meas-
urements were taken in the vicinity of the alternator. Each
time, 20 measurements were taken directly at the device
and at distances of 0.2 m and 0.5 m. During the measure-
ments, the temperature was about 15°C.

2.25

Magnetic induction, uT

0.26

0.04

02m m 05m

W direct distance

Fig. 6. Magnetic induction in the vicinity of the alternator — conventional
vehicle

During bench tests, the magnetic induction in a conven-
tional car with an ICE near the alternator was recorded at a
level of 2.25 uT, which at a distance of 20 cm was already
below 1 uT.

b) Battery electric vehicle
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Fig. 7. Magnetic induction — electric vehicle
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Fig. 8. Magnetic induction in the area of the charger during charging of an
electric vehicle

In the electric car, during the bench test, magnetic in-
duction occurred in the vicinity of the inverter and cables (5
pT) and near the engine (3.3 pT), while in the case of the
alternator in a combustion engine vehicle, after moving
away from the source by 20 cm, it was only from 0.4 uT to
0.6 uT. The highest magnetic induction was recorded dur-
ing charging of the electric car in the vicinity of the charger
and high-voltage cables. It amounted to 41.7 pT. At the
charger cable, it was 3.9 uT, and in the vicinity of the in-
verter and vehicle cables, 2.2 uT.

c) Hybrid electric vehicle

In the hybrid car, magnetic induction measurements
were taken in the vicinity of the generator, electric motor,
inverter, and high-voltage cables. Each time, 20 measure-
ments were taken directly at the device and at distances of
0.2 mand 0.5 m. During the measurements, the temperature
was around 15°C.

62.72

-

20.09
20 ==
12.66 112.04

Magnetic induction, puT

6.55
0.35 1.42 g 1.17 1 1 1

Alternator Electric motor Controller and cables Battery

direct distance 0.2m m05m

Fig. 9. Magnetic induction — hybrid vehicle

During tests in a hybrid car, magnetic induction of 62.7
puT was recorded near the electric motor, 20 puT near the
inverter and cables, and 12.6 pT near the generator. At
a distance of 20 cm from the sources, it was: 12.4 pT for
the engine, 6.5 uT for the inverter, and 4 uT for the genera-
tor.

5.2. Measurements while driving

The magnetic field intensity measurements were con-
ducted inside each of the three vehicles across four driving
conditions. The measurements were taken with a TM-196
three-axis electromagnetic field meter operating in the high-
frequency range. The first measurements were taken in city
traffic at 30 km/h and 50 km/h, then in motorway traffic at
100 km/h and 140 km/h. During measurements at 30 km/h,
only the electric motor was running in the hybrid car; at
other speeds, the combustion engine was running. Each
time, 20 measurements were taken. The measurements were
taken in the afternoon and evening, with temperatures
around 15°C. There was no wind and no precipitation.
There was no snow cover. The meter was mounted near the
driver's seat. To avoid interference with the measurements,
the radio and other electronic devices were turned off for
the duration of the measurement. The results presented are
the result of the X, Y, and Z axes (geometric sum). Meas-
urements are presented as an arithmetic mean of the col-
lected results, excluding the lowest and highest values.
Error bars are marked on the graphs.
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Fig. 10. Summary results of magnetic field intensity measurements at
vehicle speeds of 30 km/h
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b) 50 km/h
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Fig. 11. Summary results of magnetic field intensity measurements at
vehicle speeds of 50 km/h

During city driving, the magnetic field strength was
highest for the hybrid vehicle (3.6 mA/m), slightly lower
for the electric vehicle (2.8 mA/m), and lowest for the con-
ventional vehicle (1.2 mA/m) at 30 km/h. At 50 km/h, the
values were highest for the electric vehicle (7.2 mA/m),
followed by the hybrid vehicle (5 mA/m), and lowest for
the conventional vehicle (2.6 mA/m). The hybrid vehicle
emitted lower values when the conventional rather than the
electric system operated at higher speeds.

¢) 100 km/h

10

Magnetic field intensity, mA/m
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o

®m Conventional drive ™ Electricdrive @ Hybrid drive

Fig. 12. Summary results of magnetic field intensity measurements at
vehicle speeds of 100 km/h

d) 140 km/h
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Fig. 13. Summary results of magnetic field intensity measurements at

vehicle speeds of 140 km/h

a

During motorway driving at 100 km/h, the magnetic
field strength was highest for the electric vehicle (9.7
mA/m), lower for the hybrid (3.4 mA/m) and lowest for the
conventional vehicle (2.9 mA/m). At 140 km/h, it was the
highest for the electric vehicle (8.5 mA/m), lower for the
conventional vehicle (3.1 mA/m) and lowest for the hybrid
(2.5 mA/m).

6. Conclusions

The conducted tests allowed obtaining different values
of magnetic flux density depending on the type of vehicle,
the measurement location, and the distance from the source
of field emission. In a car with a conventional drive (Dacia
Sandero), the highest value of the magnetic field was rec-
orded in the immediate vicinity of the alternator and
amounted to 2.25 pT. This value decreased rapidly with
increasing distance—already at a distance of 20 cm the mag-
netic field dropped below 1 pT, which indicates a limited
range of this source and low exposure of the driver and
passengers to magnetic flux density.

In the electric vehicle (Dacia Spring), the field values
were much higher. During operation of the drive system,
the maximum magnetic flux density was 5.0 uT in the vi-
cinity of the inverter and high-voltage cables, and 3.3 uT at
the engine. After moving away by 20 cm, these values
dropped to 0.4-0.6 uT, confirming the strong dependence
of the field intensity on distance from the source. However,
the highest magnetic field emission was recorded during
vehicle charging, when the field reached 41.7 uT in the
immediate vicinity of the charger, 3.9 uT at the charging
cable, and 2.2 uT in the inverter area inside the vehicle. The
measured value of 41.7 uT indicates a potential health risk
from prolonged exposure in the immediate vicinity of the
charger. The highest magnetic field values were recorded in
the hybrid vehicle (Toyota C-HR). The field strength in the
area of the electric motor was 62.7 uT. Values of around 20
uT were measured near the inverter and high-voltage ca-
bles, and 12.6 pT near the generator. Even at a distance of
20 cm from the source, the values were significant: 12.4
puT, 6.5 uT and 4.0 pT respectively. Such high values in
a hybrid vehicle may be due to the drive system's higher
power and the more complex electrical system configura-
tion compared to a lower-power electric vehicle. Summa-
rizing the results of measurements during driving, the high-
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est magnetic field strengths occur in electric vehicles, espe-
cially at higher speeds, due to the continuous, intensive
operation of the electrical system, including the inverter,
engine, and high-voltage cables. In hybrid vehicles, the
magnetic field is higher at lower speeds because the electric
motor is used more often in urban conditions. At higher
speeds, the hybrid drive system primarily runs on the com-
bustion engine, reducing field emissions. Conventional
vehicles generate the lowest values, because their field
sources—such as the alternator or ignition system — work
less intensively and have a smaller share in generating the
magnetic field compared to electric vehicles. The compara-
tive analysis showed that electric and hybrid cars generate
significantly higher magnetic fields than conventional-drive
vehicles. The value of the magnetic flux density is signifi-
cantly influenced by the power of the drive system and the
location of components, such as the electric motor, inverter,
or high-voltage cables, relative to the vehicle users. In addi-
tion, the measurements confirmed that the field intensity
decreases exponentially with distance from the source,

which is crucial for protecting the driver's and passengers'
health. The field values measured in the immediate vicinity
of the devices, especially during charging of the electric
vehicle or operation of the electric motor in a hybrid vehi-
cle, approach the limits permitted by international stand-
ards. Therefore, the choice of the drive system components'
locations and the design of their shields should aim to min-
imize the user's exposure to the magnetic field. All ob-
served values are below the permissible levels specified by
the International Commission on Non-lonizing Radiation
Protection (ICNIRP), which sets a limit of 100 pT (for
magnetic flux density) or about 80 mA/m (for field intensi-
ty) for magnetic fields at vehicle frequencies (approximate-
ly 50-60 Hz). This means that despite clear differences
between vehicles, the level of exposure of drivers and pas-
sengers remains within safe limits. However, long-term
exposure in the immediate vicinity of some sources (e.g.
a charger when charging an electric vehicle) may require
further monitoring, especially in the context of possible
effects on particularly sensitive individuals.

Nomenclature

AC  alternating current
DC  direct current

EMF electromagnetic field
ICE internal combustion engine
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