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Abstract

The article examines the use of hydrogen fuel as an alternative to traditional diesel fuel for
internal combustion engines (ICE) in railway applications. The main objective of the study
is to analyze the operational consumption of hydrogen fuel based on the mathematical
modeling of the working cycle of the EMD 12-645E3C engine installed on CIE 071 loco-
motives used in freight and passenger service. The article provides information on the
design features of the EMD 12-645E3C engine, its technical parameters, and the results
of bench tests. The indicator parameters of the engine at various controller positions are
determined and analyzed, and the results of mathematical modeling of its operation on
hydrogen fuel are presented. Particular attention is paid to changes in indicator parameters,
including the maximum combustion pressure and the peak gas temperature in the cylinder,
as well as comparing the mass consumption of diesel and hydrogen fuel. The study results
demonstrate that the use of hydrogen allows the engine to maintain effective power across
all operational modes while simultaneously reducing energy costs up to 8%. In this case,
the pressure and temperature of the gases in the cylinder increased by 3-6% and 5-8%.
Recommendations are also provided regarding technical challenges associated with tran-
sitioning to hydrogen fuel, including the modernization of the combustion chamber, fuel
system, and safety system.

Keywords: hydrogen; railway; engine; performance; load; simulation

1. Introduction

The world is increasingly moving towards reducing emissions, with an emphasis
on clean energy. As heavy-duty vehicles and buses are responsible for 27%, light duty
trucks for 12%, passenger car and motorcycles for 60% of greenhouse gas (GHG) emissions
from road transport in the EU emitting 760 million tons of the total EU GHG emissions,
significant improvements are needed in the fuels used daily not only in trucks and public
transport, but also in railway and aviation [1]. In that case, the scale of decarbonization
of the transport sector in the next decade could be challenging for the European Union
(EU), together with the increasing demand for clean energy. At the same time, industry and
society are looking for an environmental and stable source of energy [2]. Despite the various
searches for alternative fuels, the number of studies on hydrogen applications have an
increase in significantly in recent decades, covering both the use of pure hydrogen and the
addition of hydrogen to the primary fuel of internal combustion engines [3], offering similar
refueling and versatility characteristics as diesel fuel [4]. While fuel cell technology is well
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developed and has application experience in mainline trains, showing significant savings,
and in electric trams [5], hydrogen combustion systems in conventional diesel engines
are still under development [6]. In the case of hydrogen combustion systems, most of the
studies have focused on the effect of port injection of hydrogen on engine performance and
emissions, as well as simulations using computational fluid dynamics and experimental
measurements [7]. However, both of these two systems used for hydrogen application in
railway transport are quite similar from a management and operational point of view [8].
The use of hydrogen can be realized in existing diesel engines with minimal structural
changes to the powertrain [9], significantly reducing the carbon footprint of transport,
including railway transport. Unlike traditional hydrocarbon fuels, the combustion of
hydrogen leads only to the formation of water, which makes it environmentally friendly.
The study [10] emphasizes that hydrogen-fueled railway transport can completely eliminate
emissions of carbon monoxide and other greenhouse gases. This fact determines its strategic
application for regions with high pollution levels. The researchers noted that the economic
advantages of hydrogen, such as its availability and reproducibility, may make hydrogen
competitive with conventional hydrocarbon fuels in the future [11].

These findings are also supported by [12], where authors emphasized that hydrogen
ICEs represent a sustainable solution for decarbonizing the transport sector and could
become an alternative to electric vehicles, considering the issues related to limited range,
charging infrastructure, and the environmental impact of mining rare earth metals for
batteries. As 30% of worldwide railway roads are electrified, there still exist many diesel-
driven trains in operation whose reconstruction for the use of hydrogen would be relevant
in the context of emission reduction [13]. At the same time, a diesel engine can operate
on existing rail lines, while electric traction requires electrical infrastructure development,
which is economically justified on lines with high flows [14], while hydrogen can give
significant environmental benefits in sectors where long-distance rail transport is used
more [12]. At the same time, support for research into the use of this type of fuel in
rail transport is also increasing, for example, in Italy, where the National Recovery and
Resilience Plan provides about €300 M for testing hydrogen in rail transport [8].

Hydrogen also has the advantage of having a high specific calorific value per unit of
its mass, which makes it an efficient fuel for weight-sensitive transport systems, including
railway transport. According to the study [15], the calorific value of hydrogen can maintain
or even improve the energy efficiency of railway locomotives compared to their diesel
counterparts, provided that the thermal processes are optimally managed.

Previous scientific studies also showed that hydrogen can contribute to more complete
combustion in the engine cylinder, which not only reduces the formation of harmful
substances but also increases the indicated efficiency of the cycle. According to the authors
of the study [16], hydrogen fuel increases in thermodynamic efficiency due to its ability to
combust with high heat release, which may also be important for its application in highly
boosted piston engines.

At the same time, the main technical challenges of using hydrogen as a locomotive
engine fuel could be observed as follows: the complexities of its storage and transportation,
optimizing the combustion process in the cylinder, and the durability of engine structural
components. As hydrogen has a low density under normal conditions, storage requires
either compression or liquefaction for compactness. To address this problem, high-strength
composite cylinders and cryogenic technologies are being developed that can maintain the
right conditions for hydrogen storage in vehicles. It is noted in [17] that the use of special
high-pressure composite tanks for hydrogen storage can improve safety and reduce losses
during transportation.
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Moreover, the study [18] indicated that the use of compressed or liquefied hydrogen
in transport requires the creation of special tanks resistant to high pressures. The authors
proposed the use of new storage methods, such as hydrogen bubbles in liquids, which can
increase the storage density of hydrogen, ensure reliability, and reduce the weight of the
cylinders to lower the overall mass of the vehicle.

It is important to note that hydrogen requires more precise engine tuning to prevent
pre-ignition and detonation. Preliminary studies have shown that combustion control is a
crucial aspect to ensure the safety and efficiency of a hydrogen engine. The authors of the
study [18] noted the rationality of using direct hydrogen injection into the engine cylinder,
which can avoid issues with pre-ignition and detonation and improve the efficiency of the
working process. It is also worth noting the study [19], which examined the influence of
EGR on the combustion process of hydrogen in a piston engine cylinder. Experiments con-
ducted by the authors confirmed that the use of EGR slows down the hydrogen combustion
process and reduces the temperature of the gases in the cylinder, which can be useful for
reducing NOx emissions.

Since hydrogen combustion is characterized by a higher temperature than diesel, the
materials used in the engine are also subjected to active research. As hydrogen causes em-
brittlement problems for metallic materials than more attention will be devoted to structural
components and materials operated in the hydrogen production-transport-storage-usage
chain in the future perspective to ensure its active use in many industrial and transportation
fields [20].

New perspectives for hydrogen transport opened worldwide with the exploitation of
the first commercial hydrogen fuel-cell-powered passenger train (Alstom Coradia iLint),
where two prototype trains went through field tests and travelled over 180,000 km on a
regular passenger service track [21]. At the same time, the usage of hydrogen fuel cells in
vehicles is limited by the continuous power they could provide, which is confirmed by the
Coradia iLint vehicle, where power generation using fuel cells is only 54% of the vehicle’s
power in the combustion engine option (Coradia Lint) [22].

Recently, the issue of converting high-power diesel locomotives to hydrogen using
the existing powertrain—internal combustion engines—has become relevant. Such work
has been successfully carried out in the USA [23] and India [24]. The experience of their
operation has shown that hydrogen locomotives have high adaptability to various operating
conditions and represent a reliable alternative to traditional diesel locomotives on routes
requiring high power and speed.

Although the number of practical research using hydrogen is limited, simulation of
engine operation is carried out quite extensively in various studies [25]. For example,
Marjani [7] simulated the operation of Class 195 DMU trains using WAVE (Realis Simu-
lation) software for both diesel and hydrogen engines with train dynamic simulations in
MATLAB, where he found that hydrogen engines exhibit higher brake thermal efficiency
in comparison to diesel engines in all engine loads, while production of NOx emissions is
similar to diesel fuel.

These studies underline that hydrogen fuel is a promising substitute for diesel in
railway applications. Its main advantages include environmental sustainability and high
energy content. However, large-scale deployment depends on progress in hydrogen storage
and supply systems, as well as the development of advanced combustion control and engine
cooling technologies. Building upon this context, the present work addresses the estimation
of operational hydrogen consumption in locomotive engines compared with diesel fuel,
under the condition of maintaining equivalent effective work output. The assessment is
based on mathematical modeling of the working cycle of a hydrogen-fueled diesel engine.
For this study, the EMD 12-645E3C engine (Electro-Motive Division of General Motors, La
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Grange, IL, USA), widely used in the CIE Class 071 locomotives operating in Europe and
worldwide, is selected as the research object.

2. Materials and Methods

As a research object was used the EMD 12-645E3C engine, which is a member of
the 645 family of medium-speed diesel engines that were designed and manufactured by
the Electro-Motive Division of General Motors, widely applied in mainline freight and
passenger service. It is a turbocharged, two-stroke, 45° V-12 compression-ignition engine
equipped with unit injectors (pump-nozzle, cam-actuated) and liquid cooling.

Key geometric and performance parameters are summarized in Table 1. The V-
configuration and cylinder geometry provide a compact installation envelope suitable
for locomotive engine rooms. The direct-injection system supports precise fuel metering
over a wide load range, while the liquid-cooling circuit ensures thermal stability under
high specific heat-release conditions.

Table 1. Technical characteristics of the EMD 12-645E3C engine.

Parameter Meaning

Engine type Two-stroke, V-type diesel engine
Number of cylinders 12

Cylinder displacement 10.57 L

Total working volume 126.84 L

Cylinder diameter 230.2 mm

Piston stroke 254 mm

Maximum power 2510 hp (1870 kW)

Rated speed 900 rpm

Average effective pressure 0.16-0.94 MPa

Maximum cylinder pressure Up to 12.4 MPa

Type of fuel system Supercharged turbocharger
Fuel consumption (diesel) 195-220 g/kWh

Cooling Liquid

Engine weight About 16,800 kg

The EMD 12-645E3C has been widely deployed in locomotives for both freight and
passenger service. Owing to its power density, durability under high duty cycles, and
straightforward maintainability, it became particularly prevalent across North American
networks (United States and Canada) and on several South American railways. Within
Europe, adoption has been more selective, with applications concentrated on non-electrified
mainline corridors in mixed-traffic service, where continuous traction effort and high
availability are required.

The platform’s architecture—turbocharged two-stroke cycle, unit injectors, and robust
cooling—supports reliable operation across a broad climatic envelope and under sustained
thermal and mechanical loads. While its European footprint is smaller than in the Ameri-
cas, locomotives powered by engines of the 645E3C series are in service in, for example,
Germany, Poland, Ireland, and Spain. Typical deployments include long inter-regional
routes and challenging profiles (e.g., steep gradients or heavy consists) where overhead
electrification is infeasible or economically unjustified.

Analytical processing of the experimental indicator diagrams (in-cylinder pressure
versus crank angle) followed established principles of technical thermodynamics and
internal-combustion-engine theory. In particular, the analysis is grounded in the first law
of thermodynamics, whereby the differential heat input to the thermodynamic system is
partitioned into changes in internal energy and boundary work.
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Under standard single-zone assumptions (ideal-gas behavior of the cylinder charge
with time-varying composition and properties treated via tabulated fuel data), the apparent
heat-release rate and cycle-integrated indicated quantities were derived from the measured
pressure trace. Cycle averaging and outlier rejection were applied to improve the signal-to-
noise ratio prior to integration.

The inputs to the analytical model comprise (a) engine design parameters and operat-
ing settings, and (b) fuel thermo-chemical properties used for state-equation closure and
heat release calculation. These data are summarized in Table 2. The system includes the
following sensors: crankshaft position and TDC sensor ZF GS100101 (ZF Friedrichshafen
AG, Friedrichshafen, Germany), air temperature and pressure sensor DS-G3-TF (Bosch,
Gerlingen, Germany), and cylinder pressure sensors METZGER 0906488 (METZGER,
Filderstadt, Germany), (see Figure 1). Visual registration of the main generator current and
voltage was also performed synchronously, which allowed for determining the engine’s
effective power.

Engine

1 Ore 9
Q| G

ADC

(S J

Logger program

1 - Crankshaft position and TDC sensor
2 - Intake temperature and pressure sensor
3 - Cylinders pressure sensors

Figure 1. Schematic diagram of the measuring system: 1—crankshaft position and TDC sensor
(ZF GS100101); 2—air temperature and pressure sensor (DS-G3-TF); 3—cylinder pressure sensors
(METZGER 0906488 (OE BMW 13 62 8 570 670)).
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Table 2. Input data for processing the experimental results.

Engine Design Parameters

Cylinder diameter D =0.23019 m
Stroke S=0254m
Kinematic parameter of the crank mechanism A =0.2167
Compression ratio e =145

Cylinder displacement Vi =10.57 L
Number of cylinders z=12

Chemical parameters of the fuel

Stoichiometric ratio L,=145

Lower calorific value of fuel Qn =42,300 kJ /kg

The sequence of calculations for mathematical analysis is as follows:

1. Air flow rate through the engine, kg/h
Ga = «-Gf-Lo,

where G f—fuel consumption, kg/h, a—excess air ratio.
2. Cycle fuel supply, kg/cycle
Bc = Gf/(60-z-n).

where 7 is the engine crankshaft speed, min—1.

3. Working body content in the cylinder, mol
M = 59410"*G a-n/z.
4. Current cylinder volume by crankshaft angle of rotation per cycle, m3
V=Vh(1/(e—1)+0/2),

where 0 = (14 cos(@)) + A (1 —cos(2¢))/4.
5. Current cylinder volume increment by crankshaft rotation angle per cycle, m®/deg

% = tVh(Asin(2¢)/2 —sin(p))/360.

6. Average indicator pressure, Pa

360
LT,
e=0
7. Current temperature in the cylinder by crankshaft angle of rotation in the cycle, K
T = pV/(8314-M).

8.  Current heat capacity of the working body in the cylinder by crankshaft angle of
rotation in the cycle, kJ /kgK

mCv =19.8 + 1.67 /o + (426 + 1.86/)-107°T /2.
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9.  Current heat transfer coefficient in the cycle kW/ m2K
oy = 7.8(5-1/30)1/3) (p.1) 172,
10.  Area of the internal heat-absorbing surface of the cylinder, m?
F = nD?/2 4+ 4V/D.
11. Relative rate of heat removal in the cycle,

d
dL;" = (ogF(T — 400)) / (6-1-Bc-Qn)

12. Relative rate of effective heat release

dxi dmCvo dp \%4

—=(pV V= 314)-p— .314-Bc-

io < io + mCo d(p+(va+83 )Pd(p>/(83 c-Qn),
where ;—i—increment of pressure in the cylinder, Pa/deg, dg‘(g” —increment of current
heat capacity of working body in the cylinder by crankshaft rotation angle in the cycle,

kJ/(kmol K deg).
13. Relative combustion rate of fuel

dx i | dw
de do do’

14. Relative integral law of fuel burn-up

The given methodology was used in the present work to analyze experimental indica-
tor diagrams and to determine the main indicator parameters.

3. Results and Discussion

To establish baseline indicated performance for the EMD 12-645E3C, the engine was
tested in situ within a CIE Class 071 locomotive on a rheostat (load-bank) test stand.
Measurements were acquired at operating points corresponding to the standard engine
rating curve for diesel—electric locomotives. The schematic of the instrumentation and
data-acquisition layout is shown in Figure 1.

3.1. Measurement Results and Their Processing

As a result of signal registration during locomotive bench tests, the following current
engine operation parameters were obtained: effective power (kW), engine speed (RPM),
intake pressure (MPa), intake temperature (K), cylinder pressure (MPa) for all 9 positions
of the locomotive throttle controller position.

Their values are shown in Table 3 and Figure 2. Table 3 also shows the confidence
interval of the parameter values determined when analyzing the indicator diagrams, based
on the standard deviation of the normal law of statistical distribution.

Figure 2 shows graphs of experimental indicator diagrams of 38 consecutive operating
cycles at engine operation in different modes. These indicator diagrams are the basis for
the performed analytical study. Figure 2 shows these indicator diagrams illustratively.
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Table 3. Measured diesel engine operating parameters.

Effective  Engine Intake Intake Tem- Peak Fir. Peak Fir. Peak SOC EOC

Controller Pres. IMEP Pressure
o Power Speed Pressure perature Pres. . Angle Angle

Position Angle Rise

kW RPM MPa C deg. MPa deg. MPa MPa/deg.  deg. deg.
Idle 0 257 0.15 38 47+0 3+1 011+0 04+01 177 189 +2
1 40 321 0.16 39 52+0 4+£2 02+0 0424+01 178 195+5
2 197 402 0.16 42 69+1 8+0 045+01 042£01 177 197 £1
3 330 493 0.17 59 75+1 7+0 05140 057+02 176 203+ 8
4 557 572 0.18 61 85+1 9+1 0714+£01 033£01 175 200 £+ 2
5 688 649 0.19 64 91+1 10£0 078+01 042+01 175 213 £10
6 1024 731 0.21 69 103 +1 11+£1 1.0+0.1 035+01 173 207 £ 8
7 1352 826 2.3 75 114 £2 11+£1 117+02 039+£02 172 213 +9
8 1680 906 2.6 80 124 £3 11+£1 126+06 040+£02 171 21248

K 9 L m %
Cyck ange ceg

Idle Controller position 1 Controller position 2 Controller position

Cycl ange. deg Cyckange d2)

. . .
0 £l ] m 'l 1 El ® fad %0 0 L ] mn 30
Gyck angle d2g Cycke gk deg. Cyce ange. deg

3 Controller position 4 Controller position 5 Controller position

]

0

Cylinder pre:

2 30 ] @ 180 mn 30 I L] 20 30

% 8 8
Cycle angle. deg Cycle ange deg Cycle angle. deg

6 Controller position 7 Controller position 8 Controller position

Figure 2. Cylinder pressure variation based on controller position.

As a result of analytical processing of these signals, the following engine operation
parameters are obtained: peak fire pressure (MPa), peak fire pressure (angle, deg), IMEP,
(MPa), peak pressure rise (MPa/deg), start of combustion (SOC) angle (deg), end of
combustion (EOC) angle (deg), which are summarized in Table 3. Parameters of heat
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release—integral law of combustion in the cylinder, obtained as a result of this analytical
processing of indicator diagrams, are shown in Figure 3.

09

08

07

06

0 - | | 1 ] | ]
170 180 190 200 210 220 230

Cycle angle. deg.

Figure 3. Integral dependences of relative fuel burn-up.

The integral combustion law shows the relative amount of fuel burned in the cylinder
by a certain moment of the cycle (crankshaft angle of rotation). Obviously, the condition
x =1 is fulfilled at the end of combustion (i.e., all fuel is burnt out). The moment of
combustion start is determined by the condition x > 0. The graphs in Figure 3 show that
the integral laws of fuel combustion in a diesel cylinder vary depending on its operating
mode (load). Thus, when operating at controller positions 0, 1, or 2, where fuel delivery
is minimal, combustion duration is 20-25 degrees of crankshaft rotation. It is also clear
that combustion duration gradually increases with increasing load, reaching 55-60 degrees,
which corresponds to controller positions 6-8. Furthermore, it could be observed that
combustion begins earlier at higher load modes.

The above results of the analysis of experimental indicator diagrams served as a basis
for the compilation and identification of the mathematical model of the EMD 12-645E3C
engine, including its operation on hydrogen fuel.

3.2. Results of Mathematical Modeling of Hydrogen-Fueled Engine

The schematic and composition of the mathematical model of the EMD 12-645E3C
engine are shown in Figure 4. The following diagram shows the individual engine compo-
nents: El—engine as a unit, TC1—turbocharger, MCl—mechanical drive, PDC1—driven
compressor, COl—charge air cooler, PL1—intake manifold, C1-C12—engine cylinders,
PL2—exhaust manifold, MP1-MP7—measurement points of parameters, SB1—inlet bound-
ary conditions, SB2—outlet boundary conditions.

The outcomes of the diesel-engine simulation are summarized in Table 4 and Figure 5.
This simulation stage served to calibrate the model parameters and to verify the adequacy
of the mathematical formulation against the baseline measurements. As is evident from
Table 4 and Figure 5, and in direct comparison with the experimental dataset in Table 3, the
model reproduces both the indicated and brake (effective) performance metrics across all
operating points of the locomotive rating curve.
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sg1 MP1
TC1

SB2

MP6

MPS

=

Figure 4. Calculation diagram of the mathematical model of the EMD 12-645E3C engine.
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Figure 5. Diesel engine modeling results: (a)—effective power; (b)—indicated power; (c)—peak fire

pressure; (d)—fuel flow.

Across the tested modes, deviations between calculated and measured quantities

remain within the confidence intervals reported for the corresponding experimental values

in Table 3. The model captures the load-dependent trends without discernible systematic

bias, and the magnitude of the residuals is consistent with the stated measurement uncer-
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tainty. These results support the adequacy of the calibrated model for subsequent analyses,
including fuel-substitution scenarios and sensitivity studies.

Table 4. Diesel engine modeling results.

Engine Effective Brake Peak Fir. Released Peak Fir. EG Fuel Boost
Igg;ggﬂer Speed Power Power Pres. Energy Temp. Temp.  Massfl. Pressure
RPM kW % MPa kJ/cyl K C kg/h MPa
0 257 0 0.0 3.8 25 961 79 10.9 0.107
1 321 42 15.0 4.2 4.4 1069 94 23.7 0.114
2 402 193 23.9 5.8 10.1 1350 138 67.9 0.137
3 493 328 29.9 6.0 11.2 1422 175 92.2 0.136
4 572 554 31.0 7.6 15.8 1569 207 150.1 0.167
5 649 685 31.0 8.3 17.2 1591 227 185.0 0.185
6 731 1022 31.6 10.2 223 1708 269 2715 0.221
7 826 1350 31.6 11.5 26.0 1783 303 359.2 0.248
8 906 1680 33.1 12.4 28.2 1817 334 427.3 0.267
The simulation results of the hydrogen engine are shown in Table 5 and compared
to the performance of the diesel engine in Figures 6 and 7. From these data and their
comparisons, conclusions can be drawn about the differences in engine performance for
both fuels, which will be useful for further evaluation of their application in real-world
applications.
Table 5. Hydrogen engine modeling results.
Engine Effective Brake Peak Fir. Released PeakFir. EG Fuel Boost
Igg;i;gﬂer Speed Power Power Pres. Energy Temp. Temp.  Massfl. Pressure
RPM kW % MPa kJ/cyl K C kg/h MPa
0 257 2 29 3.6 1.6 978 120 25 0.108
1 321 49 20.1 41 3.8 1121 140 7.4 0.114
2 402 203 25.8 5.9 9.8 1436 185 23.5 0.139
3 493 335 30.3 6.3 11.3 1528 220 33.2 0.138
4 572 535 30.3 7.9 15.6 1660 248 52.7 0.169
5 649 694 30.4 8.8 17.8 1718 272 68.2 0.188
6 731 1019 30.7 10.7 229 1830 312 99.3 0.224
7 826 1358 30.6 12.2 27.0 1918 343 132.9 0.250
8 906 1689 31.8 13.2 29.4 1960 373 159.5 0.269

From the calibrated model and its comparison with test data (Tables 3-5), we infer
the principal differences in engine behavior between hydrogen and diesel operation at
matched effective power across the full locomotive rating curve (see Figure 6).

e  Peak cylinder pressure (p_max): an increase of 3-6%, most pronounced at higher
crankshaft speeds, consistent with faster global heat-release on hydrogen. This has
implications for mechanical loading (head clamping, bearing loads) and should be
reflected in fatigue and margin assessments.

e In-cylinder and exhaust temperatures: cycle-averaged gas temperatures rise by
~5-8% in-cylinder and ~12-20% at the turbine/exhaust, affecting combustion-
chamber thermal fluxes, turbocharger turbine-inlet margins, and exhaust system
material selection/insulation.

e  Mass fuel flow: the hydrogen mass flow required to hold the same brake output is
substantially lower than for diesel, primarily due to hydrogen’s higher lower heating
value (LHV).
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3.3. Analysis of the Dependence of Hydrogen Fuel Consumption on the Operating Mode

As shown in Figure 7a and Tables 4 and 5, the equivalent hydrogen mass flow is
typically 2.7-2.8 x lower than that of diesel at matched effective power. This aligns with the
ratio of the lower heating values (120 MJ-kg~! for hydrogen versus 42.5 MJ-kg~! for diesel;
ratio ~ 2.82). At low-power (light-load) positions, the observed ratio increase of 3.2—4.4
indicates comparatively higher apparent efficiency of in-cylinder processes on hydrogen in
these regimes (reduced wall quench, lower pumping losses).

Mapping the mode-wise mass flows to effective power yields the brake-specific fuel
consumption (BSFC) trends in Figure 8. As expected, idle (position 0) produces negligible
effective power, so BSFC tends to be infinite. For mid-high load (positions 3-8), BSFC is
nearly invariant and scales with the LHV ratio noted above. Study showed that specific
effective consumption of diesel fuel is 260-270 g/kWh, and hydrogen is 90-100 g/kWh.
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< |
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Figure 8. Break specific fuel consumption by diesel locomotive characteristic.

For an integral (duty-cycle-weighted) estimate of locomotive fuel use, it is rational to
weight the mode-wise flows by the relative time spent at each controller position. Because
detailed time-at-notch statistics for CIE 071 are not available in the sources consulted, we
adopt operator data for the GE C36-7i as shown in Table 6 and apply a simple weighting
formula. On this basis, the dependence of flow on controller position (Figure 9) and the
corresponding integral hourly consumption (Table 6) are obtained:

Mass fl.based on weight factor = Fuel Massfl. x weight factor;

8
Integral consumption =) Massfl.based on weight factor.
0

Using these data, the dependence of instantaneous fuel mass flow on controller (throt-
tle) position is shown (Figure 10a), and the duty-cycle-weighted integral flow rate can be
computed by accounting for the running time at each position. The time-weighted repre-
sentation makes it possible to visualize which operating modes use fuel most efficiently
and which require optimization. As shown from the histogram in Figure 10a, the overall
trend in fuel consumption across individual modes is equidistant when using both diesel
and hydrogen. Moreover, modes corresponding to idle (controller position zero) and light
loads (positions two to five) are the locomotive’s primary fuel consumers, and these are the
primary targets in case of optimization of the working process.
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Table 6. Operational fuel consumption of locomotive.
Relative Duration Controller Mass Flow Based on Weight
ies . Fuel Mass Flow
Position (Weight Factor) Factor
Controller
Position o kg/h kg/h

Diesel H2 Diesel H2
0 68.5 10.9 2.5 7.49 1.71
1 10.0 23.7 74 2.38 0.74
2 7.1 67.9 23.5 4.85 1.68
3 7.8 92.2 33.2 7.22 2.60
4 3.3 150.1 52.7 4.99 1.75
5 1.8 185.0 68.2 3.38 1.25
6 0.5 271.5 99.3 1.41 0.51
7 0.5 359.2 132.9 1.79 0.66
8 04 427.3 159.5 1.50 0.56

Integral consumption 35.00 11.46
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Figure 9. NOx emissions by diesel locomotive characteristic.
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Figure 10. Diesel and hydrogen modeling results: (a)—fuel mass flow based on weight factor at
different controller positions; (b)—NOx flow based on weight factor at different controller positions.
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Thus, the operational emissions of nitrogen oxides increase by 3.5% when using
hydrogen, and an increase is observed at higher controller positions (see Table 7). This
is explained by the higher adiabatic flame temperature of hydrogen in the cylinder. In
overall hydrogen impact on the increase in NOx emissions could also be a combination of
many operational factors, such as engine load, speed, combustion-system design, as well as
fuel injection parameters [26]. NOx flow based on the weight factor at different controller
positions is also calculated and reflected in Figure 10b.

Table 7. NOx emissions of locomotive.

Relative Duration Controller NOx Mass Flow Mass Flow Based on Weight
Controller Position (Weight Factor) Factor
Position
% g/h g/h
Diesel H2 Diesel H2
0 68.5 4 3 3 2
1 10.0 16 16 2 2
2 7.1 207 212 15 15
3 7.8 355 392 28 31
4 3.3 1256 1143 42 38
5 1.8 1708 1860 31 34
6 0.5 4598 4624 24 24
7 0.5 8497 8959 42 45
8 0.4 11,689 12,809 41 45
Integral consumption 227 235

In addition, the obtained values of integral consumption of hydrogen fuel—11.5 kg/h
vs. diesel fuel—35 kg/h, allow:

e  Forecast the cost of operating a hydrogen locomotive based on a market cost of
hydrogen of $1.5-3/kg and a diesel cost of $1.5-2.1/kg. The average operating cost of
fuel for the locomotive when using diesel fuel will be 35 x 1.5-2.1) = 53-74 dollars per
hour, and for hydrogen, 11.5 x (1.5-3) = 17-34 dollars per hour. Thus, the economy
will be 35-40 dollars per hour.

e  Estimate the amount of its required stock on board the crew. To maintain the locomo-
tive’s autonomous cruising range, it is necessary to maintain a hydrogen reserve on
board as fuel (taking into account the thermal equivalent): 11.5/35 x 120,000/42,000
x 100% = 94% of the mass of diesel fuel initially contained on board. Accordingly,
knowing the estimated hydrogen reserve on board and solving the inverse problem, it
is possible to predict or design the locomotive’s autonomous cruising range.

e  Conclude that the energy resource is saved because the ratio of 35/11.5 = 3.04 is greater
than the thermal equivalent in calorific value of diesel and hydrogen, which is 2.82.

4. Conclusions

The research conducted in this paper has shown that the use of hydrogen as a fuel for
the diesel locomotive internal combustion engine used in passenger or freight service will
not lead to deterioration of its operating parameters and will not reduce the reliability of
the design. In particular:

1.  Peak combustion pressure. Switching to hydrogen increases in maximum in-cylinder
pressure by ~3-6%, most notably at high-power settings. This rise is modest and,
based on typical design margins for the engine family, is not expected to materially
increase in structural loading; nonetheless, it should be verified against head clamping,
bearing loads, and fatigue life.
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2. Gas temperatures. Cycle-averaged in-cylinder and exhaust temperatures show slight
increases of ~5-8% and ~12-20%. These deltas can be accommodated in combustion-
chamber and exhaust-system design (materials, cooling, insulation, and turbocharger
turbine-inlet limits), with modifications if required.

3. Fuel mass consumption and energy use. The hydrogen mass flow required at matched
effective power is significantly lower than for diesel, consistent with hydrogen’s
higher LHV. Even after accounting for the thermal equivalent, the integral operational
mass consumption implies an ~8% energy-resource saving, attributable primarily to
improved operating processes at idle and low-load regimes (controller positions 0-3).

4. Conversion feasibility. The technical and operational characteristics of the EMD
12-645E3C suggest good potential for conversion to hydrogen, provided targeted
modifications are implemented to the fuel, control, and safety subsystems. Priority
actions include:

- Fuel-system replacement. Adopt a hydrogen injection system capable of tight,
high-pressure delivery to the cylinder (e.g., direct gaseous injection), with precise
timing and metering.

- Combustion-chamber adaptation. Optimize chamber geometry and compression
ratio to promote uniform hydrogen distribution at low excess-air ratios while
mitigating knock/detonation risk.

- Ignition-system design. Employ a high-energy, potentially multi-point ignition
strategy to ensure robust flame initiation under lean or stratified conditions and
to reduce detonation propensity.

- Safety systems. Integrate enhanced leak detection, ventilation, and automatic
hydrogen shut-off to prevent accumulation and possible ignition outside the
cylinders; ensure fault diagnostics and interlocks across the fuel path.

Overall, bench-referenced modeling indicates that converting legacy medium-speed
locomotive diesels such as the EMD 12-645E3C to hydrogen can preserve rated perfor-
mance while keeping modest increases in peak pressure and temperature within man-
ageable design margins, and can yield duty-cycle efficiency gains—with corresponding
cost and emissions benefits—provided the fuel, ignition, and safety systems are rigorously
redesigned and validated.
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