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Environmental aspects of rail vehicles with combustion engines 

This paper covers the environmental issues related to the operation of rail vehicles. 
The evaluation of the environmental impact is based in most cases on a comparison 
of the current state of the internal combustion engine (its emissivity) with emission 
limit values of harmful exhaust components. These values relate to specific emission 
tests for engines or vehicles. For the national rail vehicles operating conditions 
these requirements take a slightly different form, as having a wide range of rolling 
stock markedly alters the environmental impact of these vehicles. Thus it becomes 
necessary to consider the issue of the method of evaluation of engine emissions in 
rail vehicles in terms of their actual operating conditions. Thus, efforts to assess the 
actual level of emissivity for rail vehicles and attempts to improve it are necessary 
and justified. 

1 INTRODUCTION 
Due to their advantages internal combustion 

compression ignition (CI) engines with direct injec-
tion remained the main source of power for rail vehi-
cles. However, the harmful effect of these engines on 
the environment is significant (Fig. 1). Many types of 
combustion engine powered traction vehicles are 
used in Poland, many of their engines do not meet the 
requirements and criteria for exhaust emissions [12, 
13]. 

Figure 1. The relative environmental impact of different modes of 
transport 

Effect of diesel locomotives on the environ-
ment depends on the nature of their work. The oper-
ating conditions of locomotives determine the spe-
cific fuel consumption and thus the emission levels. 
The share of operating time for a shunting locomo-
tive spent in conditions of idling is 51.6% of the total 
operating time, 33% of the total operating time corre-
sponds to 10% of the rated power output, while the 
remaining shares are negligible. 

Ecological evaluation of diesel traction is very 
unfavorable compared to the electrical rail traction 
(Fig. 2). The amount of environmental damage 
caused by combustion engine vehicles of the rail 
traction in Poland during freight is 4 times higher 
than the damage caused by electric rail vehicles, and 
1.8 times higher than for inland waterway vessels, 
however, still 5 times lower than the damage caused 
by trucks with diesel engines (especially in terms of 
particulate emissions [7]). The emissions of harmful 
compounds contained in the exhaust of off-road 
sources, which include combustion rail vehicles, 
represents a significant share with respect to road 
vehicles. 

Figure 2. The share of diesel and electric locomotives in rail 
transport in individual countries 
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2 DIESEL LOCOMOTIVES IN PASSENGER 
AND CARGO TRANSPORT IN POLAND 
AND IN THE WORLD 

A characteristic feature of passenger locomo-
tives is that they are designed to pull passenger and 
express trains. They have a source of energy for heat-
ing the train in the period of low temperatures (boiler 
heating systems, heat generators). Passenger locomo-
tives also have a specific traction characteristic, espe-
cially in terms of speed. Freight locomotives do not 
have a source of energy for heating the train, and the 
traction characteristics should be adjusted to high 
loads at low speeds. Universal locomotives have both 
the qualities of freight and passenger locomotives. 

Shunting locomotives are designed to pull or 
push (marshalling) wagons on tracks, sidings and in 
hump yards. One can also distinguish industrial lo-
comotives, which are basically shunting locomotives, 
only some of which work in specific conditions, such 
as very high air pollution (e.g. in steel mills, coal 
sorting plants and mines) and elevated temperature 
(e.g. in steel mills during the transportation of the 
products of metallurgical process). Due to the type of 
transmission used, i.e. the method of moving and 
adjusting the torque of the internal combustion en-
gine onto the driving wheelsets, three types of loco-
motives are distinguished: with mechanical transmis-
sion, hydraulic (hydrostatic, hydrodynamic) trans-
mission and electric transmission (DC, AC). 

The significant share of this type of internal 
combustion traction vehicles in the world undoubt-
edly also stems from the benefits of this mode of 
transport. Diesel locomotives have the following 
characteristics that are favorable compared to electric 
locomotives: 

– power supply independent of an external 
source, which is important in case of natural disas-
ters, in emergency situations; diesel locomotives can 
fully replace electric locomotives, 

– the possibility of applying innovations in die-
sel locomotive drive system, different ways of power 
conversion and processing, different types of electric 
transmission,  

– the ability to operate the locomotives even in 
difficult weather conditions, which could pose a sig-
nificant impediment to electric locomotives, 

– higher efficiency of diesel traction (ηo = 
0.26) than the electric traction (ηo = 0.21). 

The Polish State Railways are currently 
operating 12 diesel locomotive series of standard 
gauge with combustion engine power outputs from 
110 kW to 2200 kW (Fig. 3 and 4). Every year the 
number of diesel locomotives, both in the European 
Union and in Poland, is decreasing as a result of 
being replaced by electric locomotives (which have 
lower operating costs on lines with heavy traffic). 

Figure 3. The rolling stock of combustion engine locomotives in 
Poland 

Figure 4. Electric and diesel locomotives in Poland 

By 2020 the number of locomotives in Europe 
will decrease, but the number of diesel multiple units 
for the support of local passenger services will in-
crease. UIC (International Union of Railways) analy-
sis shows that by 2020 companies are planning to buy 
about 9000 new locomotives and 8500 diesel multi-
ple units. 

The characteristics of internal combustion en-
gines of locomotives used on railway lines in the US 
is significantly different from their European coun-
terparts. The US currently employs 21 000 diesel 
locomotives with a mean power of 3467 HP. The 
large majority of locomotives (61%) has engines with 
power of 4000–4400 HP installed. Internal combus-
tion engines are built as medium-speed engines with 
large a displacement (e.g. GE engine with a capacity 
of 4400 HP). Modern European designs are high-
speed engines with relatively small displacements. 
Engines with power above 2700 HP account for only 
9% and engines with low power (to 750 HP) account 
for about 28% of the market share. The remaining 
63% are medium power engines with the power 
range of 750–2700 HP. Due to the larger cylinder 
displacements and lower engine speeds of locomo-
tives operating in the US the emission levels from 
these engines may be lower. This concerns mainly 
the emissions of nitrogen oxides (lower combustion 
temperature, in particular the flame front), and the 
ability to accurately control fuel delivery (important 
aspect is the time required to burn the injected fuel 
dose). Despite the favorable working conditions of  
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locomotive engines in the US attempts to limit their 
emissions of particulates began much earlier. The 
first attempts to apply filters were imposed by the 
EPA through the introduction of strict regulations for 
exhaust emissions from off-road vehicles. In Europe, 
the first attempts to use particulate filters have been 
taken in Switzerland and Germany (2004-2006). 

The development of locomotives in the field of 
new fuels for combustion engines is in line with the 
development trends of combustion drives of road 
vehicles and other off-road means of land transport, 
and is consistent with changes that are currently ob-
served in the air transport [10]. Their development 
will depend on the development of new technologies 
in land and air transport, and will follow in the direc-
tion of advanced propulsion technology for locomo-
tives, which will ensure the best use of the energy 
supplied to the vehicle while maintaining high safety 
of completing the transport task and low emission 
factors [3, 6, 8, 9]. Trends in the development of die-
sel locomotives will be characterized by the desire to: 

− use modern combustion units in new and cur-
rently operated locomotives, 

− increase the power output of the engine with 
unchanged fuel consumption, 

− reduce harmful emissions and noise, 
− reduce heat emitted from the diesel engine, 
− design optimization of auxiliary engine 

equipment with regards to fuel consumption and 
manufacturing costs, 

− design and develop diesel-electric drives for 
locomotives and to adapt these drives to cooperate 
with other systems in locomotives, 

− develop electric drives with a new generation 
of batteries and electric motors, 

− design and develop biofuels for use in diesel 
and diesel-electric locomotives for different transport 
tasks and industrial applications. 

The increase in use of microprocessor technol-
ogy in vehicles indicates that diesel locomotives will 
be increasingly equipped with such systems, both for 
engine control, security systems as well as locomo-
tive diagnostics which, in the final version, will be 
realized by on-board diagnostic systems similar to the 
OBD systems used in road vehicles.  

European emission regulations concerning rail 
traction engines: for locomotives (including shunting 
locomotives) and rail buses are outlined in UIC 624. 
The emission limit values were established in 2001 
and they apply to newly manufactured diesel engines 
for rail vehicles. The currently designated test is an 
ISO 8178-F. These regulations do not apply to spe-
cial locomotives (operated at a refinery or a mine) 
and traction motors with the power output of less 
than 100 kW. It is worth noting that since 2008 the 
UIC limits are close to the limits of the Euro Stage IV 
standard [1, 2, 11]. 

3 AIM OF THE RESEARCH 
Assessing the impact of vehicles used for na-

tional railways requires the knowledge of actual 
emissions of harmful components for these vehicles. 
This task cannot always be realized in the form of 
tests according to relevant provisions, due to the dif-
ferent operating conditions of rail vehicles, because 
there are different conditions for the same locomotive 
(engine) used for the transport of passengers and 
goods. 

The aim of the study was to determine the en-
vironmental impact of rail vehicles and to set direc-
tions for changes that would allow its reduction. The 
ecological situation of diesel rail vehicles is not satis-
factory. They cause a significant increase in envi-
ronmental pollution (high emission of harmful com-
ponents), taking into account the technically outdated 
internal combustion engines used in locomotives and 
rail vehicles operating on the national railway routes. 
Thus, the main task was to determine the directions 
of improvement of the environmental impact of die-
sel rail vehicles (not limited to locomotives only) 
using methods such as repairs, re-motorization and 
the replacement of rail vehicles with other vehicles 
that meet the required criteria. 

4 RESEARCH METHODOLOGY 
The research subjects were divided into several 

groups depending on the stage of research carried 
out. For the analysis of the current state of emissions; 
tests of presently operated rail vehicles in the form of 
diesel locomotives were performed: 

− for passenger transport: locomotives: SP32, 
ST43, SU45, SU46 and SP42, 

− for cargo transport: locomotives: ST43, 
ST44, M62, M62M, BR231 and BR232, 

− for shunting: locomotive SM42. 
The possibilities of using light rail vehicles are 

presented on the example of one/two-bodied 
DH1/DH2, two-bodied Y, and three-bodied MR rail-
cars. The effects of substituting shunting locomotives 
with road-rail vehicles are based on the studies of 
road-rail tractor Orion Crystal 13. Research of emis-
sions of light rail vehicles cannot be carried out on a 
water resistor due to the hydrokinetic torque con-
verter used in these vehicles. In these cases a mobile 
laboratory was used, allowing for emission measure-
ments to be made anywhere on the track. 

5 RESULTS 
5.1. Analysis of current emissivity and develop-

ment of new testing methods 
Determination of the share of operating time of 

parameters for diesel locomotive engines shows that, 
in most cases, locomotives working in passenger 
transport: 
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a) according to the ISO 8178-F test a substantial 
amount of operating time of the locomotive is spent 
on idling; therefore, it is appropriate to give point 1 
(which indicates idling in the certification and control 
tests) a significant share ui of this work phase; 

b) in the remaining work phases of the combus-
tion engine it is impossible to determine regions 
which could suggest the selection of the point of 
maximum power for measurements in tests; evalua-
tion of operating time shares does not confirm the 
occurrence of notable shares of the highest settings of 
the power controller during passenger transport; 
hence replacing that point with several intermediate 
points is advisable. 

c) intermediate settings of power controller are 
close to the certification test; which indicates that the 
intermediate points can correctly reproduce real traf-
fic conditions, assuming a larger number of points is 
used (the research was not restricted to only one in-
termediate point). 

Observations on the operation of internal com-
bustion engines and their loads in shunting locomo-
tives: 

a) prevalence of time spent idling; 
b) small shares of operating time at partial loads 

indicate a need for adjustments in the engine test, due 
to a significant disparity of the certification test re-
sults compared with the real engine operating condi-
tions; 

c) the absence of maximum engine loads during 
shunting operations of the locomotives – which 
makes it impossible to match the ISO 8178 test to the 
combustion engine’s operating conditions and thus 
makes determining the extent of the locomotive’s 
environmental performance in real operating condi-
tions impossible. 

Analysis of the operation of locomotives in 
freight traffic conditions leads to the following con-
clusions: 

a) it is appropriate to consider the idling condi-
tions in engine tests, as the analyzed locomotives will 
typically often utilize idling in their operating time 
(about 40%); 

b) in both cases partial loads are used in a small 
operating range, it is thus not necessary to incorpo-
rate the results of this testing phase in any significant 
proportion; 

c) operating time under maximum load is sig-
nificant for both locomotives; which indicates the 
necessity of taking these operating phases into ac-
count when constructing engine tests. 

Knowledge of the load histograms of individ-
ual locomotives allows for the development of tests 
and determining the relation of the loads with respect 
to the current certification test. Due to the different 
traffic conditions for locomotives working in the 
movement of people and goods, as well as other traf-
fic maneuvering (with or without hump) it became  

necessary to arbitrarily choose the selection of work 
phases and their operating time share. Due to the 
existence of set ranges of engine speed (power 
controller setting), as well as their resulting values of 
engine power, it is assumed that continuous functions 
do not comply with the conditions of selection of 
operating points in developing a new test. The 
operating conditions of each of the locomotives are 
discrete, not continuous. This results in having no 
ability to control (choose) the engine speed or power, 
which is not allowed due to the method of controlling 
the operating parameters of the engine. This analysis 
allowed for the establishment of the requirements that 
are to be met by a new test, while also complying 
with several conditions (Fig. 5): 

a) due to different operating conditions the idea 
of designing a single engine test for all diesel loco-
motives was abandoned (such a simplification would 
not allow for determining the real working conditions 
of diesel locomotives), 

b) the number of phases is not limited to three 
as it is the case in certification tests; their number 
depends on the number of settings available on the 
power controller – for the purposes of this research 
that number was assumed to be in the range of 3 to 6, 

c) the test should take idling phase into account, 
because it has a significant share of operation time in 
the operating conditions for all types of locomotives 
(passenger transport, freight transport and shunting), 

d) the choice of test phases should include the 
possibility of combining adjacent (or grouped) oper-
ating points (settings of the power controller), 

e) the share of each operating point included in 
the new test should reflect the shares of operating 
time for each power controller setting. 

Figure 5. Comparison of existing and newly developed engine 
tests 
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A comparison was made for exhaust emissions 
of a locomotive, whose histogram is shown above. 
The obtained results show that the emission values 
obtained by the new test are lower than those in the 
standard test. The new test shows the actual values 
obtained based on the work of the locomotive. 
Emissions from the locomotive (regardless of the 
type of test) exceed acceptable limits in terms of 
carbon monoxide and hydrocarbons. This indicates a 
substantial level of wear of the internal combustion 
engine. Lower values of NOx indicate that the 
obtained maximum power is lower than stated in the 
manufacturer’s catalog data (Fig. 6). A similar 
analysis was made for a shunting locomotive. 
Emissions of CO and HC are much lower in the new 
test than in the standard test [4]. The specificity of 
operation for this locomotive is a significant share of 
engine operating time spent idling. But even in this 
case the emissions significantly exceed the limits 
outlined in the UIC 623 standard (Fig. 7). 

Figure 6. Exhaust emissions under real operating conditions of 
railway vehicles - a passenger locomotive SP32 

Figure 7. Exhaust emissions under real operating conditions of 
railway vehicles – shunting locomotive SM42 

5.2. Possibilities of emission reduction 

In order to determine the effect of the set operating 
parameters on the environmental indicators for com-
bustion engines of rail vehicles; measurements of 
exhaust emissions were performed in relation to the 
changes in the crankshaft angle at fuel injection in the 
engine of a M62M locomotive. The study of variation 
in settings of the fuel injection system was carried out 
using discrete changes in the crankshaft angle at the 
start of fuel stamping for all twelve cylinders. Ex-
haust emission measurements were made by increas-
ing and decreasing the angle by α = ±4o of crankshaft  

rotation with the accepted incremental value equal to 
∆ α= 2o of crankshaft rotation (Fig. 8). Opportunities 
to achieve a reduction in emissions, mainly nitrogen 
oxide emission, can be noticed. Additionally, the 
emission results at standard settings have been 
identified in order to determine the level of emissions 
from an engine of a newer design. The results 
indicate that in the case of engines whose emissions 
are close to current requirements changing the 
settings of the injection system is important and 
useful [5].  

Figure 9. Comparison of emission from different fuels to the 
norm for diesel locomotives 

Major repairs of diesel locomotives allow for partial 
reduction of emissions of hazardous components: the 
values obtained meet or exceed the ORE B13 stan-
dards, as well as the UIC standard (only for carbon 
monoxide emission). This allows for determining 
whether the boost pressure is correct or the value is 
maintained too high (suggested by the high NOx 
emission). HC emissions increase could be caused by 
insufficient run-in of the engine, but the result far 
exceeds the acceptable limits of the UIC standard. 
The injection process (injection timing) has been im-
proved, as evidenced by the lower nitrogen oxide 
emission value, allowing compliance with the ORE 
B13 standards (Fig. 10).  

Figure 10. The effects of engine repairs on emissions of freight 
locomotive ST44 

Changing the engine type leads to significant 
environmental benefits. Compared to the standard 
14D40 engine, a reduction of hourly emissions of 
carbon monoxide by more than 80% was achieved. 
Hydrocarbon emissions were reduced by 36%. While 
there was a 4% increase in nitrogen oxide emissions 
the 645E3B engine has more than 50% more power 
than its predecessor (Fig. 11). 
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5.3. Replacing diesel locomotives with light rail 
vehicles 

The range of regulatory changes in the engines, their 
repairs and re-motorization presented in previous 
chapters does not exhaust the possibilities of emis-
sion reduction for the engines of rail vehicles. Inter-
nal combustion engines of diesel locomotives mainly 
consist of worn-out high power engines. These en-
gines often do not meet the emission limits for toxic 
components. They are often subject to additional 
regulations or major repairs aimed at improving their 
environmental performance. The situation with re-
gard to the engines of light rail vehicles, including 
rail buses, is slightly different. They use heavy duty 
types of vehicle engines – loaded diesel engines with 
displacement volumes not exceeding 25 dm3. 

Due to the possibility of replacing worn-out 
diesel locomotives operating in passenger traffic the 
environmental indicators of rail buses were pre-
sented. The one-, two- or three-bodied traction rail 
vehicles currently imported into our country allow for 
significant reduction of emission of harmful ingredi-
ents. As a result of performed research it is possible 
to obtain more than 90% reduction in emissions of 
carbon monoxide when using these vehicles. Thanks 
to the newer engines used in those vehicles it is pos-
sible to reduce emissions of hydrocarbons anywhere 
between 70 to over 90%. Emissions of nitrogen ox-
ides would be reduced by almost 50% in the worst 
case scenario. It is also possible to reduce it by more 
than 95% (Fig. 12). 

Figure 12. Emission impact of proposed changes in the rolling 
stock 

SM42 type locomotives, used mainly for 
shunting work, could be replaced by road-rail vehi-
cles. Road and rail tractor is a tractor designed to 
work in shunting of wagons on tracks (both narrow 
and wide). 

Emission tests were carried out by comparing 
the work of such a shunting locomotive and a road-
rail tractor with a capacity of approximately 100 kW. 
Due to the different values of tractive force of these 
vehicles the exhaust emission analysis was performed 
by assuming that the operating time of road-rail trac-
tor would be greatly extended. This analysis indi-
cated the reduction of carbon monoxide emissions by 
more than 90%. The hourly hydrocarbon emission is 
also more than 90% lower. Emission of nitrogen ox-
ides is reduced under such conditions by more than 
80%. Measurements of particulate emissions were 
also performed and showed a 70% reduction in 
hourly emissions of particulate matter (Fig. 13).  

Figure 13. Replacing shunting locomotives with light rail vehicles 

Utilizing the possibilities of emission reduction 
presented in this paper would require taking ecologi-
cally dominant directions in rolling stock develop-
ment. For this purpose, these proposals are presented 
using as an indicator the percentage of change in the 
emission of harmful ingredients. The situation con-
cerning the potential use of traction rail vehicles – 
railcars seems very advantageous. Their use can offer 
nearly 4-fold reduction of the emissions of nitrogen 
oxides, 5-fold reduction of hydrocarbons, and up to 
10-fold reduction in carbon monoxide emissions (Fig. 
14). Thanks to the presented solutions, it is possible 
to reduce the negative impact of exhaust emissions of 
rail vehicles on the environment. 

Figure 14. Environmental benefit: as multiples of ecological 
benefits offered by the best available solutions 
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The economic benefits of utilizing methods 
and means of limiting the adverse impact of rail vehi-
cles on the environment include: 

− 50% reduction of fuel consumption, 
− 70% reduction of engine oil consumption, 
− 60% increase in engine power, 
− extending locomotive lifespan by at least 20 

years, 
− extending the time between overhaul, 
− fault indicator decreased 2.5-fold, 
− return on investment within a 10 year period. 

Particularly beneficial are the economic effects 
of replacing shunting locomotives with road-rail ve-
hicles (Fig. 15), which include: 

− cost of purchase for a road-rail shunting trac-
tor is a third of the price for the cheapest shunting 
locomotive, 

− exploitation costs for a road-rail tractor are a 
sixth of the equivalent costs of a shunting locomo-
tive, 

− three-fold improvement in traction properties, 
− the ability to drive the tractor without the 

need for a train driving license on all owned railway 
sidings, 

− the possibility of mechanization of cleaning 
of the rail and tram infrastructure, 

− the possibility of adapting used road vehicles 
for road-rail uses, 

− the possibility of purchase on appealing fi-
nancing terms. 

Replacement of shunting locomotives with 
road-rail vehicles with a two-shift work day provides 
a return for the costs of purchase of this vehicle in 
less than two years. 

Figure 15. Comparison of advantages presented by a road-rail 
vehicle over a shunting locomotive 

6 CONCLUSIONS 

The presented possibilities of changes to the 
traditional rail vehicles in the form of modernization, 
replacement of internal combustion engines with 
more modern units, use of alternative fuels, use of 
railcars and special vehicles (road-rail tractors) all 
required finding the ecologically dominant directions. 
Understanding the impact of rail vehicles on the envi-
ronment requires an assessment of their real traffic  

conditions, as well as the need to define exhaust 
emissions under these conditions. This is possible 
only after taking into account their specific operation. 
This task is made even more complicated by the fact 
that the locomotives do not have the same load histo-
gram – dynamic operating conditions generate differ-
ent emission values. In order to get the full "picture" 
of the ecological status of internal combustion en-
gines a mobile testing laboratory for the measurement 
of exhaust emissions was developed. 
Based on performed research it was found that it is 
possible to limit the negative effects of rail vehicles 
on the environment, under actual working conditions 
of these vehicles, which in turn allows the use of 
measures to reduce their environmental impact. The 
most effective method to reduce the impact of rail 
vehicles on the environment is the replacement of the 
engine unit and the replacement of diesel locomotives 
with light rail vehicles. Other methods of reducing 
emissions such as: engine control, use of alternative 
fuels, engine repairs, do not have the desired effect. 

Specific conclusions: 
1. The use of new tests for diesel locomotives oper-

ated in Poland is beneficial because it provides in-
formation on the real environmental impact of 
these types of locomotives. 

2. According to a newly developed test the exhaust 
emissions for locomotives used in:  
− passenger transport – is 20–40% lower for all 

exhaust components, 
− shunting – is approx. 50% smaller, 
− freight transport – no notable changes. 

3. Replacement of diesel locomotives with light rail 
vehicles reduces the emissions of: 
− carbon monoxide by 90–95%,  
− hydrocarbons by 69–94%,  
− nitrogen oxides by 47–95%. 

4. The use of railcars compared to diesel locomotives 
can result in: 
− 10-fold carbon monoxide emission reduction, 
− 5-fold hydrocarbon emission reduction, 
− 4-fold nitrogen oxides emission reduction. 
This study did not exhaust the issues related to the 

environmental aspects of rail vehicles. Further studies 
are to be conducted in the fields of: 

− research that determines the load histograms 
for new rail vehicles imported from abroad  and put 
into operation, 

− study of environmental pollution in real traf-
fic conditions for rail vehicles (an equivalent of Real 
Driving Emissions tests for motor vehicles), 

− determining the correlation of emission test 
results between both the standard tests and those pro-
posed in this paper and the real exhaust emission 
values, 
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− determining the particulate matter emissions 
of the remaining types of rail vehicles (especially 
locomotives which could be replaced with light rail 
vehicles) working in shunting and ancillary service 
conditions, 

− analysis of uses of oxidation catalysts or 
particulate filters in diesel locomotives. 
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