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Abstract. In the short and medium term, the
decarbonisation of diesel traction cannot rely solely on
full electrification and the rapid replacement of rolling
stock, which creates a need for renewable diesel fuels.
The aim of the study was to develop a multi-criteria
procedure for ranking renewable diesel fuels for railway
diesel traction and to identify the priority option for
reducing carbon emissions. The article considered
four renewable diesel fuel alternatives, namely fully
hydrotreated vegetable oil (HVO) fuel, pure biodiesel
fuel, a blend containing 20% biodiesel and 80% fossil
diesel fuel, and synthetic paraffinic diesel fuel, proposes
aformalised selection procedure based on a combination
of the Analytic Hierarchy Process (AHP) and the
Technique for Order Preference by Similarity to Ideal
Solution (TOPSIS) methods, and established a matrix of
seven criteria: environmental performance, technical

compatibility, operational suitability, economic feasibility, feedstock availability, infrastructure compatibility, and
regulatory alignment. The weights of the criteria were determined using the AHP, consistency was verified, and the
alternatives were ranked using the TOPSIS. The results indicated the superiority of the paraffinic fuels fully HVO fuel
and synthetic paraffinic diesel fuel, which are suitable for use without retrofitting existing rolling stock. These fuels
demonstrated the best combination of low total greenhouse gas emissions throughout the fuel life cycle and high
technical compatibility. Pure biodiesel fuel and the blend containing 20% biodiesel were ranked lower due to their
lower technical and operational suitability, higher sensitivity to storage and fuel-handling conditions, and a weaker
overall emission-reduction effect in the case of the blend containing 20% biodiesel. The proposed approach can be
used by railway operators, infrastructure managers, transport authorities, and researchers as a decision-support tool
for the phased transition from fossil diesel fuel to renewable liquid fuels in the railway sector

Keywords: decarbonisation; transport technologies; renewable diesel fuels; diesel traction; biodiesel fuel; fuel
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Introduction
Decarbonisation of rail transport is a key priority of
modern transport policy. Under the climate agenda, the
rail sector is regarded as a fundamental component of a
low-carbon transport system. Achieving decarbonisation
targets requires reducing dependence on fossil diesel fuel
on non-electrified lines. Despite the high energy efficien-
cy of rail transport compared with other modes of trans-
port, diesel traction remains critically important for both
train operations and shunting. This is particularly relevant
where electrification is absent, or where its further ex-
pansion is economically or technologically constrained.
In the short term, decarbonisation cannot rely solely on

large-scale traction replacement, the deployment of hy-
drogen or battery-powered trains, or the complete restruc-
turing of infrastructure. Therefore, the use of renewable
liquid fuels appears to be a reasonable transitional option,
because it can reduce the carbon footprint without radical
intervention in the existing rolling stock fleet.

Recent studies confirm that railway decarbonisation
depends on infrastructure constraints, operational pro-
file, investment needs, as well as full life-cycle emissions.
M. Kapetanovi¢ et al. (2024) evaluated traction alterna-
tives for regional railways and showed that well-to-wheel
greenhouse gas emissions must be considered when
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comparing non-electrified railway options. A. Aredah et
al. (2024) compared alternative powertrain technologies
for freight trains in their work and demonstrated that
technical feasibility should be assessed together with op-
erational and environmental consequences. A. Hernan-
dez et al. (2024a) proposed a framework for evaluating
railway decarbonisation alternatives, including alterna-
tive fuels and the deployment of battery-electric systems.
A. Hernandez et al. (2024b) conducted an analysis of
freight railway decarbonisation using the logic of emis-
sion reduction costs. As a result, the researchers show
that the decarbonisation of diesel traction cannot be re-
duced to a single technological pathway.

At present, the most realistic fuel alternatives for die-
sel traction in the rail sector are paraffinic fuels such as
HVO100, a renewable diesel fuel produced by hydrotreat-
ment of oils and fats, and XTL, a synthetic liquid fuel, as
well as biodiesel fuels, including B100 and B20. W. Szeto
& D. Leung (2022) reviewed the production, properties,
engine performance, and emissions of hydrotreated veg-
etable oil and emphasised its potential as a substitute for
fossil diesel. C. McCaffery et al. (2022) examined HVO and
HVO/biodiesel blends in an off-road heavy-duty diesel en-
gine and provided evidence on the emissions and physic-
ochemical characteristics of such fuels. H. Xu et al. (2022)
showed that biodiesel and renewable diesel pathways may
differ substantially in life-cycle greenhouse gas emissions
depending on feedstock and production route. Y. Pra-
dana et al. (2024) reviewed cold-flow limitations and
improvement methods for biodiesel application. These
findings are important for railway operation, because fuel
quality deterioration may directly affect rolling stock reli-
ability, filtration, maintenance frequency, and the stability
of the transport process.

However, the technical feasibility of these alterna-
tives does not in itself determine their implementation
priority. The existing literature covers individual aspects
of the problem, including general decarbonisation path-
ways, engine and environmental characteristics of re-
newable diesel fuels, and operational risks connected
with storage and fuel handling. At the same time, most
studies do not provide a unified procedure for comparing
HVO0100, B100, B20, and XTL within one decision-mak-
ing model for railway diesel traction. This creates the
need to identify the most appropriate option among
alternative fuels that differ in terms of life-cycle green-
house gas emissions, technical compatibility, operation-
al suitability, fuel supply infrastructure requirements,
economic feasibility, feedstock availability, and regula-
tory alignment. Multi-criteria decision-making methods
are suitable for this type of task. Multi-criteria methods
make it possible to compare alternatives according to
many criteria, for example: technical, environmental,
economic, and regulatory ones. A. Abdulvahitoglu &
M. Kilic (2022) applied an integrated AHP-TOPSIS ap-
proach to biodiesel fuel selection. W. Kriswardhana et
al. (2025) reviewed the use of the AHP in transportation
decision-making. Similar studies confirm the suitability
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of combining criteria weighting with ranking procedures
in fuel comparison tasks.

The purpose of this study was to develop a procedure
for ranking renewable diesel fuels for use in railway diesel
traction in order to reduce carbon emissions. The tasks of
the study were as follows: to analyse the existing renewa-
ble diesel fuel alternatives and to define the set of criteria
for their evaluation; to develop a multi-criteria evaluation
procedure for HVO100, B100, B20, and XTL based on the
sequential application of the AHP and TOPSIS methods;
to determine the criterion weights using the AHP method
and to rank the renewable diesel fuel alternatives using
the TOPSIS method.

”Materials and Methods™

Materials used in this study: scientific publications on
railway decarbonisation and alternative traction technol-
ogies (Aredah et al., 2024; Hernandez et al., 2024a; Kape-
tanovic¢ ef al., 2024). Limitations on railway decarbonisa-
tion and traction were reviewed in E Zenith et al. (2020),
E Barbosa (2023) and A. Hernandez et al. (2024b). Stud-
ies on HVO and renewable diesel fuels were represented
by C. McCaffery et al. (2022), W. Szeto & D. Leung (2022),
and J. Hunicz et al. (2025). The properties of biodies-
el fuel and storage risks were considered in the works of
E. Christensen & R. McCormick (2023), W. Ai et al. (2024),
and Y. Pradana et al. (2024). Regarding multi-criteria de-
cision-making and fuel selection, the publications by
M. Behzadian et al. (2012), G. Yannis et al. (2020), and
W. Kriswardhana et al. (2025) were considered. Regarding
the application of transport fuel selection, G. Chaitan-
ya et al. (2020), A. Abdulvahitoglu & M. Kilic (2022) and
M. Kiigemann & H. Polatidis (2024) were additionally
considered. The application of alternative fuels for trans-
port was also considered more broadly in the work of
N. Aboushagqrah et al. (2022). The materials also include
industry analytical reports and materials from operators
(AERRL, 2022; European Union Agency for Railways, 2024;
CER, 2025). Regarding the implementation of HVO, ma-
terials presented by Neste (2023), DB Cargo (n.d.) and
LTG Group (n.d.) were reviewed. The description of the
LTG Group (n.d.) project was used to verify the pilot con-
text of HVO100. Data on railway biofuels were supple-
mented from sources of the International Union of Rail-
ways (2007), CONCAWE (2009), and the Federal Railroad
Administration (2014). European policy documents were
reviewed from the European Commission (2019; 2021).
Regulatory and technical documents included standards
of the BSI (2021; 2023a; 2023b) for paraffinic diesel fuel
and diesel fuel. Additional standards for information on
diesel fuel and EU regulation on renewable energy were
also used (Directive of the European Parliament and of the
Council No. 2001, 2018; Regulation of the European Parlia-
ment and of the Council No. 1119, 2021; BSI, 2024).

The study was based on data on the properties of
renewable diesel fuels, including their technical com-
patibility with diesel engines, storage conditions, fuel
handling requirements, regulatory constraints, and total
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greenhouse gas emissions across the entire fuel life cycle.
The analysis also took into account the provisions of EU
fuel standards, the findings of recent scientific studies,
publicly available materials from railway operators, as well
as materials obtained within the framework of the PhDs
EU-Rail project. The study was conducted during 2025-
2026. It covered the analysis of scientific publications, reg-
ulatory documents, technical standards, materials from
railway operators, and project materials. The analysis of
sources was conducted and structured into four thematic
groups, namely: railway decarbonisation and alternative
traction technologies; properties of HVO, XTL, and re-
newable diesel fuel; biodiesel storage and contamination
risks; and multi-criteria decision-making methods. Gen-
eralisation and analysis of the sources were used to iden-
tify the main approaches to the decarbonisation of diesel
traction and to the selection of alternative renewable die-
sel fuels. At the first stage, alternatives suitable for further
comparison were selected, namely: HVO100, B100, B20,
and XTL. At the second stage, the evaluation criteria were
determined. As a result, the set of criteria included envi-
ronmental indicators, technical compatibility, operational
suitability, economic feasibility, feedstock availability, in-
frastructure compatibility, and regulatory compliance.

The weighting and scoring stages were carried out
by the authors. A documentary and analytical approach
was used in combination. The judgments were also
formed on the basis of the research aim and the syn-
thesis of scientific literature, including fuel standards,
railway operator materials, and the technical applicabil-
ity framework. The weights of the criteria were formed
through pairwise comparisons using the Saaty scale. In
each of the pairwise comparisons, the relative impor-
tance of one criterion over another was determined ac-
cording to its contribution to the decarbonisation objec-
tive, as well as the practical feasibility of introducing the
fuel into existing railway diesel traction. Environmental
performance was considered the leading criterion. The
scores for criteria C2-C7 were determined after compar-
ing each fuel alternative with the criterion content. The
scoring procedure was carried out according to a five-
point rule, namely: 5 indicated full or near-full suitabil-
ity, clear compliance with the relevant standard, and no
need for substantial changes; 4 indicated high suitabili-
ty with minor transition or control measures; 3 indicat-
ed medium suitability requiring additional monitoring
or agreed application rules; 2 indicated low suitability
with substantial technical, operational, economic, or
infrastructure limitations; and 1 indicated very low suit-
ability and practical unsuitability under the assumed
railway operating conditions. For all criteria C2-C7, a
higher score corresponded to a more favourable solu-
tion. To determine the weights of the evaluation criteria,
the AHP and the Saaty scale were applied (Saaty, 1980).
The pairwise comparison matrix was formed for seven
criteria. The weights were calculated as the normalised
principal eigenvector of the pairwise comparison ma-
trix. The consistency index was calculated:
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Cl = (\_max-n)/(n-1), (1)
where A, — the maximum eigenvalue of the pairwise
comparison matrix; n — the number of criteria in the pair-
wise comparison matrix.

The consistency ratio was calculated:

CR = CI/R], )
where CI is the consistency index calculated using formu-
la (1); is the average random consistency index for pair-
wise comparison matrices of the corresponding size, the
values of which are given in the AHP method tables.

For n=7 the adopted value is RI =1.32. For the giv-
en matrix: A, ~7.0505; CI~0.00842; CR~0.00638. Since
CR<0.10, the pairwise judgments can be considered con-
sistent and may therefore be accepted as valid for further
analysis. The next stage is the application of the TOPSIS
method. The following notation is used: x; — denotes the
value of alternative i under criterion j. TOPSIS normalisa-
tion is calculated using the formula (3):

Xij
[ e
it Xy

where r;— the normalised value of the j-th criterion for the
i-th alternative; m — the number of alternatives; x; - the
initial value of the i-th alternative under the j-th criterion;
i— the index of the alternative; j— the index of the criteri-
on; X - the summation sign over all alternatives; V — the
square-root operation.

The weighted normalised values are calculated using
the formula (4):

3)

Uij = W] . Tiji (4)
where w; - the weight of the j-th criterion determined us-
ing the AHP method; r; - the normalised value of the i-th
alternative under the j-th criterion; i - the index of the al-
ternative; j— the index of the criterion.

The ideal and anti-ideal points for the cost criterion
C1 (WTW- total greenhouse gas emissions over the entire
fuel chain) are defined as follows):
= maxzj ij,

o

. vij
v =min’Y ;

j i )
where vy — the ideal value of the criterion; v; — the an-
ti-ideal value of the criterion; v; - the weighted normal-
ised value of the i-th alternative under the j-th criterion;
i—the index of the alternative; j— the index of the criterion;
min, - the minimum value among all alternatives; max, -
the maximum value among all alternatives.

For the benefit criteria C2-C7, the ideal and anti-ideal
points are defined as follows:

vi= ’,vj_ = min}"”, (6)

vi
j maxi

where vt~ the ideal value of the j-th criterion; v - the
anti-ideal value of the j-th criterion; v; - the weighted
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normalised value of the i-th alternative under the j-th cri-
terion; i — the index of the alternative; j— the index of the
criterion; max; — the maximum value among all alterna-
tives; min,— the minimum value among all alternatives.
The distance to the ideal point is calculated using the

formula (7):
D = (S - )’ @)

where D;+ - the distance of the i-th alternative to the ideal
point; v, - the weighted normalised value of the i-th alter-
native under the j-th criterion; vy - the ideal value of the
J-th criterion; i - the index of the alternative; j— the index
of the criterion; n— the number of criteria; ¥ — the summa-
tion sign over all criteria; V — the square-root operation.

And the distance to the anti-ideal point is calculated
using the formula (8):

Dl_ = Z}l:l(vij - Uj_)z, (8)

where D; - the distance of the i-th alternative to the an-
ti-ideal point; v, - the weighted normalised value of the
i-th alternative under the j-th criterion; v; - the anti-ide-
al value of the j-th criterion; i — the index of the alter-
native; j - the index of the criterion; n — the number of
criteria; ¥ — the summation sign over all criteria; V — the
square-root operation.

The closeness-to-ideal index is calculated using the
formula (9):
9

D
where S, - the closeness-to-ideal index of the i-th alterna-
tive; D — the distance of the i-th alternative to the ideal
point; D; - the distance of the i-th alternative to the an-
ti-ideal point; i — the index of the alternative.

The values of are taken from formulas (7), (8). The
higher the value of the higher the rank of the alternative.
The AHP-TOPSIS sequence makes it possible first to es-
tablish the relative importance of the criteria and then to
obtain an integrated ranking of alternatives on the basis of
a single evaluation matrix. For the final TOPSIS matrix, the
following WTW values, representing total greenhouse gas
emissions over the entire fuel chain, were used: HVO100
from waste oils — 16.0; B100 from rapeseed - 50.1; and
XTL from waste wood — 15.6. Fossil diesel fuel was taken
as the reference value at 94. For B20, the value of 85.2 was
obtained by calculation as a first approximation based on
the biodiesel content in the blend. The model uses one
quantitative criterion, WTW, and six criteria evaluated
on a scale from 1 to 5. The scores for criteria C2-C7 were
formed on the basis of the analysed scientific publica-
tions, fuel standards, technical documents, railway oper-
ator materials, and the technical applicability framework.

The WTW value for B20 was determined using the
formula (10):

WTW (B20) = 0.20 - WTW_B100 + 0.80 - WTW __Diesel,(10)
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where WTW(B20) - the total greenhouse gas emissions of
the B20 fuel blend over the entire fuel chain; WTW_BI100-
the total greenhouse gas emissions of pure biodiesel fuel
over the entire fuel chain; WTW_Diesel — the total green-
house gas emissions of fossil diesel fuel over the entire fuel
chain; 0.20 — the share of biodiesel fuel in the B20 blend;
0.80 - is the share of fossil diesel fuel in the B20 blend;
WTW - denotes the well-to-wheel assessment boundary
and refers to total greenhouse gas emissions over the full
fuel chain, from fuel production to final use.

And the relative reduction compared with fossil diesel
fuel was determined as follows:

n = (1 — WTW,, / WTW _Diesel) - 100%, (11)
where 1 - the relative reduction in greenhouse gas emis-
sions compared with fossil diesel fuel; WTW_alt— the total
greenhouse gas emissions of the selected fuel alternative
over the entire fuel chain; WTW_Diesel — is the reference
value for fossil diesel fuel; 100% — the multiplier used to
express the result as a percentage.

Thus, the methodological basis of the study was built
on the sequential application of the AHP and TOPSIS
methods, which made it possible first to substantiate the
relative importance of the evaluation criteria and then to
obtain an overall ranking of alternative fuels for railway
diesel traction.

"Results and Discussion™
The study considers four renewable diesel fuel alterna-
tives for use in railway diesel traction:

1) Alt 1 - HVO100 (paraffinic diesel fuel produced in
accordance with EN 15940);

2) Alt 2 — B100 (biodiesel based on fatty acid methyl
esters, produced from vegetable oils and fats in accord-
ance with EN 14214);

3) Alt 3 — B20 (a diesel fuel blend containing 20%
biodiesel);

4) Alt 4 — XTL (synthetic paraffinic diesel fuel pro-
duced in accordance with EN 15940).

The selection of alternatives was based on fuel stand-
ards and data on renewable diesel fuel and railway de-
carbonisation pathways. W. Szeto & D. Leung (2022) and
C. McCaffery et al. (2022) support the technical relevance
of HVO and HVO/biodiesel blends, while M. Kapetano-
Vi€ et al. (2024) used full fuel-chain assessment in railway
traction comparison. These alternatives were selected be-
cause they have either practical relevance to the railway
sector or have already been considered in pilot applica-
tions, and because they are covered by clearly defined
fuel standards. Typical values of life-cycle greenhouse gas
emissions were used in the assessment. This means that
the evaluation considered not only the fuel itself, but the
entire production pathway from feedstock to final use.

At the stage of preliminary selection, both the fuel
type and the conditions under which it can realistical-
ly be used in diesel traction were examined. In particu-
lar, consideration was given to whether the fuel could
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be used without modification of the rolling stock, how
sensitive it is to the characteristics of the fuel system,
what risks may arise during the transition from one fuel
to another, and what storage conditions are required.
Such preliminary selection makes it possible to iden-
tify the options that are generally suitable for further
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consideration, but it does not determine which fuel
should be implemented. The final decision should be
made on a rational basis using the results of a multi-cri-
teria assessment that takes into account both environ-
mental impact and operational reliability under railway
operating conditions (Table 1).

Table 1. Renewable diesel fuel alternatives and their technical applicability framework

Insufficient lubricity if not Tank flushing and cleaning are

EN 15940; Can be used without controlled, need for batch required durine the transition:
Alt1 paraffinic retrofitting; suitable both quality verification, possible 4 ng ’
- . - . . filter clogging may occur
diesel fuel in neat form and in blends  issues with seals and elastomers A
- ; at the initial stage
in older rolling stock
Use without retrofitting is . . - . Sensitivity to oxidation, water
EN 14214; biodiesel limited; suitability depends Risks o'f 1nc0mpat1b1hty W th accumulation, microbiological
. . . certain materials, deposit N
Alt2 based on fatty acid on fuel quality and operating . . contamination and
L g formation, and filter clogging L .
methyl esters conditions; additional duri L deterioration of properties
L . uring the transition
monitoring is required at low temperatures
EN 590 base fuel;  Intermediate option; requires Depen(_len_c e on the quahty. Sediment formation may'
. . . of the biodiesel component; occur at low temperatures;
high-FAME diesel  aspecifically defined blend . . . . .
Alt3 . e . risks for filtration and seals water content, microbiological
considered within composition and agreed - .
s are lower than for B100, condition and sampling
EN 16709 application rules .
but remain present procedures must be controlled
Can be used without Similar to HVO100: cleaning
EN 15940; synthetic retrofitting; the main Similar to HVO100: lubricity, and control are required
Alt4 paraffinic diesel limitations are related batch quality control and risks ~ during the transition; the main

fuel to availability, price

and certification

difficulties are related more to
supply than to fuel properties

for older fuel-system materials

Source: compiled by the authors based on International Union of Railways (2007), CONCAWE (2009), Federal Railroad
Administration (2014), L. Komariah et al. (2022), BSI (2021; 2023a; 2023b; 2024), W. Ai et al. (2024), Y. Pradana et al. (2024)

The alternatives and technical frameworks presented
in Table 1 serve as a suitability filter. However, they do not
determine the priority of implementation. To address this, a
multi-criteria AHP-TOPSIS procedure was developed, tak-
ing into account not only life-cycle greenhouse gas emis-
sions, but also technical compatibility, operational suitabil-
ity, economic factors, feedstock availability, infrastructure
compatibility, and regulatory aspects. A set of seven criteria
was established for evaluating the alternatives: C1 — envi-
ronmental performance; C2 - technical compatibility; C3 —

operational suitability; C4 — economic feasibility; C5 — feed-
stock availability; C6 - infrastructure compatibility; and
C7 - regulatory alignment. The characteristics of these cri-
teria are presented in Table 2. The environmental criterion,
C1, was assessed on the basis of life-cycle greenhouse gas
emissions across the entire fuel chain, from fuel production
to final use. This indicator is expressed numerically as grams
of carbon dioxide equivalent per unit of fuel energy. For cri-
teria C2-C7, arating scale from 1 to 5 was applied, following
the principle that a higher score indicates a better result.

Table 2. Criteria and evaluation rules

Total greenhouse gas

Environmental .. . Lower Total greenhouse gas emissions
performance 1 CMISSIONS across the entire is better from fuel production to end use
fuel chain, gCO,e/M]J
Technical c2 1-5 scale Higher Compliance with the relevant standard, possibility of use
compatibility is better without retrofitting, compatibility with the fuel system
Operational c3 1-5 scale Higher Performance at low temperatures, storage behaviour,
suitability is better filterability, risk of additional maintenance
]fag:slils lrllll tl; C4 1-5 scale iI:tljgel:ferr Fuel cost, price volatility, transition costs
Feedstock o 1-5 scale Higher Origin of feedstock, its availability,
availability is better and potential for wide-scale use
Infrastructure c6 1-5 scale Higher Suitability of tanks and fuel-handling infrastructure;
compatibility is better need for flushing, cleaning and quality control
Regulatory c7 1-5 scale Higher = Compliance with standards and certification requirements,
alignment isbetter  possibility of official accounting and practical application

Source: developed by the authors based on BSI (2021; 2023a; 2023b; 2024), W. Szeto & D. Leung (2022), C. McCaffery et al. (2022),
H. Xu et al. (2022), M. Kapetanovi¢ et al. (2024), A. Aredah et al. (2024), A. Hernandez et al. (2024a)
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A wide range of technical, environmental, and eco-
nomic indicators was taken into account when develop-
ing the evaluation criteria. It was decided not to include
these indicators separately in the final model; instead,
they formed the basis for scoring criteria C2-C7. This ap-
proach made it possible to preserve the substantive value
of the assessment while ensuring comparability of the al-
ternatives under conditions of limited publicly available
data. The criteria are described below. The environmen-
tal component of the model is based on total greenhouse
gas emissions across the entire fuel chain, from feedstock
to final fuel use. This indicator was selected as the main
measure of decarbonisation, since exhaust emissions
alone do not reflect the full climate impact of a fuel. The
indicator is expressed in gCO,e/MJ and characterises the
total greenhouse gas emissions, in CO,-equivalent, attrib-
uted to a unit of fuel energy over the entire fuel life cycle.

Parameters such as nitrogen oxides (NOx) emis-
sions were also considered important for assessing local
pollution and operating conditions, particularly during
shunting operations and in areas sensitive to air qual-
ity. However, they were not treated as separate criteria
because no single set of comparable data for railway
equipment under identical test conditions was availa-
ble. Lubricity, density, viscosity, and compatibility with
fuel-system materials were considered as components
of technical compatibility (Knothe, 2005; Lapuerta et
al., 2011; ISO 12156-1:2018, 2018). Low-temperature
properties, filter replacement frequency, failures of
fuel equipment, and performance under cold-weather
conditions were considered as components of opera-
tional suitability (Christensen & McCormick, 2023; Ai et
al., 2024; Pradana et al., 2024).

Criterion C2 reflects the extent to which a given type
of fuel complies with current standards and can be used
in existing diesel engines without modification. The cri-
terion also takes into account the risks posed to the fuel
system during the transition to a new fuel. The highest
scores are assigned to the paraffinic fuels HVO100 and
XTL. To better understand fuel lubricity and fuel-system
materials, reference materials from G. Knothe (2005), ISO
12156-1:2018 (2018), and DieselNet (n.d.) were analysed.
Their use is associated with fewer technical limitations
(Szeto & Leung, 2022; MTU, 2023; Hunicz et al., 2025). By
contrast, B20 and especially B100 receive lower scores be-
cause of their higher biodiesel content, greater sensitivity
of sealing materials, a higher risk of deposit formation, and
stricter fuel handling and storage requirements. Interna-
tional Union of Railways (2007), Federal Railroad Admin-
istration (2014), and W. Ai et al. (2024) provide an under-
standing that fuels containing biodiesel require additional
attention to fuel quality, filtration, and storage. L. Kom-
ariah et al. (2022) also confirm the relevance of microbi-
ological contamination risks for diesel-biodiesel blends.

Criterion C3 reflects operational suitability, including
fuel performance in different seasons, behaviour at low
temperatures, suitability for long-term storage, filterabil-
ity, and the impact on maintenance requirements. This
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criterion takes into account low-temperature properties,
storage stability, and the risk of contamination. For a bet-
ter understanding of how biodiesel is stored and what
storage risks exist, the studies by E. Christensen & R. Mc-
Cormick (2023), W. Ai et al. (2024), as well as Y. Pradana et
al. (2024), were used. Regarding fuel quality deterioration
and risks characteristic of railways, data from Diesel-
Net (n.d.), International Union of Railways (2007), and
Federal Railroad Administration (2014), were used. The
study by E. Christensen & R. McCormick (2014) was used
as an additional source of information on the long-term
storage stability of biodiesel and biodiesel blends. Accord-
ing to these characteristics, HVO100 and XTL have an ad-
vantage, whereas B100 receives a lower rating because of
its greater sensitivity to operating and storage conditions.
B20 occupies an intermediate position (Miinzer, 2023;
BSI, 2024; Pradana et al., 2024).

Criterion C4 reflects economic feasibility, includ-
ing fuel price fluctuations, transition costs, fuel-system
cleaning, filter replacement, and quality control costs
(AERRL, 2022; Hernandez et al., 2024b). Criterion C5
characterises feedstock availability, including the origin
of the fuel, dependence on food-based feedstocks, and
the potential for large-scale use of such fuel in a particu-
lar region (Directive of the European Parliament and of
the Council No. 2001, 2018; AERRL, 2022; Xu et al., 2022).
Criterion C6 reflects infrastructure compatibility (Inter-
national Union of Railways, 2007; CONCAWE, 2009). Cri-
terion C7 reflects the availability of the relevant standard,
certification, the possibility of officially accounting for the
decarbonisation effect, and the practical suitability of the
fuel for application in the railway sector. These elements
were assessed using fuel standards for fatty acid methyl
esters, which are the main components of conventional
biodiesel, as well as for paraffinic diesel fuel and conven-
tional diesel fuel (BSI, 2021; 2023a; 2023b). The standard
for diesel fuel with a high content of fatty acid methyl
esters and EU regulation on renewable energy were also
considered (Directive of the European Parliament and of
the Council No. 2001, 2018; BSI, 2024).

After identifying the alternatives and criteria, the
evaluation rules for constructing the comparison matrix
were established (Table 3). In the TOPSIS matrix, one
quantitative criterion was used, namely total greenhouse
gas emissions across the entire fuel chain, expressed as
WTW (well-to-wheel), gCO,e/M]J. The remaining six cri-
teria were evaluated on a scale from 1 to 5 according to
pre-established rules. The article developed a multi-cri-
teria “AHP—-TOPSIS procedure”. At the first stage, the
weights of the criteria were determined using the AHP
method. A pairwise comparison matrix based on the
Saaty scale was used. In the problem formulation, the
environmental criterion receives the greatest weight;
however, technical compatibility and operational suita-
bility cannot be treated as secondary either, since they
determine the actual feasibility of using the fuel under
the conditions of the existing fleet. Economic feasi-
bility and feedstock availability also have a significant
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influence due to supply conditions and market uncer-
tainty. The infrastructural and regulatory components
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are important derivatives of the fuel class, supply prac-
tices, and the possibility of formal implementation.

Table 3. AHP pairwise comparison matrix on the Saaty scale

C1 Environmental performance 1 2 2 2 3 4 6
C2 Technical compatibility 1/2 1 1 1 2 3 4
C3 Operational suitability 1/2 1 1 1 2 2 3
C4 Economic feasibility 1/2 1 1 1 2 2 3

C5 Feedstock availability 1/3 1/2 1/2 1/2 1 1 2

C6 Infrastructure compatibility 1/4 1/3 1/2 1/2 1 1 1
C7 Regulatory alignment 1/6 1/4 1/3 1/3 1/2 1 1

Source: authors’ pairwise comparison based on the criterion system in Table 2 and the AHP scale proposed by T. Saaty (1980)

The weights were calculated as the normalised prin-
cipal eigenvector of the AHP pairwise comparison matrix
(Table 4, Fig. 1). The consistency ratio was below 0.10;
therefore, the pairwise judgments were accepted for fur-
ther TOPSIS analysis. For the adopted matrix, the largest

weight belongs to C1, environmental performance. Tech-
nical compatibility, operational suitability and economic
feasibility also remain significant, which reflects the prac-
tical constraints of introducing renewable fuels in existing
diesel traction.

Table 4. AHP criterion weights

C1 Environmental performance 0.302
C2 Technical compatibility 0.175
C3 Operational suitability 0.157
C4 Economic feasibility 0.157

C5 Feedstock availability 0.086

C6 Infrastructure compatibility 0.071
C7 Regulatory alignment 0.052

Source: calculations based on the AHP pairwise comparison matrix in Table 3

0.3507 0.302

0.175

0.157 0.157

0.086

00000 c; " c2 €3 _C4. C5 C6 C7
Criteria

Figure 1. Criteria weights determined using the AHP method
Source: visualisation based on the AHP criterion weights in Table 4

The next stage is the application of the TOPSIS
method (Table 5). Since the calculation procedure was

described in the Materials and Methods section, this
subsection presents the input matrix, the scores of al-
ternatives, and the final ranking results. For the final
TOPSIS matrix, the following WTW values, represent-
ing total greenhouse gas emissions over the entire fuel
chain, were used: HVO100 from waste oils — 16.0; B100
from rapeseed - 50.1; and XTL from waste wood — 15.6.
Fossil diesel fuel was taken as the reference value at
94. For B20, the value of 85.2 was obtained by calcu-
lation as a first approximation based on the biodiesel
content in the blend. The model uses one quantitative
criterion, WTW, and six criteria evaluated on a scale
from 1 to 5.

Table 5. Evaluation matrix for TOPSIS

Alt1 16.0 ~83.0
Alt2 50.1 ~46.7
Alt3 85.2 ~9.3
Alt4 15.6 ~83.4

Note: | — the lower the value, the better; T - the higher the value, the better
Source: compilation and calculation based on Directive of the European Parliament and of the Council No. 2001 (2018), with the B20

value calculated using formula (10)
The values of total greenhouse gas emissions across

the entire fuel chain are as follows: 16.0 for HVO pro-
duced from used cooking oil, 50.1 for rapeseed-based
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biodiesel, and 15.6 for synthetic diesel fuel produced
from wood waste. The reference value for fossil die-
sel fuel was taken as 94. The five-point assessment
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scale for criteria C2-C7 was based on systematical-
ly organised information, including compliance with
standards, the possibility of use without modifica-
tion, fuel behaviour at low temperatures, suitability for
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long-term storage, the risk of additional maintenance,
transition costs, feedstock availability, compatibility
with fuel infrastructure, and compliance with certifica-
tion requirements (Table 6).

Table 6. Scores of alternatives under criteria C2-C7

Alt1 5 4 3 4 4 5
Alt2 2 2 2 2 2 3
Alt3 3 3 3 2 3 3
Alt4 5 4 2 4 4 4

Source: scoring based on the applicability framework in Table 1 and the fuel-standard framework for EN 15940, EN 14214, EN 590 and
EN 16709, International Union of Railways (2007), CONCAWE (2009), Federal Railroad Administration (2014), W. Szeto & D. Leung (2022),
C. McCaffery et al. (2022), L. Komariah et al. (2022), W. Ai et al. (2024), Y. Pradana et al. (2024), J. Hunicz et al. (2025)

The high scores of Alt 1 - HVO100 in terms of tech-
nical compatibility, operational suitability, and infra-
structure compatibility are explained by the fact that it
is a paraffinic fuel of the EN 15940 class. This fuel can be
used in existing equipment without modification, blend-
ed with diesel fuel, and introduced with relatively moder-
ate transition-related risks (Szeto & Leung, 2022; Hunicz et
al., 2025; Neste, n.d.). Alt 2 — B100 received lower scores
because of its higher biodiesel content, greater sensitivity
to storage conditions, the risk of microbiological contam-
ination, filter-related problems, and stricter requirements

for fuel handling. Alt 3 — B20 occupies an intermediate
position. At the same time, its effect on reducing total
greenhouse gas emissions across the entire fuel chain is
more limited, which prevents it from competing with par-
affinic alternatives. Alt 4 — XTL is close to HVO100 in terms
of its technical and operational properties. However, it is
inferior to HVO100 in terms of economic feasibility. After
normalising the values, applying the criterion weights,
and calculating the distances to the conditional ideal and
anti-ideal solutions, the following results were obtained
(Table 7, Fig. 2).

Table 7. TOPSIS results

Alt1 0.0012 0.2268 0.9948 1
Alt4 0.0315 0.2254 0.8773 2
Alt2 0.1395 0.1046 0.4286 3
Alt3 0.2158 0.0458 0.1750 4

Source: TOPSIS calculations based on Tables 4-6

Integrated closeness-to-ideal index S
0.9948

Rank 1 0.8773

Rank 2
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Figure 2. Integrated closeness coefficient
to the ideal solution
Source: visualisation based on the TOPSIS results in Table 7

The best-performing option was HVO100. This alter-
native combines very low total greenhouse gas emissions
across the entire fuel chain with high scores for technical
compatibility, operational suitability, infrastructure com-
patibility, and regulatory alignment. In essence, it rep-
resents the most straightforward pathway for the initial

stage of decarbonisation without significant modification
of the rolling stock. XTL ranked second. In terms of tech-
nical compatibility, operational suitability, and infrastruc-
ture requirements, it is close to HVO100, but it is inferior in
terms of economic feasibility. B100 ranked third because
of the combination of higher total greenhouse gas emis-
sions across the fuel chain and lower scores for technical
compatibility. The lowest result was obtained for B20. Its
moderate technical scores do not compensate for the lim-
ited overall decarbonisation effect under criterion C1.

The obtained ranking is consistent with the results of
W. Szeto & D. Leung (2022), who showed that hydrotreated
vegetable oil has properties that make it suitable as a sub-
stitute for fossil diesel fuel, as well as with C. McCaffery et
al. (2022), who demonstrated the relevance of HVO and
HVO/biodiesel blends for application in heavy-duty diesel
engines. However, it should be noted that the present study
differs from these and most similar works. This study focus-
esnotonly on fuel properties and engine emissions, but also
compares fuel alternatives within a single decision-making
model for railway diesel traction. The lower ranking of B100
and B20 is consistent with the findings of L. Komariah et
al. (2022), W. Ai et al. (2024), and Y. Pradana et al. (2024),
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who considered storage stability, low-temperature behav-
iour, and microbiological contamination as important lim-
itations of fuels containing biodiesel. In comparison with
similar studies, the present research integrates technical
compatibility, infrastructure suitability, economic feasibil-
ity, feedstock availability, and regulatory alignment into a
single ranking procedure, which is an important factor. Ad-
ditionally, a scenario was considered in which biodiesel de-
rived from waste cooking oils was used instead of rapeseed
feedstock for B100, with a corresponding reduction in total
greenhouse gas emissions across the fuel chain for B20. Un-
der this scenario, the integrated closeness index improved
for Alt2 and Alt 3; however, the ranking order did not change.
It should be noted that the obtained ranking reflects the re-
sults under the scenario assumptions adopted in this study
regarding feedstock origin and the level of emissions across
the full fuel life cycle. This means that the overall result is
valid within the adopted system of criteria and weights.

”Conclusions™

Renewable fuel alternatives for existing diesel traction
engines were identified and classified, namely HVO100,
XTL, B100, and the B20 blend. For each alternative, the
technical scope of application, typical compatibility
risks, and key storage characteristics were determined. It
was found that, for paraffinic fuels, the main issues con-
cern batch quality, supply conditions, and the transition
to a new fuel type, whereas fuels with a high biodiesel
content involve greater risks in terms of compatibility,
operational stability, and storage. A seven-criteria eval-
uation model was developed, including environmen-
tal performance, technical compatibility, operational
suitability, economic feasibility, feedstock availability,
infrastructure compatibility, and regulatory alignment.
The criterion weights were determined using the AHP
method. The most important criterion was C1, environ-
mental performance, while C2, technical compatibility,
C3, operational suitability, and C4, economic feasibil-
ity, were also identified as major criteria. The TOPSIS
ranking produced the following result: the paraffinic fuels
HVO0100 and XTL were identified as the preferred options,
as they combine lower emissions across the fuel life cycle
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with high technical compatibility, appropriate operational
suitability, and better manageability of infrastructure-re-
lated risks. The B100 and B20 alternatives proved less
favourable because of a combination of factors, namely
lower technical compatibility, greater sensitivity to stor-
age conditions, stricter fuel handling requirements, and,
in the case of the blended option, a weaker overall emis-
sion reduction effect. The proposed approach can be used
as a decision-support tool for railways, railway operators,
and researchers planning a phased transition from fossil
diesel fuel to renewable liquid fuels. In further studies, it
is necessary to focus on verifying the obtained ranking by
taking into account real data on railway fuel consump-
tion, maintenance, fuel quality, pilot operation, and so on.
It is also necessary to assess the sensitivity of the ranking
to changes in the weights of the criteria. These directions
will make it possible to adapt the proposed approach to
specific railway networks and operational scenarios.
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AHOTALIfA. ¥ KOPOTKOCTPOKOBIll Ta CepeJHbOCTPOKOBIl MepcrneKTUBi JekapOoHi3alifa Au3eJbHOI TATH He MOXKe
T'PYHTYBaTHUCs BUKJIIOYHO Ha MOBHIN eJleKTpU(iKarii Ta MBUIKIN 3aMiHi pyXOMOTo CKJafy, 110 3YyMOBJIIOE MTOTPeOy
Y BUKOPUCTaHHI BiTHOBJIIOBAHUX TU3eJIbHIUX MaJIUB. MeTOI0 T0C/TiPKeHHsI Oy/10 po3p0b/eHHsT baraToKpUTepiaTbHOL
nponenypu paHXyBaHHA BiI[HOBJIIOBaHI/IX JAU3eJIbHUX ITaJUB OJIA 3a/IiBHUYHOL I[I/I3C.HLHOT TATH Ta BHU3HAYECHHA
MPiOPUTETHOTO BapiaHTa AJIsA CKOPOYEHHS BUKHUIIB BYIVIEIIO. Y CTArTi OYJIO pO3IIAHYTO YOTHPH albTepHATHBHI
BUJY BiJHOBJ/IIOBAHOTO IM3€JbHOTO ITAJKBa: MOBHICTIO TifpoounineHe pocanHHe nanmuso (HVO), uncre 6ioquseasrHe
MajauBO, CyMill, mo MictuTh 20 % Oiommsesisi Ta 80 % BHUKOMHOTO OU3€JHLHOTO MA/JNBA, a TAKOYK CHUHTETUYHE
napadiHoBe [U3esbHE MTAJIUBO. 3alIPOIIOHOBAHO (hOpMai30BaHy NMPOIeAypy BUOOPY Ha OCHOBI ITOEIHAHHA METOLY
aHasti3y iepapxiii (AHP) Ta MeTony Hab/mKeHHs N0 ineanpHoro pimenasa (TOPSIS). ChopMoOBaHO MaTPHUIIO 3 CEMHU
KpHUTePiiB: eKoJ0TivHa e(PeKTUBHICTh, TEXHIYHA CYyMiCHICTB, eKCIUTyaTariiiHa NprUaaTHICTh, EKOHOMiYHA JOIiTbHICTB,
JOCTYTIHICTh CHPOBUHH, CYMiCHiCTb 3 iH()paCTPYKTYpOIO Ta BiATIOBi fHiCTE HOpMaTUBHUM BUMOTraM. BaroBikoedirieHT
KpuTepiiB Oy/i1 BU3HAYEHi 3a JOTIOMOT0I0 METOy aHaJi3y iepapxiil, mepeBipeHo Y3rom KeHiCTh OI[iHOK, & pAH)KyBaHHST
aJIBTepHaTUB 31ilicHeHo MeTomoM TOPSIS. PesyssraTul JOCTiIKeHHS 3acBiqumin nepeary napadiHOBHUX MaJIUB —
TIOBHICTIO TiIPOOYUINEHOr0 POCANHHOIO IAJIMBa Ta CHHTETUYHOTO TapadiHoBOro qr3e/IbHOTO MAaINBA, AKi MOKYTh
BUKOPHCTOBYBaTUCs 6e3 MofepHi3allil HaABHOTO PyXoMoro ckJjafy. Li Buau nmaimBa mpoaeMoHCTpyBaIl HalKpale
no€AHAaHHA HU3bKUX CYKYITHUX BI/IKI/I,HiB MapHUKOBUX rasis MIPOTATOM MKUTTEBOI'0 HUKJIY I1aJINBa Ta BHCOKOI TEXHIYHOT
cymicHocti. Yncre 6iogu3esbHe MaIuBO Ta cyMimi i3 BMicToM 20 % 6iogu3esiss MOCIIN HUSKYI MO3ULIT Yepe3 MeHIITy
TeXHIYHY Ta eKCILTyaTal[iliHy IPpUIaTHICTh, BUIITY Yy TJINBICTh 10 yMOB 30epiraHHs I TIOBO)KEHHS 3 TATMBOM, a TAKOXK
MEHIII BUpa)KeHU! epeKT CKOpOUYeHHs BUKHIB Y BUMIAAKY cyMiri 3 20 % 6iogu3esisa. 3anporoHOBaHUM ITiAXiT MOXKe
OyTH BUKOPHUCTAHUN 3aTi3HUNYHUMU OIlepaTopaMi, MeHepKepaMU iH(PpacTPyKTypH, TPAaHCIIOPTHUMHY OpPraHaMy Ta
HAYKOBISIMH SIK IHCTPYMEHT HiATPUMKY MIPUUHSTTSA PillleHb III0/I0 IIOETAITHOTO ITePEXOAY BiJl BUKOITHOTO TU3EeJTLHOTO
IajauBa IO BilHOBJ/IIOBAHUX PiIKKUX NAJINUB Y 3a/1i3HUYHOMY CEKTODI

KnioyoBi cnoBa: nexkapOoHi3allisi; TPAaHCHOPTHI TEXHOJIOTIi; BiTHOBJIOBaHI NW3e/bHI MMAajMBa; AW3EJbHA TATA;
6iomuaesTbHe MATMBO; CYMiCHICTD 3 TAJMBOM; eKCILIyaTalliiiHa IpUIaTHICTh
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