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Abstract

Mitigating climate change requires greater attention to non-carbon dioxide (non-CO,)
greenhouse gas (GHG) emissions from the transportation sector, particularly methane
(CHj4) and nitrous oxide (N,O), which remain considerably less investigated than CO,.
This study presents a Well-to-Wheels (WTW) assessment of CH4 and N,O emissions from
road transportation in Tiirkiye using the Greenhouse Gases, Regulated Emissions, and
Energy Use in Technologies (GREET) model. Historical vehicle fleet data covering the
period 2013-2023 were used to characterize WTW emission intensities, while hypothet-
ical scenarios for 2040 and 2050 were evaluated under alternative electricity generation
pathways representing distinct energy-generation conditions. The analysis encompasses
passenger cars, sport utility vehicles, and heavy-duty vehicles with internal combustion,
hybrid, plug-in hybrid, battery electric, and hydrogen fuel-cell powertrains. The results
demonstrate that WTW CH, and N, O emission intensities vary among vehicle technologies
and energy pathways over the study period. The lowest emission intensities are generally
obtained for battery electric and fuel-cell vehicles under electricity-generation pathways
based on renewable and nuclear energy sources. The findings further indicate that hybrid
technologies can provide measurable short- to medium-term mitigation benefits, although
their WITW CHy4 and N,O emission intensities remain dependent on the corresponding
vehicle and energy pathways. This study provides a Tiirkiye-specific Well-to-Wheels assess-
ment of CH4 and N,O emission intensities from road transport across the historical period
and hypothetical future electricity-generation scenarios, providing a basis for evaluating
non-CO, greenhouse gas emissions associated with alternative transportation technologies
and energy pathways.

Keywords: non-CO, greenhouse gases; methane; nitrous oxide; vehicle technologies;
Tiirkiye

1. Introduction

The transportation sector is one of the largest contributors to global anthropogenic
greenhouse gas (GHG) emissions and remains a major obstacle to achieving long-term
climate neutrality [1]. Rapid urbanization, increasing vehicle ownership, and continued
dependence on fossil fuels have intensified the environmental impacts of road transporta-
tion worldwide [2]. Although carbon dioxide (CO,) accounts for the largest share of
transport-related greenhouse gas emissions, increasing scientific attention has shifted to-
ward non-carbon dioxide (non-CO;) greenhouse gases, particularly methane (CHy) and
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nitrous oxide (N,O), because of their important contribution to climate forcing [3]. Despite
being emitted in considerably smaller quantities than CO,, CH4 and N,O possess substan-
tially greater global warming potential and therefore make a disproportionate contribution
to climate change when expressed as carbon dioxide equivalents (CO,-eq) [4]. Conse-
quently, reducing non-CO, greenhouse gas emissions from the transportation sector has
become an increasingly important objective of international climate policies and national
decarbonization strategies [5,6]. The relationship between GHG emissions, green invest-
ment, and renewable energy development has also been examined in the broader context of
climate mitigation, highlighting the importance of considering different greenhouse gases
when evaluating energy-transition pathways [7].

CH4 and N,O differ fundamentally from CO; in terms of their formation mechanisms,
atmospheric behavior, and climate impacts, making their separate evaluation indispensable
for comprehensive GHG assessments [3]. CHy is emitted through incomplete combustion
and fuel losses associated with natural gas production, processing, transmission, and uti-
lization, whereas N,O can be generated during combustion and catalytic after-treatment
processes in internal combustion engines [8]. Although CH4 and N,O are emitted in con-
siderably smaller quantities than CO,, their markedly higher global warming potentials
(GWP) substantially increase their contribution to climate change when expressed as CO;-
eq, highlighting the importance of controlling even relatively low emission rates [3]. In
addition to its direct greenhouse effect, CH, contributes to the formation of tropospheric
ozone, whereas NO is recognized as both a long-lived GHG and the most significant
ozone-depleting substance emitted during the twenty-first century, further emphasizing
their environmental significance [9]. Research in other sectors, particularly agriculture,
has also demonstrated the importance of CHy and N,O emissions, with agricultural soil
management, fertilizer application, rice cultivation, and farming practices representing
relevant emission-related factors [10-13]. Consequently, accurate quantification of CHy and
N,O emissions has become increasingly important for evaluating the WTW emission per-
formance of alternative vehicle technologies and supporting evidence-based transportation
decarbonization strategies [1,4].

Road transportation represents an important source of CHy and N;O emissions,
although their magnitudes vary considerably depending on vehicle technology, fuel char-
acteristics, engine operating conditions, and emission control systems [8]. In conventional
gasoline and diesel vehicles, CHy emissions are primarily associated with incomplete
combustion, whereas N,O formation is strongly influenced by catalyst type, combustion
temperature, and exhaust after-treatment efficiency [14]. The increasing deployment of
hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), battery electric
vehicles (BEVs), and fuel cell vehicles (FCVs) has substantially altered the emission profiles
of these non-CO,; GHGs by reducing or eliminating direct combustion processes while
shifting a greater proportion of emissions to upstream energy production pathways. Con-
sequently, the WTW emission performance of alternative vehicle technologies cannot be
reliably assessed using tailpipe emissions alone, particularly when electricity and hydrogen
are produced through energy systems with different characteristics [15]. These consider-
ations highlight the necessity of adopting WIW approaches that account for both direct
vehicle emissions and upstream energy-related emissions when comparing current and
future transportation technologies.

The environmental impacts of road transportation extend well beyond vehicle op-
eration, making tailpipe emissions alone insufficient for evaluating the WTW emission
performance of different vehicle technologies [16]. Substantial GHG emissions may occur
during fuel extraction, processing, refining, transportation, electricity generation, and
hydrogen production before energy reaches the vehicle, depending on the characteristics
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of the underlying energy system [1]. Consequently, the WTW methodology provides an
established framework for assessing transportation-related emissions because it integrates
both upstream fuel production and vehicle operation within a defined WTW boundary [15].
This perspective enables comparisons among conventional fuels, electricity, hydrogen, and
alternative energy pathways while avoiding conclusions based solely on exhaust emis-
sions. Therefore, WTW analysis provides a scientific basis for evaluating transportation
technologies under different energy-generation conditions [15].

Among the available assessment tools, the GREET model has become one of the most
extensively applied platforms for evaluating transportation energy use and environmental
impacts [15]. Developed by Argonne National Laboratory, GREET estimates energy con-
sumption together with GHG and air pollutant emissions throughout fuel-cycle pathways
for a wide range of vehicle technologies and fuel production pathways [17]. Its flexible
structure allows researchers to incorporate country-specific electricity generation mixes,
fuel characteristics, technological efficiencies, and future energy scenarios, thereby pro-
viding regionally representative WTW assessments [15]. For this reason, GREET has been
widely adopted in studies comparing conventional vehicles with hybrid, battery electric,
and hydrogen fuel-cell technologies under diverse energy systems [17].

LCA has become an important methodology for evaluating the environmental perfor-
mance of road transportation systems under different fuel pathways and energy scenarios.
An early comprehensive study was conducted by Delucchi [18], who demonstrated that
transportation-related GHG emissions should be evaluated across the fuel life cycle, includ-
ing fuel processing, electricity generation, and vehicle operation, rather than relying solely
on tailpipe emissions. Subsequent investigations further confirmed that the environmental
performance of alternative vehicle technologies is strongly influenced by regional energy
infrastructures. Nanaki and Koroneos [19] reported that EVs achieved the lowest life-cycle
emissions among the vehicle technologies evaluated in Greece. In contrast, Wang et al. [20]
showed that the environmental benefits of EVs in China were considerably reduced because
electricity production remained heavily dependent on coal-fired power plants. Likewise,
Huo et al. [21] concluded that although vehicle electrification could decrease overall GHG
emissions, upstream electricity generation could simultaneously increase emissions of
several air pollutants. More recent studies have reached similar conclusions, emphasizing
that WTW emission performance depends not only on vehicle technology but also on
electricity generation pathways and regional energy characteristics [17,22,23]. Despite these
important advances, most previous studies have primarily focused on total GHG emissions
or aggregated CO;-eq values, whereas the individual contributions and long-term evolu-
tion of CH, and N»O have received comparatively limited attention, particularly under
country-specific transportation and electricity transition scenarios.

The existing literature also reveals a notable lack of studies examining the long-term
WTW emission intensities of CH4 and NO associated with road-transport vehicle tech-
nologies in Ttirkiye. Previous studies have generally concentrated on fuel consumption,
conventional air pollutants, or total GHG emissions, while detailed assessments of indi-
vidual non-CO, GHGs within a consistent WTW framework remain limited. Furthermore,
historical WTW emission intensities have rarely been evaluated together with hypothetical
future electricity-generation scenarios using a unified analytical framework. This limita-
tion restricts a detailed understanding of how vehicle technologies and energy-generation
pathways may influence CH4 and N,O emission intensities in Tiirkiye.

To address these research gaps, this study presents a Tiirkiye-specific WTW assessment
of CH4 and N;O emission intensities associated with road-transport vehicle technologies
using the GREET model. Historical vehicle fleet data covering the period from 2013 to 2023
are analyzed to characterize changes in WTW emission intensities associated with evolving
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vehicle technologies and fuel-use patterns. Hypothetical scenarios for 2040 and 2050 are
subsequently evaluated under alternative electricity-generation pathways to examine the
influence of distinct energy-generation conditions on the WTW emission intensities of
conventional, hybrid, battery electric, and hydrogen fuel-cell vehicles. These scenarios
represent specific electricity-generation conditions rather than forecasts of the actual future
electricity mix or future fleet composition. By separately quantifying CH4 and N,O across
different vehicle categories, fuel pathways, and hypothetical future energy-generation
scenarios, this study addresses the following research question: How do WTW CHy
and N,O emission intensities vary among different road-transport vehicle technologies
and energy pathways in Tiirkiye during the historical period and under the considered
hypothetical future electricity-generation scenarios? The results provide a Ttirkiye-specific
basis for understanding non-CO, GHG emission characteristics associated with alternative
transportation technologies and energy pathways.

2. Methodology

Figure 1 presents the overall methodological framework adopted in this study for
assessing WI'W emission intensities associated with road-transport vehicle technologies
in Tiirkiye. The analysis is based on four principal input datasets: the GREET energy and
emission database [24], annual fuel composition data, historical vehicle fleet statistics
categorized by fuel type and technology, and annual electricity generation shares by
energy source. These datasets provide the basis for estimating the energy consumption
and emission characteristics of the vehicle technologies considered in the analysis over
time. Within the computational stage, the original GREET framework was configured to
incorporate Tiirkiye-specific transportation and energy data. Using the integrated input
datasets, annual energy consumption and emission factors were calculated for each vehicle
category and powertrain technology, enabling the estimation of WTW emission intensities
for the years included in the analysis. The model produces WTW emission intensities for
individual vehicle technologies and vehicle categories rather than annual national emission
inventories. In addition to the historical assessment covering the period from 2013 to
2023, hypothetical scenarios for 2040 and 2050 were evaluated by considering alternative
electricity-generation pathways and different vehicle technology configurations. These
scenarios represent specific electricity-generation conditions for examining their effects on
WTW emission intensities and are not intended to represent forecasts of the actual future
electricity mix or future fleet composition.

The WTW methodology adopted in this study follows the principles of fuel-cycle
assessment by accounting for emissions associated with both upstream energy production
and vehicle operation. The upstream component, referred to as the Well-to-Pump (WTP)
stage, includes energy resource extraction, fuel processing, electricity generation, hydrogen
production, transportation, storage, and fuel distribution. The downstream component,
known as the Pump-to-Wheel (PTW) stage, represents the direct use of fuels or electricity
during vehicle operation. The combination of these two stages provides a consistent
assessment of WTW emissions and enables comparisons among different fuel pathways
and vehicle technologies. Based on this framework, the study quantifies WITW CH, and
N,O emission intensities for internal combustion engine vehicles (ICEVs), HEVs, PHEVs,
BEVs, and hydrogen FCVs. The resulting WTW emission intensities are used to evaluate
historical variations and to examine the effects of different vehicle technology configurations
and electricity-generation pathways on non-CO; greenhouse gas emissions.
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Figure 1. Methodological Framework of the WTW Assessment of CHy and N,O Emission Intensities
Associated with Road-Transport Vehicle Technologies in Tiirkiye.

The WTW boundary adopted in this study covers upstream energy production and
vehicle operation. Accordingly, vehicle manufacturing, battery production, infrastructure
construction, maintenance, and end-of-life processes are outside the defined WTW bound-
ary. Therefore, the reported values represent WTW emission intensities rather than full
LCA results. For the same reason, values of 0.00 reported for certain BEV pathways indicate
zero WTW CHy or N,O emissions within the adopted WIW boundary and should not be
interpreted as zero environmental impact across the entire vehicle life cycle.

The emission calculations performed in this study were based on the computational
framework of the GREET model, which estimates energy consumption and emissions
by integrating both upstream energy production and vehicle operation. Compared with
earlier transportation emission models, GREET provides a comprehensive representation
of fuel production pathways, electricity generation technologies, vehicle powertrains, and
energy conversion efficiencies within a unified WTW framework [15,25]. The version
used in this study was configured with Tiirkiye-specific datasets, including annual vehicle
fleet statistics, fuel composition, and electricity generation shares, allowing the original
framework to represent the transportation and energy conditions considered in Ttirkiye.
The mathematical formulation used to estimate emissions is summarized in Equations
(1)—(5). The total emission of pollutant i associated with the considered energy pathways is
calculated as the sum of direct combustion emissions and upstream emissions resulting
from the production and delivery of each energy source. Direct emissions are determined
from pollutant-specific emission factors and the corresponding energy consumption as-
sociated with each combustion technology, whereas upstream emissions are estimated
through the recursive energy balance calculations implemented in the GREET framework.
Accordingly, the calculated WTW emissions account for energy conversion requirements
and fuel production processes throughout the defined WTW pathway. The emission factors
adopted in this study were obtained from the GREET database, which incorporates values
compiled from the U.S. Environmental Protection Agency [26] together with additional
datasets documented by Wang [27]. These factors describe pollutant-specific emissions
for different energy carriers, combustion technologies, and vehicle powertrains. Energy
consumption for each WTW stage is subsequently determined by considering process
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efficiencies, technology shares, and energy source distributions. The framework updates
these parameters according to the corresponding historical year or hypothetical future
electricity-generation scenario included in the analysis. Following the calculation of stage-
specific energy consumption and emissions, the GREET framework aggregates the results
over the complete fuel cycle to obtain WTW emission intensities for each vehicle technology.
In the present study, the framework was parameterized separately for each year between
2013 and 2023 using Tiirkiye-specific transportation and energy statistics. It was subse-
quently applied to the hypothetical electricity-generation scenarios considered for 2040
and 2050 to quantify the WTW emission intensities of CH4 and N,O for different vehicle
technologies. The formulation in Equations (1)—(5) represents the calculation of direct and
upstream emissions based on energy consumption, emission factors, energy-source shares,
technology/process shares, and conversion efficiency. In particular, (EC; k) represents the
energy consumption associated with energy source (j) and process or technology (k), which
is calculated from the total energy consumption, the corresponding energy-source share,
and the technology/process share. The conversion-efficiency terms (E;;) and (PES) are
calculated from the corresponding conversion efficiency (7). The symbols and units used
in each equation are provided directly below the corresponding equation and are also
included in the Nomenclature section. The resulting values represent WTW CH,4 and
N,O emission intensities within the defined WTW boundary rather than national annual
emission inventories.

TE;=) (CE;;+UE;}) (1)

i
CEi,j:ZEFi,j,k X ECj,k (2)

k
EC;j = EC x ESS; x CTSy; (3)
Ein=1/n 4
PES=1/n—1 ()

The GREET model estimates WIW emissions by accounting for fossil fuel consump-
tion and energy requirements throughout fuel production, processing, transportation, and
vehicle operation. Since upstream energy demand varies according to fuel production tech-
nologies and transportation pathways, emissions are calculated separately for each stage of
the fuel cycle before being aggregated within the WTW framework. In the present study,
CHjy and N,O emissions were selected as the target pollutants and were reported in g/hkm
for all vehicle categories to ensure a consistent basis for comparison. The simulations were
performed under the default urban driving conditions implemented in the GREET model.
To ensure that differences in emission results reflected changes in vehicle technology, fuel
characteristics, and energy supply pathways, equivalent vehicle classes were evaluated
throughout the historical and hypothetical future analyses. Fuel quantities were converted
to energy using lower heating values (LHV), while the corresponding vehicle technologies
and energy conversion efficiencies were assigned according to the selected simulation year.
Turkiye-specific datasets were incorporated into the configured GREET framework by
replacing the default electricity generation mix with annual national electricity production
shares. Historical electricity generation data covering the period from 2009 to 2023 were
introduced to represent the evolution of the Turkish power sector and to calculate annual
WTW emission intensities for the 2013-2023 analysis period. Because electricity generation
affects not only BEVs but also the upstream production of conventional transportation
fuels, annual changes in the electricity mix were consistently reflected in the WTW emission
calculations. The production pathways for conventional gasoline and diesel fuels were
retained as defined in the original GREET database because their underlying refining and
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distribution processes were considered representative for the purposes of this study. In
contrast, the blending ratios of ethanol and biodiesel were revised using the annual values
specified in the relevant Turkish fuel regulations, thereby reflecting the historical evolution
of renewable fuel utilization in the national transportation sector. Hypothetical scenarios
were evaluated for the years 2040 and 2050 by considering alternative electricity-generation
pathways based on oil, coal, natural gas, biomass, hydropower, geothermal, wind, solar,
and nuclear energy. Each electricity source was independently assumed to supply the
national grid to examine its effect on WITW CH,4 and N,O emission intensities for different
vehicle technologies. This scenario-based approach enables a systematic comparison of
vehicle technologies under distinct hypothetical electricity-generation conditions rather
than representing forecasts of the actual future electricity mix or future fleet composition.
Table 1 summarizes the historical development and structural composition of the
road vehicle fleet in Tiirkiye, whereas Figure 2 presents the proportional distribution of
each vehicle category over the study period. Together, these datasets illustrate changes
in the composition of the Turkish vehicle fleet over time. Passenger cars remained the
largest vehicle category throughout the analysis, accounting for the highest proportion of
registered vehicles in almost every year. Their numerical growth accelerated particularly
after the late 1980s, reflecting the expansion of private vehicle ownership and urbaniza-
tion. Although passenger cars continued to dominate the fleet, their relative contribution
declined during the most recent years of the dataset. Between 2021 and 2023, the share of
passenger cars decreased noticeably as motorcycle registrations increased at a considerably
faster rate than other vehicle categories. This trend indicates a gradual diversification of
the Turkish vehicle fleet, with motorcycles becoming an increasingly important component
of the registered vehicle population. Agricultural tractors exhibited the opposite long-term
behavior. Their relative share was comparatively high during the early years of the analy-
sis but gradually decreased as the overall number of registered road vehicles expanded.
In contrast, buses, minibuses, trucks, and special-purpose vehicles maintained relatively
stable proportions throughout the study period, with only modest year-to-year variations.
Year-to-year changes in vehicle registrations may also have been influenced by economic
conditions, changes in vehicle purchasing costs, and regulatory or fiscal incentives affecting
vehicle ownership and sales in Tiirkiye. These observations indicate that the overall fleet
composition evolved primarily through changes in passenger cars and motorcycles, while
the remaining vehicle categories experienced comparatively limited structural changes.
The vehicle categories included in this study were selected according to their representation
within the Turkish vehicle fleet and the availability of corresponding vehicle technologies
in the GREET framework. The historical fleet data were used to characterize the vehicle cat-
egories and their relative representation in the study period, while the technology-specific
calculations were performed for the vehicle configurations available in the GREET frame-
work. This approach maintains consistency between the Turkish fleet structure and the
vehicle technologies represented in the analysis. Consequently, the selected vehicle config-
uration provides a basis for evaluating WTW CH,4 and N, O emission intensities under the
historical period and the considered hypothetical future electricity-generation scenarios.
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Table 1. Number of road motor vehicles by year in Tiirkiye [28,29].

28,740,492 15,221,134 502,628 210,740 4,487,244 959,793 5,079,396 93,407 2,186,150

1,254,826
119,472
120,204
121,963
148,511
160,006
141,958
255,473
252,433
355,220
501,401
424,143
284,469
369,137
492,175
609,133
436,685
568,079
475,745
156,604
263,236
772,196
899,524

1,160,782
739,883
787,731
601,706
689,361

1,319,832

1,491,035

1,115,584

1,002,466

1,279,994

1,297,972

1,186,485
834,657
581,299

1,138,594

1,061,876

1,347,206

1,921,436

284,511 17,298 9472 96,430 67,381 219,986 2400 557,348
34,925 1582 1007 5337 5339 32,843 254 38,185
44,554 1775 950 7586 6368 28,976 308 29,687
56,432 2115 1184 7750 7118 21,451 364 25,549
73,666 2259 976 7544 5901 25,239 321 32,605
89,704 2067 1007 6830 6837 23,748 285 29,528
86,760 1941 1175 6959 5637 22,289 341 16,856
165,179 2801 1912 12,338 9216 35,471 447 28,109
161,345 3263 2096 15,522 9372 39,908 631 20,296

248,255 5100 2906 22,761 14,263 39,216 724 21,995

352,157 5723 4010 39,261 20,143 50,070 1050 28,987

312,662 4814 2476 33,616 14,406 25,903 1044 29,222
196,204 3447 1588 18,460 11,941 17,869 671 34,289

224,490 6246 2528 412,27 20,623 26,850 1160 46,013

275,992 10,050 4041 79,948 32,914 35,229 1878 52,123

351,904 13,995 4530 110,414 39,060 29,756 2601 56,873

258,189 12,036 3524 78,691 18,443 27,587 1699 36,516

382,921 15,549 4836 87,832 21,467 29,277 2158 24,039

319,079 13,409 3781 79,565 19,068 15,066 2538 23,239
92,878 4493 1372 30,996 7352 11,275 920 7318
149,142 7430 2375 59,502 12,399 19,410 1271 11,707

425,482 18,179 6629 178,759 32,324 77,540 3687 29,596
393,550 18,155 6138 212,753 33,477 199,114 3493 32,844

443,108 24,048 7104 242,384 43248 353,298 4306 43,286
301,090 22,536 6900 182,250 32173 156,593 3698 34,643
384,199 23,607 9555 203,843 29,794 99,373 4054 33,306
309,676 15,288 9245 147,379 22,242 80,524 2468 14,884
381,409 10,892 2619 169,349 11,678 88,434 1714 23,266
707,859 28,143 8993 285,705 43,898 176,331 4049 64,854
800,814 35,968 12,878 285,908 52,396 223,009 4999 75,063
665,987 20,578 11,397 150,609 30,999 180,401 4113 51,500
561,813 22,348 9234 137,103 34,790 172,148 4722 60,308
742,220 29,911 15,096 203,070 45,267 166,108 7020 71,302
784,837 19,912 8215 200,398 18,183 186,578 5129 74,720
730,501 20,154 9569 200,865 20,303 122,048 4245 78,800

464,951 12,073 5424 97,047 17,186 189,951 2503 45,522
334,124 5514 3618 72,002 8668 129,562 1043 26,768
677,086 8753 4963 146,068 19,843 228,275 3599 50,007
531,566 6945 4023 156,749 30,800 253,939 1632 76,222
598,208 9208 5196 169,961 37,603 457,328 2033 67,669
821,705 13,023 6198 196,473 39,673 761,423 1835 81,106

Table 2 presents the distribution of registered road vehicles in Tiirkiye according to
fuel type between 2004 and 2023, illustrating the long-term evolution of fuel use within
the registered vehicle fleet. During the early years of the study period, gasoline-powered
vehicles represented the largest share of the fleet. However, their relative contribution
declined steadily over time as the distribution of vehicle technologies and fuel types
became more diversified. Although gasoline vehicles remained an important component
of the fleet, their dominance diminished considerably by the end of the analysis period.
In contrast, diesel-powered vehicles exhibited a sustained increase throughout the first
half of the study period and became the predominant fuel type for several years. This
expansion can be associated with the increased use of diesel vehicles and their fuel-economy
characteristics. Nevertheless, after reaching its maximum share, the diesel fleet began to

https:/ /doi.org/10.3390/pr14213533


https://doi.org/10.3390/pr14213533

Processes 2026, 14, 3533

9 of 21

contract gradually, coinciding with changes in emission regulations, vehicle technologies,
and the increasing availability of electrified vehicle technologies. Liquefied petroleum
gas (LPG) has maintained a distinctive position within the Turkish transportation sector
compared with many other countries. Its market share increased substantially until the
mid-2010s, primarily associated with the widespread conversion of gasoline vehicles to
LPG systems and the economic advantages associated with lower fuel prices. Although the
relative proportion of LPG vehicles declined slightly in subsequent years, LPG continued
to account for a considerable fraction of the registered vehicle fleet throughout the study
period. The most notable structural change occurred in the adoption of electrified vehicle
technologies. HEVs began to appear in measurable numbers after 2012, while BEVs
experienced rapid market expansion during the final years of the dataset. Although their
overall market shares remained relatively modest by 2023, their increasing representation
indicates a growing presence of electrified vehicle technologies in the registered fleet.
Vehicles with unidentified fuel types represented a progressively smaller proportion of
the fleet over time, suggesting improvements in the completeness of vehicle registration
records. The fuel-type distributions presented in Table 2 were incorporated into the WTW
analysis to represent the annual distribution of fuel and vehicle technologies during the
2013-2023 historical period. Together with the vehicle-category data presented in Table 1,
these distributions provide Tiirkiye-specific inputs for configuring the GREET framework
and evaluating WTW CH4 and N,O emission intensities.

SRR S S S R S SR S S, VRN S S SR R

ORI R NN SR NN S B R N I S

RS IR S S S S S SR S S S S S S
o o o o

Figure 2. Percentages of road motor vehicles in Tiirkiye by model year [28,29].
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Table 2. Distribution of vehicles in Tiirkiye according to fuel types.

2004 10,236,357 5,569,192 54.4 3,346,355 32.7 819,007 8.0 = = = = 501,803 49
2005 11,145,826 5,606,321 50.3 3,836,399 344 1,298,830 11.7 - - - - 404,276 3.6
2006 12,227,393 5,935,725 48.5 4,372,042 35.8 1,569,951 12.8 - - - - 349,675 29
2007 13,022,945 5,980,516 459 4,850,837 37.2 1,880,023 14.4 - - - - 311,569 24
2008 13,765,395 5,952,746 43.2 5,323,478 38.7 2,276,283 16.5 - - - - 212,888 1.5
2009 14,316,700 5,887,559 41.1 5,654,350 39.5 2,592,695 18.1 - - - . 182,096 1.3
2010 15,095,603 5,762,156 38.2 6,195,898 41.0 2,973,832 19.7 = = 145 0.0 163,572 1.1
2011 16,089,528 5,709,606 35.5 6,899,420 429 3,335,566 20.7 - - 280 0.0 144,656 0.9
2012 17,033,413 5,722,940 33.6 7,549,806 44.3 3,649,739 21.4 63 0.0 576 0.0 110,289 0.6
2013 17,939,447 5,733,725 32.0 8,169,410 45.5 3,934,753 219 98 0.0 995 0.0 100,466 0.6
2014 18,828,721 5,788,505 30.7 8,782,462 46.6 4,161,003 221 128 0.0 3067 0.0 93,556 0.5
2015 19,994,472 5,977,352 29.9 9,576,896 47.9 4,358,751 21.8 343 0.0 5504 0.0 75,626 0.4
2016 21,090,424 6,142,806 29.1 10,337,907 49.0 4,527,674 21.5 540 0.0 8996 0.0 72,501 0.3
2017 22,218,945 6,321,658 28.5 11,102,943 50.0 4,705,599 21.2 949 0.0 17312 0.1 70,484 0.3
2018 22,865,921 6,390,297 27.9 11,592,878 50.7 4,785,035 20.9 4439 0.0 25728 0.1 67,544 0.3
2019 23,156,975 6,427,550 27.8 11,865,482 51.2 4,749,808 20.5 13901 0.1 35843 0.2 64,391 0.3
2020 24,144,857 6,782,575 28.1 12,311,225 51.0 4,904,546 20.3 33805 0.1 48905 0.2 63,801 0.3
2021 25,249,119 7,296,270 28.9 12,704,380 50.3 5,028,359 19.9 86899 0.3 70254 0.3 62,957 0.2
2022 26,482,847 7,969,926 30.1 13,070,762 494 5,115,423 19.3 134914 0.5 129415 0.5 62,407 0.2
2023 28,740,492 9,300,769 32.4 13,571,596 47.2 5,215,533 18.1 222586 0.8 367692 1.3 62,316 0.2

1 Includes biofuel min. 2% (v/v) in 2013, 3% (v/v) between 2014 and 2021, and 2% (v/v) again from 2022 [30]. 2 Includes biofuel min. 0.5% (v/v) as from 2018 [30].
3 Propane/butane rate is 50%/50% from 1/11 to 31/03 and 30%/70% in summer [31]. 4 Includes gasoline-electric cars. 5 Unknown includes vehicles for which the
fuel type field in the license is filled incorrectly or left blank. - Denotes magnitude null.
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Figure 3 illustrates the structural transformation of Tiirkiye’s gross electricity gener-
ation mix from the historical baseline in 2009 through 2023. Throughout the evaluated
period, fossil fuels remained important contributors to national electricity generation, al-
though their internal composition changed over time. Coal-fired generation remained a
major component, generally accounting for approximately 30% to 35% of annual electricity
generation and reaching approximately 36% by 2023. Conversely, natural gas exhibited a
strong increase in the early 2010s, accounting for nearly 48% of electricity generation in
2014, before declining to approximately 21% by 2023. Concurrently, oil-fired generation,
which represented about 8% of the electricity generation mix before 2009, was substantially
reduced, falling to less than 1% in recent years. The most notable trend illustrated in the
figure is the increasing contribution of renewable electricity-generation pathways. Hydro-
electric power remained the largest renewable component, although its share exhibited
considerable year-to-year variation, ranging from approximately 16% to 29%. In parallel,
non-hydro renewable sources experienced notable growth. Wind power, which had a
limited contribution before 2009, increased to approximately 10% of the total generation
mix by 2023. Solar energy emerged after 2015 and increased rapidly, reaching nearly 6% by
the end of the study period. In addition, geothermal energy and renewable wastes showed
gradual increases, each reaching approximately 3% by 2023. These changes illustrate the
increasing diversification of Tiirkiye’s electricity generation mix and provide the histori-
cal electricity-generation inputs used in the WTW emission-intensity calculations for the
2013-2023 period.

|
[]

L

Figure 3. Gross electricity generation by primary energy resources in Tiirkiye by year [32,33]. Mean
values and percentages of electricity production by energy sources in the years between 1975-2009.
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3. Results and Discussion

The analysis of vehicle emission trends from 2013 to 2023 in Table 3 demonstrates
a general decline in both CHy and N;O emission intensities across most light-duty ve-
hicle categories, reflecting continuous advancements in engine technology and exhaust
after-treatment efficiency. Light-duty passenger vehicles, particularly SI HEV and EV,
consistently exhibited relatively low WTW emission intensities throughout the decade,
with EV CHy emissions decreasing from 22.20 g/hkm in 2013 to 16.40 g/hkm by 2023.
Conversely, HDVs maintained substantially higher absolute WITW emission intensities;
nevertheless, significant reductions were achieved in specific heavy-duty segments, most
notably in transit buses (HDV: Transit Bus CIDI), where CH, emissions decreased from
245.70 g/hkm in 2013 to 121.40 g/hkm in 2023. The year-to-year variations observed for
some vehicle categories, including the changes in CH,4 emissions for transit buses and
short-haul trucks, should be interpreted as outcomes of the year-specific parameterization
of the GREET framework rather than as direct measurements of annual on-road emissions.
For example, the increase in CHy emissions for short-haul trucks (HDV: Combination
Short-Haul Truck CIDI) from 154.20 g/hkm in 2019 to 210.60 g/hkm in 2023 indicates
that WTW emission intensities may vary according to the corresponding vehicle, fuel,
and energy-pathway parameters used for each year. These results therefore demonstrate
that reductions are not uniform across all vehicle categories and that the WTW emission
intensity of heavy-duty technologies remains dependent on the specific technology and
energy pathway considered.

Table 3. Vehicle CHy and N,O emissions by year in Tiirkiye.

Vehicles
Car: SIICEV

Car: SIDI ICEV
SUV: SIICEV
Car: STHEV
SUV: SI HEV
Car: SI ICEV—LPG
Car: EV
SUV: EV

Car: CIDIICEV

HDV: Combination
Short-Haul Truck
HDYV: HD PUT and
Van CIDI
HDV: Intercity Bus
CIDI
HDYV: Transit Bus
CIDI

Emissions 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
CHy (g/hkm) 37.00 37.00 32.60 32,60 3260 3220 3150 31.50 3190 31.60 31.60
N,O (g/hkm)  0.62 0.70 0.65 0.65 0.65 0.64 0.64 0.52 0.53 0.46 0.46
CHy4 (g/hkm) 3240 3240 2840 2840 2850 2810 2750 27.60 2790 27.60 27.60
N,O (g/hkm)  0.59 0.66 0.61 0.61 0.61 0.61 0.60 0.49 0.49 0.43 0.43
CHy (g/hkm) 49.70 49.70 4210 4210 4210 41.60 40.70 4090 4140 41.00 41.00
N,O (g/hkm)  0.80 091 0.83 0.83 0.83 0.82 0.82 0.68 0.68 0.59 0.59
CH4 (g/hkm) 26.40 2640 2330 2330 2330 23.00 2250 2270 2290 2270 2270
N,O (g/hkm)  0.55 0.61 0.57 0.57 0.57 0.57 0.56 0.45 0.45 0.40 0.40
CHy4 (g/hkm) 3690 3690 31.30 31.30 3130 30.90 30.30 2790 2820 2790 27.90
N>O (g/hkm)  0.71 0.80 0.73 0.74 0.74 0.73 0.73 0.56 0.57 0.50 0.50
CHy (g/hkm) 4090 4090 3740 3740 3740 3730 3720 36.60 36.70 36.60 36.60
N,O (g/hkm)  0.42 0.42 0.41 0.41 0.41 0.41 0.41 0.29 0.29 0.29 0.29
CH4 (g/hkm) 2220 2470 1690 1690 1770 1730 1470 1620 1750 1620 16.40
N,O (g/hkm)  0.18 0.20 0.14 0.15 0.16 0.16 0.15 0.21 0.21 0.22 0.22
CHy4 (g/hkm) 3320 37.00 21.30 2140 2230 2180 18.60 30.50 3290 30.50 30.80
N>O (g/hkm)  0.26 0.30 0.18 0.19 0.20 0.21 0.19 0.39 0.39 0.41 0.42
CHy (g/hkm) 2870 28.80 31.30 31.30 3130 30.90 3040 3020 30.50 30.20 30.20
N,O (g/hkm)  0.11 0.11 0.10 0.10 0.10 0.12 0.12 0.12 0.12 0.12 0.12
CH4 (g/hkm) 154.60 154.70 160.30 160.30 160.40 157.60 154.20 210.70 213.10 210.50 210.60
N,O (g/hkm)  0.52 0.52 0.55 0.55 0.55 0.68 0.66 0.86 0.87 0.86 0.86
CHy (g/hkm) 52.00 52.00 65.60 6570 6570 6450 6320 6190 6250 61.80 61.80
N,O (g/hkm)  0.32 0.32 0.35 0.35 0.35 0.41 0.40 0.40 0.40 0.40 0.40
CHy (g/hkm) 160.40 160.60 141.10 141.10 141.20 138.70 135.80 128.90 130.40 128.80 128.90
N,O (g/hkm)  0.59 0.59 0.55 0.55 0.55 0.67 0.65 0.64 0.65 0.64 0.64
CHy (g/hkm) 24570 246.00 226.10 226.20 226.30 22230 217.60 121.50 122.90 121.40 121.40
N>O (g/hkm) 0.76 0.76 0.72 0.73 0.73 091 0.89 0.59 0.60 0.59 0.60

The findings obtained from the analysis are broadly consistent with the established
literature concerning the relative emission characteristics of different vehicle and fuel
pathways, while the present results specifically represent WTW CHy and N, O emission
intensities rather than annual national emission inventories. The lower CHy and N,O
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intensities observed for some light-duty passenger platforms, particularly SI HEVs and
BEVs, are consistent with studies by Ke et al. [34] and Yang et al. [35], which reported lower
emissions for hybrid and electric configurations compared with conventional ICEVs under
the conditions considered in those studies. Furthermore, the moderate emission profile of
alternative fuels such as SI ICEV-LPG is generally consistent with the findings reported by
Choi et al. [36]. The substantial reduction observed for heavy-duty transit buses is consistent
with the influence of improved combustion control and exhaust after-treatment technologies
on vehicle emissions, as reported for modern commercial road vehicles [37]. However,
the results should not be interpreted solely in terms of tailpipe performance because the
present assessment covers the complete WITW boundary. Accordingly, residual CH4 and
N,O emissions for electric vehicles can originate from upstream electricity-generation
pathways, while variations observed for conventional and heavy-duty technologies can
also reflect upstream fuel-production processes [38]. The results therefore demonstrate the
importance of considering both vehicle technology and the associated energy pathway
when comparing WTW CH4 and N,O emission intensities [39].

The hypothetical electricity-generation scenarios for 2040 and 2050 presented in Table 4
further demonstrate the influence of energy-generation pathways on the WTW CH,4 and
N,O emission intensities of different vehicle technologies. These scenarios represent in-
dividual electricity-generation pathways applied independently to the national grid and
are intended to isolate the effects of alternative energy-generation conditions; they do not
represent forecasts of Ttirkiye’s actual future electricity mix or future fleet composition.
Across the evaluated scenarios, conventional gasoline and diesel vehicles generally exhibit
relatively stable WTW emission intensities, reflecting the treatment of their corresponding
fuel-production pathways and vehicle technologies within the configured GREET frame-
work. In contrast, BEVs show substantially greater sensitivity to the electricity-generation
pathway because their upstream WTW emissions depend directly on the electricity used for
vehicle operation. Under fossil-fuel-dominated pathways, including oil-, coal-, and natural-
gas-based electricity generation, BEVs may exhibit increased CHy and N,O emission
intensities because of upstream electricity-generation emissions. Conversely, under re-
newable and nuclear electricity-generation pathways, BEVs generally exhibit substantially
lower WTW emission intensities, with some pathways resulting in values of 0.00 g/hkm for
CHj4 or N7O. Such 0.00 values indicate zero emissions within the defined WTW boundary
and the adopted GREET pathway assumptions; they should not be interpreted as zero
emissions over the complete vehicle life cycle because vehicle manufacturing, battery pro-
duction, infrastructure, maintenance, and end-of-life processes are outside the adopted
WTW boundary. Hydrogen FCVs present a different pathway-dependent behavior. While
gaseous hydrogen platforms maintain comparatively moderate WTW emission intensities
across the evaluated scenarios, liquid hydrogen vehicles (FCV-Liquid H;) exhibit elevated
CHy, intensities, reaching up to 44.70 g/hkm under coal-intensive scenarios. This result
reflects the upstream energy requirements associated with hydrogen production and condi-
tioning, including the additional energy demand associated with hydrogen liquefaction,
together with the corresponding energy-generation pathway. Overall, the results indicate
that the WTW CH, and N;O emission intensities of alternative vehicle technologies depend
not only on the vehicle powertrain but also on the upstream energy pathway, and that
lower WTW emission intensities for electrified and hydrogen technologies are associated
with lower-emission electricity and energy-production pathways.

https://doi.org/10.3390/pr14213533


https://doi.org/10.3390/pr14213533

Processes 2026, 14, 3533 14 of 21
Table 4. Vehicle CH, and N, O emissions scenario of Tiirkiye in 2040-2050.
2040 2050
Electricit . CHy4 N,O CHy4 N,O
generation t})r,pes Vet oz (g/hkm) (g/hkm) (g/hkm) (g/hkm)
Car: SIICEV 23.10 0.76 23.10 0.76
Car: SIDI ICEV 20.10 0.69 20.10 0.69
Car: CIDI ICEV 20.70 0.83 20.60 0.83
Car: ST HEV 18.30 0.65 18.20 0.65
Car: SIPHEV 18.10 0.35 18.10 0.35
Car: SI ICEV—LPG 26.70 0.27 26.60 0.27
Car: EV 17.10 0.22 17.10 0.22
Car: FCV—Gaseous Hj 27.30 0.22 27.30 0.22
Car: FCV—Liquid H; 37.00 0.30 38.90 0.36
100% Oil-Fired SUV: SIICEV 25.40 0.88 25.40 0.88
Power Generation SUV: SIHEV 20.40 0.77 20.40 0.77
SUV: SI PHEV 0.35 0.01 21.70 0.43
SUV: EV 40.40 0.53 40.40 0.53
HDV: Short-Haul Truck CIDI 163.40 7.70 156.30 7.40
HDV: Short-Haul Truck EV 154.90 2.00 136.80 1.80
HDV: HD PUT and Van CIDI 45.40 2.30 42.50 2.10
HDV: HD PUT and Van EV 41.80 0.55 37.60 0.49
HDV: Intercity Bus CIDI 113.10 5.40 113.00 5.40
HDV: Transit Bus CIDI 92.60 4.40 84.80 4.10
HDYV: Transit Bus—EV 136.30 1.80 121.80 1.60
Car: SIICEV 23.60 0.77 23.60 0.77
Car: SIDI ICEV 20.60 0.70 20.60 0.70
Car: CIDI ICEV 21.00 0.83 21.00 0.83
Car: SIHEV 18.70 0.66 18.60 0.66
Car: SI PHEV 23.90 0.46 23.90 0.46
Car: SIICEV—LPG 26.80 0.28 26.80 0.28
Car: EV 24.60 0.35 24.50 0.35
Car: FCV—Gaseous Hj 28.90 0.24 28.80 0.24
Car: FCV—Liquid H, 44.70 0.46 44.70 0.46
100% Coal-Fired SUV: SIICEV 26.00 0.89 25.90 0.89
Power Generation SUV: STHEV 20.80 0.78 20.80 0.78
SUV: SI PHEV 28.90 0.55 28.90 0.55
SUV: EV 57.90 0.83 57.90 0.83
HDV: Short-Haul Truck CIDI 167.10 7.80 159.90 7.40
HDV: Short-Haul Truck EV 222.00 3.20 196.20 2.80
HDV: HD PUT and Van CIDI 46.40 2.30 43.40 2.10
HDV: HD PUT and Van EV 59.90 0.86 54.00 0.78
HDV: Intercity Bus CIDI 115.70 5.50 115.50 5.50
HDV: Transit Bus CIDI 94.70 4.50 86.80 4.10
HDV: Transit Bus—EV 195.30 2.80 174.60 2.50
Car: SIICEV 23.20 0.75 23.20 0.75
Car: SIDI ICEV 20.30 0.69 20.20 0.68
o Car: CIDI ICEV 20.80 0.82 20.70 0.82
Gi‘;‘_’;‘;g;g‘:j\:er Car: ST HEV 18.40 0.65 18.40 0.65
Generation Car: SIPHEV 19.60 0.26 19.60 0.26
Car: SI ICEV—LPG 26.70 0.27 26.70 0.27
Car: EV 19.10 0.11 19.10 0.11
Car: FCV—Gaseous Hj 27.70 0.19 27.70 0.19
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Table 4. Cont.
2040 2050

Car: FCV—Liquid H; 40.50 0.27 40.40 0.27

SUV: SIICEV 25.60 0.87 25.50 0.87

SUV: SI HEV 20.50 0.76 20.50 0.76

SUV: SI PHEV 23.60 0.32 23.60 0.32

o SUV: EV 45.00 0.26 45.00 0.26

100% Natural HDV: Short-Haul Truck CIDI 164.40 7.70 157.30 7.30

Gaé’f::r‘; tli’(‘)’:l"er HDV: Short-Haul Truck EV 172.50 0.99 152.50 0.87

HDV: HD PUT and Van CIDI 45.70 2.20 42.70 2.10

HDV: HD PUT and Van EV 46.50 0.27 41.90 0.24

HDV: Intercity Bus CIDI 113.80 5.40 113.70 5.40

HDV: Transit Bus CIDI 93.10 4.40 85.40 4.10

HDV: Transit Bus—EV 151.80 0.87 135.70 0.78

Car: SIICEV 22.10 0.81 22.10 0.81

Car: SIDI ICEV 19.30 0.73 19.20 0.73

Car: CIDI ICEV 19.90 0.86 19.90 0.86

Car: SIHEV 17.50 0.69 17.40 0.69

Car: SIPHEV 6.30 0.90 6.30 0.90

Car: SI ICEV—LPG 26.30 0.29 26.30 0.29

Car: EV 2.20 0.92 2.10 0.92

Car: FCV—Gaseous H, 24.30 0.36 24.30 0.36

Car: FCV—Liquid H; 27.30 0.90 27.20 0.90

100% Biomass SUV: SIICEV 24.30 0.93 24.30 0.93

Power Generation SUV: STHEV 19.50 0.81 19.50 0.81

SUV: SI PHEV 7.30 1.10 7.30 1.10

SUV: EV 5.10 2.20 5.00 2.20

HDV: Short-Haul Truck CIDI 156.00 8.10 149.20 7.70

HDV: Short-Haul Truck EV 19.60 8.30 17.10 7.30

HDV: HD PUT and Van CIDI 43.40 2.30 40.60 2.20

HDV: HD PUT and Van EV 5.30 2.20 4.70 2.00

HDV: Intercity Bus CIDI 108.00 5.70 107.90 5.60

HDV: Transit Bus CIDI 88.40 4.60 81.00 4.30

HDV: Transit Bus—EV 17.20 7.30 15.20 6.50

Car: SIICEV 21.90 0.74 21.90 0.74

Car: SIDI ICEV 19.10 0.68 19.10 0.68

Car: CIDI ICEV 19.80 0.81 19.80 0.81

Car: SIHEV 17.30 0.64 17.30 0.64

Car: SIPHEV 4.60 0.18 4.60 0.18

Car: SIICEV—LPG 26.30 0.27 26.30 0.27

Car: EV 0.00 0.00 0.00 0.00

Car: FCV—Gaseous Hj 23.80 0.17 23.80 0.17

Car: FCV—Liquid H; 25.60 0.18 25.60 0.18

. SUV: SI ICEV 24.10 0.86 24.10 0.86

100% Hydroelectric SUV: SI HEV 19.40 0.75 19.30 0.75

Power Generation SUV: SI PHEV 5.30 0.21 5.30 0.21

SUV: EV 0.00 0.00 0.00 0.00

HDV: Short-Haul Truck CIDI 154.90 7.60 148.20 7.30

HDV: Short-Haul Truck EV 0.00 0.00 0.00 0.00

HDV: HD PUT and Van CIDI 43.10 2.20 40.30 2.10

HDV: HD PUT and Van EV 0.00 0.00 0.00 0.00

HDV: Intercity Bus CIDI 107.30 5.30 107.10 5.30

HDV: Transit Bus CIDI 87.80 4.40 80.50 4.00

HDV: Transit Bus—EV 0.00 0.00 0.00 0.00
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Table 4. Cont.
2040 2050

Car: SIICEV 21.90 0.74 21.90 0.74

Car: SIDI ICEV 19.10 0.68 19.10 0.68

Car: CIDIICEV 19.80 0.81 19.80 0.81

Car: SI HEV 17.30 0.64 17.30 0.64

Car: SIPHEV 4.60 0.18 4.60 0.18

Car: SIICEV—LPG 26.30 0.27 26.30 0.27

Car: EV 0.00 0.00 0.00 0.00

Car: FCV—Gaseous Hj 23.80 0.17 23.80 0.17

Car: FCV—Liquid H; 25.60 0.18 25.60 0.18

100% Geothermal SUV: SIICEV 24.10 0.86 24.10 0.86

Power Generation SUV: STHEV 0.22 0.01 19.30 0.75

SUV: SI PHEV 5.30 0.21 5.30 0.21

SUV: EV 0.00 0.00 0.00 0.00

HDV: Short-Haul Truck CIDI 154.90 7.60 148.20 7.30

HDV: Short-Haul Truck EV 0.00 0.00 0.00 0.00

HDV: HD PUT and Van CIDI 43.10 2.20 40.30 2.10

HDV: HD PUT and Van EV 0.00 0.00 0.00 0.00

HDV: Intercity Bus CIDI 107.30 5.30 107.10 5.30

HDV: Transit Bus CIDI 87.80 4.40 80.50 4.00

HDV: Transit Bus—EV 0.00 0.00 0.00 0.00

Car: SIICEV 21.90 0.74 21.90 0.74

Car: SIDI ICEV 19.10 0.68 19.10 0.68

Car: CIDI ICEV 19.80 0.81 19.80 0.81

Car: SIHEV 17.30 0.64 17.30 0.64

Car: SIPHEV 4.60 0.18 4.60 0.18

Car: SI ICEV—LPG 26.30 0.27 26.30 0.27

Car: EV 0.00 0.00 0.00 0.00

Car: FCV—Gaseous H» 23.80 0.17 23.80 0.17

Car: FCV—Liquid H; 25.60 0.18 25.60 0.18

100% Wind Power SUV: SIICEV 24.10 0.86 24.10 0.86

Generation SUV: SIHEV 19.40 0.75 19.30 0.75

SUV: SI PHEV 5.30 0.21 5.30 0.21

SUV: EV 0.00 0.00 0.00 0.00

HDV: Short-Haul Truck CIDI 154.90 7.60 148.20 7.30

HDV: Short-Haul Truck EV 0.00 0.00 0.00 0.00

HDV: HD PUT and Van CIDI 43.10 2.20 40.30 2.10

HDV: HD PUT and Van EV 0.00 0.00 0.00 0.00

HDV: Intercity Bus CIDI 107.30 5.30 107.10 5.30

HDV: Transit Bus CIDI 87.80 4.40 80.50 4.00

HDV: Transit Bus—EV 0.00 0.00 0.00 0.00

Car: SIICEV 21.90 0.74 21.90 0.74

Car: SIDI ICEV 19.10 0.68 19.10 0.68

Car: CIDIICEV 19.80 0.81 19.80 0.81

Car: SIHEV 17.30 0.64 17.30 0.64

100% Solar Power Car: SIPHEV 4.60 0.18 4.60 0.18

Plant Car: SIICEV—LPG 26.30 0.27 26.30 0.27

Car: EV 0.00 0.00 0.00 0.00

Car: FCV—Gaseous Hj 23.80 0.17 23.80 0.17

Car: FCV—Liquid H; 25.60 0.18 25.60 0.18

SUV: SIICEV 24.10 0.86 24.10 0.86
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Table 4. Cont.
2040 2050
SUV: SIHEV 19.40 0.75 19.30 0.75
SUV: SI PHEV 5.30 0.21 5.30 0.21
SUV: EV 0.00 0.00 0.00 0.00
HDV: Short-Haul Truck CIDI 154.90 7.60 148.20 7.30
100% Solar Power HDV: Short-Haul Truck EV 0.00 0.00 0.00 0.00
Plant HDV: HD PUT and Van CIDI 43.10 2.20 40.30 2.10
HDV: HD PUT and Van EV 0.00 0.00 0.00 0.00
HDV: Intercity Bus CIDI 107.30 5.30 107.10 5.30
HDV: Transit Bus CIDI 87.80 4.40 80.50 4.00
HDV: Transit Bus—EV 0.00 0.00 0.00 0.00
Car: SIICEV 21.90 0.74 21.90 0.74
Car: SIDI ICEV 19.10 0.68 19.10 0.68
Car: CIDIICEV 19.80 0.81 19.80 0.81
Car: SI HEV 17.30 0.64 17.30 0.64
Car: SI PHEV 4.60 0.18 4.60 0.18
Car: SI ICEV—LPG 26.30 0.27 26.30 0.27
Car: EV 0.05 0.00 0.05 0.00
Car: FCV—Gaseous Hj 23.90 0.17 23.80 0.17
Car: FCV—Liquid H; 25.60 0.19 25.60 0.19
100% Nuclear SUV: SIICEV 24.10 0.87 24.10 0.87
Power Planttion SUV: STHEV 19.40 0.76 19.30 0.75
SUV: SI PHEV 5.30 0.22 5.30 0.22
SUV: EV 0.13 0.01 0.13 0.01
HDV: Short-Haul Truck CIDI 154.90 7.60 148.20 7.30
HDV: Short-Haul Truck EV 0.48 0.03 0.43 0.02
HDV: HD PUT and Van CIDI 43.10 2.20 40.30 2.10
HDV: HD PUT and Van EV 0.13 0.01 0.12 0.01
HDV: Intercity Bus CIDI 107.30 5.30 107.20 5.30
HDV: Transit Bus CIDI 87.80 4.40 80.50 4.00
HDV: Transit Bus—EV 0.43 0.02 0.38 0.02

4. Conclusions

This study provides a Tiirkiye-specific assessment of WITW CHy4 and N,O emission
intensities by combining historical analysis for 20132023 with hypothetical electricity-
generation scenarios for 2040 and 2050 across different powertrain technologies and energy
pathways. The historical results indicate that changes in vehicle technologies, engine
efficiency, and vehicle-level after-treatment systems were associated with reductions in
WTW CHyjy and 2,0 emission intensities across several light-duty vehicle categories and
specific heavy-duty segments, including transit buses. However, these reductions were not
uniform across all vehicle technologies and years, and some vehicle categories exhibited
increases in emission intensities during specific periods. The hypothetical 2040 and 2050
scenarios further demonstrate that vehicle technology alone does not determine WTW 4Hy
and N>O emission intensities, as upstream electricity-generation pathways can substan-
tially affect the resulting values. These findings highlight the importance of considering
vehicle technologies together with their associated energy pathways within a consistent
WTW boundary.

The results indicate that battery electric vehicles (Car: EV) and spark-ignition hy-
brid electric vehicles (Car: SI HEV) generally exhibited relatively low WITW CHy and
N,O emission intensities among the evaluated light-duty technologies under the consid-
ered conditions. However, the results do not identify a single technology as uniformly
lower-emitting across all vehicle categories and energy pathways. Among the heavy-duty
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technologies, short-haul trucks (HDV: Combination Short-Haul Truck CIDI) exhibited com-
paratively high emission intensities in several cases, including increases in CHy emissions
after 2019. Liquid hydrogen platforms (FCV-Liquid Hy) also exhibited elevated CHy emis-
sion intensities under certain electricity-generation scenarios, reaching up to 44.70 g/hkm
under coal-intensive generation. This result reflects the contribution of upstream hydro-
gen production and conditioning processes, including the additional energy requirements
associated with hydrogen liquefaction, together with emissions associated with the corre-
sponding energy-generation pathway. The results therefore demonstrate that the WTW
emission characteristics of alternative vehicle technologies depend on both powertrain
characteristics and upstream energy pathways.

For Tiirkiye, the findings provide a quantitative basis for comparing alternative road-
transport vehicle and energy pathways in terms of WTW CHy4 and N> O emission intensities.
In particular, the hypothetical 2040 and 2050 scenarios demonstrate that the WTW emission
intensities of electrified and hydrogen-based technologies are strongly dependent on the
associated electricity and energy-production pathways. The lower values obtained under
renewable and nuclear electricity-generation scenarios indicate the potential importance
of changes in the energy supply system for reducing upstream non-CO, greenhouse gas
emissions associated with road transport. At the same time, the 2040 and 2050 results
should not be interpreted as forecasts of Ttirkiye’s future electricity mix or vehicle fleet
composition. The reported values represent WTW emission intensities within the defined
system boundary; vehicle manufacturing, battery production, infrastructure construction,
maintenance, and end-of-life processes are outside the scope of the analysis. Accordingly,
the study provides a Tiirkiye-specific WTW assessment of CH4 and N,O across alternative
vehicle technologies and energy pathways, while recognizing that the resulting emission
intensities depend on the assumed vehicle, fuel, and electricity-generation conditions.
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Nomenclature

BEV battery electric vehicle
CE combustion emission
CHy methane

CO, carbon dioxide
COy-eq carbon dioxide equivalents

CTS combustion technology share
E energy

EC energy consumption

EF emission factor

ESS energy source share

EV electric vehicle

FCV fuel cell vehicle

GHG greenhouse gas

GREET greenhouse gases, regulated emissions, and energy use in transportation
GWP global warming potential

HEV hybrid electric vehicle

hkm hundred kilometres

ICEV internal combustion engine vehicle
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LCA life-cycle assessment

LHV lower-heating value

LPG liquefied petroleum gas

N,O nitrous oxide

PES process energy source

PHEV  plug-in hybrid electric vehicle
PTW pump-to-wheel

SI spark ignition
TE total emission
UE upstream emission

WTP well-to-pump
WTW well-to-wheel

Symbols

> summation

n efficiency

Subscripts

i pollutant of the energy source
in input

j energy source

k combustion technology
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