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Abstract 

Growing concerns over greenhouse gas (GHG) emissions have positioned hydrogen fuel cell buses 
(HFCBs) as a promising alternative for sustainable urban mobility. By elimi-nating tailpipe emissions 
and enabling significant reductions in well-to-wheel GHG in-tensities when hydrogen is sourced 
from renewables, HFCBs can contribute to improved urban air quality, energy diversification, and 
alignment with climate goals. Despite these benefits, large-scale adoption faces challenges related to 
production costs, hydrogen infra-structure, and efficiency improvements across the supply chain. 
Life Cycle Assessment (LCA) provides a valuable framework to assess these trade-offs holistically, 
capturing en-vironmental, economic, and social dimensions of HFCB deployment. However, incon-
sistencies in system boundaries, functional units, and impact categories highlight the need for more 
standardized and comprehensive methodologies. This paper examines the potential of hydrogen 
buses by synthesizing evidence from peer-reviewed studies and identifying opportunities for 
integration into urban fleets. Findings suggest that when combined with robust LCA approaches, 
hydrogen buses offer a pathway toward decar-bonized, cleaner, and more resilient public transport 
systems. Strategic adoption could not only enhance environmental performance but also foster 
innovation, infrastructure de-velopment, and long-term economic viability, positioning HFCBs as a 
cornerstone of sus-tainable urban transportation transitions. 

Keywords: public transportation; urban buses; hydrogen fuel cell buses; life cycle assessment; 
decision-making; life cycle impact categories 
 

1. Introduction 

Urban public transport is one of the primary contributors to energy consumption in 
transportation worldwide [1], even though it is more efficient than private vehicles in terms of 
passenger capacity and environmental impact [2]. However, the use of petroleum-based fuels, 
derived from fossil sources, is also responsible for a significant increase in greenhouse gases (GHG) 
emissions and atmospheric pollutant emissions [3]. Despite the technological progress in the energy 
system that has been observed with the use of renewable alternative sources, which are less and/or 
zero-polluting thus mitigating emissions, a complete transition to net-zero emissions requires 
decarbonization across all areas of energy production and usage, which requires rapid innovation in 
order to bring clean technologies that will be applied where emissions are most challenging to 
address, such as urban transportation [4]. 

In this context, hydrogen fuel cell vehicle technology has potential benefits in terms of 
substantial efficiency gains and a moderate transition from fossil fuel-based to renewable energy 
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sources [5], playing an important role for the Climate Agenda, as a strategy to decarbonize various 
sectors, from industry to transportation [6].Apart from the positive steps that have been taken 
regarding market-available innovations, there is still a need to evaluate the effectiveness of these 
technologies beyond the operational performance, also requiring a sustainable assessment [4] 
through a life cycle approach [7]. Therefore, the Life Cycle Assessment (LCA) seems a valuable tool 
to provide a comprehensive assessment of the potential environmental impacts considering all the 
technology life cycle [8]. Several studies have conducted a LCA of technological alternatives replacing 
fossil fuel use for urban buses, as observed in the review [6,7,9,10]. However, the objective of 
improving the robustness of the method by focusing on system boundaries definition, hydrogen 
pathways and public transport remains. This paper aims to review the scientific literature regarding 
LCAs of hydrogen fuel cell buses to provide a comprehensive overview for evidence-based 
environmental decision-making on urban public transportation. The decision to focus specifically on 
hydrogen fuel cell buses, despite the limited number of research papers in this area, is driven by the 
unique role urban buses play in public transportation systems and their potential to significantly 
reduce GHG emissions in densely populated areas. 

By using explicit and systematic methods to minimize biases and provide reliable results, 
Systematic Literature Review (SLR) is a rigorous and structured method of analysis whose purpose 
is to identify, evaluate and synthesize all available evidence related to a specific research question 
[11]. The process involves a comprehensive and organized search for relevant studies, a critical 
assessment of the methodological quality of these studies, and the synthesis of the results in order to 
draw evidence-based conclusions [12]. Therefore, it contributes to the development not only of an 
integrated view of the state of the art but also to the identification of knowledge gaps and research 
opportunities [13]. In this sense, the novelty of this study lies in its in-depth analysis of LCA 
methodologies applied to urban bus systems, with a particular focus on hydrogen (H₂) as a key 
energy carrier. By examining assumptions, functional units (FU), system boundaries, and impact 
categories, this work not only identifies critical gaps in current research but also highlights the 
untapped potential of H₂ to enhance sustainability in urban bus transportation. The findings thus 
provide a foundation for future studies to optimize LCA frameworks for H₂-powered buses and 
accelerate their adoption as a viable low-emission solution. 

This study is structured as follows: Section 1 presents a contextualization of the topic and the 
goal of the study; Section 2 summarizes the methodology procedure defined for the collection and 
analysis of relevant studies; Section 3 presents the results and discussion; Section 4 provides final 
remarks. 

2. Materials and Methods 

This section outlines the methodology and procedures employed in this study, including the 
SLR process, the bibliometric analysis, and an overview of existing review articles. It also identifies 
the research gaps and formulates the research hypothesis to guide the study. 

2.1. Methodology Procedure 

The present study used a systematic review based on the stages of a Systematic Literature 
Review (SLR) according to the PRISMA protocol (Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses). PRISMA is defined by a set of guidelines with the objective of improving the 
quality and transparency of reporting in systematic reviews and meta-analyses, providing a clear 
framework with essential items to be included in the review through a checklist, which ensures a 
comprehensive approach [12,14]. PRISMA check list is widely used in several areas besides 
engineering, such as health care and nature [15–17]. Figure 1 shows the procedure of screening and 
selection of the research articles to be included in this review. This study is limited to analyze LCA 
studies published in peer-reviewed journals and whose content address technological alternatives 
for urban buses, including only those that conduct a comparative assessment with hydrogen fuel cell 
buses. 
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Figure 1. Methodological procedure. Source: Created by the authors. 

A broad search was conducted in Scopus, Web of Science (WoS) and Google Scholar [18,19]. 
Although it is known that Google Scholar is less reliable [20], it was included in this study due to the 
limited number of specific studies available in this area. The structured keywords used for the 
literature search in these databases were 'life cycle assessment' and its acronym, 'hydrogen', 'bus', and 
'public transport'. Initially, 119 studies were found, and BibText files resulting from the searches in 
the databases were imported into RStudio, converted and merged. Then, duplicates were removed, 
resulting in 85 records. Given that Scopus and WoS databases may contain the same documents in 
different forms, the existence of persistent duplicates is possible. Therefore, the records were exported 
to Excel and manually checked. Then, it was reduced to 62 after excluding documents that were not 
articles or conference papers. A total of 42 documents were deemed eligible after excluding studies 
irrelevant to the topic by reviewing the abstracts and contents of each study. These selected studies 
utilised the LCA methodology, allowing for the assessment of their objectives and scope. It should 
be noted that 2 more studies were included in the analysis because gaps in the literature review 
regarding the systematization of hydrogen production routes have been observed. 

As bibliometric analyses can potentially offer a systematic and transparent review approach, 
grounded in the statistical measurement of science [21], a bibliometric analysis was carried out 
considering the 52 studies from the screening phase. The results of this bibliometric analysis pointed 
out the distribution of publications and citations across time and space, the most productive and 
influential authors, institutions and countries, and the publications patterns and main topics. The 
Bibliometric package available on RStudio was used to investigate metadata, then Biblioshiny was 
deployed for data analysis 

2.2. Overview of the Existing Review Articles 

There are few studies dealing with LCA of technological alternatives to the use of fossil fuels for 
urban buses [6,7,9,10]. Noussam et al. [6] conducted a systemic and strategic analysis of key aspects 
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related to the implementation of an energy system based on green and blue hydrogen technologies, 
including market and geopolitical perspectives. They compared the pathways of green and blue 
hydrogen production by assessing their potential contributions to supporting a low-carbon energy 
system, especially in geographic regions where renewable energy capacity may be insufficient. Their 
results contribute to understand the complexity of the hydrogen value chain, which still faces 
significant challenges in energy efficiency, transportation and storage, underscoring the need for clear 
approaches and adaptive strategies to achieve acceptable costs. Deliali et al. [7] investigated zero-
emission bus (ZEB) implementations across the United States (USA) by taking primary data and key 
variables related to energy efficiency, operation and maintenance costs for driving public policies 
towards ZEB implementation. Liu et al. [9] conducted a meta-analysis of 76 selected articles 
reviewing life cycle assessment (LCA) frameworks applied to alternative fuels (AFs) across various 
vehicle types (cars, buses, trucks, tractors, etc.). The authors identified critical emission points 
through simulations and operational conditions of these vehicles globally, while also assessing future 
research directions. However, they noted a lack of studies focusing on public transportation and 
developing countries, suggesting that future research should prioritize acquiring reliable data, 
developing comprehensive LCA frameworks for different AFs, conducting in-depth analysis of 
critical emission points and other impacts, and giving greater attention to regions with potential for 
AF development. Ally et al. [10] analyzed trends and trajectories in energy use and emissions in the 
Australian road transport sector and concluded that, by 2032, the energy consumption by heavy 
vehicles is expected to surpass that of light vehicles. Finally, Wijayasekera et al. [22] reviewed the role 
of hydrogen fuel cell buses (HFCBs) in the hydrogen economy, highlighting their potential as a key 
mode of sustainable, road-based public transport. The review summarized the most promising clean 
hydrogen production pathways and examined the latest techno-economic and socio-environmental 
research trends for HFCBs. 

2.3. Work Gap and Research Hypothesis 

It can be concluded from the available review articles relevant to the topic, that most works 
followed a general trend of dealing with energy use, atmospheric emissions, technical challenges, 
economic and geopolitical implications. On the contrary, this paper contributes to a novel systematic 
and specific discussion of key aspects for decision-making considering LCA methodology focused 
on urban public transportation by hydrogen fuel cell buses. This study attempts to capture the range 
of existing work in the mentioned area by answering the following research questions: 

1. What is the significance of the topic? Which terms have emerged in relation to it over time? 
2. How have the vehicle life cycle and fuel life cycle been addressed in LCA studies on 

hydrogen cell buses? 
3. Which environmental life cycle impact categories are most assessed? How is environmental 

performance linked with the other dimensions of sustainability (economic and social) for decision-
making? 

4. Which technologies for hydrogen production are frequently evaluated? What are the 
primary barriers affecting their feasibility? 

5. Which technologies for urban buses are frequently compared to hydrogen cell buses? What 
are the main differences between them? 

3. Results and Discussion 

This section presents the findings of the bibliometric analysis and systematic review, focusing 
on the trends, methodologies, and technologies related to hydrogen fuel cell buses. It also discusses 
the environmental, economic, and social dimensions of these studies, identifying gaps and 
opportunities for future research. 
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 December 2025 doi:10.20944/preprints202512.1946.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1946.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 23 

 

3.1. Main Results from the Bibliometric Analysis 

The analysis period covers 24 years of scientific production (2001–2024). Since 2018, an increase 
in the number of published articles has been observed. Besides, the number of scientific articles 
published in 2024 peaked at more than twice as many as all publications in 2019 (Figure 2). This 
demonstrates the growing worldwide attention given to the subject in recent years. The articles came 
from 29 countries. Poland is the most productive country with 12 articles (8.7% of all articles), 
followed closely by Australia and the United States with 11 articles each. Most of the publications on 
the subject are concentrated in the European Continent and the Anglosphere, except for some 
honorable mentions such as Morocco (8 articles), China and Iran (7 articles each) and Brazil (6 
articles). Another relevant information is the number of citations, as it helps measure the scientific 
impact of a study over time. For this reason, this indicator is usually adopted in bibliometric studies. 
Although Poland is the country with the most articles published on the subject, it is not the country 
with the highest number of citations. Italy ranks first in terms of total citations of articles published 
with 224 citations, as it has the most cited article [6] with 168 citations. It is then followed by the US 
(182 citations), Australia (173 citations), Canada (113 citations), Portugal (108 citations), the UK (101) 
and Germany (96). It’s worth noting that most of the citations are concentrated in the European 
Continent and the Anglosphere, similarly to the situation verified for total scientific production. 

 
Figure 2. Annual scientific production in Scopus and WoS. Source: Created by the authors. 

Keywords are provided by authors to synthesize predominant ideas of an article, while 
keywords plus are extracted from titles of cited references, providing a conceptual base of the article 
[23]. Terms such as life cycle, life-cycle assessment, hydrogen, and greenhouse gases have displayed 
a sharp growth since 2015, reflecting the intensification of research on environmental evaluation and 
decarbonization pathways in public transport (Figure 3). Keywords related to environmental 
burdens - carbon dioxide - also present a steady upward trajectory, indicating their persistent 
centrality in the academic discourse. By contrast, terms such as buses have grown more gradually, 
suggesting that while they remain relevant, their conceptual contribution is often embedded in 
broader analytical frameworks. Overall, the cumulative trend highlights the increasing attention 
given to life cycle methodologies and hydrogen technologies, consolidating their role as dominant 
research themes in the transition toward sustainable urban mobility.  
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Figure 3. The top 10 most frequent keywords plus cumulative occurrence over time. Source: Created by the 
authors. 

Another way to have a good comprehension about research themes and trends on the topic is 
through the Multiple Correspondence Analysis (MCA), that condenses complex data featuring 
multiple variables into a lower-dimensional space, typically a two-dimensional graph (Figure 4). This 
graphic presents a biplot derived from a multivariate statistical analysis, likely correspondence 
analysis or principal component analysis, aimed at exploring the relationships among a set of terms 
associated with sustainable energy, fuel technologies, and environmental assessments. The 
horizontal axis, labeled Dim 1, accounts for 56.82% of the total variance in the dataset, while the 
vertical axis, Dim 2, represents 17.21% of the variance. Together, these two dimensions explain 
approximately 74% of the total variability, providing a meaningful two-dimensional representation 
of the data structure. Interpretation of the results hinges on the positions of points and their 
distribution across dimensions, whereby closer proximity indicates greater similarity [23]. Terms 
located near each other tend to appear in similar contexts or exhibit semantic associations. 

Cluster 1 (in red) encompasses a cluster containing 47 terms, including key concepts such as “life 
cycle assessment,” “fuel cell,” “hydrogen,” “greenhouse gases,” “electric buses,” and “carbon 
dioxide.” This grouping suggests a dominant thematic concentration on renewable energy 
technologies, hydrogen-based systems, emission reduction strategies, and sustainable public 
transport. The dense proximity of these terms indicates a high degree of co-occurrence or semantic 
association within the analyzed corpus, reflecting their frequent joint appearance in academic or 
technical publications related to environmental technologies. 

Cluster 2 (in blue) includes 5 terms focusing on alternative fuels and on practical implementation 
within the bus transport sector, while emphasizing emission. The relative isolation and cohesive 
positioning of these terms imply a distinct thematic subset more closely linked to environmental 
regulatory frameworks, strategic fuel alternatives, and policy-oriented approaches to sustainable 
mobility. 
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Figure 4. Conceptual Structure Map through MCA. Source: Created by the authors. 

3.2. Results of the Systematic Review 

Considering that LCA studies can be expanded in order to include broader sustainability 
considerations beyond purely environmental impacts [24]. Table 1 summarizes the studies that 
applied LCA integrated with other economic and/or social indicators, emphasizing the importance 
of a comprehensive assessment that encompasses environmental, economic and social dimensions. 
In studies exclusively focused on Environmental Life Cycle Assessment (Env-LCA), it has been 
observed that all of them evaluated the impact of climate change. Additionally, ten articles examined 
the potential for acidification [5,8,25–32], while seven studies investigated primary energy demand 
[5,28,33,38,41,43,44]. In studies employing Env-LCA combined with economic analysis, three impact 
categories were identified: climate change, which was assessed in all studies; acidification potential; 
and photochemical oxidation [24]. 

Energy consumption was examined in four studies [47–50]. Regarding economic analyses, the 
following parameters were evaluated: Lifetime Operation Costs [45,46,54], Total Life Cycle Cost 
[45,46,49], Maintenance cost [51], Cost of fuel production [51,52], and Levelized Cost of Driving [50]. 
It was observed that the high cost and lack of refueling infrastructure are major barriers to the 
introduction of hydrogen in public transport [33]. There’s still a need to minimize the costs associated 
with acquisition, operation and disposal [34]. Consequently, it is important to assess hydrogen 
production methods, as they significantly influence operational costs [35], along with other economic 
analyses such as the one conducted by Durango-Cohen and McKenzie [34]. In their analysis, the 
"shadow price" approach was used in order to provide a monetary measurement to the evaluation of 
trade-offs between service levels and environmental impact. This approach can be applied to 
determine robust fleet scenarios (varied headways, number of trips, etc), ensuring configurations that 
are efficient in both service and environmental impact, thereby offering clearer insights for public 
transport decision-making. 
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Table 1. Sustainable dimensions considered in the collected literature. 

Sustainable dimensions considered 
Number 

of 
studies 

Studies 

Env-LCA 31 [25] Binder et al.; [5] Ally and Pryor; [33] Cantono et 
al.; [26] Briguglio et al.; [27] Lombardi et al.; [36] 

Wulf and Kaltschmitt; [37] Sanchez et al.; [38] Xu et 
al.; [39] Chang et al.; [28] Tahir and Hussain; [40] 
Logan et al.; [8] Jelti et al.; [41] Iannuzzi et al.; [31] 

Aydin et al.; [42] Lui et al.; [30] Pederzoli et al. ; [43] 
Chang and Huang; [44] Ahmadi et al.; [45] Luu et al.; 
[46] Aydin and Dincer; [29] Aydin and Dincer; [47] 

Karaca et al.; [48] Chugh et al.; [32] Agostinho et al. ; 
Grazieschi et al. [49]; Lubecki et al. [50]; Padovan et 
al. [51]; Gazda-Grzywacz et al. [52]; Pivac et al. [53]; 

Syré et al. [54]; Zhao et al. [55] 
Env-LCA + Economic assessment 10 [56] Lee et al.; [57] McKenzie and Durango-Cohen; 

[58] Ribau et al.; [59] Barboza; [34] Durango-Cohen 
and McKenzie; [60] Coppitters et al.; [35] Migliarese 

Caputi et al.; [61] Bairrão et al. ; [54] François et 
al.[54,62] Montignac et al. [62] 

Env-LCA + Economic + Social 
assessment 

1 [63] Lozanovski et al. (2018) 

Total 42  
Source: Created by the authors. 

The systematic categorization of 42 LCA studies on hydrogen fuel cell buses (HFCBs) reveals a 
predominant focus on environmental assessments (Env-LCA), with 74% (31 studies) exclusively 
evaluating ecological impacts. Only 24% (10 studies) integrate economic considerations alongside 
Env-LCA, while a mere 2% (1 study) adopt a holistic triple-bottom-line approach encompassing 
environmental, economic, and social dimensions. This imbalance underscores a critical gap in 
literature: the near absence of comprehensive sustainability assessments that align with the United 
Nations Sustainable Development Goals (SDGs), particularly SDG 11 (Sustainable Cities and 
Communities) and SDG 7 (Affordable and Clean Energy). 

There is a noticeable gap in knowledge concerning the social aspect. Only one study addressed 
the social dimension integrated to LCA, discussing the acceptance of hydrogen as a fuel for public 
transport, the community's readiness to bear the higher costs associated with this technology and the 
identification of influential factors affecting this acceptance. The results of [63] pointed out that the 
technology issue remains inadequately comprehended as users are frequently disregarded as an 
option by decision-makers, who tend to place more emphasis on technology performance and the 
general design of the system rather than user acceptance. 

Object and Scope Definition 

The stages encompassed by LCA can be categorized as follows: Raw material extraction, 
entailing the acquisition of natural resources such as oil for diesel production; Infrastructure 
construction, usually for new developments such as electric vehicles and recharging stations (Table 
2). In the case of fossil fuel vehicles, this infrastructure is often already in place [64] ; Vehicle 
manufacturing; Fuel production and preparation; Vehicle operation, representing the vehicle's usage 
phase; Vehicle maintenance and infrastructure; and End of Life, which involves disposal and 
recycling. 
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Table 2. System boundary and Function Unit. 

Reference IC 
Bus life cycle  Fuel life 

cycle FU 
RE PROD MAINT EoL WtT TtW 

[25] Binder et al. (2006)     x x  1 p.VKT 
[5] Ally and Pryor (2007)      x x 1 VKT 
[33] Cantono et al. (2008)      x x 1 kg Fuel 
[26] Briguglio et al. (2010)      x x 1 p.VKT 

[56] Lee et al. (2011)      x x 1,077,000 VKT 
[27] Lombardi et al. (2011)  x x   x x 1 kg H2 

[57] McKenzie and Durango-
Cohen (2012) 

 x x x x x x 1 VMT 

 [36] Wulf and Kaltschmitt (2012)      x  1 kg Fuel 

[37] Sanchez et al. (2013)   x x x x x 1 Mj Fuel, 1 VKT, 1 kg of 
bus 

[58] Ribau et al. (2014)   x x x x x 1 MJ/km, 1 g/km 
[38] Xu et al. (2015)      x x 1 VKT 
[59] Barboza (2015)     x x x N/A 

[34] Durango-Cohen and 
McKenzie (2017) 

  x x  x x 1 kg Fuel 

[63] Lozanovski et al. (2018)   x x x  x 1 VKT 
[39] Chang et al. (2019)  x x x x x x 1 p.VKT 

[28] Tahir and Hussain (2020)   x x x x x 1 kg Fuel 
[40] Logan et al. (2020)      x x 1 p.VKT 

[8] Jelti et al. (2021)      x x 1 kg Fuel 
[41] Iannuzzi et al. (2021)      x x 100 VKT 

[31] Aydin et al. (2021)      x x 1 kg Fuel 

[42] Lui et al. (2022)      x  1 kg H2, 1 tonne waste 
feedstock 

[30] Pederzoli et al. (2022)  x x x x x x 1 VKT 
[43] Chang and Huang (2022)   x x x x x 1 p.VKT 

[44] Ahmadi et al. (2022)       x 100 VKT 
[60] Coppitters et al. (2022)      x x 100 VKT 

[45] Luu et al. (2022) x  x x x x x 1 p.VKT 
[46] Aydin and Dincer (2022)   x   x x 1 p.VKT, 1 kg H2 
[29] Aydin and Dincer (2022)   x   x x 1 p.VKT 

[47] Karaca et al. (2022)      x x 1 VKT 
[48]Chugh et al. (2022)      x x 1 kWh 

[35] Migliarese Caputi et al. 
(2022) 

     x x 1 kg Fuel 

[32] Agostinho et al. (2023)      x x 1 p.VKT 
[61] Bairrão et al. (2023)      x x 1 VKT 

[49] Grazieschi et al. (2023)    x x x x x 1 VKT 
[50] Lubecki et al. (2023)       x x 100 VKT 
[51] Padovan et al. (2023)       x x 1 p.VKT 
[52] Gazda-Grzywacz et al. 

(2024)  
 x x   x x 1,057,757 VKT 

[65] Pivac et al. (2024)      x x 100 VKT 
[53] Syré et al. (2024)    x  x x x 1 kWh 
[55] Zhao et al. (2024)  x x x  x x 1 VKT 

[54] François et al. (2024)       x x 100 VKT 
[62]Montignac et al. (2024)      x x 778,666 VKT, 178,109 GJ 

Total 1 6 17 12 13 40 39  
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* Where: IC = infrastructure; RE = resource extraction; PROD = vehicle production; MAINT = vehicle and/or road 
maintenance; EoL = end of life; WtT = well to tank; TtW = tank to wheel; FU = function unit; person-kilometer = 
p.km; vehicle kilometer traveled = VKT; H2 = hydrogen; MJ = megajoules. Source: Created by the authors. 

Fuel life cycle analyses, commonly known as "Well-to-Wheels" (WTW), highlight three key 
stages: raw material production, fuel refining and bus operations. These stages can be divided into 
two primary phases. Firstly, the "Well-to-Tank" (WtT) phase involves a range of processes, from raw 
material production to its transportation to the fuel production site. It encompasses activities along 
the entire route to the production site. The second phase focuses on fuel transportation, covering all 
activities from the production site to the bus tank, and it’s known as Tank-to-Wheels (TtW). This 
phase is crucial for understanding the operational aspects of buses throughout their lifespan [8,66–
68]. 

The analysis of 42 LCA studies reveals a strong correlation between functional unit selection and 
life cycle phase coverage. For fuel cycle stages (WtT: 95.2%, n=40; TtW: 92.9%, n=39), mass-based 
functional units (kg Fuel/H₂) predominated, representing 38.5% (15/39) of TtW assessments. In 
contrast, distance-based units (VKT/p.VKT) were more prevalent in studies examining vehicle 
production (PROD: 40.5%, n=17), accounting for 64.7% (11/17) of these analyses. Notably, studies 
employing comprehensive system boundaries (covering ≥5 phases, n=6) showed a 66.7% preference 
for person-kilometer (p.VKT) units. Energy-based units (MJ/kWh) appeared exclusively in studies 
(n=4) that included both fuel and electricity infrastructure considerations. This systematic mapping 
reveals how functional unit selection often reflects study scope, with mass-based units dominating 
fuel-focused analyses and distance-based units prevailing in vehicle-oriented assessments. 

ISO 14040 [69] underscores the importance of establishing a functional unit (FU) within studies 
in order to shape the analytical approach, thereby ensuring that all subsequent analyses are relative 
to this unit. In the realm of comparative analyses, defining a FU is pivotal for meaningful 
comparisons. In the context of this review, there's a prevalent use of either 1 person-kilometer (p.km) 
or vehicle kilometer traveled (VKT), depending on the scope of LCA. In studies focusing on the 
operational phase of buses (TtW), there is a spotlight on fuel consumption, rendering the VKT as a 
more suitable FU for assessing the impacts of varying technologies. Conversely, in analyses solely 
concerning fuel production (WtT), there is a higher frequency of employing 1 kg or 1 MJ of fuel, 
facilitating the correlation of environmental impacts with production, transportation and storage of 
diverse fuels. Ultimately, differing FUs across studies may render comparative analyses between 
products and processes unfeasible [32]. 

Only Luu et al. [45] delve into the infrastructure construction phase, covering elements such as 
road building, operation and maintenance. They drew upon data from the Datasmart database and 
existing literature for their analysis. The limited detail in less discussed phases, such as vehicle end-
of-life considerations, as seen in Lozanovski et al. [63], is justified by their comparatively minor 
impact across the lifecycle [57]. Hence, software databases are also utilized, streamlining data 
collection for common industrial processes. Moreover, the absence of certain phases from analysis is 
attributed to data unavailability or difficulty of access. Consequently, there's a clear preference for 
established and robust database platforms, namely the Ecoinvent database [30], Simcenter Amesim 
software [44] and DataSmart life cycle inventory [45]. 

A total of eight softwares were observed in the studies for modelling: ADVISOR, which is a 
vehicle simulation software employed to optimize powertrain components[58]; GaBi, which is a 
comprehensive LCA tool for evaluating environmental and cost impacts, supplying datasets on 
material and energy flows [5,25] ; Greenhouse Gases, Regulated Emissions and Energy Use (GREET), 
which is a tool for assessing total energy consumption, greenhouse gases emissions and atmospheric 
pollutant criteria, based on WtW analysis [8,31,44,48]; OpenLCA, a free LCA tool [8,28]; PV 
simulation software, which is a standard repository for modelling and analysing photovoltaic 
systems[60]; SimaPro, a tool commonly featured in the studies, facilitating life cycle modelling, 
providing uncertainty calculations, insight into unit processes, allocation of multiple output 
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processes, weak point analysis, and complex waste treatment [26,29,31,39,45–47]; Simcenter Amesim, 
which is employed in vehicle modelling under real driving conditions [44]; Brightway, an open-
source Python-based LCA framework [62].  

The use of PV simulation and Simcenter Amesim software was noted exclusively for specific 
analysis purposes, such as photovoltaic system simulation [70] and mechatronics [71], respectively. 
Hence, any other software can be employed for economic and environmental impact analysis, 
depending on availability and ease of access, but with real-world databases to enhance reliability and 
accuracy. Adequate discussion on each system element is crucial to address complex real-world 
situations, which are challenging to predict due to software or database calculation idealization that 
may not faithfully represent actual conditions. Analyses based on real-life cases remain demanding 
and time-consuming. When comprehensively considering the stages and impacts, evaluating the 
difference between existing technologies and scenarios for replacing traditional fuels and 
technologies require careful consideration across key pillars such as environment, economy and 
society. 

Cut-Off Criteria 

Cut-off criteria refer to the rules and limits applied with the purpose of excluding elements from 
the initially defined system. Establishing cut-off criteria plays an important role in the reliability and 
robustness of the LCA study. For this reason, it is essential to provide a more thorough explanation 
of both the included and excluded criteria [72]. In summary, the cut-off criteria should be clearly 
identified, described and justified. However, in the bulk of the studies reviewed, the exclusion of 
processes lacked both detail and justification. Consequently, there appears to be an absence of a clear 
conceptual definition and justified cut-off criteria, overlooking systematic nuances in defining the 
system boundary as a result. This lack of transparency in the selection of system boundaries and the 
inadequately detailed cut-off criteria may compromise knowledge construction in the field and 
hinder comparisons between studies. 

Only five studies defined a clear system and justified the cut-off criteria employed in the 
investigated system, in which the inclusion and exclusion of processes were clearly outlined, and the 
rationale behind the choices was provided. For instance, [73] pointed out that the percentage of 
process exclusion affecting the life cycle balance was less than 1% and provided an example stating 
that the fleet consumes a portion equivalent to one minute of the total refinery output of a diesel bus 
system, hence the construction and decommissioning of oil refineries are disregarded. Lombardi et 
al. [27] exclude the production of materials that have a weight percentage of less than 1%; however, 
there are no further details provided for each of the excluded components. Wulf and Kaltschmitt [36] 
exclude the process and emissions from the oxidation of organic matter, arguing that there is a 
compensation: while CO2 is emitted during oxidation, plants absorb this CO2 during their growth, 
thus suggesting it should be excluded from the analysis. Sanchez et al. [37] omitted the construction 
and maintenance of infrastructure associated with vehicle mobility, such as roads, bridges, lighting 
systems etc. They suggested that this analysis should be incorporated when comparing different 
modes of transportation, rather than when comparing different technologies and fuels within a single 
mode of transportation, as was the focus of their study. It must be noticed that identical processes 
may be omitted in comparative LCAs, referring to those elements that share the same life cycle [74]. 

Durango-Cohen and McKenzie [34] omitted from their analysis the expenses related to 
maintaining a mixed fleet, including training of workforce, maintenance and infrastructure costs, 
with the justification that those expenses linked to infrastructure deployment, the heightened 
operational costs of running heterogeneous bus fleets and similar factors were deemed challenging 
to estimate accurately. In the study carried out by Logan et al. [40], the costs linked to carbon 
emissions integrated into vehicles, including those pertaining to the decommissioning of vehicles out 
of circulation and manufacturing of new ones, are not directly tackled. As a consequence, their results 
do not encompass emissions throughout the lifespan of the energy generation cycle, since, in practice, 
the energy generated by vehicles is considered as part of the wider energy market, which undergoes 
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fluctuations over time. In summary, three main cut-off criteria were identified: challenges in accessing 
data [28,32,40,42,46]; minimal impact of a particular phase and/or component on the overall LCA 
scenario [5,27,37,57,63]; identical processes [28,36]. 

Midpoint Impact Categories 

All 42 studies reviewed considered the impact category of Climate Change. In fact, the transport 
sector is a large generator of GHG emissions into the atmosphere, and projections point out that these 
emissions could reach 21 billion metric tons in 2050 if substantial policy changes are not implemented 
[75]. This number puts on evidence of the concerning situation the world is confronted with, thus 
underlining the global significance of this impact. In 13 articles, a comprehensive examination of 
primary energy demand was undertaken, encompassing sources inherently provided by nature. 
Notably, 2022 witnessed a substantial increase of approximately 45.6% in primary energy 
consumption, with a predominant share of about 80.5% attributed to non-renewable origins, notably 
oil, coal and natural gas [76]. This underscores the urge to scrutinize alternative energy sources and 
their associated production pathways. Acidification potential and those life cycle categories related 
to toxicity, as human toxicity and ecotoxicity appeared as relevant environmental impact categories 
assessed in the reviewed studies (Figure 5). 

 
Figure 5. Heat map for selected impacts: numbers of considered impacts in articles. Source: Created by the 
authors. 

While the primary emphasis of this review pertains to LCA studies, thereby concentrating on 
the environmental facet of sustainability, certain investigations have compiled economic evaluations 
into the LCA framework, thus furnishing a comprehensive analysis of the sustainability of urban 
hydrogen transportation by buses. For instance, Lifetime Operation Costs (LOC) was addressed by 
the authors [56,57,77], who aimed to provide a comprehensive operational expenditure of assets 
throughout their lifespan, covering maintenance, energy consumption and repairs. A broader 
approach was considered by the authors [34,56,57] through the Total Life Cycle Cost (TLCC), 
encompassing the entirety of an asset's costs from procurement to disposal, incorporating operational 
outlays, maintenance and replacement. The overall expenses associated with vehicle ownership and 
operation over time, including fuel, maintenance and depreciation, typically on an annual basis, were 
addressed in the indicator Levelized Cost of Driving (LCD) [60] . In addition, the Levelized Cost of 
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Hydrogen (LCOH) has been used to determine the minimum average selling price of hydrogen for a 
supply chain to be profitable, considering factors like transportation and emissions [62]. Considering 
that emerging technologies remain comparatively more expensive than their conventional 
counterparts, and that integrating an economic evaluation into LCA offers a nuanced understanding 
of their sustainable performance across economic and environmental dimensions, there is an urgent 
need to develop research dedicated to evaluating these technologies in an integrated and holistic 
manner. However, this area is still identified as a knowledge gap that requires further investigation. 

Furthermore, it was noted that most impacts evaluated in the reviewed studies merely serve as 
an exposition of results, rather than as actionable insights for decision-making, which is the opposite 
to the intended purpose of the LCA methodology during its interpretation phase. In this sense, these 
studies primarily identify stakeholders without providing a comprehensive understanding of their 
roles, responsibilities and relevance: decision makers [5,26,27,32,33,49,51,52,56,62]; transport 
authorities and sector [5,45,49]; managers [5,59]; bus industry [5]; regulatory agencies and policy 
analysts [38]; engineers and companies focusing on sustainability [59]. It must be remarked that 
stakeholder participation is recognized as a key principle of sustainability in transport sector [78], 
thus a proper identification of stakeholders, followed by prioritization, and relating them to 
sustainable targets and actions are crucial steps in order to achieve a successful stakeholder 
engagement towards sustainable public transportation. 

3.3. Technologies Assessed 

The internal combustion diesel bus remains widely used due to its established infrastructure, 
lower initial costs and greater autonomy compared to electric buses [79]. Besides the continuous 
innovation in its combustion efficiency, a significant amount of energy loss still occurs during the 
vehicle operation, making it the least efficient technology overall [37]. Cleaner and more efficient 
transport alternatives to diesel buses have been extensively discussed in scientific literature, and 
diversifying urban bus energy technologies plays a crucial role in enhancing the environmental 
sustainability in urban areas. Recent studies reinforce the significance of cleaner and more efficient 
transport alternatives in reducing harmful atmospheric pollutant emissions and enhancing air 
quality in cities [80]. However, the implementation of new technologies for public transportation as 
alternative to diesel buses are still a challenge in terms of the logistics involved in energy distribution 
[58], the production pathways of these energy alternatives, policies, roadmaps adapted to new 
knowledge and realities [6], and the innovative infrastructures [81]. 

A total of nine types of bus technology alternatives to conventional diesel buses were found in 
the reviewed studies: ultra-low-sulfur diesel (ULSD), internal combustion buses using biodiesel, 
natural gas, liquefied petroleum gas, biogas, battery-electric buses, plug-in hybrid fuel cell cell buses, 
hydrogen fuel electric buses and diesel-electric hybrid buses. 

Some studies have demonstrated the feasibility and benefits of using ULSD [5,31,34,57] and 
biodiesel [32], instead of conventional diesel. Ultra-low-sulfur diesel is distinguished by significantly 
lower sulfur content, which leads to reduced emissions of harmful atmospheric pollutants such as 
sulfur oxides and fine particles, thereby contributing to improving air quality and public health 
protection [82]. Both ULSD and biodiesel represent significant advancements towards more 
sustainable and environmentally friendly fuel solutions. Certainly, each one with distinct 
characteristics and environmental benefits that can be strategically applied across different contexts 
and applications to foster cleaner and more sustainable transportation systems. 

Compressed and liquefied natural gas emerges as alternatives, with liquefied natural gas (LNG) 
being particularly suitable for buses [83]. According to Ref. [35], the use of LNG in buses offers 
advantages over diesel in terms of operational costs and pollutant emissions, since operational costs 
for LNG are lower than diesel. Moreover, the prices of LNG are more stable than diesel, which can 
bring advantages for public transport companies. In terms of Tank-to-Wheel (TtW) pollutant 
emissions, LNG has lower emissions compared to diesel. Briguglio et al. [26] addressed biogas, 
highlighting its lower environmental impact compared to LNG, mainly due to its production from 
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organic waste, resulting in significantly reduced GHG emissions. This supports efforts to decrease 
dependency on fossil fuels and encourage sustainable management of organic waste. For instance, in 
terms of Well-to-Wheel (WtW) emissions, biogas emits approximately 42.3% less CO2e than natural 
gas. 

Hydrogen vehicles are recognized for their potential to mitigate GHG emissions by utilizing 
renewable sources such as solar, wind and hydroelectric power for hydrogen production [46,48]. 
Thus, they play a pivotal role in urban air quality improvement, thereby positively impacting public 
health [46]. The versatility and reliability of hydrogen supply are bolstered by its availability from 
diverse sources including biomass, solar and natural gas [48,61]. Despite hydrogen being considered 
an efficient energy carrier via electrolysis with surplus renewable energy, enhancing its overall 
energy efficiency [32], its production and utilization processes are perceived as less efficient than 
those of conventional energy sources due to its inherent energy conversion losses [61]. Moreover, 
hydrogen production remains expensive relative to fossil fuels, primarily due to the high energy 
demand during electrolysis [29,35]. Also, the necessary infrastructure for hydrogen production, 
storage and distribution requires substantial investment, with safety concerns related to leakage and 
ignition, which demands careful attention [29,32]. Therefore, despite the numerous advantages 
offered by hydrogen vehicles, significant challenges persist in terms of feasibility and promotion 
needed for their widespread adoption as a viable alternative to diesel-powered vehicles. 

Technologies such as battery electric buses and hydrogen fuel cell buses have emerged as 
promising zero-emission solutions, significantly contributing to the reduction of GHG emissions and 
local pollutants such as nitrogen oxides [8,84]. Moreover, the adoption of buses fueled by biofuels, 
namely biodiesel and biogas, presents a renewable alternative to fossil fuels, thereby reducing 
dependence on non-renewable resources and mitigating the environmental impacts associated with 
their extraction and combustion [32,38]. The diversification of energy technologies for urban buses 
not only aids in decreasing air pollution and GHG emissions but also fosters innovation and 
promotes sustainable development within the transportation sector, yielding substantial benefits for 
public health, the environment and urban quality of life [85]. 

3.4. Hydrogen Production 

This review identified 11 different alternatives of hydrogen production (Table 3). There is 
growing attention towards hydrogen production through water electrolysis, particularly when 
coupled with renewable energy sources such as solar and wind, reflecting a push towards a more 
sustainable, low-carbon economy [86]. However, natural gas steam reforming, a fossil fuel-based 
method, still appears with relevance in the literature due to the widespread availability of natural 
gas. Biomass Gasification involves converting organic materials into syngas, which is then reformed 
to produce hydrogen [36,41,42,45,48]. In the Coal Gasification process, coal is converted into syngas, 
which is subsequently purified to obtain hydrogen [36,40,46–48]. Chlor-alkali Electrolysis is 
conducted by passing an electric current through a solution of sodium chloride to produce hydrogen 
and chlorine [30]. The copper-chlorine cycle uses chemical reactions to produce hydrogen from water 
and chlorine [31]. Meanwhile, Dark Fermentation is a biological process in which microorganisms 
convert organic matter into hydrogen and carbon dioxide in an anaerobic environment [29,42]. 
Natural Gas Steam Reforming and Naphtha Steam Reforming involve the reaction of hydrocarbons 
with steam to produce hydrogen and carbon monoxide [5,56]. Photo fermentation is a biological 
process that utilizes microorganisms and sunlight to convert organic matter into hydrogen [29,42]. 
Pyro-reforming of glycerol, which combines pyrolysis and gasification, is a process involving the 
thermal decomposition of glycerol into gases, which are subsequently reformed to produce hydrogen 
[36]. Ethanol Steam Reforming (ESR) is a process where ethanol reacts with steam to produce 
hydrogen and carbon dioxide [51]. Lastly, Water Electrolysis is a process that requires the passage of 
an electric current through water to separate hydrogen and oxygen. 
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Table 3. Hydrogen production processes identified in the reviewed studies. 

Hydrogen production processes (n.) References 
Water Electrolysis (27) [5,25–28,30–32,35–37,41,45–48,56,60,61] 

Natural Gas Steam Reforming (26) [5,8,25,27,30,33,35–37,39–43,46–48,56–59,63] 
Biomass Gasification (5) [36,41,42,45,48] 

Coal Gasification (5) [36,40,46–48] 
Dark Fermentation (2) [29,42] 
Photofermentation (2) [29,42] 

Naphtha Steam Reforming (2) [5,56] 
Chlor-Alkali Electrolysis (2) [30] 
Copper-Chlorine Cycle (1) [31] 

Pyro-reforming (combination of pyrolysis 
and gasification) of glycerol (1) 

[36] 

Ethanol Steam Reforming (1) [51] 
Source: Created by the authors. 

Undoubtedly, there is a growing interest in developing alternative processes for hydrogen 
production based on renewable energy sources. In this sense, certain alternatives are gaining 
prominence due to various factors. For instance, water electrolysis is increasingly recognized as a 
promising option, particularly when integrated with renewable energy sources such as solar and 
wind. This is attributed to its capability to generate carbon-free hydrogen, thereby facilitating the 
reduction of GHG emissions and fostering the transition towards a low-carbon economy. Biomass 
gasification and dark fermentation are also becoming increasingly significant for their capacity to 
produce hydrogen from organic residues, thereby contributing to reducing the dependence on fossil 
fuels and enhancing the valorization of agricultural and organic waste. These technologies directly 
address the concerns regarding environmental sustainability and the pursuit of more effective and 
cleaner energy solutions. 

Nevertheless, despite the growing interest in these alternatives, several challenges remain, 
including high production costs, infrastructure limitations and scalability issues. In this context, 
steam reforming natural gas and steam reforming naphtha may play an important role in hydrogen 
production due to their efficiency and abundant feedstock availability. Consequently, while 
conventional methods currently dominate the sector, there is a huge shift towards cleaner and more 
sustainable technologies, marked by increasing adoption of hydrogen production approaches rooted 
in renewable and biological sources. This transition not only reinforces environmental global worries 
but also creates opportunities for innovation and technological advancements within the energy 
domain. 

3.5. Environmental Aspects 

There is broad agreement that FCEBs can cut use-phase GHG emissions relative to diesel fleets, 
especially in dense urban operation where tailpipe pollutants are also relevant [29,32,46,48,51–54]. 
The authors generally attribute this consensus to two mechanisms: the elimination of tailpipe 
emissions for fuel-cell electric powertrains and the potential to decarbonize upstream hydrogen via 
renewable sources, resulting in substantially lower WTW intensities compared to conventional fossil-
based fuels. In addition, the authors highlighted additional improvements in air quality, such as 
reductions in NOx, CO, and particulate matter [29,53]. 

At the same time, the authors diverge on how large the life-cycle gains are once upstream 
hydrogen production is considered. Aydin and Dincer [46], Chugh et al. [48], Agostinho et al. [32], 
and Bairrão et al. [61] emphasize that the production pathway is the dominant factor shaping 
environmental outcomes. Renewable electrolysis, waste- or by-product hydrogen, and biomass-
based routes generally outperform steam-methane reforming without carbon capture or coal-based 
options. According to François et al. [54] and Chugh et al. [48], electrolysis powered by carbon-heavy 
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grids can substantially reduce the comparative GWP advantages of FCEBs relative to BEBs [51]. In 
contrast, Agostinho et al. [32], Padovan et al. [51], and Gazda-Grzywacz et al. [52] report that in high-
renewables contexts or when using by-product hydrogen, FCEBs can achieve parity with or near-
parity to BEBs in climate performance. 

Finally, the literature converges on methodological needs and research gaps, emphasizing the importance 
of complete life-cycle scopes that include infrastructure, transparent region-specific inventories, explicit 
consideration of stack degradation and battery aging, and end-of-life recycling modeling, while also highlighting 
the need for scenario analyses that link policy interventions, such as renewable targets, CCS deployment, and 
regulatory recycling frameworks, to life-cycle outcomes  

3.6. Economic Aspects 

From an economic perspective, the reviewed literature broadly converges on the finding that 
FCEBs face significantly higher upfront capital and infrastructure costs than conventional diesel 
buses. Both McKenzie and Durango-Cohen [57] and Barboza [59] highlighted that the life-cycle cost 
of hydrogen buses is dominated by vehicle acquisition and refueling infrastructure, making projects 
unfeasible without subsidies or favorable financial structures. More recent studies reinforce this 
consensus, with François et al. [54] demonstrating that fleets composed entirely of hydrogen vehicles 
entail a higher total cost of ownership compared to battery-electric or diesel alternatives. 

At the same time, several studies acknowledge that operational costs for hydrogen buses can be 
competitive or even favorable relative to diesel, especially under renewable hydrogen supply 
scenarios [57,60]. Another recurring outcome is the strong dependence of hydrogen bus economics 
on policy and financial support [59,61]. Without carbon credits, subsidies, or favorable financing, 
projects show negative net present values, whereas policy interventions can enable profitability. This 
reliance is reinforced by evidence that, although green hydrogen costs were around €5/kg in 2020, 
projected declines to €2/kg by 2030 could render FCEBs competitive under European Green Deal 
targets [61]. 

The literature diverges on the long-term competitiveness of FCEBs relative to battery-electric 
buses: while some studies find BEBs more advantageous in the near term and hydrogen viable only 
under specific contexts [54], others suggest that mixed fleets could balance costs, risks, and emissions, 
allowing hydrogen to reach economic viability earlier [60]. Overall, disagreement centers on when 
and under what conditions hydrogen may achieve cost parity with electric alternatives. 

Overall, the reviewed studies align in portraying hydrogen buses as economically constrained 
by high capital and infrastructure costs, while recognizing their operational competitiveness, 
especially when renewable hydrogen is used. They also converge on the critical role of subsidies, 
carbon pricing, and technological learning in improving feasibility.  

3.7. Social Aspects 

The literature emphasizes that acceptance of FCEBs is strongly linked to their perceived 
reliability, affordability, and environmental performance. However, dialogue with policymakers and 
stakeholders indicates that broader legitimacy depends primarily on two conditions: the use of 
genuinely low carbon ‘green’ hydrogen and cost reductions to competitive levels. In this regard, 
social sustainability is inseparable from environmental and economic dimensions: although citizens 
and stakeholders value cleaner air and climate benefits, these alone do not outweigh concerns about 
affordability and service quality. As Lozanovski et al. [63] note, without addressing these economic 
barriers, the social legitimacy of FCEBs is likely to remain fragile. This highlights a key research gap: 
few studies integrate social acceptance with detailed economic and environmental trade-offs, leaving 
open the question of how policies and communication strategies can be designed to foster both 
societal trust and long-term sustainability. 
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4. Discussion 

Over recent years, there has been a notable increase in interest in hydrogen-powered vehicles, 
driven by growing concerns over GHG emissions in the transportation sector. Since 2006, there has 
been a notable rise in scientific production on this subject, underscoring its importance over time. 
These studies highlight various advantages of hydrogen vehicles, such as reduced atmospheric 
emissions and enhanced energy efficiency, particularly when hydrogen is derived from renewable 
sources. However, substantial challenges persist, including higher production costs compared to 
fossil fuels, the necessity for specialized infrastructure, and safety considerations related to hydrogen 
storage and transport. Nevertheless, despite these challenges, the potential of hydrogen vehicles as 
an environmentally sustainable alternative for urban and long-distance transportation is widely 
acknowledged. This recognition is sustained by ongoing technological advancements and research 
investments aimed at overcoming these barriers. Considering these, hydrogen vehicles offer a 
promising pathway for mitigating GHG emissions and addressing environmental impacts associated 
with urban and long-distance transport, thereby positioning them as a strategic measure towards 
achieving a sustainable and decarbonized economy. 

Despite their technical promise, HFCBs face significant adoption barriers. Current costs for fuel 
cells and renewable hydrogen remain prohibitively high compared to conventional fuels, though 
projections suggest potential cost parity within a decade if hydrogen prices fall. Crucially, economic 
viability also depends on infrastructure investments - a major hurdle for regions lacking hydrogen 
supply chains. Mixed fleets, combining HFCBs with BEB’s for optimized range and topography 
needs, could offer a transitional pathway. Social acceptance, while generally positive, is tempered by 
economic concerns among operators and policymakers, who prioritize affordability over 
environmental benefits. This highlights the need for targeted subsidies and workforce transition 
plans to address disruptions in traditional automotive sectors. 

While current research is pertinent in addressing specific concerns, such as energy efficiency and 
costs associated with hydrogen vehicles, thereby making them more accessible and viable on large 
scale, hydrogen fuel cell buses still face primary challenges in terms of LCA methodological approach 
towards a reliable decision-making, including lack of data, uncertainties caused by variations in data 
sources, data quality and assumptions adopted, identifying stakeholders and considering their 
varied perspectives, as well as defining a clear FU that enables comparability, cut-offs for system 
boundary and system product. Therefore, future research should prioritize acquiring reliable and 
valid data, establishing a comprehensive LCA for different alternative fuels, and conducting detailed 
discussions and analyses of critical emission points and other impacts. Furthermore, it is imperative 
for future studies to incorporate strategic plans as integral components of their final analyses, such 
as roadmaps. Integrating these plans into urban bus evaluations not only offers a comprehensive 
perspective on available alternatives but also facilitates a more precise assessment of energy 
production pathways. This approach is indispensable for comprehending the potential 
environmental, social and economic impacts of various energy options, and for guiding policies and 
strategies towards sustainable development.  

Moreover, incorporating these plans enables anticipation and adaptation to forthcoming 
technological and regulatory changes that will shape the future of urban public transport. By 
integrating strategic plans into our analyses, it is possible to ensure a seamless transition to more 
efficient, clean and resilient transportation systems that meet the evolving needs of urban 
communities. Through an integrated and collaborative partnership among governments, industry 
and the academic community, advancements towards a cleaner and sustainable future in 
transportation are achievable. 
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EoL  End of Life 
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GHG  Greenhouse Gases 
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LCA Life Cycle Assessment 
LNG  Liquefied Natural Gas 
MAINT  Vehicle and/or Road Maintenance 
MCA  Multiple Correspondence Analysis 
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p.km  Person-Kilometer, Person-Kilometer 
PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
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RE  Resource Extraction 
SLR  Systematic Literature Review 
TtW  Tank-to-Wheel 
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VKT  Vehicle Kilometer Traveled, Vehicle Kilometer Traveled 
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