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Preface to ”"Sustainable Mobility and Transport”

Understanding Sustainable Mobility and Transport in the Light of Technological Advancements

This Special Issue is dedicated to sustainable mobility and transport, with a special focus on
technological advancements. Global transport systems are significant sources of air, land, and water
emissions. A key motivator for this Special Issue was the diversity and complexity of mitigating
transport emissions and industry adaptions towards increasingly stricter regulation. Originally, the
Special Issue called for papers devoted to all forms of mobility and transports. The papers published
in this Special Issue cover a wide range of topics, aiming to increase understanding of the impacts
and effects of mobility and transport in working towards sustainability, where most studies place
technological innovations at the heart of the matter. The goal of the Special Issue is to present research
that focuses, on the one hand, on the challenges and obstacles on a system-level decision making of
clean mobility, and on the other, on indirect effects caused by these changes.

All published papers have an international context and contribute to the contemporary debate
of sustainable mobility and transport. Papers included in this Special Issue deal with transport
studies, logistics, environmental research, transport technologies, and social scientific transport and
technology studies. They provide theoretical views as well as empirical cases of the contemporary

and future possibilities in clean transport and mobility.

In terms of content, the paper by Moeletsi (2021) explores electric vehicles through resident
surveys conducted in South Africa. The results confirm several problems related to electric vehicle
adoption, mainly due to their current high prices and availability. The paper proposes several tax
and fiscal subsidies policy alternatives in order to make electric cars more feasible. The paper stresses
stakeholder collaboration and future initiatives in the development of charging infrastructure.
Likewise, the paper by Pipitone et al. (2021) continues electric vehicle studies. This paper points
out energy source sustainability as well as environmental stress from the manufacturing process to
provide a life cycle assessment. The results indicate a need for systematic scenario building as well as

the importance of the vehicle life cycle in the calculation of environmental stress.

The Special Issue includes two papers on computer simulation, modelling, and data driven
research. The first one, by MikuSova et al. (2021), explores solutions for transport and mobility
sustainability through discrete computer simulation and moves the Special Issue towards simulation
models. This paper also applies a selected decision-making methodology and provides insights
specifically to meet the needs of sustainable transport. The paper addresses practical problems of
urban congestion with applications. The second paper by, Ahmad et al. (2022), considers data-driven
deep learning in journals with a specific focus on transport. The paper deals with decision support
and governance by applying data resources from newspapers, technology magazines, and science
articles from Web of Science. The results stress the importance of sectoral collaboration and the

identification of knowledge gaps in reporting on environmental sustainability.

Ruiz-Pérez and Segui-Pons (2020) move the Special Issue’s content to tourism studies and
residents transport choices in popular tourism destinations. Their paper addresses the understudied

topic of local resident’s mobility, and they performed an empirical survey. The results verify the most

ix



important variables affecting mobility decisions and transport modes. This is interlinked with the
general functionality of public transport. The paper reflects on public transport development plans

and highlights the importance of strategic planning in the pursuit of sustainable mobility.

The focus of the Special Issue then moves to concern rail transportation in China (Li et al.
2020). This paper addresses the important topic of regional economic prosperity, and particularly
the distinction between cities and rural areas. The authors take the construction of high-speed
train networks and their spatial-economic impacts as the focal point. The study utilised statistical
nonlinear methods and logit regression models to empirically verify that the convergence effect
between Chinese regional types is still relatively weak. Thematically, Lihdeaho and Hilmola (2020)
provide a case study of European transport business. The authors looked at the regulation changes
that have an impact on international trade and business, focusing on logistics and manufacturing
companies. The authors used survey and interview methods to identify and fine-tune three business
models that were integrated with circular and sustainable economy goals. The study explains that
the majority of companies are not well prepared for rapid external changes, hindering the emergence

of optimal business conditions.

A connection between smart cities and sustainable mobility is drawn by Jettanasen et al. (2020);
their study looks towards alternative energy sources, particularly piezoelectric material, converting
mechanical energy into electricity. This paper presents a pilot device integrated into a bicycle. The
paper illustrates that the applied energy harvesting system has the potential to meet the requirements
of mobility equipment requiring low power inputs. Cities and urban deliveries are essential in
sustainable transport, particularly for the final short-leg deliveries (i.e., door to door). Inkinen and
Hémildinen (2020) continue this in their literature review, and identified a block of studies focusing
on sustainable solutions for truck transport. The authors paid particular attention to finding research
looking at mitigating emissions from various angles. The review considered different solutions for

engines and fuels, resulting into different types of emissions.

The concluding perspective paper by Vilathgamuwa et al. (2022) provides an extensive overview
of electric vehicles and its supportive technologies (e.g., infrastructure and power systems). The paper
establishes a linkage between urban power systems and system-level problems. The paper presents
an integrative novel concept of Mobile-Energy-as-a-Service (MEaaS) for the systemic development
and management of urban mobile energy production and consumption for electric vehicles. The
concept combines various elements, ranging from measurements to public acceptability and pricing

mechanisms.

All ten contributions of this Special Issue study and analyse the extent and diversity of great
changes that are needed to support sustainable mobility and transport. All of these papers provide
academic as well as practical interpretations of emission control and mitigation, and technological
offerings of our time. We hope that the Special Issue provides stimulating ideas and new knowledge
of sustainability in transport, with special twist on logistics in general. Based on the published
set of papers, we consider that future studies are still needed, particularly on comparative aspects
around the world, in order to elaborate the complexity of environmentally friendly and economically
sustainable development. As Guest Editors, we thank all of the contributors for their diligent work
in revising original drafts. We also thank the large number of reviewers who have dedicated their



time and competence to comment on and discuss the drafts in order to improve them. This has
increased the overall quality and robustness of this Special Issue. We also thank the editorial staff of

Sustainability for their smooth and effortless collaboration, resulting in this final product.
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Abstract: There are major concerns globally on the increasing population of internal combustion
engine (ICE) vehicles and their environmental impact. The initiatives for the advancement of
alternative propulsion systems, such as electric motors, have great opportunities, but are marked
by a number of challenges that require major changes in policies and serious investment on the
technologies in order to make them viable alternative mobility sources around the world. South Africa
has struggled a lot in adopting electric vehicles among all the emerging countries. This is mostly
attributed to a non-conducive environment for electric vehicle adoption. This study administered
a survey consisting of Likert-scale questions in the Gauteng Province to gather information on
people’s views on some of the major concerns around electric vehicle technology. The survey results
demonstrated that Gauteng residents perceive electric vehicle price as the main constraint towards
adoption of the technology and introduction of government policy towards addressing this challenge
would be helpful. Some of the suggested interventions, such as the rollout of purchasing subsidies
and tax rebates, received a high level of satisfaction among the respondents. Future initiatives that
tackle issues of charging infrastructure network also received high satisfaction. Thus, there is a need
for all stakeholders in the South African automotive industry to improve the enabling environment
for the adoption of electric vehicles.

Keywords: electric vehicle policy; electric vehicle incentives; charging infrastructure; green transport
strategy; Gauteng province

1. Introduction

Ownership of vehicles is growing at a faster rate than the human population. The
world had 50 million cars in 1950 and the figure rose to 600 million after 50 years; this is
expected to increase to 3 billion vehicles by 2050 [1,2]. Without downplaying the importance
of vehicles in our lives, their ever increasing population has a negative impact on the
environment through increased pollution and emission of greenhouse gases resulting from
the combustion of fossil fuels [2]. This has resulted in emissions from the transport sector
alone being at around 25% of the total global emissions [3]. In South Africa, transport
contributes close to 11% of total emissions with road transport’s share being around
91% [4]. It is evident that carbon emissions from the transport sector must be prioritised if
the global community is serious about reducing greenhouse gas emissions [5]. At a country
level, shifting towards electric vehicles will enable South Africa to attain its national
development goals as well as the sustainable development goal (SDG) targets, which
include transitioning to a low-carbon economy and providing a sustainable transport
system [6].
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Substituting internal combustion engine (ICE) vehicles with electric vehicles (EVs)
can be a solution for offering urban dwellers a better quality of life with less pollution [7].
The use of EVs has a huge potential of reducing greenhouse gas emissions in the transport
sector [7,8]. Thus, it is important for governments around the world to initiate policy
measures that support the market penetration of EVs both at district and national level [5].
Electric cars have other advantages as compared to conventional cars, including high
energy efficiency, reduced noise and low operating costs [9]. Nevertheless, these socio-
economic benefits are accompanied by multiple challenges, such as high purchase prices,
low driving range in between recharging, low variety of models, small loading capacity, a
need for regular charging, low maximum speed and low acceleration [2,10]. Policy makers
should seek ways to understand these challenges and propose strategies that ensure the
advancement of the technology while taking into consideration local factors [11].

In South Africa, the adoption of electric vehicles has been extremely slow with less
than 1000 battery EVs and plug-in EVs sold since their introduction on the market in
2013 [12,13]. Sales figures of new EVs in 2020 were less than 100, with the best year so far
being 2015, when around 120 EVs were sold [14,15]. Preliminary studies in South Africa
on consumer perceptions of electric vehicle purchases demonstrated a number of socio-
economic and technological barriers that impede the diffusion of EVs in the automotive
market [16,17]. The data from the sales figures do not show an increase in the vehicles as in
other emerging countries, such as China and India, implying that there is a non-conducive
environment for the adoption of EVs in South Africa [12,18-21]. In India alone, close to a
million EVs were sold in 2017 [22]. Is this a matter of technology introduced; supporting
infrastructure; prices of the vehicles or the type of vehicles? According to Dane [23], South
Africa does not have any major policy that can assist the country in shaping the way
forward regarding the electric vehicle market and proportion of local industry. It remains
to be seen whether the newly adopted green transport strategy will provide the stimulus
needed to attract the investment into electric mobility exceeding US$513 billion by 2050
on electric vehicles and US$488 billion by 2030 on hybrid vehicles stated in South Africa’s
intended contributions to climate change response [4,24].

This study assesses some of the policy recommendations and technological advances
that might act as a stimulus to future electric vehicle adoption in South Africa. The research
question is as follows: What are the possible impetuses that can be explored to improve the
diffusion of electric vehicles in the South African automotive market? The article seeks to
augment studies that are already available from other regions in the world with consumer
perceptions on EVs from the African continent.

2. Materials and Methods

To assess the policy recommendations that will entice consumers to purchase electric
vehicles in the future, a web-based survey was conducted on Survey Monkey from 28
September to 8 November 2018. The study employed a convenience sampling approach in
which questionnaires were distributed at first to all the colleagues of the author’s workplace,
friends, family members and people working in municipalities, universities and other
major companies in the Gauteng Province. The initial contacts were encouraged to pass the
questionnaire to their network of people. The weblink (https://www.surveymonkey.com/
r/electriccars [last accessed on 12 December 2018]) was distributed to the respondents
via email, Facebook, short messaging system (SMS) and WhatsApp [16,25]. The study
targeted people residing in the Gauteng Province with the potential to purchase a vehicle
in the future.

The survey was composed of two parts: general questions and recommendations for
policy and improvement questions. In total, 25 of the 26 questions were close-ended multi-
ple choice, which enabled quantitative analysis of the information. Almost all the questions
were of a Likert-scale type, mostly asking the degree to which the respondent agrees or
disagrees with a certain statement. All these multiple-choice questions were compulsory
for all the respondents. The core questions concentrated on both the technological and
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policy recommendations that were geared towards high consumer acceptance of electric
mobility. The two sections present in the questionnaire were as follows [26,27]:

1.  General information: Age, gender, race, education, monthly disposable income, region
of residence, type of dwelling, property ownership, number of cars owned, type of
car owned, type of fuel of the car, engine size of the car, kilometres travelled on a
daily basis, awareness that cars emit greenhouse gases that cause climate change,
awareness of any full electric vehicle in the South African market and awareness of
anybody owning an electric car.

2. Recommendations on policy and adjustments: Chances of buying a full electric vehicle
if driving range is increased drastically, chances of buying a full electric vehicle if there
will be a charging station at workplace, chances of buying a full electric vehicle if there
will be charging station at each of the major fuel filling stations, chances of buying a
full electric vehicle if vehicle variety in South African industry is increased, chances
of buying a full electric vehicle if there will be government financial incentives in the
form of tax rebates, savings in annual car license renewal and toll gate exemptions,
chances of buying an electric car if the government mandates a dedicated lane for
EVs in major congested roads and any other suggestions that would make them buy
an electric vehicle.

To check for the reliability or internal consistency of the questionnaire used to inves-
tigate the policy recommendations for South Africa for the adoption of electric vehicles,
Cronbach’s alpha statistic was used. Cronbach’s alpha tests whether the Likert-scale type
of multiple-choice questions are reliable [28,29]. The equation used is as follows:

N=xc
X= ———————
74+ (N—1)x*¢C

where N is the number of items, ¢ is the average covariance between item-pairs and v is the
average variance.

The results of the Cronbach’s alpha showed a value of 0.899, which is above 0.8,
indicating that the survey questions for the future recommendation of policy relating to
electric vehicle adoption in South Africa show high level of reliability [29].

The responses to the closed-ended survey questions were converted to percentages
based on the total number of responses for that particular question that relates to a certain
perceived recommendation for policy adjustments in an effort to improve the adoption
of EVs in South Africa. The frequency table generated was used as a basis for analysis
of the responses from the consumers. The XLSAT statistical software was also used to
test whether there were significant differences in the responses against the demographical
factors using the chi-square test at 95% and 90% confidence level. The recommendations on
the role that government policies can play towards increasing the market share of electric
vehicles based on the results of the survey was also deliberated.

3. Results and Discussion
3.1. Basic Information

In total, 402 complete responses were obtained from the survey administered from 24
September to 8 November 2018. All the data were used in the analysis. The respondents
were mostly aged between 25 and 44, with over 70% of the total survey population. Less
than 2% of the respondents were aged below 18 years and over 65 years. There was a close
to 50-50 gender representation, with most people being of African descent (89%). Most of
the respondents were highly literate (over 80% post-matric qualification) in contrast to the
results of the 2011 census, which stated that over 80% of people living in Gauteng had a
matric qualification or lower. This is an indication of the biasness in the sample obtained in
the study. Over 50% of the people were living in the Tshwane metropolitan area (Pretoria).
In terms of car ownership, the majority of the people had one car (45%), with 26% having
no car and 21% having two cars, while less than 10% owned more than two cars. Over 90%
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of the respondents were aware of the negative impacts that fumes from ICE vehicles have
on the environment.

3.2. Recommendations on Policy and Advancements of Adoption of Electric Vehicles in South Africa

Respondents were presented with an opportunity to state their willingness to purchase
electric vehicles in the future given certain technological advances and policy changes, and
their results are shown in Figure 1.

What are the odds of purchasing electric vehicles under the following conditions
If government can allow electric vehicles to drive in _ I
dedicated bus lanes in major congested roads
If there is a government financial incentive in the form of — l
annual car license renewal and toll gates exemptions
If there is a government financial incentive in the form of _ I
tax rebate of a fixed amount
If the vehicle variety in the South African market is _ I
increased
If their prices would be comparable with normal cars with _ I
the same functions
ftherewill b acharging station at your workpince
If there will be charging stations at major filling stations _ I
around the country
fthe driving range can b increased remendousy. |

0 10 20 30 40 50 60 70 80 90 100

mvery likely mlikely ® neither likely nor unlikely unlikely ®very unlikely

Figure 1. Results of the questionnaire, showing the likelihood of participants to purchase an electric vehicle based on future
technological and policy changes in percentages.

Since the driving range of EVs is one of the major thorns in their adoption all over
the world [30], respondents are willing (over 80%) to make future purchases of EVs if
this problem is solved (Figure 1). The chi-square results showed a significant difference
in responses by gender (at 5%), with a considerable percentage of females not eager (7%
female vs. 3% male) to purchase EVs even if the driving range is increased (Table 1). In
order to fulfil this promise, there has to be major breakthroughs in the development of
rechargeable batteries [31]. There are signs of success in this area, as some of the new cars on
the market in Europe and North America are proclaimed to have a driving range exceeding
500 km [31]. Based on this information, consumers will have less range anxiety in the
future and the number of electric vehicles on South African roads will definitely increase.
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Table 1. Chi-square test between demographic factors and factors that tend to improve electric vehicle market penetration.

Factors at b* ct d+ et £ g h*
Age 0.517 0.955 0.526 0.962 0.538 0.255 0.504 0.503
Gender 0.000 ** 0.002 ** 0.017 ** 0.367 0.141 0.262 0.795 1.000
Education 0.118 0.533 0.603 0.269 0.265 0.034 ** 0.165 0.098 *
Region 0.252 0.939 0.911 0.276 0.089 * 0.037 ** 0.430 0.049 **
Settlement type 0.013 ** 0.791 0.441 0.019 ** 0.586 0.357 0.163 0.067
Dwelling type 0.261 0.241 0.562 0.194 0.254 0.255 0.500 0.361
Type of car driven 0.946 0.722 0.450 0.846 0.681 0.024 ** 0.027 ** 0.095 *
Daily commuting distance 0.717 0.076 * 0.459 0.492 0.006 ** 0.389 0.673 0.797
Awareness of climate change 0.205 0.018 ** 0.037 ** 0.728 0.040 ** 0.209 0.068 * 0.737

*: a = driving range can be increased tremendously; b = electric vehicle charging stations are installed at major fuel stations across the
country; ¢ = electric vehicle charging stations are installed at workplaces; d = electric vehicle price is reduced and is comparable with
internal combustion engine vehicles; e = increased variety of electric vehicles; f = availability of government tax rebates on electric vehicle
purchases; g = exceptions for annual car licenses renewals and toll gates; h = government allows electric vehicles to drive on bus lanes on
congested roads and during busy times. **: (significant at 5%). *: (significant at 10%).

The poor network of charging stations is currently a deterrent measure that prevents
consumers from purchasing EVs [2,32]. The charging points that are present in South Africa
are not on the major roads, and this can cause a huge inconvenience to motorists. Even
though the majority of the respondents in Gauteng indicate that their adoption of electric
vehicles can be enhanced if charging stations are present in major filling stations across the
country (Figure 1), there is a significant difference in the responses by gender and awareness
to climate change at the 5% significance level (Table 1). A study by Lieven also showed
that respondents around the world are dissatisfied by the absence of charging stations on
freeways. The presence of this infrastructure at these strategic points would not change
the driving patterns of motorists, thus enhancing positive experience on this emerging
technology. Thus, there is a need for government to be more involved in the expansion of
the charging stations network in South Africa; currently, this expansion has mostly been
spearheaded by the private sector, with minimal involvement of the government.

One of the major obstacles that was presented is the lack of convenient charging
spots in some countries, including South Africa. It is suggested that placing charging
stations at workplaces will resolve this problem. The respondents attest to this notion,
with 87% stating that they are likely to buy an EV if there is a policy that encourages
employers to install charging stations in their parking lots (Figure 1). However, there is also
a significant difference in the responses by gender (Table 1). This idea should be supported
by government subsidies for the employers to compensate their electricity usage during
charging. An increase in charging spots will also help curb the pre-conceived range anxiety.

It has been documented all over the world that purchase price is the main constraint
for purchasing EVs [2,33]. Currently, EVs are more than twice as expensive as ICE vehicles
in their class and the drive to be more environmentally friendly can be suppressed by
this constraint [34]. Over 90% of the respondents in the Gauteng Province show their
willingness to purchase an EV if and only if their prices become comparable to the tradi-
tional cars (Figure 1). However, there is a significant difference in responses according
to settlement type at a 95% confidence level (Table 1). In order to bridge this price gap, a
number of countries in the developed world and emerging economies have introduced
lucrative incentives to new EV purchases [35]. Incentives of reducing purchase price are
found to be the most effective in the adoption of EVs and increase in market share [11].
This has been a successful intervention by governments in Europe and China, with other
countries being encouraged to follow [20,36]. Norway managed to achieve a market share
of 18% in 2015 due to the incentives, which have been consistently enhanced since 1990 [11].
It has to be noted that EV adoption needs greater persistence from all stakeholders.

In most areas, electric vehicles are compact cars, and the variety is very low compared
with that of ICE cars. The difficulty to obtain an electric SUV or bakkie in South Africa can
be challenging to some of the consumers whose travel routes include untarred roads. Even
though the respondents show that they are willing to buy an electric vehicle if there can be
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a variety of classes (Figure 1), there are significant differences in responses according to
the daily community distances and awareness of climate change at a 5% significance level
(Table 1). In other areas where the technology has been piloted for a number of years, there
have been a lot of new classes that have been introduced to the market to stimulate the
adoption [37,38]. In recent times, there were also new entrants to the South African market
that has increased the variety of EVs.

As stated earlier, governments have a major role to play in ensuring that electric
vehicles are adopted by the majority in order to achieve their mitigation obligations. One of
the main initiatives has been the introduction of tax rebates of a fixed amount [33,36]. This
makes the EVs more affordable and is an indication that governments are also committed to
the cause of combating climate change. Around 86% of the people show strong support to
the idea (Figure 1), but there are significant differences in responses according to education,
region and type of car driven (Table 1). In Norway, EVs are exempted from registration tax,
which can exceed 3000 Euros depending on the emission level, engine size and weight of
the vehicle [11]. It can be noted that rebates alone will not change the purchasing behaviour
of consumers. Other initiatives, such as basic educational programs on TV and print and
online campaigns, can ensure that people are well informed and are in a position to make
the right choices [39,40].

The introduction of exemptions on annual car registration renewal has the potential to
induce more people to consider purchasing electric vehicles [11]. This can be coupled with
toll gate exemptions and free charging in malls [36]. The results show that over 85% of the
people believe that this incentive can entice them to purchasing EVs, even though there is
a significant difference in responses by type of car driven (Table 1). A number of countries,
such as Norway, have adopted this policy, and people have responded positively to this
initiative [41]. Other incentives in some countries include VAT exemptions, which were
introduced to enable the EVs to compete with ICE vehicles on the market [11].

Another intervention will be that of allowing EVs to use dedicated bus lanes in major
congested roads [11,33]. This initiative showed the lowest appreciation, with only 77%
of the people stating that it might influence them in purchasing an EV (Figure 1) with
significant differences according to region (5%), education (10%) and type of car driven
(10%). This can be a major incentive to motorists residing in Gauteng, especially in peak
hours taking into consideration the density of charging stations. This initiative has worked
extremely well in other parts of the world [36].

3.3. Role of the South African Policies towards EV Adoption

The importance of advancing the electrification of the transport sector has been
highlighted in many studies, as the greenhouse gas emissions from the transport sector
continue to rise [42—44]. Research findings by Pautasso et al. [45] and other scientists
also showed that adjusting government policies to enable shifting from ICE to electric
vehicles has the potential to bear the following benefits over and above environmental
considerations: (a) better health conditions for the citizens due to reduced air pollution [46],
(b) potential monetary savings in the public health sector due to reduced respiratory
diseases caused by air pollution [45], (c) reduction of noise pollution, which will benefit
society in a number of ways [47,48] and (d) improved energy security caused by reduced
reliance on exported fossil fuels and high volatility attached to crude oil prices [15,49].

There is an extremely low penetration of electric vehicles on the South African market.
The main barriers identified include: low percentage of climate-conscious consumers [15],
high import duties for vehicles [15], current products not covering an array of consumer
needs in South Africa [15] and the high costs of electric vehicles [16]. Most of these barriers
can be addressed by drafting and implementation of sound government policies. The
lack of policy to address these issues demonstrates to a certain extent a country’s lack of
commitment in meeting its reduction targets. Consumer educational programmes can
be increased to sensitize the communities of the importance of EVs in the fight against
climate change. Other factors can be addressed by further developments in the electric
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vehicle technology and increased drive for current world leaders in vehicle manufacturing
to expand their EV production.

Government policies are found to play a critical role towards the adoption of electric
vehicles around the world [21,36,41]. In the case of South Africa, the climate change
response white paper highlighted the importance of EVs in the fight against climate change
by instructing the Department of Transport to initiate a programme that promotes the
use of hybrid and electric vehicles [50]. The Gauteng government has drafted a policy on
promoting green transport in 2014, but the emphasis was on the decarbonisation of public
transport [51]. The green transport strategy is the first main legislature that specifically set
the scene for the reduction of greenhouse gas emissions in the transport sector through the
promotion of low carbon mobility solutions [4]. The strategy aims at creating and enabling
an environment that incentivises the adoption of low or zero tailpipe emission vehicles [4].

The Department of Transport seeks to engage all government institutions in the future
to adopt low carbon technologies under the vehicle energy efficiency programme [4].
There is also a drive to develop a policy for new energy vehicles, as outlined in the Auto
Green Paper under discussion and public consultations in 2021 [52]. To stimulate the
private sector, the Department of Transport together with the Department of Science and
Innovation will pave the way for manufacturing incentives for electric vehicles in an effort
to increase the local content in future mobility solutions in the country [4]. The government
is also proposing to introduce a policy that will scrap all ICE vehicles with a mileage of
400,000 kilometres or more on the roads. This will aid in reducing high-emitting vehicles on
the roads and increasing electric vehicle purchases through other complementary strategies
envisaged. The other initiative is on the possible introduction of incentives to lower the
prices of EVs in an effort to improve competition with ICE vehicles on the market [4].
This strategy has been highly successful in Europe and China, resulting in an enhanced
adoption of EVs in those regions [20,33]. In an effort to educate the public, the Department
of Transport seeks to initiate green transport awareness campaigns around the country [4].

The introduction of a carbon tax on new vehicle purchases which produce tailpipe
emissions is another initiative that tends to promote electric vehicles [53]. Starting from
September 2010, all new ICE vehicles that have emission rates exceeding 120 g/km have
been subjected to this carbon tax [54]. An amount of 75 Rands for every g/km is charged
above the threshold [55]. The upper-limit for double cabs has been set at 175 g/km, with
additional g/km being charged at 100 Rands [55]. Vehicles that lack credible emissions
data are charged based on their engine size. These efforts are meant to accelerate the
introduction of cleaner technologies on South African roads. In the future, the current
environmental levy will be reviewed to include other vehicle categories, such as commercial
vehicles, which are currently excluded in a drive to improve environmental performance of
the country’s vehicles [4]. Over and above the ones-off vehicle carbon tax, the government
of South Africa is reviewing the introduction of an annual tax on cars based on their
emission levels [4]. These future initiatives have the potential to change the electric vehicle
environment in South Africa.

As shown in a number of countries where electric vehicles have been successful,
government intervention has been key towards providing both financial and non-financial
incentives. Early adopters of EVs were mostly lured by the fiscal incentives, but the latest
research shows that incentives are no longer the main driver for the market share increase
in developed countries, with factors such as an increase in fuel prices and increased public
charging stations being the main factors [56]. It is, thus, critical for the South African
automotive industry and government to put in place incentives that will increase the
diffusion of EVs on the market and break some of the barriers present.

4. Conclusions

Even though the participants of the questionnaire on barriers to adoption of electric
vehicles in Gauteng showed positive sentiments, they still indicate that a number of factors
need to be changed in order for them to buy an electric vehicle in the future. Policy



Sustainability 2021, 13, 12535

incentives are considered as one of the most effective measures that can ensure that electric
vehicle sales increase. The government has a role to play in ensuring that there are enough
incentives for companies that are willing to invest in manufacturing EVs in South Africa.
The government should also carefully consider the issue of consumer subsidies for the
purchase of the vehicles, as this was found to be the main constraint in this study and
other studies across the world. Dedicating resources to research and development in the
country will ensure local content that can improve the acceptability of the technology by
the consumers. Other considerations for the government are the issuing of exemptions
on toll gates and other transport-related levies. In order to improve on range anxiety,
the government should consider the issue of expanding the quick charging stations at
strategic areas in partnership with the private sector. Currently, in South Africa, vehicle
manufacturers are the ones heavily ensuring that charging station density is increased
across the country. In countries which have government support for the technology, the
market share of EVs has increased tremendously. The government of South Africa has
adopted the Green Transport strategy, which will enable the widespread adoption of
electric vehicles through a number of proposed initiatives. The implementation of the
strategies suggested in this strategy will enhance the chances of South Africa meeting their
mitigation obligations. Since this study has some limitations regarding sample size and
coverage, further comprehensive studies targeting all segments of the population of South
Africa are needed in the future.
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Abstract: Global warming (GW) and urban pollution focused a great interest on hybrid electric
vehicles (HEVs) and battery electric vehicles (BEVs) as cleaner alternatives to traditional internal
combustion engine vehicles (ICEVs). The environmental impact related to the use of both ICEV
and HEV mainly depends on the fossil fuel used by the thermal engines, while, in the case of the
BEV, depends on the energy sources employed to produce electricity. Moreover, the production
phase of each vehicle may also have a relevant environmental impact, due to the manufacturing
processes and the materials employed. Starting from these considerations, the authors carried out a
fair comparison of the environmental impact generated by three different vehicles characterized by
different propulsion technology, i.e., an ICEV, an HEV, and a BEV, following the life cycle analysis
methodology, i.e., taking into account five different environmental impact categories generated
during all phases of the entire life of the vehicles, from raw material collection and parts production,
to vehicle assembly and on-road use, finishing hence with the disposal phase. An extensive scenario
analysis was also performed considering different electricity mixes and vehicle lifetime mileages. The
results of this study confirmed the importance of the life cycle approach for the correct determination
of the real impact related to the use of passenger cars and showed that the GW impact of a BEV
during its entire life amounts to roughly 60% of an equivalent ICEV, while acidifying emissions and
particulate matter were doubled. The HEV confirmed an excellent alternative to ICEV, showing
good compromise between GW impact (85% with respect to the ICEV), terrestrial acidification, and
particulate formation (similar to the ICEV). In regard to the mineral source deployment, a serious
concern derives from the lithium-ion battery production for BEV. The results of the scenario analysis
highlight how the environmental impact of a BEV may be altered by the lifetime mileage of the
vehicle, and how the carbon footprint of the electricity used may nullify the ecological advantage of
the BEV.

Keywords: life cycle analysis; passenger car; environmental impact; hybrid electric vehicle; battery
electric vehicle

1. Introduction

Worldwide vehicle production growth over the past decades has caused strong emis-
sions increments which have affected both population and industrial sectors globally. EU-
28’s CO, emissions correspond to 10.8% of global CO; emissions [1]. In 2017, the transport
sector contributed to 27.9% of the EU-28 CO, production, with a passenger cars participa-
tion of 43.5%, which hence represents about 12.1% of the total EU-28 CO, emissions [2]. To
reduce air pollution, governments issued increasingly stringent regulations, pushing vehi-
cle manufacturers towards innovative solutions. With a view to eco-sustainable mobility,
battery electric vehicles (BEVs) and hybrid electric vehicles (HEVs) are nowadays proposed
as clean or light-environmental impact technologies for road transport. In particular, BEVs
are often promoted as zero-emitting vehicles since they are propelled by the use of electric
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energy, in contraposition to internal combustion engine vehicles (ICEVs) and HEVs, which
instead make use of fossil fuels. If, on the one hand, it is true that a BEV does not produce
tailpipe emissions while moving, on the other hand, it must be considered that the electric
energy employed by the BEV may have been produced by the use of fossil fuels, thus
contributing to air pollution and CO, emissions. A fundamental aspect, hence, in the eval-
uation of the environmental impact related to the use of a BEV is to know the source, or the
mix of different sources, employed to produce the electric energy. It is rather obvious that
if the electric energy is obtained only by renewable sources (e.g., hydraulic, solar, wind en-
ergy), no pollutant emissions are produced during the use of a BEV. Unfortunately, electric
energy is not produced exclusively by means of renewable sources, but is still obtained by
a mix of different sources which may have a carbon footprint (e.g., coal, natural gas, oil) or
may produce different and hazardous waste, such as nuclear energy. Every single country
is characterized by a particular mix of energy sources employed to generate electricity,
which is usually referred to as the electricity mix (of the country). The pollutant emissions
related to the use of a BEV hence depend on the particular mix employed for the electric
energy production, and in turn, on the country in which the vehicle is employed. The
considerations made up to this point regard only the energy transformation chain which is
involved in the BEV propulsion phase. It is, however, widely recognized that a fair and
complete evaluation of the pollutant emissions related to vehicle use should also take into
consideration the vehicle production phases, since materials employed and manufacturing
process may play an important role in determining the real environmental impact related
to the use of a vehicle: this aspect is crucial when a comparison between the environmental
footprint of different vehicle technology is performed. For this reason, several studies were
carried out dealing with the evaluation of the environmental impact of vehicles through a
life cycle assessment (LCA) methodology, that considers the entire life of the vehicle, from
the production phase to the on-road use of the vehicle, and to the final disposal. In [3], the
life cycle greenhouse gas emissions (GHG) of battery electric vehicles and conventional
gasoline internal combustion engine vehicles are calculated and compared in different
Chinese energy production mix scenarios (2010 and 2014). As a result, the ICEV revealed
34.9 tCOyeq/vehicle with the 2010 electricity mix, and 29.7 tCOyeq/vehicle with the 2014;
as instead regards the BEV, 42.5 tCO,eq/vehicle (i.e., +21.7%) were evaluated with the 2010
electricity mix, and 31.4 tCO,eq/vehicle (i.e., +5.72%) with the 2014. In [4] a comparative
LCA of European medium-sized passenger vehicles (“VW Passat class”) was carried out,
adopting Switzerland as a vehicle usage scenario, and taking into consideration different
drive technologies and fuel supply chains, representing both the present and the modern
future (2030) state of development. As a result, the CNG-fueled ICEV, the diesel hybrids,
and the BEV charged employing the average European electricity mix, proved to generate
the lowest life cycle greenhouse gas emissions, in the order of 210 g CO,eq/km, while the
highest levels (300 g CO,eq/km) were calculated for the gasoline-fueled ICEV. In [5], the
environmental impacts of a vehicle with an internal combustion engine (diesel, petrol, and
CNG) is compared to a battery electric vehicle, considering the battery of the electric vehicle
produced using the electricity from the Chinese, the European, and a 100% photovoltaic
energy mix. In [6], a comparison based on real consumption data of two cars (Nissan Leaf
BEV and Mercedes A-170 ICEV) on the New European Driving Cycle (UNECE 2005) is
presented. In this study, great attention was paid to vehicle life cycle including both the
high-voltage battery and the rest of the car components, based on well-detailed inventories
and model parameters. All of these studies highlight how the vehicle production processes,
traveled distance, and energy mix may substantially influence the real environmental im-
pact of an electric vehicle during its entire life cycle [7]. According to these considerations,
the authors of the present paper followed a life cycle approach to perform a fair compar-
ative evaluation of the real environmental impact connected to the use of three different
kinds of vehicle (i.e., ICEV, HEV, and BEV) derived from the 2019 market, considering
different driving distances and different energy mixes, thus contributing to delimit the
effective pollutant behavior of each kind of vehicle, even changing the conditions of use.
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With the aim to faithfully represent the current conditions of production, use, and disposal,
the analysis was performed employing the most up-to-date data present in the scientific
literature (before the pandemic). Unlike other articles in the scientific literature, this work
does not analyze only take into account greenhouse gas emissions, but also properly takes
into consideration the terrestrial acidification, the particulate matter formation, and the
deployment of mineral and fossil resources, thus highlighting, from several points of view,
the real advantages, disadvantages, and limitations of modern car propulsion technologies.

2. Method and System Details

Life Cycle Assessment (LCA) is an analytical and systematic methodology that evalu-
ates the environmental footprint of a product or service, along its entire life cycle (“from
cradle to gate”) [8]; hence, starting from the phases of extraction of the necessary raw
materials, the analysis involves the production and distribution phases, the use and the
final disposal. At the end of the calculation, the environmental impact of a product is
quantified according to various environmental impact indicators. Worldwide, the LCA
methodology is regulated by ISO standards 14040 [9,10] and is structured into the following
phases:

e Goal and scope definition

Life cycle inventory (LCI)

Life cycle impact assessment (LCIA)
Interpretation of results

3. Goal and Scope Definition

As already mentioned, the goal of this study is to compare, from a life cycle per-
spective, the ecological consequences related to the use of three vehicles characterized by
different propulsion technologies, i.e., a gasoline ICEV, a gasoline HEV, and a BEV. Given
the difficulty to analyze, in a single paper, all the different kinds of vehicles (from mini
cars to SUV, nine different passenger cars categories may be identified, corresponding
to the Euro car segments from A to J) the authors decided to focus on the most diffused
kind of passenger cars in Europe, i.e., small-medium cars (corresponding to the B-C seg-
ments) which account for over half of total EU car sales [11]. Starting from raw materials
supplying and processing, considering vehicle production and assembly, and arriving at
the use and final disposal phase, the overall environmental impact of each vehicle was
assessed employing GREET 2020.NET (Greenhouse gases, Regulated Emissions, and En-
ergy use in Transportation), a widely adopted open-source suite for life cycle analysis
developed by Argonne National Laboratory [12,13]; for the environmental impact assess-
ment, the ReCiPe 2016 methodology was followed [14,15], taking into considerations five
different environmental impact categories, each one represented by means of a proper
characterization factor:

(1) Climate change: mainly due to the increase in greenhouse gases (GHG) in the atmo-
sphere, it is accounted for by the global warming potential (GWP) which expresses
the equivalent mass of CO, emitted to obtain a product or a service.

(2) Fine particulate matter formation: focusing on human population intake of PM, 5,
the change in ambient concentration of PM; 5 after the emission of primary PMj; 5 or
precursors (e.g., NH3, NOy, SO,) is evaluated by means of the Particulate Matter For-
mation Potentials (PMFP), expressed in terms of the equivalent mass of PM, 5 [14,15].

(3) Terrestrial acidification: soil acidity variation due to acid deposition is taken into
account by means of the Terrestrial Acidification Potentials (TAP) which expresses
the amount of acidifying emissions (e.g., NOx, NH3, and SO,) introduced in the
atmosphere in terms of the equivalent mass of SO, [14,15].

(4) Mineral resource scarcity: although minerals are available in almost infinite amounts
in the world, the real availability of a mineral resource primarily depends on the
grade, i.e., the concentration of the mineral within an ore. The primary extraction of a
mineral resource leads to an overall decrease in the concentration of that resource in
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ores worldwide. The lower is the grade of a mineral, the larger will be the amount
of ore mined to extract the same amount of resource in the future, which obviously
will imply larger land use, higher energy consumption, and waste production: this is
the environmental impact related to the mineral resource depletion. The Surplus Ore
Potential (SOP), expressed as the equivalent mass of copper, indicates the average
extra amount of ore produced in the future caused by the extraction of a mineral
resource considering all future production of that mineral resource [14-16].

(5) Fossil resource scarcity: with the same significance and approach followed for mineral
resources, depletion of fossil energy resources is expressed in terms of the equivalent
mass of oil using the Fossil Fuel Potential (FFP), which is calculated as the ratio
between the higher heating value of the fossil resource and the higher heating value
of crude oil [14,15].

Table 1 resumes the environmental impact categories considered, together with
the characterization factors and the unit adopted [15], to quantify the contribution to
each category.

Table 1. Impact categories and characterization factors employed for the LCIA.

Impact Category Characterization Factor Unit
Climate change Global Warming Potential (GIWP) kg COy-eq
Terrestrial acidification Terrestrial Acidification Potential (TAP) kg SOz-eq

Fine particulate

matter formation Particulate matter formation potential (PMFP) kg PM; 5-eq
Mineral resource scarcity Surplus ore potential (SOP) kg Cu-eq
Fossil resource scarcity Fossil fuel potential (FFP) kg Oil-eq

With the aim to give the obtained results a greater generality and applicability, the
environmental impact comparison was carried out considering three fictitious vehicles (a
gasoline ICEV, a gasoline HEV, and a BEV) representative of real market products, whose
performance and characteristics, as shown further on, were determined on the basis of real
vehicles available on the 2019 market. The functional unit [10] of this study is hence the
distance traveled by each vehicle during its entire life. For the life cycle impact evaluation,
the following assumptions were also made by the authors:

(6) The three vehicles compared were assumed to be produced in Germany in 2019:
the reason for this assumption is that, as reported by ACEA [17], Germany is the
European state with the largest production of passenger cars (4.66 million units in
2019, i.e., 30% of EU production) followed by Spain (2.18 million units in 2019, 14% of
EU production).

(7)  The lithium-ion batteries of both the hybrid and the electric vehicles were assumed to
be manufactured in China, which is the largest producer in the world: considering,
for example, lithium-ion bases batteries for electric vehicles, in 2017 about 70% of the
world production (145 out of 206 GWh) came from China [18].

(8) A reference lifetime distance of 150,000 km traveled in Europe was assumed for
each of the three vehicles considered: this was established considering that in the
European Union, a passenger car travels an average distance of 12,529 km each year,
and has an average useful life of 11.5 years [19]—it results in an average distance
traveled by a passenger car during the lifetime of 144,085 km, rounded by the authors
to 150,000 km.

According to the assumptions made, hence, the German electricity mix was considered
for all the vehicle production phases, excluding the lithium-ion batteries, whose production
was instead considered under the Chinese electricity mix. In contrast, in regards to the use
phase, each vehicle was supposed to travel all over Europe for the whole lifetime distance.
As a result of this assumption, the European gasoline production and distribution chains
were assumed for the calculation of the impact related to the fuel employed in combustion
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engine vehicles, and the average European electricity mix was considered to account for
the impact related to the electric energy used by the BEV.

As can be noted, in their evaluation, the authors followed the approach to represent
the “most probable situation” making reference to the most diffused case; as a result, the
assumptions made delimited the target of this study to the passenger cars belonging to the
small-medium category, produced and assembled in Germany, endowed of Li-ion batteries
produced in China, and fueled (or recharged) all over Europe.

Moreover, as will be shown further, with the aim to weigh the role of both electricity
mix and traveled distance, a scenario analysis was also performed, adding to the compara-
tive analysis two more lifetime mileages and taking into account the two extreme situations
currently present in Europe, that is the Norwegian electricity mix, characterized by an
almost null carbon footprint, and the Polish electricity mix, still dominated by the recourse
to fossil sources. These cases have allowed extending the limits of the analysis, embracing
all the European real possible scenarios.

4. Life Cycle Inventory

As already mentioned, the life cycle environmental impact comparison was carried
out considering three fictitious vehicles representative of real market products; to this
purpose, for each propulsion technology considered (i.e., ICEV, HEV, and BEV), the authors
defined the characteristics of a plausible reference vehicle on the basis of the information
available on five different vehicles belonging to the B-C segments and available in the 2019
European car market. With regards, for example, to the traditional ICEV, Table 2 reports
the technical data provided by the manufacturer of the five commercial vehicles (ICEV1 to
ICEV5)—as shown, the last column, reports the technical specification of the representative
ICEV used in the comparative environmental impact analysis. The assumptions made and
the calculation performed to obtain the data of the reference ICEV are described in detail
in Appendix A. Following a similar approach, the reference HEV and BEV were defined
on the basis of the technical data available on five commercial products for each kind of
propulsion; as a result, Tables 3 and 4 report the specification of the real vehicles considered
and of the reference vehicles adopted for the comparison.

Table 2. Technical data of the gasoline internal combustion engine vehicles.

Gasoline Internal Combustion Engine Vehicle (ICEV)

Vehicle ref. code ICEV1 ICEV2 ICEV3 ICEV4 ICEV5
Citroen C3 Reference
Volkswagen Peugeot 208 Opel Corsa 1.2 Renault Clio PureTech 83 ICEV
Make and model Polo 1.0 TSI PureTech 130
130 CV TCe 130 CV Stop and Start
115CV Stop and Start .
Van Live
Tank capacity [L] 45 44 44 42 45 44
Vehicle mass [kg] 1190 1233 1233 1323 1165 1228.8
Displacement [em3] 999 1199 1199 1333 1199 1176.6
Max power [kW] 85 96 96 96 81 90.6
. Euro 6d
Standard emission Euro 6d temp Euro 6d temp Euro 6d temp Euro 6d temp Euro 6d temp temp
WLIP consumption 17.2 174 16.7 159 17.2 16.93
[km/L]
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Table 3. Technical data of the gasoline hybrid electric vehicles.

Gasoline Hybrid Electric Vehicle (HEV)

Vehicle ref. code HEV1 HEV2 HEV3 HEV4 HEV5
Renault Clio Toyota Corolla Lo . N Reference
gy . Hyundai Ioniq Toyota Prius Kia Niro HEV
Make and model Hybrid E-Tech 1.8 Hybrld FL Hybrid 1.6 18 AWD 1.6 GDI
140 CV Touring Sport
Tank capacity [L] 39 43 45 43 45 43.0
Vehicle mass [kg] 1398 1430 1436 1440 1490 1439
Displacement [em3] 1618 1798 1580 1798 1580 1676
Max power [kW] 103 90 104 90 104 98.2
Standard emission Euro 6d Euro 6d Euro 6d Euro 6d Euro 6d Euro 6d
WLIP consumption 19.6 23.0 20.8 27 208 214
[km/L]
Battery capacity
[KWh] 1.2 0.75 1.56 1.3 1.56 1.27
Battery technolo, Li-ion Li-ion Li-ion polymer NiMH Li-ion NMC
y gy poly polymer
Battery mass [kg] 38 // // // 33 26.9
Table 4. Technical data of the battery electric vehicles.
Battery Electric Vehicle (BEV)
Vehicle ref. code BEV1 BEV2 BEV3 BEV4 BEV5
Renault Z Volk Nissan Leaf S Hyundailoniq  ciorence
g enault Zoe olkswagen issan Lea yundai Ioniq BEV
Make and model Peugeot e-208 R110 2019 e-Golf 2019 2019 EV 2019
Vehicle mass [kg] 1500 1500 1615 1558 1575 1550
Max power [kW] 100 80 100 110 100 97.9
Battery capacity [kWh] 50 45.61 35.8 40 38.3 42.1
Battery warranty [km] 160,000 (70%) 160,000 (66%) 160,000 160,000 200,000 160,000
Battery technology // NMC 712 NMC NMC NMC 622 l\él\z/lzC
Battery mass [kg] // 305 318 303 340 374
WLIP Driving 340 300 232 270 311 291
range [km]
WLTP Consumption
[kWh,/km] 0.164 0.178 0.176 0.171 0.138 0.166

The evaluation performed to determine the main characteristics of the reference HEV
and BEV are also reported in Appendix A. The average composition of each electricity mix
considered in this study [20] is instead reported in Table 5, according to the assumption
made in the Goal and Scope section.
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Table 5. Composition of the electricity mixes considered in the LCA [20].

China EU-28 Germany Norway Poland
(2018) (2019) (2019) (2019) (2019)
Coal 66.4% 15.4% 30.0% 0.121% 73.72%
oil 0.153% 1.64% 0.822% 0.013% 1.09%
Natural gas 3.28% 21.9% 15.3% 1.732% 9.18%
Nuclear 4.09% 25.3% 12.1% 0% 0%
Hydro 17.1% 10.9% 4.24% 93.4% 1.63%
Wind 5.07% 13.3% 20.4% 41% 9.20%
Solar PV 2.45% 4.07% 7.69% 0.010% 0.44%
Biofuels 1.26% 5.27% 7.22% 0.03% 4.30%
Waste 0.187% 1.60% 2.03% 0.31% 0.38%
Geothermal 0.002% 0.206% 0.0317% 0% 0%
Solar thermal 0.004% 0.178% 0% 0%
Tide 0.0002% 0.0152% 0% 0%
Sgi‘cegs 0.141% 0.168% 0.244% 0.05%

5. Life Cycle Impact Assessment
5.1. Production Stage

As already mentioned in the Goal and Scope section, the environmental impact related
to the production phase of each standard vehicle was estimated using the GREET 2020.Net
suite. Being this software developed in the United States of America, the processes related
to materials production (e.g., steel production) and to mining (e.g., iron extraction) are
referred to as the default geographical context of the USA. With the aim to adapt the
GREET model evaluation to the assumption made (i.e., the vehicles were supposed to
be produced in Germany), the authors replaced the built-in electricity mix of the USA
with the electricity mix of Germany (Table 5). It was also assumed an equal demand of
thermal energy and materials during the vehicle production phases, which in actual fact
corresponds to assume the same industrial technological level between Germany and the
USA. It is worth mentioning, however, that the assumption on the geographical localization
of the vehicles production phases in Germany did not regard rare materials produced only
in few parts of the planet. In these cases, in effect, the source is considered the same for all
the production companies all over the world.

According to the GREET model, the mass of each vehicle is divided into three cate-
gories [21]:

e  Components
e  Fluids
e  Battery

For the “Vehicle components” category, in turn, the GREET software estimates the
percentage mass distributions reported in Table 6 for each kind of vehicle considered; as
will be shown, these mass distributions will be necessary to evaluate the environmental
impact associated with the production of the components of each vehicle considered.
Moreover, the “Vehicle Assembly” function of the GREET model takes into account the
assembly, welding, and painting processes necessary for each vehicle. In this phase,
the energy necessary for the end-of-life disposal of the vehicle (battery excluded) is also
considered and evaluated. The emissions related to the production of each individual
component will be hence summed to the emissions caused by the assembly of the vehicle,
thus allowing estimating the overall emissions connected to the production of the entire
vehicle (battery excluded).
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Table 6. Percentage mass distribution for each kind of passenger car [21].

Component ICEV HEV BEV
Body 44.1% 45.3% 53.5%
Powertrain 25.7% 17.0% 1.70%
Transmission 6.30% 7.20% 3.30%
Chassis 23.9% 24.5% 28.9%
Traction motor 0 2.10% 6.70%
Generator 0 2.10% 0
Controller/Inverter 0 1.80% 5.90%

5.1.1. Battery Production

This paragraph refers to the production of the batteries employed in fully electric
and hybrid vehicles, while the production of lead-acid batteries usually adopted in ICEV
is already accounted for in the vehicle production phase. BEVs and HEVs are mainly
equipped with lithium-ion batteries [22] of various types, depending on the different
compositions of cathode materials; at present, the most diffused cathode chemistries for
lithium-ion batteries are [22,23]:

LCO—Lithium Cobalt Oxide (LiCoO2)

LMO—Lithium Manganese Oxide (LiMn;Oy)

NMC—Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2)
LFP—Lithium Iron Phosphate (LiFePO4)

NCA—Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlO5)

In connection with the reported cathode materials, graphite is the most commonly
used anode material [22,24,25]. Lithium-ion polymer batteries (often referred to as LIPO)
employ a polymer-based composite material as electrolyte and are produced with all the
different cathode chemistries already listed. With the aim to represent the most probable
situation, the authors focused on NMC batteries, which currently constitutes the most
diffused technology among the electric vehicles registered in the United States, Europe,
and Japan [26] due to its high energy density and long cycle life, as is confirmed by the
data reported in Table 4; NMC batteries are increasingly used compared to LFP technology,
and continued growth is expected in years to come. In the present paper, hence, the GREET
model was used to estimate the environmental impact associated with the production of the
batteries of each BEV and HEV considered, with reference to the production technologies
and to updated data collected by manufacturers of lithium-ion batteries for the automotive
sector in China [27,28]; as already explained in the Goal and scope section, the China
electricity mix was introduced in the GREET model for the evaluations of the impact
related to Li-ion battery production, which is substantially carried out in two separate
steps. In the first, the bill of materials (BOM) necessary for the battery realization is
compiled based on the battery type and weight, and the environmental impact associated
to the amount of each element of the bill is computed; in the second step, instead, all
the manufacturing processes necessary for the battery assembly are considered and their
environmental impact evaluated on the basis of the battery type and capacity.

5.1.2. Vehicle Production Results

This paragraph describes the procedures and calculations carried out to estimate the
environmental impact due to the production of each vehicle. The masses of the three
reference vehicles compared in this work are indicated in Tables 2—4. The values reported,
however, refer to the complete vehicle kerb masses [29], including hence the necessary
fluids for vehicle operation (e.g., lubricants, coolant, washer fluid, fuel, etc.) and the
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batteries. The empty mass of each vehicle (i.e., related to vehicle components only) was
hence determined subtracting the masses of fluids and batteries:

Mempty = Mkerb — (Z Meluids + mbattery) (1)

The masses of the different fluids [21] are reported in Table 7 for each reference
vehicle considered; in regards to the batteries, a mass of 16.3 kg was adopted for the ICEV
traditional 12V lead-acid model [21], while for the reference HEV and BEYV, as already
reported in Tables 3 and 4, the evaluation carried out in Appendix A led to 26.9 and
374 kg, respectively.

Table 7. Fluids masses for each kind of vehicle.

ICEV HEV BEV
Engine lubricant [kg] 4.1 41 0.0
Power steering fluid [kg] 0.0 0.0 0.0
Brake fluid [kg] 091 0.91 091
Transmission fluid [kg] 10.9 091 0.91
Powertrain coolant [kg] 10.4 10.4 72
Windshield wiper fluid [kg] 27 2.7 2.7
Adhesives [kg] 13.6 13.6 13.6

Applying the percentage mass distributions reported in Table 6 to each vehicle’s empty
mass allowed for determining the mass of each vehicle component, i.e., body, powertrain,
transmission, chassis, motor/generator, and controller/inverter. The mass of each vehicle
component was then introduced as input to the GREET model, which returned the related
polluting emissions and resources used. The influence of each vehicle component on each
environmental impact category was hence evaluated applying the ReCiPe characterization
factors of Table 1. As a final result, Tables 8-10 report the environmental impact related to
the production of each component (including fluids and batteries) of the reference ICEV,
HEYV, and BEV respectively. As can also be observed, the last column reports the energy
consumption (expressed in MJ) related to the component—this information has been added
with the aim to highlight the energy impact of every single component, which, therefore,
affects some of the impact categories considered.

Table 8. Environmental impact and resource deployment related to the reference ICEV components production.

GWP TAP PMFP SOP FFP Cori‘::;i{ion
[kg CO; eq] [kg SO, eql [kg PM; 5 eq] [kg Cu eq] [kg Oil eq] [MJ]
Body 1303.0 7.1 2.2 17.7 3342 20,890.3
Powertrain 659.1 39 13 247 191.2 12,435.9
Transmission 163.3 0.6 0.2 54 46.1 3081.5
Chassis 666.1 3.3 1.1 10.1 133.5 9339.3
Assembly 1127.5 1.8 0.6 0.0 300.4 20,413.5
0Oil 134 0.1 0.0 0.0 4.0 219.8
Brake fluid 3.0 0.0 0.0 0.0 0.9 48.8
Transmission fluid 35.8 0.2 0.1 0.0 10.7 586.1
Coolant 18.0 0.1 0.0 0.0 41 205.9
Adhesives 48.8 0.3 0.1 0.0 23.3 1190.8
Windshield wiper fluid 49 0.0 0.0 0.0 0.9 41.7
Battery 11.7 0.2 0.1 5.1 41 251.6
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Table 9. Environmental impact and resource deployment related to the reference HEV components production.

GWP TAP PMFP SOP FFP Cmirl‘;rlgpzion
[kg CO> eq] [kg SOy eql  [kg PMy;5 eql [kg Cu eq] [kg Oil eq] [MJ]
Body 1574.7 8.5 2.70 18.8 403.9 25,246.1
Powertrain 523.0 3.0 0.97 16.6 142.5 9373.7
Transmission 317.3 3.9 1.20 20.1 61.7 5155.5
Chassis 803.3 3.9 1.32 10.5 161.0 11,263.5
Traction Motor 74.1 1.4 0.41 9.8 16.3 1188.9
Generator 74.1 1.4 0.41 9.8 16.3 1188.9
Controller/Inverter 63.4 0.5 0.16 3.9 20.5 1263.2
Assembly 1320.2 2.1 0.70 0.0 351.8 23,902.1
0Oil 134 0.1 0.03 0.0 4.0 219.8
Brake fluid 3.0 0.0 0.01 0.0 0.9 48.8
Transmission. Fluid 3.0 0.0 0.01 0.0 0.9 48.8
Coolant 18.0 0.1 0.02 0.0 41 205.9
Adhesives 48.8 0.3 0.07 0.0 233 1190.8
Windshield wiper fluid 49 0.0 0.00 0.0 0.9 41.7
Battery BOM 214.0 1.6 0.50 6.4 45.0 2949.6
Battery assembly 20.0 0.0 0.01 0.0 57 289.2

Table 10. Environmental impact and resource deployment related to the reference BEV components production.

GWP TAP PMFP SOP FFP Corir:lel;g}zion
[kg CO; eq] [kg SOz eql  [kg PMy5 eql [kg Cu eq] [kg Oil eq] [MJ]
Body 1627.6 8.8 2.80 221 417.4 26,094.7
Powertrain 57.9 0.8 0.25 44 17.3 1035.7
Transmission 127.8 1.6 0.48 8.2 24.8 2075.8
Chassis 8324 41 1.36 12.7 166.8 11,671.7
Traction Motor 213.9 4.0 1.18 28.6 47.1 3431.6
Controller/Inverter 182.5 1.5 0.46 11.1 59.1 3637.3
Assembly 1421.8 22 0.75 0.0 3789 25,742.7
Brake fluid 3.0 0.0 0.01 0.0 0.9 48.8
Transmission fluid 3.0 0.0 0.01 0.0 0.9 48.8
Coolant 12.5 0.1 0.01 0.0 2.8 143.3
Adhesives 48.8 0.3 0.07 0.0 23.3 1190.8
Windshield wiper fluid 49 0.0 0.00 0.0 0.9 41.7
Battery BOM 3008.0 50.3 14.92 180.7 683.3 43,210.8
Battery assembly 658.5 0.9 0.23 0.0 187.6 9519.7

5.2. Use Stage

The environmental impact related to the use phase of the vehicles is, as a general rule,
composed of two different contributions. The first is related to the energy source employed
by the vehicle, whose production is characterized by a certain environmental impact; the
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second contribution, instead, accounts for the exhaust emissions produced by the vehicle
during on-road operation.

5.2.1. Energy Consumption

Regarding the first contribution, both reference ICEV and HEV use as the energy
source the fuel introduced in the internal combustion engine (i.e., gasoline in the cases
here considered), while the BEV employs electric energy previously produced by means
of different primary energy sources, as for example natural gas, coal, hydro, wind, solar
energy, etc. As declared in the Goal and scope section, in this comparative LCA analysis, a
lifetime traveling distance of 150,000 km was assumed for each reference vehicle, entirely
run in Europe; for this reason, when evaluating the impact related to the fuel consumed
by both ICEVs and HEVs, the European fuel production and distribution chain was prop-
erly considered through the use of Ecoinvent V3, a widely employed life cycle inventory
database [30,31], in place of the GREET model. The reason for this change is that, as already
explained, the processes related to materials production comprised in the GREET model
refer to the geographical context of the USA. Moreover, even if in accordance with the
European Parliament regulation 2009/30/EC, European gasoline can contain up to 10%
of ethanol, on average it results in 5% of ethanol present in the gasoline distributed in the
European Union [32]. For this reason, the environmental impact related to gasoline pro-
duction (including manufacturing and transportation) was computed assuming gasoline
with 5% of ethanol from biomass, referred to as BE5: Table 11 shows the pollutant emission
and the resources use associated with the production of a single kg of BE5. For each of
the two reference ICEV and HEYV, the total mass of fuel consumed by the vehicle during
its entire life mg,e; was deduced on the basis of the WLTP fuel consumption F (reported in
Tables 2 and 3), of the total driving distance Dy, (150,000 km), and of the fuel density g,
(0.752 kg /L for the BES [33]):

Mguel = F1jkm) - Dtotlkm] * O fuel [kg/L) 2
to which correspond the energy required for vehicle traction:
Etmc = mfuel -LHV (3)

being LHV the fuel Lower Heating Value (41.7 M]/kg for the BE5 [33]). Indicating with x
the generic impact category, the characterization factor Iy source connected to the production
of the total mass of fuel employed by the ICEV or by the HEV was obtained as:

Iy source = Px - M fyel 4)

being ¢, the specific impact factor referred to the production of 1 kg of gasoline, reported
in Table 11. As can be noted, in the last row, the energy required for the production of 1
kg of BE5 is reported: this is the source of production energy and is responsible for the
related GWP. In addition, the electric energy used by the BEV was supposed to be entirely
produced in Europe, and hence, when computing the environmental impact related to the
use of the reference electric vehicle, the mean European electricity mix reported in the third
column of Table 5 was assumed.

Table 11. Specific impact factors related to the production of 1 kg of gasoline with 5% ethanol from
biomass (BE5) [30]).

GWP [kg CO; eq/kg] 0.596896
TAP [kg SO, eq/kgl 0.00529478
PMEFP [kg PM; 5 eq/kg] 0.00169847
SOP [kg Cu eq/kg] 0.00157793
FFP [kg Oil eq/kg] 1.14230
Energy consumption [M]/kg] 7.0463
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The total traction energy required by the BEV during its entire life Ey,. pry was
deduced on the basis of WLTP energy consumption F, reported in the last row of Table 4,
and of the total driving distance Dy

Etrac,BEV ikwn) = Fiewnkm) - Drot [fm] ®)

Adopting the same symbol x to denote the generic impact category, hence, the charac-
terization factor Iy source connected to the production of the total amount of electric energy
Etac ey consumed by the BEV was obtained as:

Ix,source = @Px - Etmc,BEV (6)

where the specific impact factor ¢, referred to each impact category x and associated to
the production of 1 kWh of electric energy is reported in Table 12 and was evaluated by
means of the GREET model employing the mean EU-28 electricity mix (already presented
in Table 5).

Table 12. Specific impact characterization factors related to the production of 1 kWh of electric energy
(EU-28 average electricity—Table 5).

GWP [kg CO; eq/kWh] 0.2994
TAP [kg SO; eq/kWh] 0.0006227
PMFP [kg PM; 5 eq/kWh] 0.0001971

SOP [kg Cu eq/kWh] 0.0000

FFP [kg Oil eq/kWh] 0.07252

Energy consumption [MJ/kWh] 6.8368

As shown, the last row of Table 12 reports the source production energy, i.e., the energy
input required for the production of 1 kWh of electric energy. The resulting environmental
impact and resource deployment associated with the energy consumed in the use phase of
each reference vehicle, during its entire life, is reported in Table 13.

Table 13. Environmental impact and resource deployment related to the energy consumed in the use
phase of each reference vehicle (whole vehicle life = 150,000 km).

ICEV HEV BEV
Total fuel consumed [kg] 6662.4 5274.9 0
Traction energy [kWh] 77,173 61,101 24,841
Source production energy [kWh] 13,040 10,325 47,176
GWP [kg CO,eq/kWh] 3976.7 3148.6 7436.5
TAP [kg SO,eq/kWh] 35.276 27.930 15.469
PMFP [kg PM; seq/kWh] 11.316 8.9594 4.8965
SOP [kg Cu eq/kWh] 10.513 8.3235 0
FFP [kg Oil eq/kWh] 7610.4 6025.6 1801.4

5.2.2. On-Road Emissions

Being the BEV free from on-road emissions, its road environmental impact was co-
herently considered null. As instead concerns the other two reference vehicles (ICEV
and HEV), the authors evaluated the impact related to the emissions of CO, produced
during the use phase, as well as the impact associated with the other relevant emissions
produced (e.g., CO, PM, NOX, etc.). For the evaluation of the carbon dioxide emissions due
to the fuel combustion, coherently with the BE5 gasoline assumed (i.e., 95% petrol and 5%
bio-ethanol), the authors considered only the carbon participation of petrol, being null the
carbon cycle of the bio-ethanol—it resulted in a carbon mass fraction of 82% (instead of the
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86.5% usually adopted for petrol) [33], according to which the amount of CO, emitted by
the combustion of each liter of BE5 is:

44
feo, = pruEL -082-1000- - = 2261[ 8co, ] ”

Lruer

being 12 and 44 the molecular masses of carbon and carbon dioxide, respectively. As
a result, the CO, emission factor (g/km) related to both reference ICEV and HEV was
evaluated on the basis of the WLTP fuel consumptions F (already shown in Tables 2 and 3):

ecoy(g/km) = fcoyg/L) * FlL/km] 8

and is reported in the 4th row of Table 14. As instead regards the impact related to other
relevant exhaust emissions produced by both the ICEV and the HEV, the authors referred
to the emission inventory data of the European Environment Agency [34] which contains
average values of the emission factor (i.e., grams of pollutant per kilometer of distance
traveled) related to different kinds of vehicles (passenger cars, light commercial trucks,
heavy-duty vehicles including buses, mopeds, and motorcycles), belonging to different
categories (mini, small medium, large, executive, etc.), using different fuels (diesel, petrol,
LPG, and CNG), and recorded on several different standard tests (starting from pre-ECE,
up to Euro 6 d-temp); for the reference ICEV, the authors considered the emission factor
reported for a small petrol passenger car, Euro 6 d-temp, while the reference HEV was
considered as a small petrol Hybrid passenger car, Euro 6, thus obtaining the values shown
in Table 14.

Table 14. Emission factors related to the reference vehicles ICEV and HEV (European Environment
Agency [34]).

ICEV HEV

Type of car Petrol Small Hybrid Petrol Small
Technology Euro 6 d-temp Euro 6
CO; [g/km] 133.5 105.7
CO [g/km] 0.69 0.042
NMHC [g/km] 0.048 0.001
NOx [g/km] 0.056 0.013
N;O [g/km] 0.0013 0.0002
NH; [g/km] 0.0123 0.0328

Pb [g/km] 1.82 x 1075 1.82 x 107

CO; lube [g/km] 0.398 0.398

On the basis of the emission factors and of the total driving distance, the authors could
establish the total mass of each pollutant emitted during the life cycle of both the reference
ICEV and HEV, which, according to the ReCiPe 2016 methodology described in [14,15],
allowed evaluation of the characterization factor for each impact category considered,
as reported in Table 15. Summing the contribution of the energy source production to
the contribution derived from the exhaust emissions, the total environmental impact and
resource deployment related to the use phase of each reference vehicle is reported in
Table 16 for the entire vehicle’s life.
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Table 15. Environmental impact and resource deployment related to the exhaust emissions of both
reference ICEV and HEV produced during the entire life (i.e., 150,000 km).

ICEV HEV
GWP [kg CO; eq] 20,032 15,860
TAP [kg SO; eql 3.024 0.7020
PMFP [kg PM; 5 eql 0 0
SOP [kg Cu eq] 0.2400 0.03000
FFP [kg Oil eq] 0 0

Table 16. Environmental impact and resource deployment related to the use phase of the three
reference vehicles on their entire life (i.e., 150,000 km).

ICEV HEV BEV

GWP [kg CO; eq] 24,008 19,009 7437

TAP [kg SO; eql 38.300 28.632 15.47

PMFP [kg PM; 5 eql 11.556 8.9894 4.896
SOP [kg Cu eq] 10.513 8.3235 0

FFP [kg Oil eq] 7610.4 6025.6 1801

5.3. End-of-Life

The disposal and recycling phases of all the components of the ICEV are already taken
into consideration in the “vehicle assembly phase” of the GREET model. Moreover, the
disposal and recycling of most of the components of both HEV and BEV are included in
the GREET “vehicle assembly phase”, remaining out of this evaluation only the batteries,
due to the existence of different processes for the disposal of the several different kinds of
batteries available. On account of this, the disposal phase of the batteries of both HEV and
BEV was expressly carried out by the authors.

Electric Vehicle Battery Disposal

The battery disposal and recycling process was modeled through the environmental
impact indicators provided for lithium-ion batteries in the scientific literature [7]. To
account for the different battery capacities (i.e., different amounts of materials and hence
different environmental impact), a mass-based proportionality was assumed thus adapting
the literature available data to the batteries considered in this study. Each battery cell was
assumed to be recycled through a pyrometallurgical process, which is commonly used in
Europe for vehicle battery recycling [24]. The pyrometallurgical process, however, does not
allow the recovery of materials such as graphite, plastic materials, aluminum, lithium, and
manganese; in particular, the last three elements are retained in the slag produced during
the process [25]. The metal alloy and slag obtained from the pyrometallurgical process,
which represent about 55% of the initial battery mass, are hence further refined through
the hydrometallurgical process, to recover the metal sulphates, which can be used again to
produce the cathode of lithium-ion batteries [35]. The resulting impact indicators related to
the disposal of the batteries of both reference HEV and BEV are shown in Table 17.
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Table 17. Impact characterization factors related to the End of Life (EoL) of the lithium-ion batteries
of both reference HEV and BEV.

HEV BEV
GWP [kg CO; eq] 28.46 396.0
TAP [kg SO; eq] 0.07371 1.026
PMFP [kg PM; 5 eql 0.02063 0.2870
SOP [kg Cu eq] 0 0
FFP [kg Oil eq] 6.610 91.97
Energy consumption [M]] 488.2 6794

Finally, summing the three contributions (production phase, use phase, and disposal
phase), the life cycle environmental impact, and resource deployment for each reference
vehicle considered was obtained—these results will be discussed in the following section.

6. Results of the LCA Analysis and Discussion

This section deals with the results obtained from the life cycle environmental impact
assessment carried out for each of the three vehicles considered.

6.1. Global Warming Effect

Being the most significant indicator related to climate changes and to its causes, GWP
is one of the most diffused environmental impact indicators among the various life cycle
impact assessments. shows the GWP generated by the three reference vehicles during each
phase of their life.

As can be observed, the total amount of equivalent CO, emitted during a vehicle’s life
is reported on the top of each bar, while the percentage with respect to the ICEV case is
also reported on the top of HEV and BEV bars. The values reported inside the bar refer
instead to the single phase (production or use phases, negligible values are not reported).
The results of the GWP analysis show that, at the end of its life, traditional vehicles with
gasoline-fueled internal combustion engines are responsible for an average specific CO,
equivalent emission of 187 g/km, which is about 40% higher than the “on-road” CO,
emission related to the fuel consumption (i.e., 133.5 g/km in Table 15), due to vehicle
production impact. The HEV is characterized by a lower impact (—14.1%) with respect to
the ICEV, with an overall average specific CO,eq emission of 160 g/km, which is +52%
higher than the on-road emission of 105.7 g/km (Table 15) mainly due to the impact of
the production phase. Finally, the BEV revealed a CO; equivalent emission of 109.6 g/km,
which represents about 58.6% of the traditional ICEV, and confirms the relevant role played
by the vehicle production phase, as well as by the energy source production processes, in
determining the real overall environmental impact of a passenger car [4-6]. The graph
in Figure 1 also shows that the production of the traditional vehicle is the less impacting
among the three production phases, thanks to processes and manufacturing technologies
optimized and refined over a long time; BEV and HEV, instead, share the burden of the
lithium-ion battery production, which, in the case of the electric vehicle, implies 4215 kg
of CO,eq (indicated as BP in Figure 1) causing +112% higher CO, emissions with respect
to the ICEV production phase. The diagram in Figure 1 also shows that the use phase
represents the major source of greenhouse gas emissions for both the reference ICEV (85.5%
of total COyeq) and the reference HEV (78.8% of total COjeq), while for the BEV the
production phase involves the major part of the total CO, emissions (52.3% of total CO,eq),
coming from the battery production process the most relevant contribution.
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Figure 1. Global warming potential related to the entire lifecycle of the three reference vehicles
(BP = Battery Production).

The comparison carried out until now is referred to a lifetime distance traveled
of 150,000 km and confirms the BEV to be the less impactful solution among the three
alternatives considered with a —41.4% cut with respect to the ICEV and —31.8% with
respect to HEV. However, to understand the effect of the vehicle lifetime mileage (or usage
time) on overall greenhouse gas emissions, the authors evaluated the GWP impact factor
as a function of the distance traveled, as shown in Figure 2. Besides confirming the higher
starting impact (i.e., for a null distance traveled) of both HEV and BEV, the diagram in
Figure 2 also shows that the reference ICEV reveals to be the less greenhouse gas emitting
vehicle up to a mileage of 32,500 km (i.e., roughly the first 2.6 years of vehicle usage, if the
already mentioned average European lifetime distance traveled of 12,529 km is considered),
and remains cleaner than the BEV up to 41,250 km (i.e., up to 3.3 years of vehicle usage),
while the advantage of the HEV on the BEV extends to 46,250 km (i.e., a vehicle usage
period of 3.7 years).
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Figure 2. Global warming potential comparison as a function of the lifetime distance traveled.

6.2. Terrestrial Acidification

Anthropogenic terrestrial acidification is primarily caused by atmospheric deposition
of acidity, mainly through acid rain originated by the emissions into the atmosphere of
substances such as nitrogen oxides (NOy), ammonia (NHj3), and sulphur dioxide (50,).
The evaluation carried out in terms of Terrestrial Acidification Potentials (TAP) for the
whole life cycle of the three reference vehicles is shown in Figure 3. The first notable result
is that the production phase of the BEV causes a very high level of terrestrial acidification
giving an overall final result of 661 mg/km which exceeds +78% of the impact related to
the reference ICEV (372 mg/km). This is principally referring to the production of the
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Lithium-ion battery (60.3 kg of SO,eq, as indicated in Figure 3, i.e., 73% of the total impact
generated in the production phase), which causes huge emissions of sulphur and nitrogen
oxides (SOx and NOx) for the extraction and refining of nickel, copper, and aluminum, for
cell production and synthetic graphite processes [26]. Moreover, a further contribution to
the high acidification impact related to the battery production processes is provided by
the Chinese electricity mix, which is dominated by coal-fired plants (66% of total electric
energy produced, as resumed in Table 5), and hence characterized by high levels of SOx
emissions. For the same reason, the overall impact of the HEV (386 mg/km) also results in
slightly higher than ICEV (+4%), due to the production of the small Lithium-ion battery. In
regards to the ICEV, most of the terrestrial acidification is caused by the exhaust emissions
produced during the use phase (68.3% of total), while for the HEV and for the BEV the
main impact is related to the production phase, which accounts for the 50.8% and for the
83.3% of the total, respectively.

Terrestrial Acidification Potential
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Figure 3. Terrestrial acidification caused during the entire lifecycle of the three reference vehicles
(BP = Battery Production).

6.3. Particulate Matter Formation

The results obtained for this environmental impact category are shown in the di-
agram of Figure 4. Apart from the unit of measurement, a close resemblance between
Figures 3 and 4 can also be noted, i.e., almost identical relations exist between the bars of
each diagram. This is easily explained since the main substances involved in the forma-
tion of secondary PM; 5 (i.e., SO,, NHj, and NOx) are also responsible for the terrestrial
acidification—the battery production process, hence, also has a high impact in terms of
particulate matter formation, due to both the extraction and refining of the materials used
for NMC powders and to the phenomenon caused by the outdoor storage of copper-cobalt
minerals in Congo [36]. Considering as reference the impact generated by the reference
ICEV, the impact of BEV was substantially stronger (+75%), while HEV remains were
slightly higher (+6%). Moreover, the distribution within the results of the different phases
was similar to the terrestrial acidification, being 67.4% of the portion of the particulate
impact caused by the use phase of the ICEV, while the production phase of both HEV and
BEV still represents the most impacting phase with 51.0% and 82.7% of the total emissions
produced, respectively.
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Figure 4. Particulate matter formation related to the entire lifecycle of the three reference vehicles
(BP = Battery Production).

6.4. Mineral Resource Deployment

Due to the extensive use of rare materials such as lithium, nickel, cobalt, and copper
[14,24] required for the production of lithium-ion batteries, the mineral resource deploy-
ment (reported in Figure 5) related to the BEV results abundantly higher than the impact
caused by the ICEV (about four times), while HEV revealed “only” a + 54% increment. As
expected, apart from the reference vehicle considered, almost the entire impact is generated
during the production phase. The contribution due to electric vehicle battery production
is indicated as BP in the graph of Figure 5 and amounts to 72% of the total surplus ore
potential related to the battery electric vehicle.
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Figure 5. Mineral resource depletion related to the entire lifecycle of the three reference vehicles
(BP = Battery Production).

6.5. Fossil Resource Deployment

Regarding the deployment of fossil fuel sources, the results obtained in this evaluation
are reported in Figure 6. Several observations can be made and are worthy of note: firstly,
as expected, the highest overall fossil source consumption is generated by the ICEV (i.e.,
57.8 g/km), followed by the HEV (48.4 g/km, i.e., 84.1% with respect to the ICEV) and
by the BEV, which, even if “fully electric” vehicle, implies a fossil fuel consumption of
26.6 g/km (i.e., 46% with respect to the ICEV); moreover, both ICEV and HEV cause
most of their fossil fuel consumption during the use phase of the vehicle (87.8% and
82.7% of the total respectively), being their main energy source for traction a fossil-derived
fuel, while, when the BEV is concerned, the most of fossil resource consumption takes
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place in the production phase (52.6%), mainly due to the high consumption of electricity
energy required for battery production, and to the fossil source domination in the Chinese
electricity mix. It can also be observed that the fossil resource consumption generated in
the use phase by the BEV (1801 kg Oil eq.) constitutes 23.6% of the consumption caused
by the ICEV in the same phase (7610 kg Oil eq). This result, however, depends on the
particular electricity mix considered for the supply of the BEV, and, as shown further on,
may substantially change from one country to another.
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Figure 6. Fossil fuel depletion related to the entire lifecycle of the three reference vehicles
(BP = Battery Production).

7. Scenario Analysis

The results of the analysis carried out to this point are obviously related to the ref-
erence scenario adopted which is characterized by several assumptions. Some of these
assumptions may have a general validity (i.e., vehicles produced in Germany may be
distributed and used all over Europe, the impact related to petrol production is almost the
same in Europe and the USA, most of the lithium-ion batteries used worldwide come from
China) while other may easily change and produce considerable variations in the results ob-
tained, such as the lifetime mileage and the country where the vehicles are supposed to be
employed. The total distance traveled during a vehicle’s lifetime obviously influences the
amount of both energy resource consumed and pollutant emitted, while the country where
the vehicle is used has a strict correlation with the electricity mix (i.e., the composition of
primary energy resources employed to generate electric energy) and hence with the impact
related to the electric energy consumed. With the aim to highlight the importance of these
two variables (the most susceptible of variations) on the lifecycle environmental impact
of the three reference vehicles considered, a scenario analysis was performed. In regards
to the lifetime mileage of each vehicle, two different cases were added to the evaluation,
considering a £30% deviation from the average European lifetime distance traveled, i.e.,
105,000 and 195,000 km. Concerning the second variable, two particular countries were
considered for the vehicles traveling, characterized by substantially different electricity
mixes: Norway, where 97.5% of electric energy is produced by means of renewable sources
(mainly hydroelectric, as shown in Table 5), and hence with a near-zero carbon footprint,
and, on the other hand, Poland, where 84% of electric energy is produced by fossil sources
(above all coal, as shown Table 5). The introduction of these two countries has the meaning
to observe how different electricity mixes may influence the environmental impact related
to the use of the battery electric vehicles, compared to the gasoline-fueled ICEV and HEV.
It is worth repeating that, regarding petrol production, no substantial differences could be
traced on the technologies and processes adopted among the different European countries,
as, therefore, confirmed by both the database consulted (i.e., GREET and Ecoinvent v.3).
For this reason, the impact and resources deployment related to gasoline production in
Norway and in Poland was considered equal to the average European assumed in the
previous section. In addition, the other production steps were considered unchanged,
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i.e., the vehicles were assumed to be produced in Germany and the lithium-ion batteries
employed in the HEV and in the BEV were supposed to be produced in China. More-
over, since lithium-ion batteries have a limited duration, their replacement was also taken
into consideration. Due to a lack of literature references dealing with the longevity of
electric vehicle batteries in real conditions of use, all life cycle analyses usually consider
the duration of a battery equal to the manufacturer’s warranty [7]. Since the batteries of
most of the electric vehicles considered for the characterization of the reference BEV (as
reported in Table 4) are guaranteed for 160,000 km, therefore, when exceeding this traveling
distance (i.e., only in the scenarios with a lifetime distance traveled of 195,000 km), a battery
replacement was introduced in the calculation. Moreover, with the purpose to suppress
any difference related to the three lifetime mileages considered and make the results of all
scenarios comparable, for each impact category, the authors evaluated the specific factor
dividing each characterization factor by the lifetime distance traveled, obtaining hence the
impact per km of traveled distance.

8. Results of the Scenario Analysis and Discussion

The results obtained from this scenario analysis, in regards to the specific global
warming potential (expressed as gCO,eq/km), are summarized in the graph of Figure 7.
Specific global warming potential (gCO,eq/km) related to the three reference vehicles in
the scenario analysis. As can be observed, three series of histograms are reported, one for
each lifetime mileage considered; each series of histograms, in turn, represents the lifecycle
impact evaluated for the ICEV, the HEV, the BEV employed in Norway (BEV-NOR), the
BEV employed in Poland (BEV-POL), and the BEV employed using the average European
electricity mix (BEV-EU28). As already shown in the previous graphs of this paper, the
impacts related to the production and to the use phases are reported inside the colored bar
(negligible values are not reported), while the percentage ratio with respect to the ICEV
case is reported on the top of both HEV and BEV bars. Starting from the reference ICEV,
Figure 7 shows that, the increase in the lifetime distance traveled causes a light specific
impact reduction due to the reduction in the specific impact related to the production
phase of the vehicle; quite a similar situation occurs for the HEV, which is characterized
by a slightly higher impact in the production phase (on account of the lithium-ion battery
production) and lower greenhouse gas emissions in the use phase, thanks to the higher
vehicle efficiency. It can also be observed that, independent from the lifetime mileage, its
global warming impact remains between 85.5% and 88.5% of the impact caused by the
ICEV. The specific global warming caused by the BEV, as expected, is instead strongly
dependent on the electricity mix adopted by the country where the vehicle is employed,
and on the lifetime mileage; more specifically, the specific emissions of CO,eq of the BEV
range between 33% and 44% with respect to the ICEV when the vehicle is operated in
Norway. In this case, the environmental impact is almost entirely due to the production
phase of the vehicle, being negligible the carbon footprint of the Norwegian electricity
mix. It is also worth pointing out that in the third scenario (i.e., 195,000 km) the battery
replacement required at 160,000 km causes a sharp increment of the specific impact related
to the production phase. The advantage of the BEV on the ICEV, in terms of greenhouse
gas emissions, however, reduces if the average European electricity mix is considered (with
percentage ratio from 58.6% to 68.1%) and reveals null if the electric vehicle is operated in
Poland. In this case, the high carbon footprint of the electricity mix causes the greenhouse
gas emissions of the BEV to become even higher than the emissions of the ICEV, with a
percentage ratio between 108% to 117%, depending on the lifecycle mileage of the vehicle.
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Figure 7. Specific global warming potential (gCO,eq/km) related to the three reference vehicles in the scenario analysis.
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Concerning the second impact category, i.e., the specific terrestrial acidification (ex-
pressed as mgSOyeq/km), the results obtained from the scenario analysis, reported in
Figure 8, confirm the dominant role of the lithium-ion battery production, which causes the
HEV and the BEV to have higher environmental impacts than ICEV, apart from the vehicle
mileage and the country of utilization; more specifically, the HEV slightly exceeds the ICEV,
with percentage ratios between 104% and 112%, while the BEV, whose battery pack has a
substantially higher capacity, reveals a percentage ratio in the range of 150—216% in the
case of the Norwegian electricity mix, moving up to a range of 246—319% in the case of the
Polish electricity mix.
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Figure 8.
scenario analysis.

Specific terrestrial acidification potential (mgSO,eq/km) related to the three reference vehicles in the

It is worth pointing out that, due to the battery replacement at 160,000 km, the BEV
gives the worst results in the longer mileage scenario.

As already observed in the previous section, the scenario analysis confirms that the
specific environmental impact due to primary and secondary particulate matter has a trend
quite similar to the terrestrial acidification (as shown in Figure 9), being involved the same
chemical species. The BEV is confirmed to be the most impacting vehicle, principally due
to the battery production processes and resources, with percentage ratios between 147%
and 210% (with respect to ICEV) if used in Norway, and between 240% and 311% if the
vehicle is instead operated in Poland. The HEV confirms a slightly higher impact with
respect to the ICEV, with a percentage ratio between 106% and 114%.
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Figure 9. Specific particulate matter formation potential (mgPM, seq/km) related to the three reference vehicles in the six
different scenarios.

Moving on to the impact on resources, the results obtained by the scenario analysis
with regard to the mineral resource deployment are reported in Figure 10 in terms of mg
Cu-eq/km. As already highlighted in the previous section, the production of lithium-ion
batteries involves a wide use of uncommon metals such as copper, nickel, and cobalt,
which, therefore, explains the very high impact of BEV with respect to both ICEV and HEV,
apart from the scenario adopted. The percentage ratio ranges from 408% to 422% in the best
cases (i.e., for a lifetime distance traveled of 150,000 km) and moves to values higher than
600% for the longer traveled distance due to the battery replacement. The lower capacity
of the hybrid electric vehicle battery involves a lower deployment of mineral resources,
which results in a lower impact, with a percentage ratio in the range 154—171%.
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Figure 10. Specific surplus ore potential (mgCu-eq/km) related to the three reference vehicles in the six different scenarios.

Finally, the results regarding the deployment of fossil fuel resources are reported
in Figure 11 in terms of consumption of oil per km of distance traveled (gOil-eq/km).
As evidenced, the highest impacts are caused by the ICEV, followed by the HEV, whose
percentage ratio remains around 85%, apart from the scenario considered. The recourse
to fossil sources of the BEV instead has a strict correlation to the country that utilizes the
vehicle, as shown in the graph; with respect to the ICEV, the impact of the BEV remains
around 31% in the fossil-free Norway, rising to an average percentage ratio of 51% when
the EU-28 electricity mix is considered, and arriving at an average percentage ratio of 71%
if the vehicle is employed in Poland. This scenario analysis, hence, reveals quantitatively
(also with the help of percentage ratio referred to the traditional internal combustion engine
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vehicle) the non-explicit recourse to fossil sources of BEV, and how its real impact strictly
depends on the fossil source exploitation in the country that utilizes the vehicle. Finally,
the specific impact factors obtained by the scenario analysis are reported, for each scenario
considered and for each phase evaluated, in Table 18.
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Figure 11. Specific fossil fuel potential (gOil-eq/km) related to the three reference vehicles in the six different scenarios.

According to the results obtained by this scenario analysis, a consideration can be
made: if, at the end of its life, an electric vehicle has caused a global warming impact
comparable to a traditional petrol or hybrid vehicle (as in the average European and in the
Polish case), from an environmental point of view, this could be considered a failure, given
that, with respect to a traditional petrol vehicle, an electric vehicle gives rise to roughly
two times the acidifying and particulate emissions, and requires the extraction of five times
the amount of minerals. This means that, given the current manufacturing and production
processes and technologies, promoting the use of lithium-ion-based electric vehicles in
geographical areas where the energy mix used to produce electricity still relies on fossil
fuels may be counterproductive. In this case, in effect, the substitution of a large part of
the existing traditional vehicles with current technology electric vehicles would lead to a
change in the worrying environmental impact category, moving from the global warming
problem to the other relevant environmental issues such as acidifying and particulate
emissions. Since an overall reduction in all the impact categories is instead desirable, it is
necessary to promote research towards the development of more efficient and less polluting
battery production processes, reducing significantly the recourse to rare minerals and to
fossil energy sources.

The scenario analysis revealed great variations in the impacting behavior of the
reference BEV, with considerable deviation also from the results obtained in the first analysis
based on the EU-28 average electricity mix. On account of this observation, the authors
repeated the breakeven analysis already performed in the previous section (see Figure 2),
with the aim to evaluate the traveled distance which makes one vehicle more attractive than
another from the perspective of global warming potential. The new breakeven analysis
was carried out considering both the Norwegian and the Polish electricity mixes, and
the results are shown in the two graphs of Figure 12. As can be seen, if the vehicles are
operated in Norway, the BEV exhibits an almost constant GWP with varying the lifetime
traveled distance, while both ICEV and HEV are characterized by a lower initial impact
(production phase), which hence linearly increases with the traveled distance. The result is
that both ICEV and HEV reveal a lower global warming impact up to approximately 29,000
km (which means roughly 2.3 years of vehicle usage), and the ICEV remains less impacting
than HEV up to 32,500 km (i.e., 2.6 years of vehicle usage). This means that, even in the
best possible electricity mix scenario (the Norwegian case is in effect rare to the point of
being unique), the global warming caused during BEV production makes both ICEV and
HEV more respective of the environment for at least two years of usage.
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Figure 12. Global warming impacts comparison as function of the lifetime traveled distance, with reference to the Norwegian
(left) and to the Polish (right) electricity mix.

The results strongly change if the vehicles are supposed to travel in Poland; in this
case, as shown on the right graph of Figure 12, the high carbon footprint of the Polish
electricity mix causes the BEV to have such a GWP gradient that even the ICEV remains
less polluting up to distance in the order of 180,000 km. Moreover, as can also be noted in
Figure 12, the intersection between the global warming curves of the ICEV and the BEV
is prevented by the sharp increase caused by the battery replacement on the BEV curve.
As a result, in this scenario, the lifecycle global warming impacts of both ICEV and HEV
result are always lower than the lifecycle impact caused by the BEV.

9. Conclusions

In this paper, the authors performed a comparative evaluation of the life cycle impact
of three different vehicles of different technologies, namely an internal combustion engine
vehicle (ICEV), a hybrid electric vehicle (HEV), and a battery electric vehicle (BEV). The
study was carried out considering three fictitious vehicles representative of existing prod-
ucts, whose performance and characteristics were determined on the basis of real vehicles
available on the 2019 market for the B-C segments. The life cycle impact was evaluated
by the use of the GREET model following the ReCiPe 2016 methodology and taking into
consideration five different impact categories represented by their characterization factors:
Global Warming Potential (GWP), Terrestrial Acidification Potential (TAP), Particulate
matter formation potential (PMFP), Surplus ore potential (SOP), and Fossil fuel potential
(FFP). The impact evaluation was properly performed taking into account all the phases of
the vehicle life, from its production to its use, and to the final disposal. To this purpose,
some assumptions were made, justified, and corroborated by proper references, which
defined the reference scenario adopted for the comparison—the vehicles were supposed
to be produced in Germany and used all-over Europe, while the lithium-ion batteries of
both the BEV and the HEV were assumed to be produced in China. The assessment of
the environmental impact associated with the production of the fuel for the ICEV and for
the HEV was carried out by means of the Ecoinvent v3 database. The procedure adopted
by the authors is hence a general and “blind” procedure, which, starting from objective
data and through some assumptions (clearly stated in the “Goal and scope definition”
section), allows evaluating the lifetime environmental impact of a selected kind of vehicle
in a properly defined scenario; the same procedure could be hence repeated considering
different vehicles, or different energy scenarios, or making different assumptions, for the
evaluation of the lifetime environmental impact caused by vehicles according to LCA
methodology. With the aim to extend the limit of the first analysis, the authors also per-
formed a scenario analysis by changing the lifetime traveled distance and the country of
utilization of the vehicles.
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Several conclusions and observations can be drawn on the basis of the results of this
study. First of all, the results obtained clearly pointed out the fundamental role played by
the production and the disposal phases of vehicles on the evaluation of the real lifetime
impact generated by their use. The production phase of the electric vehicle, and specifically
the production of its lithium-ion battery, revealed a very critical phase, with a strong impact
in terms of terrestrial acidification, particulate matter formation, and mineral resource
deployment. As a result, the environmental impact generated in these categories by the
BEV resulted abundantly higher than in the ICEV (from +50% to +500%). The main reasons
for this high environmental impact can be found in the high energy required for lithium-
ion battery production, in the relevant emissions of primary and secondary particulate
which characterize the lithium-ion battery production process, in the large recourse to
metals such as cobalt, copper, and nickel, and in the coal-dominated electricity mix of
the largest lithium-ion battery producer of the world, i.e., China. In contrast, in regard
to the global warming effect and the fossil sources deployment, the BEV is confirmed
to be the least impacting vehicle, if the electricity used for vehicle propulsion has been
generated by an adequate recourse to renewable sources. For example, in the case of the
average European electricity mix (34% from renewable sources, 25% from Nuclear), the
GWP impact caused by the BEV in its entire life revealed (for a lifetime distance traveled of
150,000 km) 58.6% of the impact produced by the ICEV; assuming instead to employ the
vehicles in Norway (where 97% of electric energy is obtained from renewable sources), the
GWP impact generated by the BEV reduced to 33% with respect to the ICEV, while when
considering the vehicles used in Poland (where 73% of electric energy is obtained from
coal-fired power plants), the BEV reveals to be the most impacting vehicle, regardless of
the lifetime distance traveled. The results obtained by the analysis carried out highlight
how carefully the real overall impact generated by a vehicle during its entire life must be
evaluated, and how this impact may be affected by the fossil source exploitation of the
country that utilizes the vehicle.

A further observation must be made on the basis of the very different entities of the
impact generated by the BEV in the five impact categories considered—the introduction of
electric vehicles on the market should be carefully monitored with life cycle analysis tools,
avoiding focus on a single environmental impact category that is currently particularly
problematic and known (the global warming) at the risk of causing huge impact increments
on less considered but equally harmful categories.

The results of the environmental impact comparison also confirmed the hybrid vehicle
as an excellent alternative to ICEV, being capable to achieve a good compromise between
all the categories of environmental impact—on all the scenarios considered in this study,
the HEV revealed GWP and FFP impacts in the order of 85% with respect to an equivalent
ICEV, while maintaining acidifying and particulate emissions well below the high levels of
the BEV.

In the study presented in this paper, the effect of the variation of the lifetime distance
travelled by the three vehicles on their global warming impact was analyzed. The results
show that, apart from the country that utilizes the vehicles, the BEV is always the more
impacting vehicle in the lower mileage range, due to the high global warming emissions
generated during the production phase of the lithium-ion battery; in the same distance
range, the HEV, endowed of a smaller battery, shows slightly higher impact than the ICEV.
Being the rate of increase in the GWP impact related to both ICEV and HEV was exclusively
dependent on their fuel consumption, it was found that the HEV becomes less impacting
than the ICEV after 32,500 km, which, according to the average European annual distance
traveled by a passenger car, means after about 3 years of utilization of the vehicles. In
the case of the BEV, instead, the rate of increase in the GWP impact with the traveled
distance depends also on the particular electricity mix of the country where the vehicle
is employed; on account of this, it was found that, according to the average European
electricity mix, the BEV reveals less impacting than the ICEV after 41,250 km and less
impacting than the HEV after 46,250 km (i.e., roughly after 3.5-4 years of utilization of
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the vehicles); obviously, the low carbon footprint of the Norwegian electricity mix reduces
these distances, which become both equal to 29,000 km. On the contrary, in a country
with a high carbon footprint such as Poland, the GWP impact of both ICEV and HEV
remains always lower than BEV whichever is the lifetime traveled distance (also due to
the lithium-ion battery replacement after 160,000 km, which, in turn, causes a sharp and
considerable increment of the environmental impact caused by the BEV).
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Abbreviations and Symbols

Bpey Electric vehicle battery capacity

BE5 Gasoline with 5% ethanol from biomass

BEV Battery electric vehicle

Burv Hybrid electric vehicle battery capacity

BOM Bill of material

CHev Hybrid electric vehicle fuel tank capacity

Cicev Internal combustion engine vehicle fuel tank capacity
CNG Compressed natural gas

Dot Electric vehicle total driving distance on the WLTP cycle
eco CO; emitted per kilometer on the WLTP cycle [g/km]
EoL End-of-life

Etrac Total traction energy required by ICEV or HEV during its entire life

Etacpev Total traction energy required by the BEV during its entire life
Frewnm)  Electric vehicle energy consumption per kilometer on the WLTP cycle

Frikm) Fuel consumption per kilometer on the WLTP cycle
fcoz CO, emitted by the combustion of a liter of BE5 [g/km]
FFP Fossil fuel potential [kg Oil-eq]

GHG Greenhouse gases

GWP Global warming potential [kg CO2-eq]

HEV Hybrid electric vehicle

ICEV Internal combustion engine vehicle

I Characterization factor connected to the production of the total mass of fuel employed by
TSOUIEE the ICEV or by the HEV

LCA Life cycle assessment

LCI Life cycle inventory

LCIA Life cycle impact assessment

LCO Lithium Cobalt Oxide (LiCoO2)

LFP Lithium Iron Phosphate (LiFePO4)
LHV Fuel Lower Heating Value

LMO Lithium Manganese Oxide (LiMnyOy)
LPG Liquefied petroleum gas

Miattery Mass of vehicle battery

MBEY Kerb mass of the battery electric vehicle
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Mempty Empty mass of each vehicle (i.e., related to vehicle components only)
Mfuids Mass of vehicle fluids
Mfygel Total mass of fuel consumed by the vehicle during its entire life
MYEY Kerb mass of the hybrid electric vehicle
MICEY Kerb mass of the internal combustion engine vehicle
Mierp Kerb mass of the generic vehicle
NCA Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlO;)
NMC Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2)
p Maximum power of the generic vehicle
Pgey Battery electric vehicle maximum power
Pyrv Hybrid electric vehicle maximum power
Picev Internal combustion engine vehicle maximum power
PMFP Particulate Matter Formation Potentials [kg PM2.5-eq]
Rpev WLTP driving range of the battery electric vehicle
sor Surplus ore potential [kg Cu-eq]
TAP Terrestrial acidification potential [kg SO2-eq]
UNECE New European Driving Cycle
Vurv Hybrid electric vehicle engine displacement
Vicev Internal combustion engine vehicle engine displacement
4% Mass of the Li-ion polymer battery
WLTP Worldwide harmonized light vehicles test procedure
Specific impact factor referred to each impact category x and associated to the production
Px of 1 kg of gasoline
Specific impact factor referred to each impact category x and associated to the production
P of 1 kWh of electric energy
Bs, Ratio between battery capacity and WLTP driving range
BE k Ratio between WLTP consumption and vehicle mass
Bp k Ratio between vehicle maximum power and vehicle mass
Bw Capacity-to-mass ratio of the BEV battery
Oci Ratio between fuel tank capacity and vehicle mass
Or; Ratio between vehicle consumption and vehicle mass
Op; Ratio between engine maximum power and vehicle mass
Oy Ratio between engine maximum power and engine displacement
Ofuel Fuel density
VB, Ratio between battery capacity and fuel tank capacity
Y, Ratio between fuel tank capacity and vehicle mass
YE Ratio between vehicle consumption and vehicle mass
¥p Ratio between maximum vehicle power and vehicle mass
Py, j Ratio between engine displacement and vehicle mass
Pw, j Ratio between battery capacity and mass battery
Appendix A

Reference Vehicles Specifications and Characteristics

The

main characteristics of the three reference vehicles considered in the environmen-

tal impact comparison were determined on the basis of coefficients derived from vehicle
fundamental parameters. Starting with the ICEV, the authors evaluated, for each real
vehicle considered, the following coefficients:

1) bc,i
(2) Opi=
B) Oy,
(4) O

= % é} = ratio between fuel tank capacity and vehicle mass

% %v} = the ratio between engine maximum power and vehicle mass
= % kTW} = the ratio between engine maximum power and engine displacement
= % %} = the ratio between vehicle consumption and vehicle mass

where the subscript i refers to the generic real internal combustion engine vehicle (i ranges
from 1 to 5), m represents the vehicle mass, C the fuel tank capacity of the vehicle, P the
engine maximum output power, and F the vehicle fuel consumption on the WLTP cycle (i.e.,
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km/L). The sense of the selected coefficients can be explained by simple considerations:
for the first coefficient, the authors considered that the higher is the vehicle mass, the larger
will be the necessary fuel tank to allow the vehicle a certain operating range; for the second
coefficient, it is easy to consider that the higher is the vehicle mass, the higher will be
the necessary power output to produce a certain vehicle acceleration or speed; the third
coefficient was deduced considering that engine of similar technological development will
exhibit similar specific power; the fourth coefficient is based on the simple consideration
that higher vehicle mass will cause higher fuel consumption for the same driving cycle; the
last coefficient is based on the proportionality between the amount of CO; emitted and
the amount of fuel burned. It is worth mentioning that, to ascertain the significance of
the selected coefficients, their dispersion was evaluated in terms of the range of variation:
a range of £11% was found in the worst case, which means that the selected coefficients
have a limited variation from one vehicle to another. Focusing hence on the standard
representative ICEV, its mass mcry was simply determined as the average value of the
masses of the five vehicles considered, while the other characteristics were determined
employing the above coefficients:

5
Vehicle mass = mcgpy = % Yom;
i=1

5
Fuel tank capacity = Cicpy = mjcey - % Y Oc
i=

5
Maximum output power = Prcpy = mjcgy - % Y. Op;
i=1

5
Consumption = Fjcgy = mjcgy - % Y Or;
i=1
5
Engine displacement = Vicpy = Prcpy / % Y. Oy
i=1
A similar approach was followed for the determination of the standard representative

HEV. In this case, the coefficients taken into consideration were:

1 yc,;= ,% [é} = ratio between fuel tank capacity and vehicle mass

2) yp;= 1% [%‘/] = ratio between maximum vehicle power and vehicle mass
B yv,;= % {é} = ratio between engine displacement and vehicle mass

4 yp;= % {%} = ratio between battery capacity and fuel tank capacity

6) yr;= % {k"]z—gL} = ratio between vehicle consumption and vehicle mass
6) yYw,= %jj {%} = ratio between battery capacity and battery mass

where the subscript j refers to the generic real hybrid electric vehicle (j ranges from 1
to 5), the parameters m, C, P, V, and F have the same meaning adopted for the ICEV,
B represents the battery capacity, which, as represented in the fourth coefficient, was
considered proportional to the capacity of the fuel tank, and W the battery mass. According
to the selected coefficients, the main characteristics of the standard representative HEV
were determined as follows:

Vehicle mass = mypy = 3
j

mj

Il

5
Fuel tank capacity = Cyry = mpygy - % Y. Yc,i
j=1

5
Maximum output power = Pygy = mygy - % ) Yp,j
j=1
. 1
Consumption = Fypy = myey - 5 L. §F,;

=1
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5
Engine displacement = Vygy = mpygy - % Y. Yy,
j=1

5
Battery capacity = Bypy = Chev - £ 3 ¢5,
=1

As regards the battery of the std. HEV, it must be pointed out that an Li-ion polymer
model was adopted. Since no information was available on the battery of the vehicle HEV3,
the only available capacity-to-mass ratio of the battery of vehicle HEV5 was adopted for
the coefficient ¢y, hence:

kg

Bs 156 kWh
33

= =—=—=047
Yw = YPwps We 0.473

According to this coefficient, the mass of the Li-ion polymer battery of the standard HEV
was evaluated as:
WhEev = Buev/¢w
Concerning the standard representative BEV, the coefficients taken into consideration
were:

1) Bpr= B [kw] = ratio between vehicle maximum power and vehicle mass =

mi | kg
@ Brr= n% {%} = the ratio between WLTP consumption and vehicle mass

®) Box= 7 |t
4) Bwkr= %’;{ {%} = ratio between battery capacity and battery mass

where the subscript k refers to the generic real battery electric vehicle (k ranges from 1 to
5), the parameters m, B, P, F, and W have the same meaning of previous vehicles, while R
represents the WLTP driving range of the vehicle, which, as reported by the third coefficient,
was assumed to be related to the capacity of the battery. As in the previous cases, the
mass of the standard representative BEV was evaluated as the average value among the 5
commercial vehicles:

—

= the ratio between battery capacity and WLTP driving range

1 5
Vehicle mass = mpggy = = 2 un
5k:1

Moreover, considering that the std. BEV should also have an average operating range
with respect to the five commercial vehicles, its WLTP driving range was evaluated as
average value:

15
Driving range (WLTP) = Rpgy = E Y Ry
k=1

According to the selected coefficients, the other main characteristics of the standard
representative BEV were determined as follows:

5
Maximum output power = Pggy = mpgy - % Y Bpk

5
Battery capacity = Bgry = Rpev - & ¥ Bk
k=1

5
Consumption = Fggy = mpgy - % Y Brk
k=1

As reported in Table 4, an Li-ion NMC622 battery was adopted for the std. BEV, hence
its mass was deduced on the basis of the only available capacity-to-mass ratio of the vehicle
BEVS5 battery:

Bs 383 [kWh

Bw = Bws = WS = 340 =0.112 kg:| = Battery mass = Wggy = Bpev/Bw
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Abstract: The paper is focused on an example of a solution for the sustainability of transport and
mobility with the application of discrete computer simulation. The obtained results from the realized
simulation were complemented with the selected multi-criteria decision-making method, namely
the analytic hierarchy process (AHP) method. The paper describes the use of the simulation model
for obtaining characteristics of alternative solutions that were designed for the needs of transport
sustainability. The aim is to address the problem of traffic congestion in urban agglomerations.
The simulation model serves as a means to provide information for the needs of their analysis by
multi-criteria evaluation by the AHP. The methodology is based on a combination of computer
simulation and multi-criteria decision-making and presents a useful tool that can be used in the field
of transport sustainability. The paper notes methods to implement analysis of alternative solutions in
transport. However, this procedure can also be used to solve other problems in the field of logistics
systems. The paper compares five possible solutions for the organization of transport at intersections.
Multi-criteria decision-making was realized based on 12 criteria. The result was the solution that
reduced the length of congestion in almost all directions, with a maximum shortening of 69 m and a
shortening of the average delay by 26 s compared to the current state.

Keywords: transport; sustainability; mobility; simulation

1. Introduction

Sustainable transport within urban agglomerations creates conditions that ensure
reliable satisfaction of transport needs and the functioning of individual transport sys-
tems. The aim is to ensure the smooth travel of the population, promote public passenger
transport, improve the environment, and increase safety and the flow of traffic [1]. To
achieve sustainable cities, it is essential to create and sustain changes in people’s social
behavior through new approaches to mobility, from inefficient, uneconomical, and mo-
torized means, to cleaner, greener, healthier, and more economical means. One of the
solutions implemented in connection with sustainable mobility is the support of public
passenger transport.

This relates to increasing its attractiveness, with the aim to encourage passengers to
switch from individual motoring to public transport. To achieve this aim, it is necessary to
create such preconditions within the transport infrastructure that public passenger trans-
port runs continuously, without undue delay, and allows a continuous form of transport [2].

Sustainable mobility within urban agglomerations is closely linked to the effect of
transport on the environment. In this regard, it is possible to talk about the importance of
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green city transport [3]. One of the key tasks is to realize measures to reduce emissions of
toxic substances into the environment, the interaction of the car with the environment [4],
and if it is possible to reduce the traffic volume in cities [5].

In addition, environmentally friendly vehicles are a key element of green transporta-
tion in modern economies [6]. However, it must be emphasized that the use of these types
of vehicles can depend on the financial and economic situation of cities. As such, their use
faces challenges in the countries of Eastern Europe.

This problem can be solved using traffic planning, whose importance is due to the
growth of car traffic in cities. For this reason, cities are beginning to implement town
planning measures aimed at improving the traffic situation, reducing congestion with a
focus on public transport, and improving the environment [6]. One of the possible tools
can be a Transportation Management Information Systems (TMIS) with the overall social
and economic development, such as improvement of regional conditions and optimization
of the environment, promoting communication and accelerating development [7]. It is
very important for the cities to guarantee the efficiency and also the accuracy of the
transportation system. One of the ways how to achieve this aim is to analyze the real-time
status of transportation network, which determines the urban distribution, travel activities,
and development of the urban systems [8]. In relation to the discussion above, real-time
traffic prediction based on highly accurate spatio-temporal datasets of traffic sensors is a
major challenge for intelligent transportation systems and sustainability. However, this
is challenging due to complex topological dependencies and high dynamics associated
with changes in road conditions [9]. An important topic of research in the field of modern
intelligent traffic systems (ITSs) is path planning. Complex and changeable factors, for
example, traffic congestion and traffic accident, should be considered by planning paths,
and path point planning schemes can improve the reliability of path planning and also
ensure several services needed for transportation process [10].

Town planning measures can be based on decision-making processes using a compari-
son of variants and partial solutions. The aim is to find a realistic transport scenario that
can meet all the basic requirements associated with congestion.

One approach to traffic planning is the well-known microscopic traffic simulator,
Simulation of Urban Mobility (SUMO), which is used to design traffic scenarios and present
their parameters, in addition to the evaluation and validation of traffic requirements and
mobility patterns [11]. The interdependencies among multimodal modes of transport
significantly contribute to effective urban transport planning [11].

Due to the complexity of traffic problems, new approaches based on computer simula-
tion and traffic modeling are increasingly being introduced.

It is possible to effectively use simulation models with different levels of detail [11]. For
example, it is possible to use macroscopic traffic simulations, which focus on traffic streams
but do not take into account the vehicles of the traffic stream. By contrast, microsimulation
is a form of traffic simulation capable of accurately modeling the behavior of vehicles in
a defined environment [11]. The importance of real data for microsimulation purposes
of urban mobility monitoring can be noted by examining the mobility of vehicles at two
daily peak times at a roundabout [12]. For the need of micro and macrosimulations, it is
possible to use Internet of Things (IoT). IoT-based solution also presents an interesting tool
for traffic problems solution. Internet of Things can be used in the daunting task of quickly
identifying vulnerable network sections [13]. IoT can provide data transmission and their
storage in the form of Big Data [14]. The obtained data are possible to use for real-time
planning. Another interesting technology related with the data storage is a blockchain
technology, which is a combination of distributed data storage, timestamp technology, and
peer-to-peer network. This technology also can provide a solution for the secure distributed
cloud data storage system. [15]

Several software packages are used for traffic simulation. One interesting example is
the PTV Vissim software that realistically simulates complex vehicles interactions at the
microscopic level [16]. This software can be applied to the simulation of future traffic and
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transit conditions [17], and the obtained results can present the potential to reduce vehicle
travel times and delays [17]. This software can be used for testing several scenarios relating
to the effectiveness of increased safety of toll plazas [18]. This software and the resultant
simulation models allow the optimal efficiency of the road network to be determined—for
example, in a viaduct—hence allowing traffic management proposals to be made to reduce
delays [19]. PTV Vissim can be used to simulate the effects of congestion and delays
on a motorway network due to an accident, and then to apply a quantified regression
formula to predict the time of traffic recovery [20]. This software and simulation models
can evaluate road improvements or new traffic management strategies in different weather
conditions [21]. With the help of the standard microscopic simulation platform of PTV
Vissim, it is possible to compare the efficiency characteristics of algorithms for autonomous
intersection control [22].

In addition to computer simulation tools, it is suitable and effective to implement
other methods to support the complex and difficult problems of the sustainability of
transport, particularly in the field of research [23]. One possible approach is the use of
multi-criteria decision-making (MCDM). It must be emphasized that the MCDM regarding
public transportation presents a complicated task that involves environmental, economic,
and socio-political issues [24]. However, several studies have applied this approach to
solve different transport problems, for example, the use of MCDM for decision-making
relating to alternative fuel public transport buses [25], selection of sustainable urban
transportation alternatives using fuzzy multi-criteria decision-making (FMCDM) [26], use
of analytical hierarchical process (AHP) for the selection of suitable vehicles [27], use of
AHP to determine the best solutions by traffic planning [28], and use of AHP for design
and evaluate highway routes [29].

This literature review provides interesting combinations of MCDM and the simulation
approach. This combination can be also used for the solution of transport sustainability
and transport problems, for example, modeling and testing of different intersections using
Vissim software, followed by generation of the AHP model using the PTV Vissim results
or using AHP to solve traffic issues that arise due to ad hoc urban planning by changing
road geometries and signaling model alternative solutions via PTV Vissim software [30-32].
This idea is also presented in this paper.

The goal of this paper is to note the possibilities of using the information provided by
experts, using the simulation software PTV Vissim, and implementation of the simulation
results in the proposed AHP model. By experts, we mean specialists for realization and
evaluation of traffic survey. These are specialists who carried out a traffic survey at the
examined transport hub, and subsequently, their data were used for the creation of a
simulation model.

A novelty of the paper is the application of AHP for the selection of a suitable alterna-
tive based on the results of simulation experiments. In comparison to a recently published
paper [30], which focuses on evaluating the quality of public passenger transport using
AHP, the present paper focuses on the solution associated with changing the transport
organization, which will not only have an impact on the quality of public transport but
will also benefit the environment. The paper also demonstrates its application in the field
of transport problems. A similar issue is also presented in [31], but this research study uses
multi-criteria decision-making for evaluation and diagnostics of urban streets through an
integrated multi-criteria model of a sustainable nature.

2. Materials and Methods

Addressing the issue of transport sustainability is dependent on the relevance of the
criteria used, which is one of the most critical points of the many techniques available
to derive decision-making solutions [32]. The selection of criteria and the sequence of
steps in the analysis of transport sustainability is a challenging process [33]. The approach
to the solution of transport sustainability includes several steps, of which the first is the
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identification of the sustainability assessment criteria. Computer simulation is often used
in this process.

The use of computer simulation to tackle transport problems is described by the
algorithm in Figure 1. This suggests that computer simulation can be used twice. The
first use is within the analytical phase when the simulation model is amassing data and
materials to suggest a solution. The second use of the simulation model is implemented
in the designing phase when it is necessary to conduct a large number of experiments
and evaluations with the intent to assess individual alternative solutions. This simulation
method can also be used to compare the original state with the suggested solution. In the
future, the resulting model may be applied to the traffic of the transport process and to
answer “what if?” questions.
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Figure 1. The algorithm solving the transport problem using computer simulation on a micro-level.

The use of the simulation model in the area of transport based on a case study referring
to an actual traffic hub in the city of Uherské Hradisté in the Czech Republic is presented
in the next section of the article.
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Described Solution of the Traffic Hub

The traffic hub was constructed as a level intersection with light signaling to manage
the traffic. This research was conducted in the territory of Uherské Hradisté, Kunovice,
and Staré Mésto, using the transport plan of the city from 2015. The data from research
carried out in different directions show a cartogram of a transport network loaded by
individual car transport within 8 h of the research’s duration in the above-mentioned
territory. Figure 2 shows a section of the surroundings of the designated traffic hub.
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Figure 2. The surroundings of the analyzed traffic hub.

The research duration was 8 h; from 6:00 to 10:00 a.m. and from 2:00 to 6:00 p.m.
Passing vehicles were recorded within a time interval of 30 min. The time and scope of the
research were chosen in terms of when the researched transport hub was characterized by
the creation of traffic congestions.

The traffic hub is situated on the traffic artery connecting Kunovice, Uherské Hradiste,
and Staré Mésto (Figure 2). The traffic volume is greatest on the east-west axis in both
directions. The traffic situation is complicated in this hub by severe traffic congestions
during the rush hour.

Vehicles approach the hub from the eastern side (B) over bridges leading across the
arm of the river. In this direction, the intersection consists of three lanes:

straight direction with a possibility to turn left,
straight direction,
short turning lane to the right.

The other side (A) has two lanes:

straight direction with a possibility to turn left,
straight direction with a possibility to turn right.

The southern part of the intersection (D) has only two opposite lanes. The northern
part (C) is an industrial and commercial quarter. There are a shopping center and different
business networks—food, fashion shops, electronics, or hobby shops. There is also a
company whose business relates to spare parts for different types of cars. In the immediate
surroundings of the intersection, there is an industrial zone with a large number of passing
lorries even though a new bypass was built especially so as not to overload the traffic hub.

The total number of passing vehicles in a specific direction is recorded as ) vehicles
in Table 1. The number of lorries and buses from the total number of passing vehicles is
expressed in L + B. Figures 3 and 4 represent passing vehicles moving in the prescribed
directions. The figures were drawn according to the general city transport plan.
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Table 1. The traffic intensity of the Hradi$t'ska—Vychodni intersection.

Y Vehicles L+B )Y Vehicles L+B )Y Vehicles L+B Together
A-B A-C A-D Y vehicles L+B
Entry A yg15 212 358 5 32 0 5205 217
Entrv B B-A B-C B-D
Y 3499 247 2530 125 121 0 6150 372
Entry C C-A C-B C-D
y 404 7 2732 108 38 0 3174 115
D-A D-B D-C
Entry D 18 0 83 1 19 1 120 2
0,1%
mB-A
A-B
mB-C
mAC -
92,9% .
mAD
Vehicles dispersal from direction A Vehicles dispersal from direction B
Figure 3. Vehicles’ dispersal from direction A and direction B.
1%
ECA mD-A
c-B D-B
mCD mD-C
86
o 69%
Vehicles dispersal from direction C Vebhicles dispersal from direction D

Figure 4. Vehicles’ dispersal from direction C and direction D.

Each direction is colored as follows:

A—Staré Mésto—blue;

B—Uherské Hradisté—yellow;

C—Commercial and industrial zone—green;

D—Quay—red.

Most vehicles coming from Staré Mésto continue on the main road to Uherské Hradisté.
Figure 3 shows that only 7% of the vehicles turn to the shopping centers, and it does not
cause significant delay at the traffic light.

The B direction (Figure 3) experiences a more significant dispersal than that of A. Most
vehicles from Uherské Hradisté go on to Staré Mésto; however, 41% of the vehicles turn to
the shopping centers. The vehicles turning at the light signal slow the traffic because there
is a short turning lane, and when the light is green, the vehicles have to let pedestrians
cross the road, as suggested in Figure 4.

Upon leaving the shopping centers, most vehicles continue to Uherské Hradisté
(Figure 4). Traffic congestions are caused by a large number of vehicles heading to the
shopping center and the short duration of the green signal (18 s). The number of vehicles
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from direction D (Figure 4) is negligible (120 vehicles) considering the total number of
vehicles at the intersection. No traffic congestion negatively influences the situation at the
specific traffic hub.

Figures 3 and 4 suggest that the most problematic directions are as follows (considering
traffic congestion):

Uherské Hradisté to shopping centers direction;
shopping centers to Uherské Hradisté direction;
the main route: Uherské Hradisté—Staré Mésto, in both directions.

The analysis results suggested four possible solutions to the existing situation at the
traffic hub. These solutions were compared with a computer simulation method. The
following solutions were proposed:

e change in vehicle composition, excluding lorries from the intersection;
e change in the traffic route from the Staré Mésto direction;

e using a roundabout;

e change in the cycle of light signalization.

3. Results

To create a simulation model, the PTV Vissim program was applied. The program
is based on a multipurpose microscopic simulation of traffic. The program PTV Vissim
allows to realize a multipurpose microscopic traffic simulation based on the behavior of
participants and also allows to examine and optimize traffic flows. This program contains a
wide range of applications for modeling urban and motorway traffic and the integration of
public and passenger transport. Visualization of operating conditions is at a high level [34].

The road network is represented by nodes located at intersections and connectors that
are on-road segments. Within the model, the road has defined the following properties:

start and end coordinates,

number of traffic lanes for sections,
width of the traffic lane, and

type of vehicles passing on the road.

Roads and connectors are the basic building blocks for adding more infrastructure
objects. System elements are divided into different classes and spatial resolutions. Modeling
of the transport system in this program is dependent on the specification of vehicles that
will be used in the simulation model. Vehicles have the option of choosing the route. The
vehicles are divided into categories in the model. Each category has a specific model of
vehicle with mandatory technical characteristics, namely length, width, maximum speed,
and deceleration and acceleration of the vehicle. The vehicles are generated randomly at
the beginning by the function “vehicle inputs.”

The program PTV Vissim analyzes and optimizes traffic flows. This program com-
prises a large scale of applications for modeling the city and highway traffic and integrating
public and passenger transport. The visualization of traffic ratios is undertaken at a high
standard. The workstation was equipped with the processor Intel Core i9-8950HK and the
graphic card nVidia GeForce GTX 1080 8GB DDRS5 [34].

The road network in the simulation model is represented by traffic hubs placed at
intersections and by connectors at road segments. In this case, four routes are integrated
with the use of connectors.

The model is defined by these characteristics:

beginning and end coordinates;

number of traffic lanes for individual segments;
lane width;

type of vehicles passing through a specific route.

Routes and connectors decide whether and which infrastructure objects should be
added. Elements of the system are classified into various classes and 3D definitions. Placing
an object is related to a specific traffic lane, which means that objects relevant to a specific
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traffic hub must be implemented in all segments. A local object does not have a physical
length allocated, which means the object must be allocated in one specific point of a traffic
lane. These point objects were used for the model:

traffic signs “Give way” and “Stop”;
traffic sign “Main road”;
light signalization.

Vehicles randomly stop 0.5-1.5 m before the specific signal. Three-dimensional objects
with defined lengths emerge at a specific position of the lane. The objects used to define
the infrastructure are:

e detectors;
e  speed areas.

When modeling the system, it is necessary to specify vehicles located in a particular
infrastructure. Passenger vehicles may choose a route. The model is classified into:

e  passenger transport and vans;
e haulage.

Individual categories include a specific vehicle model with mandatory technical
characteristics, which are length, width, maximal speed, deceleration, and acceleration of
the vehicle. Vehicles are randomly generated at the beginning of routes using the Vehicle
Inputs function.

The numbers of vehicles included in the model and dispersal of the traffic flow through
the Relative Flows function are suggested in Table 2.

Table 2. Number of vehicles and dispersal of the traffic flow in the simulation model.

. Number of Composition
Source  Destination Dlsper.s al of the Num!:aer of Vehicles on the  of the Traffic
Traffic Flow Vehicles e
Specific Route Flow
B 0.925
car
A D 0.006 5205 veh/h 429 18 78 lorry
C 0.069
A 0.569
car
B C 0.411 6150 veh/h 5377728 lorry
D 0.020
A 0.127
car
C D 0.012 3174 veh/h 3101559 lorry
B 0.861
C 0.158 118 car
D A 0.150 120 veh/h 1
2 orry
B 0.692

“Volume” represents the number of vehicles generated on the specific route. “Ve-
hcomp” refers to the composition of the traffic flow, in which 3 means passenger transport
and 2 is haulage. For A and D directions, the total should equal 1; this result shows that all
included vehicles were dispersed into the designated directions.

Vissim includes the light signalization at intersections in the infrastructure. The cycle
length of the light signalization is influenced by dispositions of the traffic hub, traffic load,
number of cycle phases, form of turning, length of the pedestrian crossing, and construction
work at the intersection. The length I determined by fixed split times.

The cycle length at the Hradist'ska—Vychodni—Zrezavice intersection is modified
according to rush hours in the morning and the afternoon and on weekends and holidays.
The morning cycle lasts 65 s, the afternoon cycle 80 s, and the cycle during holidays is 100 s.
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Figure 5 suggests a signal program for the intersection in Uherské Hradisté. The cycle
length is 65 s in the basic model. The duration of the color green for individual directions
is as follows:

direction from Uherské Hradisté—33 s;

direction from Staré Mésto—33 s;

direction from the industrial and commercial zone—18 s;
direction from the quay—5 s.

Name:  Signal program 1

“»
§

Intergreens: None v Cycle time: 65 k== Offset: 2 Switch point: 0 L

Signal

No Signal group <cPanence 60 . . . . . . - .

Commercial
zone

1144 18 1

4 Quay .... ‘ 5445 5 1

Turning
5 Red-
from ... L] gr 62| 8|33 41|52/ 10

Figure 5. A signal program for a modeled traffic hub in Uherské Hradisté.

When the green light is on, it is possible to turn right from the industrial area in the
direction of Uherské Hradisté. The specific layout of the intersection (Figure 6) overlaps
the green wave from the Uherské Hradisté direction with the green wave from Staré Mésto,
which results in downtime when turning from Staré Mésto toward the commercial and
industrial zone.

Simulation experiments were realized using the simulation models, the results of
which present the basic characteristics of variants (Tables 3-5).

(a) turning right from the industrial zone in the direc- (b) downtime in turning from the direction Staré Mésto to-
tion of Uherské Hradi$té (when the green line is on) ward the commercial and industrial zone;

Figure 6. Cont.
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(c) overlaps the green wave from the Uherské Hradisté direction with the green wave from Staré Mésto

Figure 6. Model of the Hradist'ska—Vychodni—Zrezavice intersection. (a) turning right from the industrial zone in the
direction of Uherské Hradisté (when the green line is on); (b) downtime in turning from the direction Staré Mésto toward
the commercial and industrial zone; (c) overlaps the green wave from the Uherské Hradisté direction with the green wave

from Staré Mésto.

Table 3. Numbers of vehicles and vehicle travel time—current state.

Direction A-B B-C C-B
. . Number Vehicle Number Vehicle Number Vehicle
Simulation
Time (s) of Travel of Travel of Travel
Vehicles Time (s) Vehicles Time (s) Vehicles Time (s)
0-900 383 34.73 214 24.74 169 68.57
900-1800 409 33.22 227 26.08 176 67.34
1800-2700 314 40.70 213 26.27 176 71.92
2700-3600 332 41.27 215 25.18 157 67.32
Average 359.5 37.50 217.25 25.57 169.5 68.80
Minimum 314 33.22 213 24.74 157 67.32
Maximum 409 41.27 227 26.27 176 71.92
Table 4. Numbers of vehicles and vehicle travel time—changing route from Staré Mésto.
Direction A-B B-C C-B
. . Number Vehicle Number Vehicle Number Vehicle
Simulation
Time (s) of Travel of Travel of Travel
Vehicles Time (s) Vehicles Time (s) Vehicles Time (s)
0-900 543 25.19 219 22.22 187 58.10
900-1800 553 25.18 252 22.48 203 61.70
1800-2700 587 25.41 222 24.51 168 60.54
2700-3600 562 25.91 244 22.66 198 58.47
Average 561.3 25.40 234.3 23.00 189 59.70
Minimum 553 25.18 219 22.22 187 58.10
Maximum 562 25.91 222 24.51 203 61.70
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Table 5. Numbers of vehicles and vehicle travel time—modified traffic lights.

Direction A-B B-C C-B
. . Number Vehicle Number Vehicle Number Vehicle
Simulation
Time (s) o.f Travel o.f "!"ravel o'f Travel
Vehicles Time (s) Vehicles Time (s) Vehicles Time (s)
0-900 366 35.80 215 24.52 170 66.33
900-1800 393 34.49 233 24.47 194 64.12
1800-2700 330 39.92 211 25.29 179 64.24
2700-3600 359 41.66 228 23.85 201 63.27
Average 362 38.00 221.8 24.50 186 64.50
Minimum 393 34.49 228 23.85 201 63.27
Maximum 359 41.66 211 25.29 170 66.33

This structure of results allows variants to be compared, taking into account the
lengths of congestion in each direction (Figure 7) and the vehicle delay (Figure 8).

Length of congestion by direction

B current state
changing vehicles composition
changing route from Staré Mésto
m roundabout
m modified traffic lights

AD  AC B-A B-D B-C D-B D-A D-C C-B C-A c-D

Direction

Figure 7. Length of congestion by direction.

The results of simulation experiments for alternative solutions were realized based
on data sets that most concisely characterized the undesirable condition at the transport
node—traffic congestion. First of all, the length of columns in all directions was monitored.
This indicator presents the capacity of traffic directions. The next indicator was the time
of the vehicles’ passage through the transport hub. It was another set of data describing
whether the vehicles would not pass slowly within the individual variants, which would
have bad environmental impacts. The final monitored indicator was the delay of vehicles
at the intersection. It was the time that included, in addition to driving time, the waiting of
vehicles at a transport hub due to traffic congestion.
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Figure 8. Average delay of all vehicles.

4. Discussion

To provide a comprehensive solution and comparison of individual alternatives, four
independent microscopic simulation models were created. Subsequently, careful simulation
experiments were implemented and the results were then compared. The key objective was
to derive a solution that represented a substantial improvement compared to the existing,
uncomfortable situation of the transport process.

4.1. The Experiment of Changing the Composition of Vehicles

This experiment consists of excluding lorries from the intersection. Lorries can use
a bypass without slowing down the traffic in this prominent hub. The model preserved
random numbers of buses because the exact numbers were not the subject of the research.
During the simulation, 4638 vehicles passed through the traffic hub, which was 126 vehicles
greater than in the existing state. The transit time of vehicles when excluding lorries
did not exceed 25 s for 218 vehicles. Compared to the existing state, there was a slight
difference. The main difference in the transit time and the number of vehicles coming
from the commercial zone to Uherské Hradisté compared to the current state is that an
additional 15 vehicles can pass through the specific segment within the approximate same
period. The transit from Staré Mésto to Uherské Hradisté upon excluding lorries is not
significantly influenced, which means that there is no major difference compared to the
current state. Tailbacks in individual directions are usually longer than in the default state
of the intersection. The average delay of cars at the traffic hub approximately equals that of
the basic model, with the difference not exceeding 7 s of delay within one hour’s simulation.

4.2. Changing the Route from Staré Mésto Direction

This experiment focuses on vehicles turning toward commercial centers in the direc-
tion of Staré Mésto. At this traffic hub, it means that this direction will no longer provide
the possibility of turning toward the commercial zone. The only possible ways are to go
straight or turn toward the quay. Vehicles traveling to the commercial zone must turn
onto Husténovska Street at the previous junction and then take the direction to Lu¢ni
District. As a result, the overall traffic capacity increased by 958 vehicles compared to
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the default state. In comparison to the current state, the amount of emissions produced
was reduced by 23% after re-calculating the ratio of passing vehicles and the quantity of
emissions. Because this experiment excluded turning left from the Staré Mésto direction,
the light signalization was modified, which resulted in a shorter transit time in the given
directions and an increase in several vehicles passing through this segment. As contrasted
with the basic model simulation, in the model with changed composition, approximately
20 more vehicles were able to pass in the C-B direction in a shorter transit time. The most
significant change occurred in vehicles transiting in the A-B direction, where the number
of passing vehicles increased from the original 360 to 561 and the transit time was reduced
to 12 s. This represents an improvement of 62.5% after the total period was calculated.
The tailback from the Staré Mésto direction was considerably shorter than in the original
situation. Other directions did not see such a large difference. Overall, we may argue
that the situation at the traffic hub improved because the overall delay at the intersection
dropped from 344.5 to 239.45 s within one hour of the simulation. After re-calculating, the
interval fell from 86 s to approximately 60 s.

4.3. Implementing a Roundabout

In this experiment, the construction and type of the intersection were changed to a
two-lane roundabout (Figure 9). During the design, a minimal roundabout inner diameter
of 5.3 m was preserved; the outer diameter was 25 m, which enables a smooth transit of
longer semi-trailers.

The number of vehicles that passed through the given intersection within one hour’s
simulation equaled 545. The total amount of emissions that were released into the at-
mosphere during the simulation process decreased. Nonetheless, after re-calculating the
emissions concerning the total amount of vehicles that had passed through the given
segment, this ratio increased by 19.36% compared to the current state.

The transit time of vehicles from Uherské Hradisté to the commercial zone suggested
significantly increased compared to the basic model. By contrast, upon implementing
the roundabout, the transit time from the commercial zone decreased and the traffic
capacity from the respective zone expanded. The vehicles heading to Uherské Hradisté
passed through within 46 s on average. However, vehicles coming from Staré Mésto
experienced an increased transit time in this experiment. Tailbacks in separate directions
after implementing the roundabout and in the current state were approximately equal;
however, the tailback from the commercial-industrial zone was reduced by 72%.

4.4. Changing the Cycle and Type of Light Signalization

Another possible solution focused on modifying the light signalization at the traffic
hub. The cycle of 65 s was preserved, and the alternatives for turning from the quay and
commercial zone were added. The green interval from the C direction was changed from
18 s to 16 s. The green for the quay and commercial zone did not start at the same time—the
green for the commercial zone was delayed by 2 s.

After modifying the light signalization, 4649 vehicles passed through the specific
intersection; i.e., 137 vehicles more than in the current state. The transit of vehicles in
the B-C direction improved by 1 s on average and the traffic capacity expanded by four
vehicles. The transit time from the commercial zone was reduced, which resulted in a larger
number of vehicles passing through the given traffic hub compared to the default setting
of the light signalization. The same applied to the transit time of vehicles from Staré Mésto.
The length of congestion was approximately equal; the only significant difference was from
the quay direction, with a tailback 27 m long compared to the current 6 m. The waiting
time at the traffic hub was roughly the same as in the default state even in Experiment 3.
Vehicles wait a maximum of 89 s; i.e., 1.5 s more than before.
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(a) view on the two-lane roundabout from the direction (b) view on the two-lane roundabout to the direction of the

of industrial zone Staré Mésto

(c) view on the two-lane roundabout to the direction of Uherské Hradisté

Figure 9. Model of the roundabout. (a) view on the two-lane roundabout from the direction of industrial zone; (b) view
on the two-lane roundabout to the direction of the Staré Mésto; (c) view on the two-lane roundabout to the direction of

Uherské Hradiste.

4.5. Evaluation of Experiments

The results of simulation experiments provide a wide range of information that char-
acterizes in detail the individual variants designed to ensure the sustainability of transport
in a given urban area. Figure 10 presents an example of part of the obtained results.

From the results, it is necessary to choose the optimal solution based on the obtained
parameters. Because the comparison is based on several criteria, it is appropriate in this
case to apply the method of multi-criteria decision-making.

There are currently a large number of multi-criteria decision-making methods. One of
these methods is the analytical hierarchy process (AHP). AHP is a structured technique
used to solve complex decisions. It is based on mathematical procedures and human
psychology [35]. AHP provides a complex and logical concept for structuring a problem,
quantifying its elements that are related to the overall objectives and evaluating alternative
solutions. From the factors that make the AHP perhaps the most popular decision-making
method, it can be emphasized that it adapts to fixed data, such as the speed of delivery,
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Figure 10. Transit time and congestion length.

Several studies have used AHP for the solution of transport problems in the direction
of sustainability and environmental impact; for example, using AHP for the development of
a decision support framework to assess quantitative risk in multimodal green logistics [38];
the multiple criteria decision-making approach for route selection in the multimodal supply
chain, which is based on the combination of AHP, data envelopment analysis (DEA), and
the techniques for the order of preference by similarity to ideal solution (TOPSIS) [39]; and
the evaluation and diagnosis of urban streets using an integrated multi-criteria model of a
sustainable nature [31].

Based on published research, this method has good preconditions for its use in combi-
nation with the computer simulation method.

The model of AHP was created for comparison of variants of transport sustainability
on the basis of the results of simulation experiments. The basic structure is presented
in Figure 11.
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Sustainable traffic

Figure 11. The structure of the analytical hierarchy process (AHP) model.

The structure of the proposed AHP model consists of three hierarchical levels. At
the highest level is the goal of choosing a suitable solution for the needs of transport
sustainability. Its achievement is realized based on 12 criteria, which were based on traffic
directions connected with the analyzed transport hub. The aforementioned 12 criteria form
the second level of the model. The third level of the model is represented by individual
alternatives, which were part of the realized simulation experiments.

The evaluation criteria and the determination of their weights was realized by a group
of experts. The role of this group was to help determine the weights of the criteria, to
determine the weights of the objectives, to organize the objectives, and to determine the
weights of the decision criteria. It must be said that the selection of the evaluation criteria
and their weights was based on published knowledge [40,41]. Experts were selected so that
their evaluation was considered objective. We tried to achieve this by concentrating several
specialists from areas that are related to the problem of the transport hub and its operation.

The criterion of the competence of the experts was their professional knowledge,
knowledge of the transport hub in terms of its operation and its impact on the environment.
The experts have more than 10 years of experience in the researched issue. The structure of
the experts is presented in Table 6.

Table 6. The criterion of the competence of the experts.

Experiences Experiences

Expert Practical Theoretical Male/Female
1. The expert from the field of transport 2-5y more than 10 y was not considered
2. Residents living near the transport hub 2-5y - 50/50
3. Public transport drivers passing through a hub 05-1y more than 10 y was not considered
4. Drivers of vehicles supplying operations in the area 0.5-1y more than 10 y was not considered
5. People working in the area 0.5-1y more than 10y 50/50
6. Persons passing through a transport hub 0.25-05y - 50/50

y means years.

The individual directions at the transport hub were chosen as criteria. These criteria
made it possible to evaluate the individual variants. Criteria that represent the directions of
traffic that directly affect the traffic situation at the main nodes have higher weight than the
directions that provide the diversion of traffic to areas that are adjacent to the traffic hub
and are located on commercial premises and residential blocks. The definition of weights
(Table 7) was based on the recommendation published in [35].
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Table 7. The definition of weights.

Intensity of Importance Definition Explanation
1 Equal importance Two variants are also involved in the intervention of the goals.
3 Less importance of one variant Experience and opinions gently prefer one attribute
compared to another over another.
5 Substantial or strong Experience and opinions strongly prefer one attribute
importance over another.
. ttribute is highl ferred, and its domi i
7 Demonstrable importance One attribute is highly preferred, and its dominance is

demonstrated in practice.
The obvious favoring of one attribute over another is at the

? Absolute importance highest possible level of expression.
2468 Mean values between two A compromise is needed due to the ambiguity of the
T adjacent variants assignment in relation to the above definitions of importance.

We used three options for the selection of the method to evaluate the criteria. It was
specifically about brainwriting, brainstorming, and the Delphic method. This selection was
realized on the basis of the selected literature review, for example [42] and [43]. Based on
the above facts, the brainwriting method was chosen. The main reason was the fact that
it was possible to harmonize the selected experts to negate their fear of expressing their
views in public, and this method made it possible to address that [44]. Brainwriting is a
method that is suitable to use in the case that we assume that some participants may be
shy in expressing their ideas [45]. It is a method that, in contrast to brainstorming, can
effectively involve all its participants and, as a result, often offers more options [45]. The
comparison of individual methods and their possibilities of use within AHP is offered
by [42,43].

The evaluation of criteria in terms of significance is shown in Table 8. In their eval-
uation, the impact of individual roads on the creation of traffic congestion was taken
into account.

Table 8. Evaluation of criteria in term of significance.

Criteria K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11 K12
Preferences Route Route Route Route Route Route Route Route Route Route Route Route
A-B A-D A-C B-A B-D B-C D-B D-A D-C C-B C-A C-D
K1 Route A-B 1 5 3 8 6 7 6 8 9 7 6 9
K2 Route A-D 1/5 1 2 1/6 3 1/2 1/5 1/4 8 1/5 4 3
K3 Route A-C 1/3 1/2 1 1/7 5 6 1/7 1/6 6 3 4 5
K4 Route B-A 1/8 6 7 1 7 5 4 8 8 1/6 5 8
K5 Route B-D 1/6 1/3 1/5 1/7 1 1/3 1/6 1/4 5 1/4 1/7 6
K6 Route B-C 1/7 2 1/6 1/5 3 1 1/6 1/7 3 1/5 1/7 5
K7 Route D-B 1/6 5 7 1/4 6 6 1 5 5 3 5 5
K8 Route D-A 1/8 4 6 1/8 4 7 1/5 1 1/6 1/7 1/3 5
K9 Route D-C 1/9 1/8 1/6 1/8 1/5 1/3 1/5 6 1 1/6 1/6 1/2
K10 Route C-B 1/7 5 1/3 6 4 5 1/3 7 6 1 7 7
K11 Route C-A 1/6 1/4 1/4 1/5 7 7 1/5 3 6 1/7 1 8
K12 Route C-D 1/9 1/3 1/5 1/8 1/6 1/5 1/5 1/5 2 1/7 1/8 1

In the next step, a pairwise comparison of the alternative solutions considered in the
context of individual criteria was realized (Table 9). In this comparison, the lengths of
traffic congestion were taken into account, which were identified in the implementation of
simulation experiments. This means that based on routes (criteria), variants were evaluated
and compared with each other. The lower the length of the traffic congestion, the higher
the rating assigned to the alternative. At the same time, the principle of universal axiom
was observed. This created a reciprocal matrix in which all elements on the main diagonal
were equal to 1.
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Table 9. Pairwise comparison of alternative solutions.

Changing Vehicle = Changing Route Modified Traffic Current
K1 Route A-B Composition from Staré Mésto Roundabout Lights State
Changing .erhlcle 1 1/8 6 1/2 1/4
composition
Changing route from
Staré Mésto 8 1 9 7 5
Roundabout 1/6 1/9 1 1/3 1/4
Modified traffic lights 2 1/7 3 1 1/2
Current state 4 1/5 4 2 1
CI: 0.1151 CR: 0.1037 A: 5.4606
Changing Vehicle Changing Route Modified Traffic Current
K2 Route A-D Composition from Staré Mésto Roundabout Lights State
Changing vehicle 1 1/8 6 1/2 1/4
composition
Changing route from
Staré Mésto 8 1 9 7 5
Roundabout 1/6 1/9 1 1/3 1/4
Modified traffic lights 2 1/7 3 1 1/2
Current state 4 1/5 4 2 1
CI: 0.1151 CR: 0.1037 A: 5.4606
~ Changing Vehicle Changing Route Modified Traffic Current
K3 Route A-C Composition from Staré Mésto Roundabout Lights State
Changing 'v'ehlcle 1 1/8 6 1/2 1/4
composition
Changing route from
Staré Mésto 8 1 9 7 5
Roundabout 1/6 1/9 1 1/3 1/4
Modified traffic lights 2 1/7 3 1 1/2
Current state 4 1/5 4 2 1
CI: 0.1151 CR: 0.1037 A: 5.4606
Changing Vehicle Changing Route Modified Traffic Current
K4 Route B-A Composition from Staré Mésto Roundabout Lights State
Changing .Vtehlcle 1 4 3 3 3
composition
Changing route from
Staré Mésto 1/4 1 3 3 3
Roundabout 1/3 1/3 1 2 3
Modified traffic lights 1/3 1/3 1/2 1 2
Current state 1/3 1/4 1/3 1/2 1
CI: 0.1078 CR: 0.0971 A: 54310
Changing Vehicle Changing Route Modified Traffic Current
K5 Route B-D Composition from Staré Mésto Roundabout Lights State
Changing .V.ehlcle 1 4 3 3 3
composition
Changing route from
Staré Mésto 1/4 1 3 3 3
Roundabout 1/3 1/3 1 2 3
Modified traffic lights 1/3 1/3 1/2 1 2
Current state 1/3 1/4 1/3 1/2 1
CI: 0.1078 CR: 0.0971 A: 5.4310
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Table 9. Cont.

Changing Vehicle Changing Route Modified Traffic Current
K6 Route B-C Composition from Staré Mésto Roundabout Lights State
Changing .erhlcle 1 5 3 5 2
composition
Changing route from
Staré Mésto 172 1 2 6 172
Roundabout 1/3 1/2 1 4 1/3
Modified traffic lights 1/5 1/6 1/4 1 1/6
Current state 1/2 1/5 4 2 1
CI: 0.0453 CR: 0.0408 A: 5.1810
Changing Vehicle Changing Route Modified Traffic Current
K7 Route D-B Composition from Staré Mésto Roundabout Lights State
Changing yghlcle 1 1/2 1/4 7 1/2
composition
Changing route from
Staré Mésto 2 1 1/3 8 1/3
Roundabout 4 3 1 9 6
Modified traffic lights 1/7 1/8 1/9 1 1/4
Current state 2 3 1/6 4 1
CI: 0.1484 CR: 0.1337 A: 5.5934
. Changing Vehicle Changing Route Modified Traffic Current
K8 Route D-A Composition from Staré Mésto Roundabout Lights State
Changing 'v'ehlcle 1 1/2 1/4 - 1/2
composition
Changing route from
Staré Mésto 2 1 1/3 8 1/3
Roundabout 4 3 1 9 6
Modified traffic lights 1/7 1/8 1/9 1 1/4
Current state 2 3 1/6 4 1
CI: 0.1484 CR: 0.1337 A: 5.5934
Changing Vehicle Changing Route Modified Traffic Current
K9 Route D-C Composition from Staré Mésto Roundabout Lights State
Changing .Vtehlcle 1 1/2 1/4 7 1/2
composition
Changing route from
Staré Mésto 2 1 1/3 8 1/3
Roundabout 4 3 1 9 6
Modified traffic lights 1/7 1/8 1/9 1 1/4
Current state 2 3 1/6 4 1
CI: 0.1484 CR: 0.1337 A: 5.5934
Changing Vehicle Changing Route Modified Traffic Current
K10 Route C-B Composition from Staré Mésto Roundabout Lights State
Changing vehicle 1 1/3 1/8 1/2 2
composition
Changing route from
Staré Mésto 3 1 1/8 3 4
Roundabout 8 8 1 8 9
Modified traffic lights 2 1/3 1/8 1 3
Current state 1/2 1/4 1/9 1/3 1
CI: 0.0742 CR: 0.0669 A: 5.2970
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Table 9. Cont.

Changing Vehicle = Changing Route Modified Traffic Current
K11 Route C-A Composition from Staré Mésto Roundabout Lights State
Changing .Vtehlcle 1 1/3 1/8 1/2 2
composition
Changing route from
Staré Mésto 3 ! 1/8 3 4
Roundabout 8 8 1 1/8 1/9
Modified traffic lights 2 1/3 8 1 3
Current state 1/2 1/4 9 1/3 1
CI: 1.4521 CR: 1.3082 A: 10.8085
Changing Vehicle Changing Route Modified Traffic Current
K12 Route C-D Composition from Staré Mésto Roundabout Lights State
Changing .V.ehlcle 1 1/3 1/8 1/2 2
composition
Changing route from
Staré Mésto 3 ! 1/8 3 4
Roundabout 8 8 1 8 9
Modified traffic lights 2 1/3 1/8 1 1/3
Current state 1/2 1/4 1/9 3 1
CL: 0.1614 CR: 0.1454 A: 5.6464

my decision

The basic scale of pairwise comparison was used in the comparison. In total, 12 pair-
wise comparisons were created according to the criteria. In addition to alternative propos-
als, the existing current situation at a researched transport hub was also included in the
pairwise comparison. The aim was to avoid a situation in which none of the compared
solutions was worse than the current situation.

The study used values that were the result of simulation experiments. Specifically, it
was the length of traffic congestion on individual traffic directions. These characterized the
number of means of transport on a given track profile. As another value, the transit time of
the given section was used, which was used to monitor how favorable the given transport
solution was. The application of these values in the evaluation was able to compare the
individual sections and remove any advantage because the section is less frequent in
terms of its importance. The value of consistency ratio (CR): 0.0933. The main limit in
the analysis is the capacity of the transport infrastructure. We speculated, excepting the
roundabout, about the use of the existing transport infrastructure, without increasing its
capacity. This solution was chosen because the extension of the road infrastructure would
be quite demanding in terms of securing the available space and high investment costs.

Based on the presented data, a synthesis of partial evaluations of alternative solutions
was realized. Its result is presented in Figure 12.

Alternatives rankings with structure
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Figure 12. The result of alternatives compared with the help of the AHP method.
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5. Conclusions

The sustainability of transport in urban agglomerations is currently a key challenge
to which constant attention is paid in the field of logistics. Approaches based on the
use of computer simulation are widely used in the solution of partial needs related to
transport sustainability.

Computer simulation presents a highly useful tool to resolve transport issues and
should be applied as much as possible. Experts in transport and infrastructure should
consider simulation models as invaluable working tools.

However, computer simulation is not a universal solution that can automatically solve
all transport sustainability issues. Computer simulation in the field of transport is often
used in the form of a support tool for obtaining broad-spectrum information, whose level
of detail can be specified according to the requirements.

The ability of experts to effectively use and work with simulation models, their
modification with the view to efficiently resolving transport issues should be a steady
trend in the area of transport. In particular, microscopic simulation models, which may be
applied to a large scale of transport problems and issues, should be employed at the outset.

In using computer simulation as a tool for obtaining a set of information covering
different variants of the solutions to traffic problems, it is necessary to realize a final decision
and select a suitable variant of the solutions. In these cases, multi-criteria decision-making
appears to be an effective application, in which it is suitable to use the AHP method. The
combination of computer simulation and multi-criteria decision-making is an effective
analytical tool for solving traffic tasks related to the field of transport suitability.

This paper verifies, based on a practical example of a real traffic problem, possible
solutions to the traffic problem using microscopic computer simulation and the AHP
method. The investigated transport problem is associated with a change in the organization
of the traffic hub and the selection of a suitable final variant.

The traffic hub was simulated using the PTV Vissim program, which is based on a
multipurpose microscopic simulation of road traffic. After entering the required data (i.e.,
the number of vehicles, the traffic flow distribution, the permitted speed, and the light
signalization interval) into the program, the output data were recorded. The applied results
included information about the passing time of the vehicles, the length of the congestion,
and the average delay of the vehicles at the intersection per simulated hour. Four simulation
experiments were performed using the basic model, and the results obtained from these
experiments were compared using multi-criteria decision-making via the AHP method.

The first experiment was oriented to changing the composition of the vehicles, thus
excluding trucks from the intersection. The conditions of traffic were not improved signifi-
cantly; rather, the conditions worsened.

Experiment no. 2 was focused on a change in traffic management in the direction
from Staré Mésto, i.e., the vehicles were not allowed to turn from this direction toward the
commercial zone. Comparing the results with the original situation, the traffic-carrying
capacity improved by almost 1000 vehicles. The transit time was also more efficient and
the length of the line of vehicles in the direction from Staré Mésto shortened.

Another experiment was focused on the application of a roundabout equipped with
two traffic lanes. Passage of the vehicles through this intersection significantly worsened.
The only positive result was the shortening of the line of vehicles in the direction from the
commerce-industrial zone by 72%.

The last experiment consisted of a change in the traffic light signalization. Signals
were added for the turn options and the length of the green light was adjusted. The result
of this last experiment was that more vehicles passed through the traffic hub. The passage
of vehicles and the length of the column of cars changed slightly.

The evaluation of the experiments was based on a comparison of the length of con-
gestion. The AHP method was used. Twelve criteria were used in multi-criteria decision-
making, which was used to compare individual variants based on the results of simulation
experiments and to select the optimal solution.
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According to the performed experiments, it is evident that the best solution for im-
provement of the traffic situation for the given traffic hub was derived from the experiment
with the change in traffic management in the direction from Staré Mésto.

The presented procedure is a productive and reliable methodology that can be applied
to solve a wide range of traffic problems. This enables us to make decisions, perform
different types of analyses, and investigate the functioning of different types of trans-
port processes.

The application of the model makes it possible to create guidelines for the priority
measures in the field of public investment in urban infrastructure. The appropriateness of
AHP in the field of transport is also presented by the research study [46], in which AHP
is used for evaluation of the public passenger transport quality. In conclusion, it can be
stated that the main novelty of the current paper is the combination of the simulation
approach and the AHP model to select a suitable transport alternative. This is a solution
that, according to the available information, has not yet been applied in this way to the
area of urban transport. The paper was written to show a practical example of how it is
possible to use a combination of discrete simulation and multi-criteria decision-making
for the selection of solutions for the needs of transport sustainability. In terms of the
combination of both methods for the field of transport sustainability, such a solution
has not been obtained. The results presented follow several studies that have already
been published. Creation of the discrete simulation model applied knowledge about
the calibration and validation of the microscopic simulation model in the program PTV
Vissim [47]. Application of the set of the optimal solution by the AHP method is related to
the study focused on the creation of a traffic model of an intersection [48]. The paper also
points out that multi-criteria decision-making can be also used for modeling a mixed traffic
flow that passes a traffic junction and causes traffic congestions. New knowledge about this
research problem is presented in [49]. The paper further indicates which data need to be
focused on if there are several possible solutions in terms of transport sustainability within
urban agglomerations. The paper thus extends the results that [50] presents marginally.
The results presented extend the knowledge base presented in [51]. In contrast to the use
of the AHP method for the process of transport organization in road tunnels, the present
paper extends this issue to the area of intersections in built-up areas.
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Nomenclature

AHP analytic hierarchy process

SUMO Simulation of Urban Mobility
MCDM  multi-criteria decision-making
FMCDM  fuzzy multi-criteria decision-making

veh vehicles

h hour

DEA data envelopment analysis

CR consistency ratio

CI confidence interval

IoT Internet of Things

A maximal eigenvalue

TMIS Transportation Management Information Systems
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Abstract: We live in a complex world characterised by complex people, complex times, and complex
social, technological, economic, and ecological environments. The broad aim of our work is to
investigate the use of ICT technologies for solving pressing problems in smart cities and societies.
Specifically, in this paper, we introduce the concept of deep journalism, a data-driven deep learning-
based approach, to discover and analyse cross-sectional multi-perspective information to enable better
decision making and develop better instruments for academic, corporate, national, and international
governance. We build three datasets (a newspaper, a technology magazine, and a Web of Science
dataset) and discover the academic, industrial, public, governance, and political parameters for
the transportation sector as a case study to introduce deep journalism and our tool, DeepJournal
(Version 1.0), that implements our proposed approach. We elaborate on 89 transportation parameters
and hundreds of dimensions, reviewing 400 technical, academic, and news articles. The findings
related to the multi-perspective view of transportation reported in this paper show that there are
many important problems that industry and academia seem to ignore. In contrast, academia produces
much broader and deeper knowledge on subjects such as pollution that are not sufficiently explored
in industry. Our deep journalism approach could find the gaps in information and highlight them to
the public and other stakeholders.

Keywords: natural language processing (NLP); topic modelling; BERT; transportation; newspaper;
magazine; academic research; journalism; deep learning; smart cities

1. Introduction
1.1. A Complex World, Governance Failures, and Deep Journalism

We live in a complex world characterised by complex people, complex times, and com-
plex social, economic, and technological environments. Because this was not enough, our
complex activities have complex effects on our ecological environment. This is not an easy
time for our governments to to manage matters that affect our social, economic, and envi-
ronmental sustainability. There is clear evidence that governments are failing at addressing
education, healthcare, public safety, and the list goes on [1-9]. The recent COVID-19 pan-
demic is a major example of global governance failure both at preventing such pandemics
(caused by the effects of our lifestyles, processed food we eat, and other activities that
damage our planet’s environment) and managing the COVID-19 pandemic [10-15]. Gov-
ernments are elected by people, and in a sense, government failure is also a failure of the
public. It is time that we take responsibility for both success and failure and look into ways
of collaboratively improving governance.

While there are many reasons for government failures, we believe the lack of informa-
tion availability is a fundamental reason that limits a government’s ability to act smartly
and allows a lack of transparency to creep into policies and actions, leading to corruption
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and failure. While the sincerity and intentions of the people involved could be a major cause
of shortcomings in any institution or system, particularly large-scale public institutions
and systems, practical efforts can be made to reduce silos and segmentation and bridge the
gaps in the information and knowledge available to different communities through direct
or indirect cross-sectional conversations and collaborations enabled through automated
and autonomous technologies such as deep learning, big data analytics, and others.

To this end, this paper introduces the concept of deep journalism, a data-driven deep
learning-based approach for discovering multi-perspective parameters related to a topic of
interest. We examine the academic, industrial, public, governance, and political parameters
for the transportation sector as a case study to introduce deep journalism and our tool,
DeepJournal (Version 1.0), that implements our proposed approach. The concept of deep
journalism will be illustrated in the rest of this section (and this paper) as we introduce
the challenges facing the transportation sector and our work on detecting parameters for
it as viewed by the public, governments, industry, and academia. The production and
distribution of multi-perspective parameters are expected to provide a holistic and multi-
perspective view of a sector and help bridge the knowledge and collaboration gaps that
exist to reduce inefficiencies and failures.

1.2. Transportation and Challenges

Transportation is fundamental to modern societies and economies. However, trans-
portation is a major challenge considering the many issues that this sector faces and the
design parameters that need considering in developing successful policies, systems, and op-
erations. The issues facing transportation include the safety of people and goods, rising
costs, growth of megacities, long commutes for work, parking problems, damage to health
and the planet, and more.

Several modes of transportation exist—road, rail, air, and marine—each with its own
challenges. Road transportation is considered the backbone of modern economies although
it costs over 1 million deaths and 50 million human injuries annually [16]. Rail transport
requires huge capital investments and is therefore subject to monopolies, is relatively inflex-
ible in terms of adjustments to individual passenger needs, cannot be moved around, and
may be underutilised in different times and situations (such as during the recent COVID-19
pandemic). Moreover, heavily utilised trains are prone to frequent faults [17], cancella-
tions [18,19] accidents [20-22], etc. [23]. Air transportation faces many challenges including
pollution [24,25], high costs [26], high safety [27,28] and security risks [29,30], huge capital
investments, fuel requirements [31], and others. Marine transportation also faces many
challenges such as pollution, security risks [32-34], increasing costs, and environmental
regulations [35,36]. These challenges are threatening the sustainability of our societies,
economies, and our planet.

There is a need for innovative approaches based on collaborative thinking enabled
through the availability of integrated information. Academia is not being used to its full
potential [37]. What is possible in terms of technology and the potential of academia and
people is not being matched with what is being done. Policy and action need to work
together through dialogue to make information available to all bodies working in the
transportation sector, the government, industry, academia, journalism, and the public.
Deep Journalism could provide a solution.

1.3. Summary of the Proposed Work

In this work, we bring together a range of deep learning, big data, and other technolo-
gies to discover transportation parameters from three different perspectives using three
different types of data sources, viz., a newspaper (The Guardian), a transportation technol-
ogy magazine (Traffic Technology International), and academic literature on transportation
(from Web of Science). The three types of data sources provide three different views of the
transportation domain, that is, a view as seen by the public and governed by the political
and other institutions, a second view from the transportation industry, and a third view as
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seen by the academics and researchers. Certainly, these views are not mutually exclusive
and are to some extent affected by each other, but they do represent different perspectives
with considerable differences. We call this approach Deep Journalism for two reasons. First,
we call it deep in the actual sense of the word because it allows capturing and reporting a
relatively deeper view of a topic (e.g., transportation) from multiple perspectives, dimen-
sions, stakeholders, and depths. Second, we use deep learning to automatically discover
multi-perspective parameters about a topic.

The newspaper dataset that we built to discover parameters for public, governance,
and political aspects of transportation is collected from a UK-based newspaper, The
Guardian. We collected all the articles from The Guardian newspaper that contain the
word “transport” (in the title of the news, the full text of the news article, or the meta-
information about the article) and found a total of 14,381 unique articles dated between
September 1825 [38] and January 2022 [39]. We discovered a total of 25 parameters from
The Guardian dataset and grouped them into 6 macro-parameters, namely Road Transport;
Rail Transport; Air Transport; Crash and Safety; Disruptions and Causes; and Employment
Rights, Disputes, and Strikes.

The industry and technology magazine dataset that we built to discover parame-
ters about industrial aspects of transportation was collected from a technology-focused
magazine, Traffic Technology International (TTI), a popular magazine reporting the latest
transport technologies and news. We collected all the articles, a total of 5193 articles dated
between February 2015 [40] and January 2022 [41] from the magazine website without any
filters or search queries because this magazine only covers transportation-related news. We
discovered a total of 15 parameters from the TTI dataset and grouped them into 5 macro-
parameters, namely Industry, Innovation, and Leadership; Autonomous and Connected
Vehicles; Sustainability; Mobility Services; and Infrastructure.

The academic-view dataset that we built to discover parameters for the academia-
focused aspects of transportation is collected from an academic database, Web of Science.
We collected in aggregate 21,446 research article abstracts (with titles and keywords) in
the English language only from about 20 categories of academic disciplines in Web of
Science, such as transportation science and technology, engineering, environmental science,
telecommunications, economics, computer science, business, and others. The collected
article abstracts were limited to the publishing years 2000 [42] to 2022 [43]. We discovered
49 transportation parameters from the academic dataset and grouped them into 6 macro-
parameters. These are policy, planning and sustainability; transportation modes; logistics
and SCM; pollution; technologies; and modelling.

We implemented the proposed deep journalism approach into a tool called Deep-
Journal (Version 1.0). The tool is able to discover transportation parameters using the
datasets described above. The tool comprises four software components; Data Collection
and Storage, Data Preprocessing, Parameter Modelling and Discovery, and Validation and
Visualisation. The three datasets were collected using web scraping and other techniques
and were preprocessed to remove duplicate and irrelevant data, tokenise data, clean up the
data, and lemmatise data to generate data in a form that can be processed by the deep learn-
ing processing engine. We used a pretrained BERT (bidirectional encoder representations
from transformers) word embedding model [44] to capture the contextual relations within
the data. The BERT model was used along with UMAP (uniform manifold approximation
and projection) [45] (a dimension reduction technique), HDBSCAN (hierarchical density-
based spatial clustering of applications with Noise) [46] (a clustering algorithm), and a
class-based TF-IDF (term frequency—inverse document frequency) score, to automatically
group documents in the datasets into document clusters.

Subsequently, we discovered transportation parameters and macro-parameters from
each dataset using the document clusters along with the domain knowledge and a range
of quantitative analysis methods performed on the clustered data including similarity
metrics [47], hierarchical clustering [48], term score [49], keyword score [50], and inter-
topic distance map [51]. A range of visualisation methods were used to elaborate on the
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datasets, document clusters, and the discovered parameters. These include dataset his-
tograms [52], taxonomies, similarity matrices [53], temporal progression plots, word clouds,
and others. Multiple taxonomies of transportation from public, industry, and academic
views were extracted using automatic clustering of datasets. Figure 1 depicts a high-level
combined multi-perspective taxonomy of transportation as viewed by the public, industry,
and academia. The first and second level branches in the figure show the discovered
macro-parameters and parameters, respectively.

Land-Use Planning

Smart Cities

Low-Income Neighborhoods
Urban Mobility

Road Safety

Traffic Congestion

Subways . .
—— | Policy, Planning

& Sustainability

Vehicle Ownership
EV & Charging
Bike Sharing & Ridesourcing
Children &

Schools A

Gender & Race Equality
Parking

Tolling

Tourism

Road Transport

Transportation

Rail Transport
Modes

Air Transport

Marine Transport

Freight & Logistics

Food Supply Chain ~ \ Logistics & SCM

Cost & Pricing  /

Air Quality & Pollution

Soil Pollution
Noise Pollution

Fuel Types & Effects

Coal Transport &
Consumption

Pollution

Waste Management

Waste Water Treatment

Incident & Risk
Management

Computer Vision

Smartphone Sensing
VANET

AV & Taxis Technologies

loT Security

Physical Layer
Communication

Robot Mobility

Traffic Flow Modelling
Transportation Modelling Modelling
Algorithms

Academia
(Web of Science)

Transportation

Public, Governance & Politics
(The Guardian)

Industry
(Traffic Technology International)

Figure 1. A multi-perspective taxonomy of transportation.
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The findings related to a multi-perspective view (public, governance, political, in-
dustrial, and academic) of transportation show that there are many important problems
such as transportation operations and public satisfaction that industry and academia seem
to ignore, or perhaps if they do focus on them, the solutions do not achieve measurable
results from the policymakers and industrialists. We can also see that academia produces
much broader and deeper knowledge on the subject, while many important issues such
as pollution are not publicised. Our deep journalism approach could find the gaps and
highlight them for the public and other stakeholders.
The validation of our results can be considered internal or external. The internal
validation is performed by investigating whether the articles and documents belonging
to a certain parameter are related to the parameter. We have provided discussions on
many articles in each dataset as to how those articles relate to the parameters. The external
validation is performed by comparing parameters, keywords, and quantitative metrics

across the three datasets (i.e., the three perspectives of transportation). The external
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validation is also performed by using sources other than the three dataset sources. Moreover,
both the internal and external validation is performed using the depictions produced by
various visualisation methods.

Further details on the methodology and design of our deep journalism approach and
the DeepJournal tool are presented in Section 3.

1.4. Broader Aim, Novelty, and Contributions

The broader aim of our work is to investigate the use of ICT technologies for solving
pressing problems in smart cities and societies. Specifically, in this paper, we investigate
the use of deep learning and digital methods to discover and analyse cross-sectional multi-
perspective information to enable better decision making and develop better instruments
for academic, corporate, national, and international governance. The contributions of this
paper can be summarised as follows.

1.  We investigated the use of deep learning and big data analytics methods in trans-
portation and show that important parameters related to the design and operations
and the broader environmental parameters can be automatically discovered using
cutting-edge technologies. The parameters can be discovered from multiple perspec-
tives involving specific foci, stakeholders, etc. The transportation sector is used as a
case study, and the approach can be applied to other sectors. Important parameters
and insights are reported and explained.

2. We discovered 25 parameters and 6 macro-parameters for transportation from the
public, governance, and political perspectives using a newspaper, The Guardian.

3. Wediscovered 15 parameters and 5 macro-parameters for transportation from an indus-
trial perspective using a transportation magazine, Traffic Technology International (TTI).

4. We discovered 49 parameters and 6 macro-parameters for transportation from an
academic perspective using the well-known database of scientific literature, Web
of Science.

5. Webuilt three datasets specifically for the work presented in this paper. These datasets
will be provided openly to the community for further research and development.

6.  We brought the three analytics from multiple perspectives together and introduced
and investigated the novel concept of deep journalism that could be applied to any
problem, sector, or domain.

7. Wedeveloped a complete big data analytics tool, DeepJournal Version 1.0, from scratch
for this purpose. The tool is general and can be used on other datasets and sectors.

8.  Weelaborated on 89 transportation parameters and hundreds of dimensions reviewing
400 technical, academic, and news articles.

The literature review (Section 2) establishes that this work is novel in several respects:
the proposed scheme of deep journalism, the developed digital methods and tools for the
purpose, the use of three (or more) data sources to create a multi-perspective view of the
transportation sector, the three datasets, the specific findings, and more.

1.5. Journalism, Citizen Journalism, and Deep Journalism

The public in many parts of the world is frustrated with their governments regarding
the governance of social, economic, and other aspects of public lives. The public trust in
governments has declined sharply with the emergence of phenomena such as kleptocracy,
partisanship, and populism leading to extremism in our societies [54,55]. The main issues
are related to the public’s perception that the responsibility to provide impartial information
and ideal governance lies with other people and not themselves. The American Press
Institute defines the purpose of journalism as “to provide citizens with the information
they need to make the best possible decisions about their lives, their communities, their
societies, and their governments” [56]. Traditional journalism has failed at this purpose due
to many reasons such as difficulty in maintaining the freedom and impartiality of media
organisations and funding cuts, leading to public mistrust [57,58]. This is, for instance,
highlighted by the UN News with a statement by UN Secretary-General, Anténio Guterres,
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“at a time when disinformation and mistrust of the news media are growing, a free press
is essential for peace, justice, sustainable development, and human rights” [59]. The
distrust of traditional journalism coupled with the rise of the Internet, digital technologies,
and digital and social media has given rapid rise to citizen journalism, i.e., journalism by the
general public particularly using digital and social media [60-64]. Citizen journalism has
also been referred to as public journalism, democratic journalism, participatory journalism,
and other names.

Citizen journalism is complex due to its multifaceted, multidimensional, multilevel,
and multimodal nature [65]. It is multifaceted due to its embrace of “a wide array of societal
institutions, organisations, groups, and social actors at the intersection between journalism,
community, and democracy”. It is multidimensional due to it “embracing not only news
production and creation but also news consumption and sharing, thus, generating interac-
tive processes among news producers, consumers, and citizens”. It is multilevel due to it
“comprising journalists, sources, and news audiences at the individual level (micro-level),
news organisations and other societal institutions at the organisational level (meso-level),
and interorganisational networks in local communities and beyond (macro-level)”. It is
multimodal because it operates “across diverse communication platforms and channels”
including radio, television, Internet, social media platforms, and more [65].

While citizen journalism solves some of the problems of traditional journalism, it
comes with its own problems such as subjectivity and potentially lacking regulations,
standards, quality, and responsibility [66-68]. The responsibility to maintain ideals lies
with all people, and therefore, everyone has the responsibility and needs to work towards
upholding honesty, sincerity, equity, freedom, and other ideals. Traditional and citizen
journalism need to work together, and their problems need to be resolved collaboratively
by the public.

Regarding journalism, the specific aim of this paper is to contribute to this area of
journalism and help improve it through academic integrity and rigour. Academics should
be in the vanguard of objective information, sincerity, impartiality, equity, and other ideals.
Academics should search, pursue, propagate and defend these ideals. If the academics fail
to do so, then the responsibility lies with common people to pursue and be in the vanguard
of the ideals needed to maintain a free society. The idea of deep journalism is to make
impartial, cross-sectional, and multiperspective information available, to bring rigour to
journalism by nurturing responsibility in people by making it easy to generate information
for the public benefit using deep learning, and to make tools and information available
to common people so they can search and defend the ideals of freedom, including social,
environmental and economic sustainability.

1.6. Software and Hardware

The work reported in this paper was developed on the Aziz supercomputer that
comprises a total of 500 CPU, GPU, and Intel MIC nodes. In addition, we also used Google
Colab to run some experiments. Specifically, we used an Nvidia V100 GPU with 32 GB
RAM, which combines 5120 CUDA cores and 640 Tensor cores for deep learning and other
HPC loads. The V100 has a double performance of 7.066 TFLOPS and a single performance
of 14.13 TFLOPS. The software and platforms used in this work include Python as the
programming language, along with Pandas [69], Numpy [70], BERTopic [71], NLTK [72],
Scikit-Learn [73], Gensim [74], SentenceTransformer, and PyTorch [75]. The data visualisa-
tion libraries used in this work include Seaborn [76], Plotly [77], and Matplotlib [78].

1.7. Section Organisation

The rest of the paper is structured as follows. Section 2 reviews the related works
and establishes the research gap. Section 3 describes the deep journalism methodology
and the design of our tool. Section 4 introduces and discusses the parameters for public,
governance, and politics. Sections 5 and 6 discuss the parameters for industry and academia,
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respectively. Section 7 provides discussion. Section 8 concludes and gives directions for
future work.

2. Literature Review

We discuss in this section the works related to the proposed work in this paper. We
conducted an extensive review of academic research on the use of artificial intelligence
(Al) and data analytics for transportation. We did not find any work directly related to
our paper. However, to place our work in the context of the overall body of work on data
analytics in transportation, we review works in three areas. First, we discuss studies related
to the use of Al and machine learning for transportation. Subsequently, we review research
works that analyse and detect transport-related events by using social media data. Finally,
we discuss works on the scientometric analysis of the general transportation literature,
including scientometric analysis studies on specific areas of transportation.

Researchers have used machine learning for different problems in transportation.
For example, a large body of work on the use of deep learning is in object detection,
environment perception, health effect, resilience in transport, etc [79]. For example,
Wang et al. [80] proposed a model MobileNetv1_yolov3lite to detect objects and speed in
real-time. Zhu et al. [81] presented an overview of datasets, evaluation criteria, and future
work on environment perception, i.e., vehicle tracking, scene understanding, traffic sign
detection, lane and road detection, etc. for intelligent vehicles. Deep learning has also been
used for many transport modelling problems, including collaborative decision making for
environment perception [82], incident detection [83], disaster management [84], rapid tran-
sit systems for megacities [85], and traffic flow modelling [86]. Some other research works
are on traffic flow prediction [87], autonomous vehicles [88], vehicular networking [89],
automatic license plate recognition [90], crash prediction [91], and others.

Researchers have also used various social media data to analyse and detect differ-
ent events to discover and solve transportation issues. For example, Alomari et al. [92]
used a tool and machine learning algorithms for traffic event detection by using a total
of 2,511,000 tweets and transportation-related concerns detection during the COVID-19
pandemic [93]. Later, in another study, they [16] used 33.5 million tweets for event detection
and road traffic social sensing by using distributed machine learning algorithms. Their
research demonstrated Twitter’s efficacy in spotting major occurrences without previous
information. Suma et al. used a big data tool for automatic event detection [94] from
Twitter data and also used apache spark to automatically detect and validate the events [95].
Traffic incident detection is another challenge for the transportation system. Zhang [96]
proposed LDA and a clustering-based algorithm to detect traffic incidents by using the
Twitter dataset. They used the Carlo K-test to validate their research outcomes. There is
other research on using social media datasets for various topics in transportation such
as transportation planning and management, the traffic monitoring system, traffic event
detection, etc. Wang et al. [97] proposed a traffic management system (i.e., traffic alert and
warning) using Twitter data and the LDA topic modelling algorithm. In 2020, a BERT-based
automatic traffic alert system was developed by Wan et al. [98]. The authors used Twitter
data to evaluate their system. Additionally, they implemented a question-answering model
to extract the location, time, and nature of the traffic events.

The works that can be considered more related to this paper are those where re-
searchers used scientometric analysis for transportation-related topics. For example,
Heilig et al. [99] used scientometric analysis to perform a study on academic research
on public transportation, which offers better knowledge of articles, authors, countries,
and keywords based on citation information. They used 7868 research articles with
160,132 references from 2009 to 2013. This is the only work that looked into the trans-
portation area as a whole. All other works on scientometric analysis have focused on
specific topics in transportation, and these are discussed in the following paragraph.

Das et al. [100] analysed 15,357 paper abstracts from 7 years of Transportation Research
Board (TRB) yearly meetings (2008-2014) by using LDA to show the research patterns and
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intriguing histories of transport research. Sun and Yin [101] proposed an LDA-based topic
modelling approach to find the research topics and temporal information over the last
25 years of transportation. They collected transport-related abstracts of 17,163 articles from
22 journals between 1990 and 2015 and applied LDA to discover 50 key academic research
topics. In 2021, Putri et al. [102] proposed a systematic review of ITS by using the LDA
and named entity recognition. They retrieved 23,823 titles and abstracts from the Scopus
database between 1974 and 2020. Their research findings include the evolution of ITS
development and related research areas. Some other research work has been conducted
on several transport-related topics. For example, road safety is a significant component
of the transportation system. Zou et al. [103] presented a scientometric analysis to reveal
the core research area of road safety. The authors found that road safety studies focused
mostly on driver psychological behaviour, prevention of traffic accidents, the impact of
driver risk factors, and the analysis of the consequences and frequency of road crashes.
In another research study, Gao et al. [104] presented a scientometric analysis on traffic
safety sign research from 1990 to 2019. The authors collected 3102 articles from the Web of
Science database and used Citespace to analyze and visualise the research domain. They
discovered that most of the research had been conducted in the last 10 years. Their research
also found that the United States is in the lead position in traffic sign research. AV is
the most heavily researched topic to improve the transportation system. A scientometric
analysis on autonomous vehicles was conducted by Faisal et al. [105]. They collected a total
of 4645 research articles between 1998 and 2017 to perform the scientometric analysis. Their
research presented the development of AV systems by analyzing the authors, affiliations,
citations, and publications in AV research.

Research Gap

The literature review shows that the existing research on the use of machine learning
in transportation has mainly focused on autonomous vehicles, object detection, and others.
There are some works on social media data analysis for detecting events in transportation.
The very few works that have focused on scientometric analysis are very different from
our work. We did not find any research papers that have used newspapers, transport
magazines, and academic research articles altogether. Our work is novel in several respects:
the proposed scheme of deep journalism, the developed digital methods and tools for the
purpose, the use of three (or more) data sources to create a multiperspective view of the
transportation sector, the three datasets, the specific findings, and more.

3. DeepJournal V1.0: Methodology and Design

The proposed system methodology and design is depicted in Figure 2 to analyse
contextual topics that discover the transportation issues, challenges, development, and fu-
ture planning by using newspaper, magazine, and research article abstracts. The software
architecture consists of four software components which are described in the following
subsections. The methodology overview, including the master algorithm, is provided in
Section 3.1. In this research, we use d three types of data sources named The Guardian, Traffic
Technology International, and Web of Science. Sections 3.2-3.5 summarise these three data
sources, discuss the data collection algorithm, and describe the datasets. Sections 3.6-3.9
cover data preprocessing, parameter modelling, parameter discovery and quantitative
analysis, and validation and visualisation, respectively.
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Figure 2. DeepJournal V1.0: the system architecture.

3.1. Methodology Overview

Algorithm 1 outlines the master algorithm where the inputs are the search queries and
website URLs which are needed for the data collection. The dataset was collected using
the web scraping technique and stored in a CSV file. Then, the CSV file was loaded into
the Pandas data frame, and the articles were passed to the data preprocessing function
which removes duplicate articles, accomplishes tokenisation, removes irrelevant characters
and stop words from the articles, and performs lemmatisation with allowed POS (part-
of-speech) tags, i.e., noun, adjective, verb, and adverb and generates cleaned tokens.
After that, a pretrained BERT (bidirectional encoder representations from transformers) [44]
word embedding model was used to capture the contextual relations between the words.
Subsequently, we used the UMAP (uniform manifold approximation and projection) [45]/
which is a dimension reduction technique, HDBSCAN (hierarchical density-based spatial
clustering of applications with noise) [46] which is a clustering algorithm and a class-based
TF-IDF (term frequency—inverse document frequency) score to calculate the importance of
words for each cluster. Additionally, we reduced the number of clusters by merging the
most similar clusters. After that, we saved the clustering model and assigned the cluster
to each article. Then, the clusters were relabelled as parameters and the parameters were
grouped into macro-parameters using the domain knowledge along with a similarity matrix,
hierarchical clustering, and other quantitative analysis methods. Finally, we visualised and
validated the parameters against external and internal sources.
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Algorithm 1 Master Algorithm

Input: searchQuery, weblink
Output: article with lebelled parameter and visualization

CSV_file < dataCollection(searchQuery)

article_DF < read_CSV (CSV_file)

process_artcle <— dataPreProcessing(article_DF)
word_embedding < createBERT _Embedding(process_artcle)
umap_embedding < dimensionReduction(word_embedding)
HDBSCAN _clustering < dimensionReduction(umap_embedding)
calculate_ClassTFIDF < clustering(HDBSCAN_clustering)
clusters < clusterReduction(calculate_ClassTFIDF)

model < saveModel (BERT ClusteringModel)

parameters <— relabelled(clusters)
parameter_visualization(parameters)

D N AT L R > e

_ =
=)

3.2. Data Collection

We used three types of data sources in this research: The Guardian (newspaper), Traffic
Technology International (magazine), and the Web of Science (academic research). We utilised
web scraping techniques (i.e., Python, BeautifulSoup, Requests, and Pandas) to obtain the
The Guardian and TTI datasets from their corresponding websites. We collected the Web of
Science dataset from its website as it allows users to download the dataset as a CSV format.
We discuss the data collection steps for The Guardian, Traffic Technology International, and
Web of Science in Sections 3.3-3.5, respectively.

3.3. Dataset: Newspaper Articles (The Guardian)

The newspaper dataset was collected from the UK-based newspaper The Guardian
from September 1825 to January 2022. We retrieved all transport-related articles from the
website using the web scraping technique and collected about 14,855 articles.

Algorithm 2 shows the steps of the data collection process. Initially, we used “transport”
keywords to search for the related articles on the website. After that, we passed the web
link to the newspaper as a parameter in the algorithm. We divided our data collection
methodology into two functions: article link collection and data collection. In the first
function, after acquiring all the links from the web page content, we removed the irrelevant
links and saved the links as a data frame. In the data collection function, we analysed
the HTML and JavaScript code to obtain the article, date, and headline from the web
page content. For each news article, we acquired the related heading and publication
date. We saved the data in a data frame and finally saved the data frame into a CSV file.
After retrieving the articles, we encountered a few duplicate articles. We eliminated all
duplicate articles, resulting in 14,381 unique articles from The Guardian.
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Algorithm 2 Data Collection (The Guardian)

Input: searchQuery, weblink
Output: CSV file
1: function ARTICLELINK(weblink) > weblink: https://www.theguardian.com/uk/
2 pages < length(totalPage) > total web page after searching
3 for pageNumber < 1 to pages do
4: url <— weblink /transport?page=pageNumber
5: content <— obtain content from URL
6
7
8
9

links_DF <« save links as DataFrame from content > remove irrelevant links
end for
: end function
: function DATACOLLECTION(/inks_DF)
10: links < length(links_DF)
11: for pageNumber < 1 to links do

12: content < obtain content from link

13: article < obtain article from content

14: headline < obtain headline from content

15: date < obtain publication date from content
16: gquardian_DF < article, headline, date

17: guardian_CSV < guardian_DF

18: end for
19: end function

Figure 3 shows the histogram of The Guardian news articles. The y-axis indicates the
number of news articles for the increasing word count per news article. We noticed that
the prevalent length of news articles was 200-500 words. The number of news articles that
contained more than 800 words was relatively small. The maximum number of words in a
document was 8341. For more visual understanding, the zoomed portion inside the graph
is shown. The figure also shows the density against the increasing number of words per
news article. The maximum density is around 0.0016.
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Figure 3. Histogram (The Guardian news articles).
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3.4. Dataset: Technology Magazine Articles (Traffic Technology International)

TTI stands for Traffic Technology International which is a popular magazine related
to the latest transport technology. From February 2015 to January 2022, we gathered
10,620 articles from all categories on the TTI website using the web scraping approach.

Algorithm 3 shows the steps of the data collection process. We divided the algorithm
into two functions: article link collection and data collection. In the beginning, we passed
the web link to the article link collection function. We used two loops, where the first loop
was for the category list and the second loop was for the total web page number for each
category. We used a dictionary-type variable to store the category as a key and the total web
page number for that category as a value. After obtaining all the links from the web pages,
we removed the irrelevant links and saved the links as a data frame. In the data collection
function, we analysed the HTML and JavaScript code to obtain the article, publication date,
and headline from the web page content. For each news article, we received the related
heading and publication date. We saved the data in a data frame and finally saved the
data frame into a CSV file. After saving the data, we found a lot of duplicate data as some
articles are common in multiple categories.Therefore, we removed the duplicate articles
from the dataset, and finally, we found 5193 unique articles.

Algorithm 3 Data Collection (Traffic Technology International)

Input: weblink

Output: CSV file
1: function ARTICLELINK(weblink) > weblink: https://www.traffictechnologytoday.com/
2 categoryList < list of the category
3 pagesDict < dictionary type variable (key: category, value:pages number)
4 for category < 1 to length(categoryList) do

5: for pageNumber < 1 to pagesDict|[categoryList|category|] do

6:

7

8

9

url < weblink /news/categoryList[category]/page/pageNumber
content < obtain content from URL
links_DF < save links as DataFrame from content > remove irrelevant links
end for
10: end for
11: end function
12: function DATACOLLECTION(links_DF)
13: links + length(links_DF)
14: for pageNumber < 1 to links do

15: content < obtain content from link

16: article < obtain article from content

17: headline < obtain headline from content

18: date < obtain publication date from content
19: TTI_DF < article, headline, date

20: TTI_CSV «+ TTI_DF

21: end for

22: end function

Figure 4 depicts the histogram of the Traffic Technology International magazine articles.
The y-axis and x-axis demonstrate the number of magazine articles and the increasing word
count for magazine articles, respectively. The majority of magazine articles were between
300 and 450 words and 500 to 600 words (see graph peaks).The number of news articles that
contained more than 600 words was relatively small. The maximum number of words in a
document was 2323. The magnified plot inside the figure is presented for the convenience
of the reader. The graph also depicts the density in relation to the increasing quantity of
words per magazine article. The highest density is around 0.005.
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Figure 4. Histogram (Traffic Technology International articles).

3.5. Dataset: Academic Articles (Web of Science)

We obtained the most pertinent documents from the Web of Science, the most com-
prehensive database with a consistent query language and data format. Furthermore,
it facilitates access to subject indexes, citation indexes, and other databases from other
disciplines which assists in the discovery of relevant research and the evaluation of its
findings. We collected 21,446 research articles by using “transportation” keyword from
several Web of Science categories, for example, transportation science technology, engi-
neering electrical electronics, transportation, environmental science, telecommunications,
economics, computer science information system, business, etc. The document type was
limited to proceedings papers, articles, and review articles. Excluded were publications
produced from news items, corrections, book chapters, data papers, book reviews, letters,
editorial materials, and so on. Furthermore, we narrowed our search filtering option to the
English language and the publishing years 2000-2022. In addition, we utilised advanced
search and selected the “topic search” option which yielded results from the title, abstract,
and keywords columns.

Figure 5 illustrates the histogram of the Web of Science research article abstracts. The y-
axis and x-axis show the number of article abstracts as well as the increasing word count
for article abstracts. The majority of article abstracts contained between 150 and 250 words.
A few article abstracts had more than 450 words. The number of article abstracts that
contained more than 400 words was relatively small. The maximum number of words
in an article abstract was 1132. The magnified plot inside the figure is presented for the
convenience of the reader. The graph also shows the density in relation to the increasing
quantity of words per article abstract. The highest density is around 0.006.

79



Sustainability 2022, 14, 5711

Number of Research Article Abstracts

250 —

N
o
IS]

150 —

100 —

50 —

850 900 950 1000 1050 1100 1150
r 0.006

r 0.005

r 0.004

Density

r 0.003

r 0.002

r 0.001

Ny ‘ S | 0.000

345 460 575 690 805 920 1035 1150
Word Count for Research Article Abstracts

Figure 5. Histogram (Web of Science article abstracts).

3.6. Data Preprocessing

We employed the same preprocessing algorithm for the three datasets. Algorithm 4
shows the preprocessing steps as follows: (1) remove duplicate articles, (2) remove irrele-
vant characters, (3) tokenisation, (4) stop word removal, and (5) lemmatisation with POS
tags. In the beginning, we read the CSV file using the Python package “Pandas” and saved
it as a data frame (DF). In the second step, we removed all duplicate data to reduce the
data redundancy, and in the third step, we removed all irrelevant characters, for example,
several Unicode characters, from the texts. Furthermore, in the fourth step, we tokenised
the texts using the simple_preprocess function, which is included in the Python package
called “gensim”. The fifth step was to remove the stop words from the article. Initially,
we used the NLTK predefined stop words list for clustering and implemented the BERT
parameter model. After getting the parameter from the BERT parameter model, we re-
viewed the corresponding keywords and explored the unnecessary keywords that were
obtaining a high probability score in the parameter. After some testing, we finalised a list
of stop words that did not carry significant importance for generating parameters. As a
result, in our final model, we added those keywords to the stop words list and removed
them from the articles. In the final step of data preprocessing, we used lemmatisation using
the “Spacy” engine and allowed only four types of parts of speech tags, including noun,
verb, adjective, and adverb. After the preprocessing step, we obtained the cleaned articles,
which were used for parameter modelling.

Algorithm 4 Data Preprocessing

Input: articles
Output: clean articles
1: article_DF < read_CSV(CSV_file)
2: rd_DF <« removeDuplicate(article_DF)
3: ric_DF « removelrrelevantCharacters(rd_DF)
4: token_DF < tokenizer(ric_DF)
5. rSW_DF < removeStopWords(token_DF)
6: lemma_DF <+ lemmatization(rSW_DF)
7: clean_DF < cleanArticle(lemma_DF)
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3.7. Parameter Modelling

We utilised the BERT topic modeling method [71] to cluster the data and discover
parameters. At the beginning of parameter modelling, we generated a word-embedding
model using the BERT (Bidirectional Encoder Representations from Transformers), which
is a transformer-based approach developed by Google [44]. Word embedding is a low-
dimensional, dense vector representation of words, and BERT develops contextual em-
beddings. In this paper, we used the pretrained “distilbert-base-nli-mean-tokens” model
as it maintains the balance between performance and execution time. We implemented a
dimensional reduction algorithm, UMAP, to keep the maximum information in a lower
dimensionality. Furthermore, we used HDBSCAN to group identical articles together that
define a cluster or parameter. HDBSCAN is a density-based approach that complements
UMAP effectively, considering UMAP retains a range of local structures even at lower
dimensionality. Additionally, HDBSCAN does not compel data points to clusters since they
are considered outliers.

Furthermore, a class-based TF-IDF (term frequency—inverse document frequency)
score was used to calculate the importance of words for each parameter. By determining
the frequency of a word in a given document as well as the measure of how prominent
the word is in the entire corpus, TF-IDF provides a means of comparing the relevance of
words between documents. However, if we consider all documents in a single group as a
distinct document and then execute TF-IDF, we will achieve significance scores for words
inside a cluster. This significance score is called the c-TF-IDF score. The more significant
the words inside a cluster, the more representative the parameter. As a result, we can obtain
keyword-based descriptions for every parameter. Equation (1) [50] describes the formula
of the c-TF-IDF score, where f is the frequency of each word derived for each class c and
divided by the number of words w. The total number of unjoined documents (d) is then
divided by the total frequency of words (f) throughout all classes (cc).

c—TF — IDF. = fe x log 1)

d
We Z;}C f p

We fit all of the articles and trained the BERT parameter model after obtaining the
c-TF-IDF. The number of parameters was then decreased by recalculating the articles’
¢-TF-IDF matrices and then iteratively merging the most often occurring parameter with
the most similar one based on the respective c-TF-IDF matrices.

Finally, we assigned parameters to all the articles and saved the model. As the
parameter was originally represented as an integer number, we further scrutinised the
corresponding parameter articles and relabelled the parameters and aggregated them into
macro-parameters using domain knowledge and quantitative analysis methods which are
discussed in the next section.

3.8. Parameter Discovery and Quantitative Analysis

We discovered the parameters and macro-parameters using domain knowledge and
quantitative analysis methods (i.e., term score, keyword score, intertopic distance, hierar-
chical clustering, and similarity matrix).

3.8.1. Term Score

A list of keywords (terms) for each parameter does not express the context of the
related parameter in the same way. To find a parameter, we must first determine how
many keywords are required, as well as the starting and finishing positions of significant
keywords. We visualised the keywords c-TF-IDF score for each parameter by sorting
them in decreasing order [71]. This term score visualisation has a significant influence on
identifying the parameter.
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3.8.2. Intertopic Distance Map

The intertopic distance map is a two-dimensional representation of the parameters,
with the area of the parameter circles proportional to the number of words in the dictionary
associated with each parameter. The circles are formed using a MinMaxScaler algorithm
depending on the words they contain, with parameters closer together sharing more
words [71].

3.8.3. Keyword Score

In the BERT parameter model, we obtained a set of keywords representing a parameter,
where each keyword has an importance score or c-TF-IDF score (see Section 3.7) that
describes the context of the parameter.

3.8.4. Hierarchical Clustering

Hierarchical clustering systematically pairs the parameters based on the cosine simi-
larity matrices between the parameter embeddings [71]. By systematically pairing clusters,
hierarchical clustering assembles a unique cluster of nested clusters. At each phase, begin-
ning with the correlation matrix, all clusters are attempted in all possible pairs, and the pair
with the greatest average inter-correlation within the experimental cluster is chosen as the
new unique cluster.

3.8.5. Similarity Matrix

The similarity matrix was visualised as a heatmap using the Plotly library in Python
to show the similarity between parameters based on the cosine similarity matrix [71]. We
computed the similarity matrix by calculating the cosine similarity score between the
parameters embedding to show the relationship between the parameters. We have used
Plotly “BnGu” (green to blue) as the continuous color scale where the dark blue color
represents the highest similarity relationship between parameters, while the light green
represents the lowest similarity.

3.9. Validation and Visualisation

The validation of our results can be considered to be internal or external. The internal
validation was performed by investigating whether the articles and documents belonging
to a certain parameter are related to the parameter. We have provided discussions on
many articles in each dataset as to how those articles relate to the parameters. The external
validation was performed by comparing parameters, keywords, and quantitative metrics
across the three datasets (i.e., the three perspectives of transportation). The external
validation was also performed by using sources other than the three dataset sources.
Moreover, both the internal and external validation were performed using the depictions
produced by various visualisation methods.

A range of visualisation methods were used to elaborate on the datasets, document
clusters, and the discovered parameters. These include dataset histograms [52], taxonomies,
similarity matrices [53], temporal progression plots, word clouds, and others. For example,
we visualised the temporal progression for both parameters and macro-parameters. Initially,
we merged the similar representable parameters and then counted the number of articles
(intensity) by grouping the parameters and article publication year. Consequently, we
obtained a list of intensities for each parameter with specific years. After that, we sorted
the list according to the year and plotted the intensity against the year for each parameter.
We also plotted the macro-parameter temporal progression in the same way by integrating
the parameters of each macro-parameter.

We used several python libraries for these visualisations including Seaborn, Plotly,
and Matplotlib.
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4. Public, Governance and Politics: Transportation Parameters Discovery

In this section, we discuss the parameters detected by our BERT model from The
Guardian dataset. The parameters are grouped into six macro-parameters. We provide
an overview of the parameters and macro-parameters in Section 4.1. The quantitative
analysis is discussed in Section 4.2. Subsequently, we discuss each macro-parameter in
separate sections, Sections 4.3—4.8. Finally, Section 4.9 discusses the temporal analysis of
the parameters and macro-parameters.

4.1. Overview and Taxonomy (The Guardian)

We detected a total of 25 parameters from The Guardian dataset using BERT. These
25 parameters were grouped into 6 macro-parameters using the domain knowledge along
with similarity matrix, hierarchical clustering, and other quantitative analysis methods.
The methodology and process of the discovery of parameters and their groupings into
macro-parameters have already been discussed in Section 3.

Table 1 lists the parameters and macro-parameters of The Guardian dataset. The pa-
rameters are categorised into 6 macro-parameters, including road transport, rail transport,
air transport, crash and safety, disruptions and causes, and employment rights, disputes,
and strikes (Column 1). The parameters are listed in Column 2, where some of them are
merged. For example, Parameters 9 and 4 have been combined into a single parameter, rail
projects and contracts. The third column indicates the cluster number. The percentage of
the number of articles is recorded in the fourth column. Our BERT model labelled 50.5% of
articles as the outlier clusters. The outlier clusters are more analogous to the average article
compared to any of the other clusters. Consequently, we ignored these clusters, and the
rest of the 49.5% of articles are listed in the fourth column. The fifth column represents the
top keywords associated with each parameter.

Figure 6 provides a taxonomy of the transportation domain extracted from a newspaper-
focused on public, governance and politics. The taxonomy was created using the parame-
ters and macro-parameters discovered from The Guardian. The first-level branches show
the macro-parameters, the second-level branches show the discovered parameters, and the
third-level branches show the most representative keywords.

4.2. Quantitative Analysis (The Guardian)

This section discuss the term score, word score, intertopic distance map, hierarchical
clustering, and similarity matrix.

Each parameter is represented by a group of keywords, although not all of these
words describe the parameter equally. The term probability declined representation depicts
how many keywords are required to describe a parameter and when the benefit of adding
more keywords begins to diminish (see Section 3.8). When we assess the keywords, only
the top 7 to 10 terms in each parameter accurately describe the parameter, as shown in
Figure 7. Because all of the other probabilities are so close to one another, ranking them
becomes more or less useless. When we analysed the top keywords per parameter to
discover the parameter, we used this information to focus on the top seven or so keywords
in each parameter.
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Figure 6. A taxonomy of transportation extracted from The Guardian dataset.
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Figure 8 depicts the top five keywords for each parameter. The keywords are sorted
based on the importance score, or c-TF-IDF score (see Section 3.8). There are 25 subfigures,
and in each subfigure, the horizontal line indicates the c-TF-IDF scores, and the vertical line
indicates the keywords. For example, the first subfigure is the airport expansion parameter,
which is represented by the five keywords such as runway, airport, Heathrow, expansion,

and government, having 0.07, 0.05, 0.49, 0.39, and 0.26 scores, respectively.
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Figure 8. Newspaper article parameter with keywords c-TF-IDF score.

Figure 9 shows the intertopic distance map (see Section 3.8), where six macro-clusters
are separately identified.

Figure 10 describes the hierarchical clustering of the 25 clusters and systematically
pairs the clusters based on the similarity matrix (see Section 3.8). We noticed that clusters
No. 6, 3,9, 2, and 4 created a unique cluster that we labelled as the rail transport parameter.

Figure 11 visualises the similarity matrix among the parameters (see Section 3.8). Note
the dark blue colour between clusters 22 and 16 which showed a high similarity score
because both clusters 22 (train, carriage, and crash) and 16 (police, crash, and accidents)
have high resemblance. For example, whenever a train or carriage crash happens, at that
time there is a high possibility of an accident, and police might react at that time.
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Figure 9. Intertopic distance map (The Guardian).
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Figure 11. Similarity matrix (The Guardian).

4.3. Road Transport

The macro-parameter road transport includes the following parameters: congestion
and road charging; pollution and electric vehicles, fuel and SCM (supply chain manage-
ment), cycling, cycling safety, and bus transport.

4.3.1. Congestion and Road Charging

The congestion and road charging parameter concerns road congestion and the im-
posed congestion charging to address the congestion. It is represented by keywords
(detected by our model) such as road, congestion, traffic, charge, scheme, car, and city.
Looking at the news articles that belong to this parameter we were able to find a number
of topics that capture various dimensions of this parameter. These include congestion
charging [106], traffic reduction and management [107], smart roads [108], parking [109],
walking [110], cycling [111], congestion charge for non-residents [112], e-scooters [113], etc.
For example, Harvey reports in a Guardian article [114] that the traffic congestion levels in
September 2020 in outer London increased above the prepandemic (COVID-19) lockdown
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levels in 2019. The article also shows the impact of congestion charging on outside central
London and central London traffic between prepandemic, 2019, traffic and 2020.

4.3.2. Pollution and Electric Vehicles

The pollution and electric vehicles parameter captures various dimensions of trans-
portation from The Guardian. These dimensions and related news include high air pollution
and fears of high risks for COVID-19 infection [115], London being the worst city in Europe
in terms of the damages to health due to air pollution [24], inadequacy of electric vehicle
reforms alone in solving the pollution problem and the need for holistic solutions [116],
the proposed increase in diesel and petrol vehicle prices to curb pollution [117], UK cities
delaying creating clean air zones supposedly for COVID-19 excuses [118], the fall in air
pollution levels in London by 50 percent through anti-pollution measures reported in
April 2020 [119], the UK to introduce E10, a high-ethanol fuel, to cut pollution [120], the
UK’s plans to ban diesel and petrol vehicles by 2035 or even earlier [121], Bristol’s plan
(late 2019) to ban diesel vehicles [122], Oxford’s plan (late 2017) to become the first zero
emissions area in the world [123], charging station deserts and monopoly [124], opening
of first all-electric vehicle charging station [125], Tesla struggling in the US, asking funds
from government [126], a 2008 article on myths about renewable energy [127], the concerns
that despite electric and hybrid car sales the emission gains are only 1% between 2011
and 2021 [128], and many more news and topics. The parameter includes the following
keywords detected by our model: car, vehicle, emission, diesel, pollution, fuel, electric,
petrol, carbon, and hydrogen.

4.3.3. Fuel and SCM (Supply Chain Management)

The fuel and SCM (Supply Chain Management) parameter contains keywords fuel,
oil, price, petrol, driver, duty, tax, government, shortage, car, and rise. Many news articles
in this parameter are about fuel prices, shortages, crises, [31,129], and costs of supply
chains [130-132]. For example, a Guardian article [133] dated 17 November 2021 discussed
the rising costs affecting all streams of businesses featuring case studies on agriculture,
farming, hospitality, transport (individuals, small and large businesses), manufacturing,
and retail. We found in this parameter a fascinating article on just-in-time supply chains
by Kim Moody [134], Moody writes, “Decades of deregulation, privatisation and market
worship have left society vulnerable to the unbidden force of “just-in-time” supply chains.
No amount of government subsidies, ...will be enough to address the crises we face,
from the pandemic to climate breakdown, ... Now is the time to think about not just how
we make and consume things, but also how we move them ”. Moody discusses how we
became used to a ‘just-in-time world’, while not appreciating the complexity of it, including
cross-continent shipping, fuel price variations, floods, closed roads, last-mile delivery
people and their well-being, and the most important, the triple bottom-line effects of all
of it.

4.3.4. Cycling

The cycling parameter captures the transportation issues associated with cycling
and bikes, an issue that has become important due to climate and health. It includes the
following keywords: bike, cycling, cycle, cyclist, city, ride, road, bicycle, route, lane, scheme,
year, car, traffic, transport, way, safe, work, street, and day. The parameter discloses several
important dimensions of cycling through The Guardian news articles, including the planned
5000 miles of dedicated cycle routes in the UK announced in June 2000 and supported
by the charity Sustrans [135], barring charity cyclists from using new trains [136], the
increase in the number of bikes and rise of the ‘born-again bikers’ in the UK, covered
in February 2004 [137], ministers setting examples for bike usage in 2004 [138], a major
rise of weekend cycling in the UK [139], the loss of a legal case made by cycling and
rambling campaigners to prohibit vehicle driving in the Lake District [140], funding to
nurture increased walking and cycling in the UK [141], cycle thefts [142], the rise of cycling
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holidays [143], a new 500-mile cycle route network in West Midlands, UK [144], cycling
with young children [145], Uber launching electric bikes for hire in Islington borough [146],
and more.

4.3.5. Cycling Safety

The parameter cycling safety is about the risks and safety of cycling due to vehicles and
other hazards on the road. Our model detected the following keywords for the parameter:
cyclist, cycle, road, bike, cycling, death, kill, pedestrian, traffic, ride, safety, accident, driver,
year, lorry, safe, helmet, injury, lane, and number. This parameter captured some issues
related to road accidents in general, from the early 2000s such as higher accident risks for
children from deprived areas [147] and the use of explicit graphic accident images in ads to
nurture road safety [148], but the parameter was dominated by road risks and safety for
cyclists. Examples include the increase in cyclist deaths in the UK in 2020 [149]; advice on
keeping safe while cycling [150]; cheaper insurance for drivers who take cycle training to
improve cyclist safety [151]; concerns that pavements are being used for cycle stands and
other purposes, causing problems for pedestrians [152]; the possibility that Great Britain
could become a great cycling nation, but road safety is a hurdle [39]; and more.

4.3.6. Bus Transport

The parameter bus transport is represented by keywords including bus, service, route,
local, public, passenger, and operator. The parameter captures bus transport issues in
the UK, though most of these are applicable to other countries in one way or another.
The dimensions and issues of bus transport include schemes from the government to
provide cheaper bus fares for pensioners introduced in August 2000 [153]; government-
hired pensioners in 2000 to go undercover and check bus service quality [154]; the proposals
in late 2002 to scrap cheaper fares for pensioners and instead provide for jobless and
students [155]; better employment conditions for bus drivers [156]; a bus strike in London
in January 2015 and its effects on commuters [157]; an article from 2019 discussing the
importance for integrated public transport across the UK while allowing city mayors to
have freedom for local transport operations [158]; the launch of buses in the UK in 2020 that
filter air (“air-filtering buses”) while in operation around a city [159]; the need for security
for bus drivers against coronavirus infection [160], a boost in electric buses in the UK with
a GBP 20 million contract [161]; the behaviour of passengers towards physical distancing
measures deteriorating as people get vaccinated [162]; a 2021 news report discussing the
government’s plans to introduce a major redesign of public transport with new bus lanes,
new fare plans, and richer bus schedules [163]; changes in commuting patterns due to
COVID-19 [164]; compulsory masks on tranport in London [165]; severely negative effects
of privatisation of bus services outside London [166]; the effect of the COVID-19 pandemic
on setting back public attitudes by two decades regarding giving preference to private cars
over public transport for safety reasons [167]; an article discussing the downfall of British
public transport services by bus privatisation [168]; and more.

4.4. Rail Transport

The macro-parameter rail transport defines the characteristics of the transporta-
tion sector that relate to trains and railways, as captured by the topic modelling of The
Guardian dataset. Rail transport includes the parameters, public discontentment; rail
fairs; funding, costs, and fares; industry and privatisation; rail projects and contracts; and
governance and politics.

4.4.1. Public Discontentment

The public discontentment parameter is represented by keywords train, rail, passenger,
service, company, network, year, railtrack, timetable, and railway. The overarching theme
of the news articles in this parameter is the state of public discontentment with the rail
services in the UK. The range of issues that the public is discontented with includes train
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delays, particularly due to ineffective train schedules. For example, The Guardian reported
on 18 May 2019 that a new rail timetable was announced by the Rail Chief, UK, to improve
the chaotic situation with the rail services in the UK due to many cancellations and delays
in train services during the last year, 2018-2019 [19]. A couple of months later, people again
encountered severe delays and cancellations affecting the train schedule due to overhead
wire damage in July 2019 on the mainlines connecting London with Scotland, northeast
England, and other regions [169]. A revised rail timetable was developed and put in place
in late 2019 to enhance the rail services promised to be the biggest change in the UK train
schedule, but the plans were ruined reportedly due to staff shortages [170]. These and
similar incidents caused public upheaval and discussions on train delays schedules around
the UK.

Other issues of discontent include poor train accessibility [171], delay in project com-
pletions [172,173], dissatisfaction with specific train service providers [174,175], discontent
of company staff with their management [176], companies trying to win back customer sat-
isfaction [177], change of management due to discontentment with services [178], and more.

4.4.2. Rail Fares

The rail fares parameter is depicted by keywords such as fare, ticket, rail, season, price,
commuter, cheap, and peak. The parameter includes issues such as Easy]Jet in fare wars with
Virgin trains [179], the withdrawal of cheaper fares amid train delays and cancellations [180],
denial of compensation subsequent to the Hatfield crash in 2000 for those who did not keep
their tickets [181], a planned increase in rail fares in England reported in 2020 [182], rail
fares to increase by 3.8% in March 2022 reported in December 2021 [183], the launch of
budget rail London-Edinburgh announced in September 2021 [184], postpandemic flexible
rail season tickets [185], and more.

4.4.3. Funding, Costs, and Revenues

The train funding, costs, and fares parameter includes the keywords rail, company,
network, profit, government, cost, fare, rise, revenue, public, and others. One of the news
articles in this parameter, dated 5 December 2021, discusses the hefty budget cuts required
by the UK government from train operators who are contracted to deliver train services
for a fixed price while the revenues and risks are born by the government [186]. While the
consequences of the pandemic on train travel patterns are obvious and being explored,
some groups argue that it is critical to maintain services and cut costs to attract passengers
and save taxpayer money. There are other political and public issues, including job cuts
that harm some segments of the public. At the same time, it is necessary to reduce costs
and improve public services. Other articles touch on a range of dimensions and issues of
this parameter including penalties and cutting bonuses [187], bailouts [188], increase in
demands and revenues [189-191], funding and funding gaps [192], and more.

4.4.4. Industry and Privatisation

The industry and privatisation parameter is characterised by keywords such as share-
holder, railtrack, company, eurotunnel, buyer, debt, government, tunnel, share, and investor.
The parameter captures transportation dimensions surrounding governance, privatisation,
and industry, mainly for rail transportation. The earliest article [193] in this parameter dates
back to 7 February 1964 about the agreement on the Channel Tunnel between the French
and British governments seen as “a sound investment”. The Channel Tunnel as we know
was opened in 1994. We then witness a news article [194] from 1999 opposing the cabinet
view on partly privatising the public transport system in the UK due to its weaknesses. We
also see an article [195] from December 2000 deliberating comments from a chief executive
officer of Atkins who was a major stakeholder in two London Underground bids that “the
public does not appreciate the benefits brought to the railways by the private sector”. These
and similar issues [196] show the debates around and pros and cons of privatisation versus
government-owned services. Another issue or dimensions that we can learn from our
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BERT model is the legal battles between companies such as the one reported in a Guardian
article [197] from 2001 about the company Virgin planning to sue the company Railtrack
for their losses due to the Hatfield train crash [198]. The legal battles between companies
also extend to the leadership of a company being offered a job by another company such as
reported in December 2009 by Dan Milmo that the chief of Tube Lines was offered a posi-
tion at National Express [199]. There is also an article from September 2020 reporting the
former transport secretary being offered a lucrative contract by Hutchison Ports [200,201].
Other news and dimensions of this parameter include the Stagecoach offer in 2009 to its
rival National Express for a merger [202], the Channel Tunnel operator Eurotunnel’s hope
in 2007 for “investors to back a debt-for-equity swap” to save it from bankruptcy [203],
the problems with the public and private sector working together such as the London
Underground public—private partnership (PPP) and East Coast Rail [204], the rail and bus
company FirstGroup rejecting a takeover bid from the American company Apollo [205],
the postBrexit rebranding of Eurotunnel to Getlink [206], and more.

4.4.5. Rail Projects and Contracts

The rail projects and contracts parameter was created by merging two clusters (num-
bers nine and four) because the two clusters contained keywords pointing to similar
subjects. The parameter is represented by keywords franchise, rail, government, train,
contract, railway, company, service, bid, plan, rail, project, line, transport, north, high,
speed, government, plan, and route. The Guardian confirmed on 18 November 2021 [207]
that the eastern link of HS2 connecting Leeds was abandoned by the government, and this
caused fury among the affected segments of the public.

4.4.6. Governance and Politics

The governance and politics parameter represents the government’s decision or plan-
related keywords including government, buyer, transport, labour, public, minister, private,
decision, political, privatisation, and secretary. For example, The Guardian reported on 14
November 2021 [23] that the government dropped the plan for HS2 and instead decided to
support projects that benefit the ruling party. HS2 was reportedly promised by the prime
minister during the very early days of his job. It was expected to provide a new high-speed
railway link serving as the foundation of Britain’s transportation network.

4.5. Air Transport

The macro-parameter air transport includes the parameters airport expansions, air
pollution, airport security, and air costs and fares.

4.5.1. Airport Expansions

The airport expansions parameter is about expansions planned for airports and related
facilities that are needed to meet the increasing demands for air travel [208] as well as
about the opposition to expansions due to their negative impacts on climate [209,210].
This parameter includes the keywords runway, airport, Heathrow, expansion, government,
aviation, decision, flight, build, and plan. For example, the matter of London Heathrow
Airport expansion and construction of a third runway has remained a matter of discussion
for many years. The project was approved, but climate activists challenging it, leading
to the issue becoming bogged down in the courts [211]. Asthana, Laville, and Kale in a
Guardian news item [212] discussed the Court of Appeal decision announced in March 2020
to deem the expansion unlawful due to the UK government’s failure of not considering
the climate impacts of the expansion. This topic has continued to remain in the news
due to the airport trying to challenge the court decision [213]. In addition, Tim Crosland,
the lawyer and a campaigner for environmental protection was found guilty (May 2021) by
the supreme court and lost his appeal (December 2021) for disclosing the court decision
before its official announcement to the public [214].
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4.5.2. Air Pollution

The air pollution parameter contains the following keywords: emission, carbon,
aviation, climate, airline, fuel, environmental, biofuel, and others. The parameter relates
to air pollution caused by air transport. For example, Ungoed-Thomas from The Guardian
wrote in a news item [215] about the high number of flights being taken by UK government
staff (293 every day according to a report) despite the UK government’s promises to protect
the climate and make the government greener.

4.5.3. Airport Security

The airport security parameter is represented by keywords such as flight, airport,
passenger, drone, and security. This parameter is exemplified in a news March 2008 article
by Dodd and Milmo [30] reporting an incident of a breach, the second within a three-week
period, where a man succeeded in reaching a runway at Heathrow airport.

4.5.4. Air Costs and Fares

The air costs and fares parameter represents the transportation characteristics con-
nected to the costs and fees incurred by air transportation providers and consumers.
The keywords include airline, airport, flight, passenger, carrier, cost, price, business, mar-
ket, and profit. An example of various issues that come under this parameter is a Guardian
news article reported by Topham and Kollewe [26] on 19 October 2021. The news is about
Heathrow airport potentially increasing charges for passengers by 56 percent by 2023.
Topham and Kollewe explained that Heathrow will be permitted by the CAA, the Civil
Aviation Authority, to raise the landing charges considerably from the summer of 2022.
This was in response to the airport organisation that asked for doubling the charges due to
the massive business losses caused by the dearth of airport activity during the COVID-19
pandemic. CAA explained that the permission to increase charges was necessary for keep-
ing the airport competitive and safe. The airlines are affected by the decision as the costs
for their operations will increase. The news shows the complexity of the parameter in terms
of the different stakeholders (airport management, airline operators, CAA, and consumers)
and changing times and situations.

4.6. Crash and Safety

The macro-parameter crash and safety includes three parameters: train crashes, acci-
dents and deaths, and dangerous driving and speeding.

4.6.1. Train Crashes

The keywords that represent the parameter train crashes are crash, safety, train, rail-
track, rail, signal, and accident. The earliest Guardian article we found in this parameter
dates back to one from 6 October 1999 about the worst crash of the decade between Great
Western and Thames trains near Paddington in London [216] making safety of rail transport
a major political issue [217], making the two train operators, Railtrack, and the government,
to begin an inquiry into the crash [218], and government pledging GBP 1 billion for safety
of rails [219]. This has further led to the possibility of manslaughter charges against Thames
Trains and Railtrack [220]. Railtrack, a group of companies, owned a major part of the
rail infrastructure in the UK from 1994. It was renationalised in 2002. Many other news
items were found relating to train accidents such as the rail accident between two trains at
Salisbury in November 2021 caused potentially by low adhesion between rail tracks and
train wheels [221].

There have also been many news items from The Guardian in this parameter about losses
to rail companies due to accidents, compensations, penalties, etc., [222]. The parameter also
contained some articles related to rail suicides such as the article from November 2017 about
urging commuters to indulge in small talk with people potentially attempting suicides [223].
It was reported in this article that about 273 people committed suicide on the railways in the
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UK during 2016-17. The parameter and the contained news articles show the richness of
information that can be extracted from our BERT-based modelling approach.

4.6.2. Accidents and Deaths

The accidents and deaths parameter is represented by keywords such as police, crash,
accident, incident, scene, woman, injure, die, man, and injury. This parameter contains
news articles about deaths and road accidents as opposed to the parameter train crashes
where the focus of the articles is on train crashes and the various issues surrounding
them such as financial, political, investigative, and industrial issues. Moreover, while this
parameter mainly contains articles about roads, we also found some articles that involved
trains such as a death (potentially a murder) by a woman pushing another person in front
of a train [20]. Another example in this parameter showing the focus on deaths rather than
the mode of transportation is news from October 2000 about the history of train accidents
in the UK [224]. The article focuses on injuries and deaths rather than other details, and
this is the reason we believe this article, though also related to train crashes, is mainly
associated by our BERT model to the accidents and deaths parameter. Another example is
an article about the death of a woman who was a staff member in a railway ticket office.
She died because of COVID-19 infection that she may have caught due to a man claiming
to have COVID-19 who spat and coughed on her while she was on duty [225]. The news is
related to rail transport but is about a death. Other examples of articles in this parameter
that involve railways and trains (or even air transport) but are mainly about deaths, road
transport, and vehicles include [226-233].

The dimensions and issues connected to this parameter as seen through the news
articles include the UK government strategy for road safety highlighting the gravity of the
matter due to over 0.3 million road casualties in the UK every year (1 March 2000; [234]),
the release of the driver of the bus that crashed and killed two and injured dozens of people
(5 January 2007, [235]); death and injuries of various people in different incidents due to
cold, black ice, road death traps, etc. (8 February 2009, [236], 31 March 2010, [237]); the
M5 crashes in November 2011 [238] and March 2012 [239]; the M1 crash in December 2012
and its investigations [240]; the death of a man due to collision with a Nottingham tram
(16 August 2016, [241]); the rescue of 60 children from a bus operated by Stagecoach after
its crash (11 November 2021, [242]); a woman killed due to the collision of two buses near
Victoria Station, London (10 August 2021, [243]), and many more.

One of the issues discovered from this parameter is the deaths on and the safety
concerns of smart motorways in the UK [244,245]. This topic of smart motorways was
also detected in Parameters 7 and 14 in relation to congestion reduction and speeding,
respectively.

The discussions in this article are supported by a large number of articles for the dis-
covered parameters. These may be seen as unnecessary or of little or no benefit. We discuss
a large number and range of articles to show the complexity and breadth of the parameter
topics. The knowledge gained through the parameter discovery and analysis process that
is currently partly automatic and partly manual and will become increasingly automatic
and autonomous will allow autonomous modelling, (exploratory, dynamic, and real-time)
analysis, and optimisation of transportation and other sectors. The discussions presented
in this article are also helpful in understanding the working and performance of BERT and
other clustering algorithms.

4.6.3. Dangerous Driving and Speeding

The dangerous driving and speeding parameter is characterised by drunk, dozing,
and other dangerous driving, speeding, speed limits, methods to measure and curb danger-
ous driving and their devastating effects, and penalties and legal punishments. The first
article in this parameter is dated 1 March 2000 and is about the government pledging to
introduce tougher measures for drunk-driving and speeding to reduce child pedestrian
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deaths and other injuries, while road safety and environmental protection groups show
dismay, criticising the government for giving in to the motoring lobby [246].

The dimensions and issues related to this parameter include, among others, efforts by
the government to intervene and improve dangerous driving behaviour [247]; government
caving in to different lobbies, including motoring and alcohol lobbies [248]; dozing drivers
causing deaths and their legal punishments [249]; the use of virtual reality in driving
tests [250]; dangerous and drunk drivers and their legal punishments [251]; devices that
would not let drunk driver start the vehicle [252]; drunk police officers [253]; uninsured
drivers [254]; speed cameras and privacy [255]; the law being soft on dangerous and drunk
drivers [256]; the benefits of lower speed limits to air quality and the environment [257];
penalties and jails for drivers using mobile phones [258]; illegal use of devices to deceive
speed measuring equipment [259]; improvements to driving tests to improve driving
behaviour of young people [260]; the benefits of autonomous cars to free us from dangerous
drivers [261]; shocking driving speed violations during the COVID-19 lockdown [262];
and more.

4.7. Disruptions and Causes

The macro-parameter disruptions and causes comprises two parameters: extreme
weather impacts and disruptions and delays.

4.7.1. Extreme Weather Impacts

The extreme weather impacts parameter captures the various impacts on transporta-
tion of extreme weathers such as snow, rain, floods, heat, and wind-storms. The keywords
detected by our BERT model for this parameter include snow, weather, temperature, flood,
road, cold, rain, heavy, condition, and wind. The issues and dimensions for this parameter
as evidenced through Guardian news articles include, among others, ice bombs (“frozen
effluent falling from planes") [263]; impact on rail transport causing delays, cancellations,
accidents, deaths, injuries, financial losses, and more [264]; magic de-icer to help railways
in applying timely brakes [265]; effects of snow on roads [266]; heaviest snow in 18 years
and its effects [267]; government rejecting criticism over transport management during
extreme weathers [268]; resignation of transport minister over snow chaos [269]; strong
winds, snow, and floods beat up the country and bring it to a halt [270]; extreme weather
effects on air travel [271]; weather impact on schooling [272]; travel chaos in the coun-
try [273]; storm Darcy, cold and snow to cause disruptions [274]; weather impacts on
Christmas and its arrangements [275]; deaths due to storms [276]; weather impacts on rail
repairs [277]; derailing of a train due to rain and landslide [17]; village evacuation due to
extreme weather [278]; government advice to businesses not to penalise staff for following
government snow advice [279]; travel chaos due to rain and high temperatures [280]; the
inability of UK rail transport to deal with extreme climates and a call for investments [281];
damages to bridges due to flooding [282]; and more.

4.7.2. Disruptions and Delays

The disruptions and delays parameter contains the following keywords detected by
our BERT model: train, service, weekend, holiday, passenger, expect, delay, busy, work,
station, line, travel, day, fire, weather, rail, disruption, run, and traffic.

The earliest article in this parameter is from 19 November 1987 about a fire at King’s
Cross underground train station in London. This shows travel and other disruptions caused
by the fire. The dimensions and issues related to travel disruptions include, among others,
closure of many stations in London underground due to coronavirus [283], disruptions
due to peak-hour services cancellations [18]; a warning for people to plan their travel
due to expected heavy traffic from bank holiday getaway travellers amid expected fine
weather [284]; bridge failure causing disruptions [285]; advice to avoid travel due to rail
works [286]; rail services disrupted by lightening strikes [287] arson at a train station [288];
getaways for Easter expected to cause traffic at motorways [289]; a leaf clearing operation
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by Network Rail to reduce rail accident risks [290]; disruptions in Christmas Eve travels due
to engineering problems and weather [291]; disruptions due to Notting Hill carnival [292];
heavy road traffic and delays due to rail closures [293]; disruptions and delays due to
London 2012 Olympics [294]; disruptions due to tunnel falls in London Underground [295];
crowded airports and rail stations and congested roads due to school holidays and good
weather [296]; and many more.

Considering the keywords and news articles in this parameter, we can say that this
parameter is about travel disruptions, delays and their causes. The causes include acci-
dents, fires, both bad and good weather, faults, repairs and new installations in transport
infrastructures, and holidays, including bank holidays, Easter, and Christmas.

4.8. Employment Rights, Disputes, and Strikes

This macro-parameter has only one parameter which was created by merging two
clusters, numbers 5 and 20. The parameter employment rights, disputes, and strikes
captures information about employees, their rights, job cuts, employment conditions, dis-
putes with the management, and union strikes and their impact on people and economy.
Two document clusters were detected with similar keywords and articles, the cluster num-
bers 5 and 20, and therefore we merged them into a single parameter. We noted some
difference in the two clusters with cluster number 5 containing more articles related to
rail transport and cluster number 20 a bit inclined towards air transport. We also con-
sider this parameter as a macro-parameter because of its vast impact on social, economic,
and environmental sustainability. There are always apparent exceptions in the cluster
documents such as this article [297] that is about cancellation of trains due to Covid but
primarily belongs to the parameter employment rights, disputes, and strikes; however,
on a close inspection, one can find the connection such as the mention of strikes in the
aforementioned article.

The earliest article reported by The Guardian related to this parameter is on 14 October
1999 about rail guards voting to go for a strike over safety matters [298]. We see matters
related to job cuts such as British Airways announcing on 7 December 2000 to cut 1000 jobs
at the Gatwick airport [299]. Among the news related to employment rights, union disputes,
and strikes we find articles including one about a dispute between the Amalgamated
Engineering and Electrical Union (AEEU) and Virgin Atlantic reported on 29 December
2000 [300], the dispute between RMT (National Union of Rail, Maritime, and Transport
Workers) and the government (precisely, TfL, Transport for London) over the work rosters
threatening to go for a strike from 26 November 2021 [301], train drivers threatening a
major rail strike in London rail in January 2000 subsequent to rail privatisation [302], British
Airways employees’ strike for disputes regarding salaries reported in June 2017 [303], a
strike stretching multiple weeks during March 2019 by French customs over poor working
conditions causing havoc to Eurostar trains [304], Yodel employees threatening to strike
in September 2021 due to poor salaries and conditions causing potential disruptions to
deliveries for major supermarkets and others [305], Stagecoach under threat of strike by
drivers’low wages [306], a recent article (October 2021) on post-COVID-19 abuse of staff
working at transport stations and other customer-facing staff by customers [307], and more.

These examples of different types of employment disputes and strikes reveal insights
into a range of issues surrounding stakeholders, causes, and impacts of disputes and strikes.

4.9. Temporal Analysis (The Guardian)

In this section, we will analyse how the parameters have grown over time. Figure 12
displays the temporal progression of the parameters which are distributed into six sub-
figures. The vertical line of the graph indicates the number of articles which is defined as
the intensity and the horizontal line indicates the years. Figure 12a depicts the temporal
progression of the macro-parameter road transport. Fuel and SCM has a higher intensity
compared to the others. Figure 12b illustrates the temporal progression of macro-parameter
rail transport, where the rail projects and contracts and industry and privatisation pa-
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rameter were started in 1960. After that, both parameters were highly discussed between
2000 and 2005. The intensity of articles for the macro-parameter air transport which in-
cludes four parameters is depicted in Figure 12c. Air pollution and air airport expansions
both had a peak value of around 80 between 2007 and 2008. The temporal progression
of the macro-parameter crash and safety which includes three parameters is shown in
Figure 12d. We observed that there are more articles related to train crashes compared to
others. Figure 12e displays the temporal progression of the macro-parameter disruptions
and causes. The parameter extreme weather impacts was highly discussed in 2010 and
had the highest peak value of 60. The temporal progression of the macro-parameters
employment rights, disputes, and strikes, is shown in Figure 12f, where the highest peak
value of intensity was more than 80 in 2010.
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Figure 12. Temporal progression of parameters (The Guardian): (a) road transport; (b) rail trans-
port; (c) air transport; (d) crash and safety; (e) disruptions and causes; (f) employment rights;

disputes; and strikes.

The temporal progression of all macro-parameters is summarised in Figure 13. For the
first time, rail transport was discussed in 1960. After 2000, the parameter was highly concerned
and topics for discussion had the highest peak value of 225. In 2008, the macro-parameter air
transport had the highest peak value. We also saw in 2020 that the macro-parameters road
transport, rail transport, and air transport were equally discussed. The macro-parameters
crash and safety, disruptions and causes, and employment rights, disputes, and strikes
were also of equal concern in 2020.

97



Sustainability 2022, 14, 5711

2504

Road Transport

200+ Crash & Dafety

——— Air Transport

—— Disruptions & Causes

150 | = Rail Transport

Employment Rights, Disputes, & Strikes

Intensity

100+

50 1

1970 1980 1990 2000 2010 2020
Figure 13. Aggregated macro-parameters (The Guardian).

5. Industry: Transportation Parameters Discovery

In this section, we discuss the parameters detected by our BERT model from the
dataset acquired from the Traffic Technology International (TTI) magazine. The parameters
are grouped into five macro-parameters. We provide an overview of the parameters and
macro-parameters in Section 5.1. The quantitative analysis is discussed in Section 5.2.
Subsequently, we discuss each macro-parameter in separate sections, Sections 5.3-5.7.
Section 5.8 discusses the temporal analysis of the parameters and macro-parameters.

5.1. Overview and Taxonomy (Traffic Technology International Magazine)

We detected a total of 15 parameters from the TTI dataset using BERT. These 15 parameters
were grouped into 5 macro-parameters using the domain knowledge together with a similar-
ity matrix, hierarchical clustering, and other quantitative analysis methods. The methodol-
ogy and process of the discovery of parameters and their groupings into macro-parameters
have already been discussed in Section 3.

Table 2 lists the parameters and macro-parameters of the transportation magazine, TTL
The parameters are categorised into five macro-parameters, including industry, innovation,
and leadership, autonomous and connected vehicles, sustainability, mobility services,
and infrastructure (Column 1). The second and third columns list the parameters and the
cluster number, respectively. The fourth column lists the proportion of the total number of
articles. Our BERT model identified 58.16% of the articles as having outlier clusters. As a
result of excluding this cluster, the remaining 41.84% of articles are listed in the fourth
column. The top keywords related to each parameter are represented in the fifth column.

Figure 14 provides a taxonomy of the transportation domain extracted from a trans-
portation industry-focused technical magazine. The taxonomy was created using the
parameters and macro-parameters discovered from the TTI magazine. The first-level
branches show the macro-parameters, the second-level branches show the discovered
parameters, and the third-level branches show the most representative keywords.
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Figure 14. Taxonomy extracted from Traffic Technology International Magazine Dataset.

5.2. Quantitative Analysis (Traffic Technology International Magazine)

This section discuss the term score, word score, intertopic distance map, hierarchical
clustering and similarity matrix.

Figure 15 shows that only the top 7 to 10 keywords in each parameter actually represent
the parameter when we evaluate the keywords (see Section 3.8). Because the probabilities
of all the other possibilities are so close to one another, their ranking becomes more or less
meaningless. When we analysed the top keywords per parameter to discover the parameter,
we used this information to focus on the top seven or so keywords in each parameter.

0.1
0.08

0.06

c-TF-IDF score

0.04

0.02

1 3 5 7 9 11 13 15 17 19

Term Rank

Figure 15. Term score (Traffic Technology International magazine).
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Figure 16 depicts the top five keywords for each parameter. The importance score,
or c-TF-IDF score, is used to order the keywords (see Section 3.8). There are 15 subfigures
and in each subfigure, the horizontal line shows the importance score, and the vertical line

shows the parameter keywords.
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Figure 16. Magazine article parameter with keywords c-TE-IDF Score.
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Figure 17 shows the intertopic distance map (see Section 3.8), where two clusters are
clearly identified on the left-below corner side, and the right—upper side represents the

three clusters. However, we manually tagged the parameters into five macro-parameters.
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Figure 17. Intertopic distance map (Traffic Technology International Magazine).
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Figure 18 represents the hierarchical clustering of the 15 clusters and systematically
pairs the clusters based on the similarity matrix (see Section 3.8). We noticed that initially,
the clusters were grouped into five clusters: (1, 8,9, 0, 3), (13, 2, 4), (11, 5, 7), (10), and (14,
6, 12). This automated hierarchical clustering grouped the clusters correctly, with some
exceptions. Furthermore, based on our knowledge and magazine articles, we manually
grouped the clusters that are discussed in Table 2.
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Figure 18. Hierarchical clustering (Traffic Technology International Magazine).

Figure 19 visualises the similarity matrix among the parameters (see Section 3.8). We
used the same configuration as discussed in Figure 11. The dark blue colour represents
the highest similarity relationship between parameters, while the light green represents
the lowest similarity. For example, Cluster 3, labelled as transport services, and Cluster 1,
labelled as AV systems, have high similarity scores as the main intention of AV systems
is to improve transport services and make them smoother and more flexible. There is
another high similarity between Clusters 8 and 9, which are labelled as AV trials and V2X
trials, respectively.

5.3. Industry, Innovation, and Leadership

The macro-parameter industry, innovation, and leadership includes two parameters:
leadership, and competitive innovation, which reveals events, appointments, innova-
tions, and awards-related information and topics. The leadership parameter captures
the transportation events and leadership news that have a high impact on transportation
development. For example, the appointment of Angelos Amditis as ITS Europe chairman
in 2018 [308], Laura Chace as CEO and president of ITS America in 2021 [309], and Laura
Shoaf as the chair of the UK’s transport group in 2021 [310], and much more news and
topics. The competitive innovation parameter is about new innovations and projects related
to transportation. It includes the following keywords: award, project, winner, competition,
solution, and so on.We discovered an award-related announcement that occurred in Florida,
and the Woolpert was awarded for operating district-wide aerial photogrammetry and
various surveys [311].
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Figure 19. Similarity matrix (Traffic Technology International magazine).

5.4. Autonomous and Connected Vehicles Systems

The macro-parameter autonomous and connected vehicles systems includes au-
tonomous vehicles (AV) systems, AV trials, vehicle-to-everything (V2X) trials, and pla-
tooning/truck platooning. The AV system is designed to develop an autonomous driving
vehicle by using several technologies, sensors, GPS, etc. This parameter reveals sev-
eral significant innovations and projects through Traffic Technology International magazine
articles, including the first thermal sensor-equipped production for AV [312], the first
use of blockchain to provide connected vehicle data by CyberCar [313], a thermal sen-
sor technology for the AV system announced on November 5, 2019, by the Veoneer sys-
tem [312], the first vehicle-to-cloud infrastructure for automated connected vehicles by
SENSORIS [314], and so on. We found AV trials-related news that illustrates the AV trials
by Singapore’s Land Transport Authority [315].

Communication between a car and any component that can be affected by the car is
referred to as V2X communication. Platooning is a technology that helps vehicles drive
together and boosts road capacity by applying the automated highway system to reduce
the distance between automobiles or trucks.
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5.5. Infrastructure

The macro-parameter infrastructure includes road infrastructure, crash and safety,
tolling, and ALPR (automatic licence plate recognition). The road infrastructure is rep-
resented by the following keywords: project, lane, road, motorway, traffic, construction,
bridge, improvement, scheme, work, design, tunnel, junction, etc. We uncovered the fol-
lowing example related to this parameter: Highways England (HE) marked a turning point
in road construction, encouraging better-planned roadworks and more consistent travel on
motorways and key trunk routes [316]. The crash and safety is presented by road, death,
pedestrian, crash, safety, fatality, injury, speed, etc. We noted that UK road deaths increased
in 2016 [317]. Tolling is illustrated by toll, system, tolling, lane, toll collection, electronic,
etc. We noticed that Canadas’s A25 highway electronic tolling system was upgraded on
24 October 2017 [318]. ALPR is defined by the camera, video, system, traffic, surveillance,
detection, plate, etc. The enforcement system employs over 120 Sicore ALPR cameras
located at 80 locations along major arterial routes around the UK capital [319].

5.6. Mobility Services

The macro-parameter mobility services retains transport services and parking services.
By applying our model, we found that the traffic enforcement system is one of the transport
services [320]. The parking system is another solution to make transportation services more
convenient. We found news that merged the parking payment solution and electric vehicle
charging system in the UK [321].

5.7. Sustainability / Sustainable Infrastructure

The macro-parameter sustainability includes air pollution and quality, street lighting,
and electric vehicles. Diminishing transport-sourced air pollution is one of the major
concerns as the number of vehicles is dramatically increasing every day. We found the
Wolverhampton project focused on diminishing air pollution and improving the air quality
monitoring system [322].

Street lighting is one of the solutions for smart cities” public safety and traffic optimisation.
For example, CitylQ Edge collects and processes street-level video and audio information that
will enable urban areas to handle day-to-day problems [323]. To reduce carbon emissions and
improve air quality, low emission electric vehicles are one of the best solutions. The following
news article is an example of this parameter: the Department for Transport had contracted
the UK’s Transport Research Laboratory (TRL) to observe and evaluate the effectiveness and
implications of low-emission buses at 13 sites around the country [324].

5.8. Temporal Analysis (Traffic Technology International Magazine)

In this section, we will analyze how the parameters have evolved over time. Figure 20
shows the temporal progression of the parameter which is distributed into six subfigures.
The first five subfigures represent the temporal progression of five macro-parameters,
whereas the last subfigure depicts the temporal progression of all macro-parameters.
The vertical line of the graph indicates the number of articles which is defined as the
intensity. The temporal progression of the macro-parameter industry, innovation, and
leadership is depicted in Figure 20a. Leadership has a higher intensity compared to the
innovation parameter. Figure 20b shows that the AV systems’ intensity was increasing over
time until 2017, but after that, the intensity declined. Figure 20c shows that the intensity of
the road infrastructure parameter which is one of the components of the macro-parameter
infrastructure was high in 2017 and then gradually decreased. The temporal progression
of macro-parameter mobility services which includes two parameters, parking services
and transport services is shown in Figure 20d. We observed that there are more articles
related to transport services compared to parking services. The intensity of articles for the
macro-parameter sustainability which includes three parameters: street lighting, air quality
and pollution, and electric vehicles is depicted in Figure 20e. street lighting and air quality
and pollution have both had the same peak value of 25 in 2017.
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Figure 20. Temporal progression of parameters (Traffic Technology International Magazine): (a) industry,
innovation, and leadership; (b) autonomous and connected vehicles; (c) infrastructure; (d) mobility
services; (e) sustainability; (f) macro-parameters.

The temporal progression of all macro-parameters is summarised in Figure 20f. In 2017,
macro-parameters autonomous and connected vehicles, infrastructure, and sustainability
had the highest peak values of 140, 120, and 60, respectively.

6. Academia: Transportation Parameters Discovery

In this section, we discuss the parameters detected by our BERT model from the Web
of Science. We provide an overview of the parameters and macro-parameters in Section 6.1.
The quantitative analysis is discussed in Section 6.2. Subsequently, we discuss each macro-
parameter in separate sections, Sections 6.3-6.8. Section 6.9 discusses the temporal analysis
of the parameters and macro-parameters.

6.1. Overview and Taxonomy (Web of Science)

We detected a total of 50 parameters from The Guardian dataset using BERT. We skip
Cluster 19 as it is related to narrative transportation [325-327], not related to general trans-
portation. These 49 parameters were grouped into 6 macro-parameters using the domain
knowledge along with a similarity matrix, hierarchical clustering, and other quantitative
analysis methods. The methodology and process of the discovery of parameters and their
groupings into macro-parameters have already been discussed in Section 3.

Table 3 and 4 list the parameters and macro-parameters of the academic dataset.
The macro-parameters policy, planning and sustainability; transportation modes; logistics
and SCM,; pollution; technologies; and modelling, are listed in Column 1 with the associated
parameters (Column 2). Some parameters are merged. For example, the Clusters 33 and 38,
and 44 and 45 are merged as road safety and freight and logistics, respectively, in Table 3.
The third column indicates the cluster number. The percentage of the number of articles is
recorded in the fourth column. Our BERT model labelled 56.42% of articles as the outlier
clusters. Consequently, we ignored this outlier cluster, and the rest of the 43.58% of articles
are listed in the fourth column. The fifth column represents the top keywords associated
with each parameter.
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Figure 21 provides a taxonomy of the transportation domain extracted from academia.
The taxonomy was created using the parameters and macro-parameters discovered from
the Web of Science dataset. The macro-parameters are shown on the first level of branches,
the discovered parameters are shown on the second level of branches, and the most
representative keywords are shown on the third level of branches.
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Figure 21. Taxonomy extracted from Web of Science dataset.
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6.2. Quantitative Analysis (Web of Science)

This section discuss the term score, word score, intertopic distance map, hierarchical
clustering, and similarity matrix.

Figure 22 depicts that only the top 13 keywords in each parameter actually represent
the parameter when we evaluate the keywords (see Section 3.8). Because the probabilities
of all the other possibilities are so close to one another, their ranking becomes more or less
pointless. When we investigated the top keywords per parameter to label the parameter,
we used this information to focus on the top 10 or so keywords in each parameter.

0.14

0.1
0.08

0.06

c-TF-IDF score

0.04

0.02 s ———

1 3 5 7 9 11 13 15 17 19

Term Rank

Figure 22. Term score (Web of Science).

Figure 23 shows the top five keywords for each parameter. The importance score,
or c-TF-IDF score, is used to order the keywords (see Section 3.8). There are 50 subfigures
and in each subfigure, the horizontal line shows the importance score, and the vertical line
shows the parameter keywords.

Figure 24 shows the intertopic distance map (see Section 3.8), where nine groups
of parameters are clearly identified. In the bottom left corner, one group of parameters
contains more parameters than the others. There are two small-size parameters on the right
side, which are comparatively small. However, we notice that the BERT model clusters
are not very well clustered, so we used domain knowledge and other information to label
them. Additionally, we manually labelled the parameters into six macro-parameters.
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Figure 23. Academic article parameter with keywords c-TF-IDF score.
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Figure 24. Intertopic distance map (Web of Science).

Figure 25 describes the hierarchical clustering of the 50 clusters and systematically
pairs them based on the cosine similarity matrix (see Section 3.8). This automated hierarchi-
cal clustering grouped the clusters correctly, with some exceptions.

Figure 26 visualises the similarity matrix among the parameters (see Section 3.8). We
use the same configuration as discussed in Figure 11. The dark blue colour represents the
highest similarity relationship between parameters, while the light green represents the
lowest similarity. For example, Cluster 12, labelled as traffic flow modelling, and Cluster 17,
labelled as traffic congestion, have high similarity scores as the main focus on traffic. There
is another high similarity between cCusters 2 and 30, and both are labelled as VANET.
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Figure 25. Hierarchical clustering (Web of Science).

6.3. Policy, Planning and Sustainability

The macro-parameter policy, planning and sustainability discusses the policy, services,
planning, and development related to transportation. It includes 15 parameters, including
land-use planning, smart cities, low-income neighborhoods, urban mobility, road safety,
traffic congestion, subways, vehicles ownership, electric vehicles and charging, bike shar-
ing and ridesourcing, children and schools, gender and race equality, parking, tolling,
and tourism.

The land-use planning parameter discussed how to manage and map the transportation
area based on several criteria. For example, analysing the usage of spatial metrics and
population data to map the urban transportation areas [328] or the impact of walkability to the
metro station on retail location choice [329], types of suburbanisation [330], etc. The smart cities
parameter refers to urban areas that have experienced rapid growth and are technologically
sophisticated. Crowd management [331], green transportation [332], and improving the
quality of transportation systems [333] are the important areas of smart cities. With the
progress of civilisation and rapid industrialisation, urban mobility becomes one of the key
research areas in transportation. The investigation of urban mobility is the key factor for policy
makers, and transport planners. The Road safety parameter is the combination of Parameters
33 and 38. This parameter is related to the research on road accidents and crashes, traffic
collisions, pedestrian walking and safety [334], sidewalks, etc.
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Figure 26. Similarity matrix (Web of Science).

Transportation affordability is one of the major issues in low-income neighbourhoods.
Extensive research work has been conducted to analyse the issue and co-relation between
transportation and low-income households. In [335], the authors examined transportation
services and policies between 1960 and 2000 to determine the relationship between poverty
and public transportation.In another study, the transportation affordability of low-income
people in US cities was examined, and it was discovered that transit-rich neighbourhoods
are more inexpensive than auto-oriented ones owing to reduced transportation costs [336].
With the advancement of civilisation and fast industrialisation, urban mobility has become
one of the major research areas in transport research. For policy makers and transportation
planners, investigating urban mobility is fundamental [337].

Hybrid electric vehicles (HEVs), battery electric vehicles (BEVs), plug-in electric ve-
hicles (PEVs), and plug-in hybrid electric vehicles (PHEVs) are the most prevalent forms
of electric vehicles. There are two types of charger systems: off-board and on-board,
with uplink and downlink power transmission. A study of battery charger layouts, infras-
tructure for PHEVs, and charging voltage levels is provided by [338]. Zhang et al. [339]
demonstrated efficient planning of PEVs fast-charging stations while taking into account
interactions between transportation and electrical networks. In other research, Fernan-
dez et al. [340] evaluated the impact of PEVs on distribution networks. The PHEVs batteries
are charged at home from the outlet or corporate car park, which has an extra impact on
the distribution grid (i.e., voltage deviations and power loss) [341].
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Recently, research on bike sharing and ridesourcing are dramatically increased after
COVID-19. There is a lot of ongoing research work to improve the quality of resourcing and
bike-sharing systems. For example, the survey of ridesourcing research [342-344], shared
autonomous vehicles [344-346], the survey of bike share [347], and traveller experience
after using the ride-sharing services, such as Uber [348].

6.4. Transportation Modes

The macro-parameter transportation modes includes four parameters: road transport,
rail transport, air transport, marine transport. The road transport parameter is related to
public transportation. Normally, there are three types of public transportation in rural areas
such as intercity buses, demand-responsive transit, and deviated fixed-route transit which is
discussed in this study. One of the keys to bringing sustainable growth and a higher quality
of life to urban areas is better public transit planning, control, and management [349]. Public
transit uses road space more effectively than private traffic and creates fewer accidents and
pollutants. Furthermore, owing to the impractical nature of public transit in many places,
many choose to use private transportation rather than public transportation [350]. Much
research has been conducted to improve the quality of public transportation. For example,
evaluation of road transportation in Brazil [351], analysing passenger satisfaction with public
transportation in Romania [352], passenger flow prediction in public transport based on the
timetable in India [353], effective system design for public transport in the USA [354], etc.

The rail transport parameter shows key research areas in rail transportation such as
high-speed railways [355], rail freight transportation [356], risk management [357], railway
transit traffic [358], and train services [359]. The objective of high-speed rail (HSR) is to
enhance mobility via inter-city conveyance and facilitate financial growth. In October 1964,
Japan’s first modern high-speed rail line opened, linking Tokyo and Osaka at a maximum
speed of 210 km/h [360]. In 1976, British Railways established a high-speed train link
between London and Bristol. Following that, France started its first high-speed rail service
between Paris and Lyon in 1981. Since then, several European countries, including Spain,
Germany, Italy, Belgium, and the Netherlands, have built HSR lines. South Korea built its
first high-speed rail line between Daegu and Seoul in 2004 which was later extended to
Busan in 2009, while Taiwan began service between Taipei and Kaohsiung in 2007. China
declared in 2016 that they would have about 38,000 km of HSR tracks by 2025 [361].

The air transport parameter is represented by keywords airport, airline, flight, air,
aircraft, passenger, aviation, air transportation, and others. It discusses the environmental
impact of air transportation with respect to air pollution, noise, and climate change [362].
The marine transport parameter is defined by the keywords ship, port, maritime, container,
shipping, sea, vessel, ferry, model, cargo, etc. Marine transportation accounts for 80-90% of
worldwide trade, transporting about 10 billion tonnes of cartons and solid-liquid weighty
cargo across the world’s oceans each year [363]. Some research has been conducted on
marine transportation trade [364,365], waterway or marine transportation systems [33,34],
waterway traffic flow modelling [366], and so on,

6.5. Logistics and SCM

The macro-parameter logistics and SCM comprises three parameters, the Clusters 44 and
45 are combined as freight and logistics, food supply chain, and cost and pricing. The logistics
and SCM parameter contains the following keywords, business, company, industry, service,
freight, and others. The parameter relates to freight transportation, where companies or
industries are using technologies to evaluate and improve their business models, logistics
services, and activities. For example, marine transportation contributes 75% of all international
freight [36,367], and as international freight increases, seaports need to improve their infras-
tructure to maintain the services and market demand. International freight transportation
should be expanded to promote the growth of the logistics industry [368,369].

The food supply chain parameter is represented by keywords including food, chain,
product, meal, supply, supply chain, food supply, waste, food waste, temperature, etc.
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This parameter is associated with research aimed at enhancing the quality and safety of
industrial food supply chain management. In[370], the authors presented an architecture
for goods supply chain management with three key elements: real-time surveillance of the
goods to reduce lost and perishable goods; anticipating the heat of the package; and trig-
gering an alarm if the goods are not reserved under the acceptance conditions. Fresh food
transportation is another research area in the food SCM parameter. A mathematical model
was proposed by [371] to distribute the fresh food to the end customer. The distributed
ledger and blockchain technologies are also used in the agri-food supply chain [372].

The cost and pricing parameter is an important research area in transportation. For ex-
ample, the spatial price policy under transportation asymmetry [373], reducing transporta-
tion carrier cost [374], and analysing the global transportation system [375].

6.6. Pollution

The macro-parameter pollution contains eight parameters, namely air quality and
pollution, soil pollution, noise pollution, fuel types and effects, coal transport and con-
sumption, waste management, wastewater treatment, and incident and risk management.
The transportation industry is responsible for around 30% of the greenhouse emissions
that contribute to global warming [376]. In recent times, air pollution in transportation has
become a major public concern. Consequently;, it is crucial to enhance transport efficiency
to keep urban air quality [377]. A number of studies have examined the levels of expo-
sure to presumed air pollutants such as VOCs (volatile organic compounds) [378]. Traffic
congestion also has an impact on air pollution and quality [379].

Transportation is a major contributor to soil pollution. Railway transport, for example,
pollutes nearby soils with heavy metals. Heavy metal contamination has a significant
detrimental influence on the natural environment, including decreased enzyme activity
in soil and ecosystem destruction [380]. Noise pollution, which is mostly caused by
transportation and automobile traffic [381], is a significant environmental contaminant
because of its physical and mental impacts on humans.

The fuel types and effects parameter includes several types of fuels keywords such
as diesel, biodiesel, gasoline, oil, biofuel, etc. Biofuel use has an impact on carbon dioxide
emission in the United States transportation [382]. To determine more sustainable fuel is
another area of research. In [383], the authors analyze the factors which help to choose
between ethanol and gasoline for the flex-fuel vehicles. Bayramoglu et al. [376] analyze the
valve lift effects on the diesel engine.

6.7. Technologies

ITS, computer vision, smartphone sensing, VANET, autonomous vehicles and taxis,
IoT security, physical layer communication, and robot mobility are the eight parameters of
macro-parameter technologies.

Intelligent transportation systems (ITS) which have seen substantial advancement in
the recent decade have been recognised as viable solutions to improve the transportation
system’s safety and reliability [384].

The computer vision parameter is the state-of-the-art research area including vehicle
detection, vehicle type recognition, vehicle colour recognition [385], automatic license plate
recognition [90], tracking moving vehicles, incident detection through the image process-
ing task, vehicle counting system, traffic light detection, pedestrian detection, traffic sign
recognition, etc.

The smartphone sensing parameter is another research area in the transportation
field. Transport organisations actively promote public transportation to alleviate the traffic
congestion produced by private vehicles. To increase the number of passengers using
public transport, transport authorities can evaluate their local and premium services and
market policies by analysing the travel patterns and regularity. For example, Ma et al. [386]
proposed a data-mining process to identify the travel patterns in China based on the
temporal and spatial features of Chinese smart card transaction data.
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VANET referred to as vehicular ad-hoc networks, encloses V2V (vehicle-to-vehicle)
and V2I (vehicle-to-infrastructure) communication architectures to enhance navigation,
road safety, and other transport services. We noticed that VANET has been the most
active research field for more than 10 years. The top three survey papers for VANET
are [89,387,388] which provide an overview of VANET.

The parameter autonomous vehicles, also known as self-driving cars or driverless cars,
have the ability to reduce travel time, increase road safety, improve fuel efficiency, and provide
automatic parking facilities [389]. More research work is ongoing to improve the performance
and quality of AV systems. For example, Haboucha et al. [390] discussed user preference
concerning AV. In other research, a cost analysis of several types of AV was presented
by [391].

6.8. Modelling

The macro-parameter modelling includes two parameters traffic flow modelling,
and transportation modelling algorithms. Traffic flow models are important for analysing
the performance of ITS applications. Extensive research work has been conducted on traffic
flow models. For example, traffic flow prediction [392], traffic speed prediction [393], traffic
violation detection, traffic sign detection, traffic congestion prediction, traffic data collection
methods and passenger flow prediction [394]. Traffic coordination and monitoring depend
on the traffic flow model. To solve the transportation modelling problems, i.e., fuzzy
transportation problems where transportation source, destination, and time are represented
as exponential fuzzy numbers, transportation scheduling problems, transport shipment
problems, transport parameters (such as cost, capacity, speed) problem, and transporta-
tion network design problems, the researcher proposed several algorithms. For example,
the genetic algorithm was used to solve the solid transportation problem [395].

6.9. Temporal Analysis (Web of Science)

In this section, we will analyse how the parameters have developed over time.
Figure 27 shows the temporal progression of the parameter, which is distributed into
eight subfigures. The first two subfigures represent the temporal progression of the policy,
planning and sustainability parameter by showing seven and eight parameters, respectively.
The next five macro-parameters show the temporal progression of transportation modes,
logistics and SCM, pollution, technologies, and modelling, respectively. The last subfigure
depicts the temporal progression of all macro-parameters.

The vertical line of the graph indicates the number of articles, which is defined as
the intensity. The temporal progression of the macro-parameter policy, planning and
sustainability is depicted in Figure 27a,b for better visualisation. The EV and Charging
parameter has a higher intensity compared to the other parameters. Figure 27c shows that
the rail transport intensity was increasing over time until 2017, and also more research was
conducted on this parameter.

The intensity of articles for the macro-parameter logistics and SCM which includes
three parameters: cost and pricing, freight and logistics and food supply chain is depicted
in Figure 27d. Freight and logistics has the highest peak of about 14 in 2017. The temporal
progression of macro-parameter pollution which includes eight parameters is shown in
Figure 27e. We observed that there are more articles related to air quality and pollution
and coal transport and consumption compared to others. Figure 27f shows the parameters
of the technologies macro-parameter, where we observed that there was more research
conducted on the VANET parameter. The intensity of articles for the macro-parameter
modelling which includes two parameters: traffic flow modelling and transportation
modelling algorithms is depicted in Figure 27g. We noticed that more research work
was conducted on the transport flow modelling parameter. The temporal progression
of all macro-parameters is summarised in Figure 27h. We discovered that n 2019 the
macro-parameter policy, planning and sustainability had the highest peak value of 350.
Pollution had the highest peak in 2021, about 250. The macro-parameter technologies and
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transportation modes intensity was about 150 between 2016 and 2020. There has been less
research on macro-parameter modelling, logistics and SCM.
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Figure 27. Temporal progression of parameters (Web of Science): (a) policy, planning and sustain-
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7. Discussion

The broader aim of our work is to investigate the use of ICT technologies for solving
pressing problems in smart cities and societies. Specifically, in this paper, we investigate
the use of digital methods to discover and analyse cross-sectional multi-perspective in-
formation to enable better decision making and develop better instruments for academic,
corporate, national and international governance. We brought together a range of deep
learning, big data, and other technologies to discover transportation parameters from
three different perspectives using three different types of data sources, viz. a newspa-
per (The Guardian), a transportation technology magazine (Traffic Technology International),
and academic literature on transportation (from Web of Science). These three types of
transportation parameters were described in detail in Sections 4-6, respectively.

We discovered a total of 25 parameters from The Guardian dataset and grouped them
into 6 macro-parameters, namely road transport; rail transport; air transport; crash and
safety; disruptions and causes; and employment rights, disputes, and strikes. Figure 28
depicts the word cloud of the keywords of The Guardian parameters discovered by the
BERT modelling, where the size of each keyword denotes its frequency that can be related
to the importance of the keywords. The figure shows that The Guardian is primarily
concerned with the government, trains, passengers, the general public, and accidents.
As The Guardian is a UK-based newspaper, the train is one of the most used public transport
in the UK which is clearly seen in the word cloud by the following keywords: train, rail,
and railtrack. Additionally, some major transportation issues, such as accidents, delays,
injuries, traffic, safety, and crashes, are also shown in this figure. Heathrow airport is the
central international airport in the UK and is visible in the word cloud.
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Figure 28. A word cloud generated from the transportation parameter keywords (The Guardian).

A total of 15 parameters were discovered from the TTI dataset, and we grouped them
into 5 macro-parameters, namely industry, innovation, and leadership; autonomous and
connected vehicles; sustainability; mobility services; and infrastructure. Figure 29 depicts
the word cloud of the keywords of the TTI parameters discovered by the BERT modelling,
where the size of each keyword denotes its frequency. The word cloud for transportation
magazines is heavily dominated by the transportation industry. The keywords such as
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technology, project, system, traffic, solution, autonomous vehicles are highly related to
the transport industry field. Datum is a well-known organisation that has been providing
solutions and services in the transportation sector since 1999, especially in the UK and
Europe, where the majority of transport infrastructure and projects are conducted under
this organisation.
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Figure 29. A word cloud generated from the transportation parameter keywords (TTI magazine).
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We discovered 49 transportation parameters from the academic dataset and grouped
them into 6 macro-parameters. These are policy, planning and sustainability; transportation
modes; logistics and SCM; pollution; technologies; and modelling. Figure 30 depicts the
word cloud of the keywords of the academia parameters. Academic transportation research
covers a wide range of topics such as public transportation, various pollution impacts
and solutions, intelligent transportation systems, traffic, supply chain management, cost,

and so on.
transportation problem mt.)hil phte food waste —
pedestrian detection b sanes
transit walk school bustip b
aseé transportation system s
P " blic bicycl
chinese city l::::::;:hlllty public I:\Il' ] heaw metal transpartation mads " .
traffic congestion
p[]"uti(m wirwt ST VIGES transportation intsme tings
life cycle
concentration i T vt B i e s
. . Tigh speed - - cltv emissions reduction
communications emissions -
"~ application vehicle model network
noisa level pro p ose ) license plate vatual g ne wor
oo Sl vt chinese govemment mod e frash food .
—— intelligent transportation passenger =
vahicular netwark waste collection collection transportation food supplies parking system Toise exposure

wastewater treatment

Figure 30. A word cloud generated from the transportation parameter keywords (Web of Science).
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Reflecting on the multi-perspective view (public, governance, political, industrial,
and academic) of transportation gained through the discovery of parameters from three
different sources of datasets (see Figure 1; more detailed taxonomies and analyses are
provided in the respective sections), we note that the newspaper parameters show more of
a public and political view of transportation with the focus on the road, rail, and air trans-
portation issues highlighting public discontent, accidents, cycling, pollution and effects on
climate, road congestion, fuel prices, travel costs, privatisation and its impacts, dangerous
driving, deaths, extreme weather impacts, and employment rights. Rail transport has
a very high significance in the newspaper dataset due to the importance of the London
underground and intercity rail transport in the UK. It may vary from country to country
depending on the nature of transport in that country being used for intra- and intercity
travel. Megacities tend to rely on rapid transit systems, but it can vary. The transport
magazine parameters show an industrial view of transportation with great deal of the focus
on autonomous and connected vehicles owing to several trials in progress around the world.
The spotlights are also on crash and safety, tolling, parking, pollution, and electric vehicles.
The Web of Science parameters show an academic view of transportation with various foci
on policy, planning, sustainability, equity, children and schools, vehicle ownership, tourism,
four transportation modes, freight and logistics, a wide range of pollution and its sources,
modelling methods, and several technologies.

The three views show that there are many important problems such as transportation
operations and public satisfaction that industry and academia seem not to place their focus
on, or perhaps if they do, the solutions do not get much attention from policy makers and
industrialists. For example, the fare-related parameters for public transport in The Guardian
dataset show the importance of this topic for the public while it is not visible in the TTI and
academic parameters. This could show the need for research in this area to model fares,
provide insights, provide solutions for people for lower fares, and so on. Similarly, other
parameters, issues, and contents such as the need for better employment conditions for
drivers discovered from the public view (The Guardian) could be studied by academics and
addressed by the industry, and this could set new trends where the technology-focused
literature could bridge the gaps between social sciences, sustainability, and technology. We
can also see that academia produces much broader and deeper knowledge on the subject,
while many important issues such as a wide range of pollution affecting people and the
planet do not reach the public eye. Our deep journalism approach could find the gaps
and highlight them to the public and other stakeholders. We called this approach Deep
Journalism because it allows capturing and reporting a relatively deeper view of a topic
(e.g., transportation) from multiple perspectives, dimensions, stakeholders, and depths.
Second, we use deep learning to automatically discover multi-perspective parameters
about a topic.

Commenting on the relationship and contributions of this work to the specific field
of journalism, we make the following observations. Traditional journalism has failed at
its core purpose of providing citizens impartial information to maintain ‘free” societies
due to many reasons such as difficulties in maintaining the freedom and impartiality
of media organisations and funding cuts, leading to public mistrust. The mistrust in
traditional journalism coupled with the rise of digital technologies has given a rapid rise
to citizen journalism. While citizen journalism solves some of the problems of traditional
journalism, it comes with its own problems such as subjectivity and lack of regulations,
standards, quality, and responsibility. In this work, we aimed to contribute to improving
journalism through academic integrity and rigour. Academics should be in the vanguard
of objective information, sincerity, impartiality, equity, and other ideals, and therefore the
academics should search, pursue, propagate, and defend these ideals. If the academics fail
to do so, then the responsibility lies on common people to pursue and be in the vanguard
of the ideals needed to maintain a free society. An academic is not by profession and
job but rather by action. The responsibility to maintain ideals lies with all people, and
therefore everyone has the responsibility and needs to work towards upholding honesty,
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sincerity, equity, freedom, and other ideals. Through deep journalism, we aim to make
impartial, cross-sectional, and multi-perspective information available to people, bring
rigour to the journalism field by nurturing responsibility in people, make it easy for
people to generate information for public benefit using deep learning, and make tools
and information available to common people so they can search and defend ideals of
free societies, including social, environmental, and economic sustainability. As we have
explained earlier, the methods and tools developed in this work are not limited to journalism
and can be used by engineers, scientists, policy makers, and others to understand the
parameters for the design and operations of any sector such as healthcare, supply chain
management, etc.

8. Conclusions

We live in a complex world characterised by complex people, complex times, and com-
plex social, technological, and ecological environments. There is clear evidence that gov-
ernments are failing at most public matters. The recent COVID-19 pandemic is a major
example of global governance failure both at preventing such a pandemic and managing it.
It is time that all of us take responsibility for both success and failure rather than criticis-
ing our governments and look into ways of collaboratively improving the governance of
public matters.

While there are many reasons for government failures, we believe the lack of informa-
tion availability is a fundamental reason that limits governments” abilities to act smartly
and allows the lack of transparency to creep into policy and action, leading to corruption
and failure. To this end, this paper introduced the concept of deep journalism, a data-driven
deep learning-based approach for discovering multi-perspective parameters related to a
topic of interest. We examined the academic, industrial, public, governance, and political
parameters for the transportation sector as a case study to introduce deep journalism and
our tool, DeepJournal (Version 1.0), that implements our proposed approach. We built
three datasets specifically for the work presented in this paper. These datasets will be
provided openly to the community for further research and development. We elaborated
on 89 transportation parameters and hundreds of dimensions, reviewing 400 technical,
academic, and news articles.

The work presented in this paper and the investigation into the proposed Deep
Journalism approach is far from perfect both in terms of its definition and scope as well
as its exploration in this paper such as the different types of media, the use of deep
learning and other computing methods, the investigations into the specific media and
sources used in this paper, and more. We work in a range of research topics including
smart cities [396—400], cloud, fog, and edge computing [401-403], big data [404,405], high
performance computing [406,407], education [408,409], and healthcare [410,411], and plan
to benefit from these technologies and topics for extending and improving Deep Journalism
in the future.

Regarding NLP (natural language processing), more research is needed to understand
the clustering performance of BERT and other clustering methods. For example, some
clusters have some similarities, and it is not clear why these clusters are separated by the
clustering algorithms or why an article from one topic is included in another, the quality
of cluster boundaries, and so on. One obvious reason is that documents are related to
all clusters, some more and others less. Another reason by example is a train crash that
could also be linked to a road crash because there is something about crashes and similar
vocabulary there. Death and injuries can be other linked topics. Another matter related to
topic modelling, NLP, and BERT performance is to investigate the effects of language used
by different communities and sectors such as in the case of newspapers using a different
vocabulary because dramatisation is important for them.

The aim of the work presented in this paper is partly to understand the transportation
domain comprehensively and use this understanding to improve the transportation sector.
Our research concerns multiple sectors and disciplines such as healthcare and smart cities,
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References

with a focus on developing interdisciplinary methods and technologies allowing for the
minimisation of silos and inefficiencies through policy and action integration and the
facilitation of holistic designs and optimisations. The proposed approach can also be utilised
to create disciplines and curricula for teaching in schools and universities, training for staff
in industry and government institutions, and more. Given ICT is penetrating all spheres
of our lives, be it transport, politics, corruption investigations, legal actions, and more,
capturing such details automatically is useful because it can lead to the development of
automated algorithms for cross-disciplinary exploratory analysis, real-time investigations,
decision making, and more.

Finally, a broader direction of investigation in the future would be to find how deep
learning can further help develop multi-perspective and deeper insights into different
issues, sectors, etc., related to our societies. We wish to investigate whether it is possible to
develop rigorous methodologies and processes to gain deeper insights into various issues,
the processes that could be automated and followed easily by the public to objectively
investigate matters of civic concerns and produce impartial information that could be
consumed by the public to develop informed societies. We wish to explore whether it is
possible to cultivate informed societies through such processes (deep journalism), i.e., by
enabling and nurturing the public to study matters of public concern through automated,
rigorous, ‘deep’, processes and contribute to the debate through objective processes and
impartial information. The definition of deep journalism proposed in this paper also
entails that the scope of journalism should not be limited and should extend to any matters
affecting the public and society.

We believe the possibilities for utilisation and potential impacts of the work presented
in this paper and the proposed approach are significant and endless; we invite all commu-
nities interested in transportation and otherwise to investigate our proposed approach for
a sustainable and joint future for all.

The bottom line is that a society is as informed as it wishes to be. This statement
does not relieve oppressed governments and institutions from the responsibility for their
oppressive actions against the public. It only highlights the fact that if individuals do not
take responsibility for the governance of their environment, opportunists will rise and will
blind them through misinformation and enslave them.
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