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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 Mikušová 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 Seguı́-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
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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, Lähdeaho 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

Hämäläinen (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
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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 ∗ c

v + (N − 1) ∗ c

where N is the number of items, c 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.
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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 a + b + c + d + e + f + 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; c = 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

7



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 CO2 emissions correspond to 10.8% of global CO2 emissions [1]. In 2017, the transport
sector contributed to 27.9% of the EU-28 CO2 production, with a passenger cars participa-
tion of 43.5%, which hence represents about 12.1% of the total EU-28 CO2 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 CO2 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 tCO2eq/vehicle with the 2010 electricity mix, and 29.7 tCO2eq/vehicle with the 2014;
as instead regards the BEV, 42.5 tCO2eq/vehicle (i.e., +21.7%) were evaluated with the 2010
electricity mix, and 31.4 tCO2eq/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 CO2eq/km, while the
highest levels (300 g CO2eq/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:

• 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 CO2 emitted to obtain a product or a service.

(2) Fine particulate matter formation: focusing on human population intake of PM2.5,
the change in ambient concentration of PM2.5 after the emission of primary PM2.5 or
precursors (e.g., NH3, NOX, SO2) is evaluated by means of the Particulate Matter For-
mation Potentials (PMFP), expressed in terms of the equivalent mass of PM2.5 [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 SO2) introduced in the
atmosphere in terms of the equivalent mass of SO2 [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 (GWP) kg CO2-eq
Terrestrial acidification Terrestrial Acidification Potential (TAP) kg SO2-eq

Fine particulate
matter formation Particulate matter formation potential (PMFP) kg PM2.5-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

Reference
ICEVMake and model

Volkswagen
Polo 1.0 TSI

115 CV

Peugeot 208
PureTech 130
Stop and Start

Opel Corsa 1.2
130 CV

Renault Clio
TCe 130 CV

Citroen C3
PureTech 83

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 [cm3] 999 1199 1199 1333 1199 1176.6

Max power [kW] 85 96 96 96 81 90.6

Standard emission Euro 6d temp Euro 6d temp Euro 6d temp Euro 6d temp Euro 6d temp Euro 6d
temp

WLTP consumption
[km/L] 17.2 17.4 16.7 15.9 17.2 16.93
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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

Reference
HEVMake and model

Renault Clio
Hybrid E-Tech

140 CV

Toyota Corolla
1.8 Hybrid

Touring Sport

Hyundai Ioniq
FL Hybrid 1.6

Toyota Prius
1.8 AWD

Kia Niro
1.6 GDI

Tank capacity [L] 39 43 45 43 45 43.0

Vehicle mass [kg] 1398 1430 1436 1440 1490 1439

Displacement [cm3] 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

WLTP consumption
[km/L] 19.6 23.0 20.8 22.7 20.8 21.4

Battery capacity
[kWh] 1.2 0.75 1.56 1.3 1.56 1.27

Battery technology Li-ion Li-ion Li-ion polymer NiMH Li-ion
polymer NMC

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
Reference

BEVMake and model Peugeot e-208 Renault Zoe
R110 2019

Volkswagen
e-Golf 2019

Nissan Leaf S
2019

Hyundai Ioniq
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 NMC
622

Battery mass [kg] // 305 318 303 340 374

WLTP Driving
range [km] 340 300 232 270 311 291

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
(2018)

EU-28
(2019)

Germany
(2019)

Norway
(2019)

Poland
(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% 4.1% 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%

Other
sources 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]:

• Components
• Fluids
• 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 (LiMn2O4)
• NMC—Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2)
• LFP—Lithium Iron Phosphate (LiFePO4)
• NCA—Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlO2)

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 −
(
∑ mfluids + 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 BEV, 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 4.1 0.0

Power steering fluid [kg] 0.0 0.0 0.0

Brake fluid [kg] 0.91 0.91 0.91

Transmission fluid [kg] 10.9 0.91 0.91

Powertrain coolant [kg] 10.4 10.4 7.2

Windshield wiper fluid [kg] 2.7 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,
HEV, 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
[kg CO2 eq]

TAP
[kg SO2 eq]

PMFP
[kg PM2.5 eq]

SOP
[kg Cu eq]

FFP
[kg Oil eq]

Energy
Consumption

[MJ]

Body 1303.0 7.1 2.2 17.7 334.2 20,890.3

Powertrain 659.1 3.9 1.3 24.7 191.2 12,435.9

Transmission 163.3 0.6 0.2 5.4 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

Oil 13.4 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 4.1 205.9

Adhesives 48.8 0.3 0.1 0.0 23.3 1190.8

Windshield wiper fluid 4.9 0.0 0.0 0.0 0.9 41.7

Battery 11.7 0.2 0.1 5.1 4.1 251.6

19



Sustainability 2021, 13, 10992

Table 9. Environmental impact and resource deployment related to the reference HEV components production.

GWP
[kg CO2 eq]

TAP
[kg SO2 eq]

PMFP
[kg PM2.5 eq]

SOP
[kg Cu eq]

FFP
[kg Oil eq]

Energy
Consumption

[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

Oil 13.4 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 4.1 205.9

Adhesives 48.8 0.3 0.07 0.0 23.3 1190.8

Windshield wiper fluid 4.9 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 5.7 289.2

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

GWP
[kg CO2 eq]

TAP
[kg SO2 eq]

PMFP
[kg PM2.5 eq]

SOP
[kg Cu eq]

FFP
[kg Oil eq]

Energy
Consumption

[MJ]

Body 1627.6 8.8 2.80 22.1 417.4 26,094.7

Powertrain 57.9 0.8 0.25 4.4 17.3 1035.7

Transmission 127.8 1.6 0.48 8.2 24.8 2075.8

Chassis 832.4 4.1 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 2.2 0.75 0.0 378.9 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 4.9 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 HEV, the total mass of fuel consumed by the vehicle during
its entire life mfuel was deduced on the basis of the WLTP fuel consumption F (reported in
Tables 2 and 3), of the total driving distance Dtot (150,000 km), and of the fuel density ρfuel
(0.752 kg/L for the BE5 [33]):

m f uel = F[L/km] · Dtot [km] · ρ f uel [kg/L] (2)

to which correspond the energy required for vehicle traction:

Etrac = m f uel · LHV (3)

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

Ix,source = φx ·m f uel (4)

being φx 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 CO2 eq/kg] 0.596896
TAP [kg SO2 eq/kg] 0.00529478

PMFP [kg PM2.5 eq/kg] 0.00169847
SOP [kg Cu eq/kg] 0.00157793
FFP [kg Oil eq/kg] 1.14230

Energy consumption [MJ/kg] 7.0463
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The total traction energy required by the BEV during its entire life Etrac,BEV was
deduced on the basis of WLTP energy consumption F, reported in the last row of Table 4,
and of the total driving distance Dtot:

Etrac,BEV [kWh] = F[kWh/km] · Dtot [km] (5)

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

Ix,source = ϕx · Etrac,BEV (6)

where the specific impact factor ϕx 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 CO2 eq/kWh] 0.2994
TAP [kg SO2 eq/kWh] 0.0006227

PMFP [kg PM2.5 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 CO2eq/kWh] 3976.7 3148.6 7436.5

TAP [kg SO2eq/kWh] 35.276 27.930 15.469

PMFP [kg PM2.5eq/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 CO2 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 CO2 emitted by
the combustion of each liter of BE5 is:

fCO2 = ρFUEL · 0.82 · 1000 · 44
12

= 2261
[

gCO2

LFUEL

]
(7)

being 12 and 44 the molecular masses of carbon and carbon dioxide, respectively. As
a result, the CO2 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):

eCO2[g/km] = fCO2[g/L] · F[L/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

CO2 [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

N2O [g/km] 0.0013 0.0002

NH3 [g/km] 0.0123 0.0328

Pb [g/km] 1.82 × 10−5 1.82 × 10−5

CO2 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 CO2 eq] 20,032 15,860

TAP [kg SO2 eq] 3.024 0.7020

PMFP [kg PM2.5 eq] 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 CO2 eq] 24,008 19,009 7437

TAP [kg SO2 eq] 38.300 28.632 15.47

PMFP [kg PM2.5 eq] 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 CO2 eq] 28.46 396.0

TAP [kg SO2 eq] 0.07371 1.026

PMFP [kg PM2.5 eq] 0.02063 0.2870

SOP [kg Cu eq] 0 0

FFP [kg Oil eq] 6.610 91.97

Energy consumption [MJ] 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 CO2 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 CO2
equivalent emission of 187 g/km, which is about 40% higher than the “on-road” CO2
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 CO2eq 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 CO2 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 CO2eq (indicated as BP in Figure 1) causing +112% higher CO2 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 CO2eq) and the reference HEV (78.8% of total CO2eq), while for the BEV the
production phase involves the major part of the total CO2 emissions (52.3% of total CO2eq),
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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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 (NOX), ammonia (NH3), and sulphur dioxide (SO2).
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 SO2eq, 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.
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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 PM2.5 (i.e., SO2, NH3, 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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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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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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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 gCO2eq/km), are summarized in the graph of Figure 7.
Specific global warming potential (gCO2eq/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 CO2eq 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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Concerning the second impact category, i.e., the specific terrestrial acidification (ex-
pressed as mgSO2eq/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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scenario analysis.

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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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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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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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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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

BBEV Electric vehicle battery capacity
BE5 Gasoline with 5% ethanol from biomass
BEV Battery electric vehicle
BHEV 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
Dtot Electric vehicle total driving distance on the WLTP cycle
eCO2 CO2 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
Etrac,BEV Total traction energy required by the BEV during its entire life
F[kWh/km] Electric vehicle energy consumption per kilometer on the WLTP cycle
F[l/km] Fuel consumption per kilometer on the WLTP cycle
fCO2 CO2 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

Ix,source
Characterization factor connected to the production of the total mass of fuel employed by
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 (LiMn2O4)
LPG Liquefied petroleum gas
mbattery Mass of vehicle battery
mBEV Kerb mass of the battery electric vehicle
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mempty Empty mass of each vehicle (i.e., related to vehicle components only)
mfluids Mass of vehicle fluids
mfuel Total mass of fuel consumed by the vehicle during its entire life
mHEV Kerb mass of the hybrid electric vehicle
mICEV Kerb mass of the internal combustion engine vehicle
mkerb Kerb mass of the generic vehicle
NCA Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlO2)
NMC Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2)
P Maximum power of the generic vehicle
PBEV Battery electric vehicle maximum power
PHEV Hybrid electric vehicle maximum power
PICEV Internal combustion engine vehicle maximum power
PMFP Particulate Matter Formation Potentials [kg PM2.5-eq]
RBEV WLTP driving range of the battery electric vehicle
SOP Surplus ore potential [kg Cu-eq]
TAP Terrestrial acidification potential [kg SO2-eq]
UNECE New European Driving Cycle
VHEV Hybrid electric vehicle engine displacement
VICEV Internal combustion engine vehicle engine displacement
W Mass of the Li-ion polymer battery
WLTP Worldwide harmonized light vehicles test procedure

φx
Specific impact factor referred to each impact category x and associated to the production
of 1 kg of gasoline

ϕx
Specific impact factor referred to each impact category x and associated to the production
of 1 kWh of electric energy

βB, k Ratio between battery capacity and WLTP driving range
βF, k Ratio between WLTP consumption and vehicle mass
βP, k Ratio between vehicle maximum power and vehicle mass
βW Capacity-to-mass ratio of the BEV battery
θC,i Ratio between fuel tank capacity and vehicle mass
θF,i Ratio between vehicle consumption and vehicle mass
θP,i Ratio between engine maximum power and vehicle mass
θV,i Ratio between engine maximum power and engine displacement
ρfuel Fuel density
ψB, j Ratio between battery capacity and fuel tank capacity
ψC, j Ratio between fuel tank capacity and vehicle mass
ψF, j Ratio between vehicle consumption and vehicle mass
ψP, j Ratio between maximum vehicle power and vehicle mass
ψV, j Ratio between engine displacement and vehicle mass
ψW, 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) θC,i =
Ci
mi

[
L
kg

]
= ratio between fuel tank capacity and vehicle mass

(2) θP,i =
Pi
mi

[
kW
kg

]
= the ratio between engine maximum power and vehicle mass

(3) θV,i =
Pi
Vi

[
kW
L

]
= the ratio between engine maximum power and engine displacement

(4) θF,i =
Fi
mi

[
km/L

kg

]
= 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 CO2 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 mICEV 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:

Vehicle mass = mICEV = 1
5

5
∑

i=1
mi

Fuel tank capacity = CICEV = mICEV · 1
5

5
∑

i=1
θC,i

Maximum output power = PICEV = mICEV · 1
5

5
∑

i=1
θP,i

Consumption = FICEV = mICEV · 1
5

5
∑

i=1
θF,i

Engine displacement = VICEV = PICEV/ 1
5

5
∑

i=1
θV,i

A similar approach was followed for the determination of the standard representative
HEV. In this case, the coefficients taken into consideration were:

(1) ψC,j =
Cj
mj

[
L
kg

]
= ratio between fuel tank capacity and vehicle mass

(2) ψP,j =
Pj
mj

[
kW
kg

]
= ratio between maximum vehicle power and vehicle mass

(3) ψV,j =
Vj
mj

[
L
kg

]
= ratio between engine displacement and vehicle mass

(4) ψB,j =
Bj
Cj

[
kWh

L

]
= ratio between battery capacity and fuel tank capacity

(5) ψF,j =
Fj
mj

[
km/L

kg

]
= ratio between vehicle consumption and vehicle mass

(6) ψW,j =
Bj
Wj

[
kWh
kg

]
= 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 = mHEV = 1
5

5
∑

j=1
mj

Fuel tank capacity = CHEV = mHEV · 1
5

5
∑

j=1
ψC,j

Maximum output power = PHEV = mHEV · 1
5

5
∑

j=1
ψP,j

Consumption = FHEV = mHEV · 1
5

5
∑

j=1
ψF,j
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Engine displacement = VHEV = mHEV · 1
5

5
∑

j=1
ψV,j

Battery capacity = BHEV = CHEV · 1
5

5
∑

j=1
ψB,j

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 ψW, hence:

ψW ≡ ψW,5 =
B5

W5
=

1.56
33

= 0.473
[

kWh
kg

]

According to this coefficient, the mass of the Li-ion polymer battery of the standard HEV
was evaluated as:

WHEV = BHEV/ψW

Concerning the standard representative BEV, the coefficients taken into consideration
were:

(1) βP,k =
Pk
mk

[
kW
kg

]
= ratio between vehicle maximum power and vehicle mass =

(2) βF,k =
Fk
mk

[
kWh

km·kg

]
= the ratio between WLTP consumption and vehicle mass

(3) βB,k =
Bk
Rk

[
kWh
km

]
= the ratio between battery capacity and WLTP driving range

(4) βW,k =
Bk
Wk

[
kWh
kg

]
= 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:

Vehicle mass = mBEV =
1
5

5

∑
k=1

mk

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:

Driving range (WLTP) = RBEV =
1
5

5

∑
k=1

Rk

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

Maximum output power = PBEV = mBEV · 1
5

5
∑

k=1
βP,k

Battery capacity = BBEV = RBEV · 1
5

5
∑

k=1
βB,k

Consumption = FBEV = mBEV · 1
5

5
∑

k=1
βF,k

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
BEV5 battery:

βW ≡ βW,5 =
B5

W5
=

38.3
340

= 0.112
[

kWh
kg

]
⇒ Battery mass = WBEV = BBEV/βW
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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 Hradiště 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 Hradiště, Kunovice,
and Staré Město, 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 Hradiště,
and Staré Město (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 Hradišt’ská–Východní intersection.

∑Vehicles L + B ∑Vehicles L + B ∑Vehicles L + B Together

Entry A A–B A–C A–D ∑vehicles L + B
4815 212 358 5 32 0 5205 217

Entry B B–A B–C B–D
3499 247 2530 125 121 0 6150 372

Entry C C–A C–B C–D
404 7 2732 108 38 0 3174 115

Entry D D–A D–B D–C
18 0 83 1 19 1 120 2
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Each direction is colored as follows:

• A—Staré Město—blue;
• B—Uherské Hradiště—yellow;
• C—Commercial and industrial zone—green;
• D—Quay—red.

Most vehicles coming from Staré Město continue on the main road to Uherské Hradiště.
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 Hradiště go on to Staré Město; 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 Hradiště
(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 Hradiště to shopping centers direction;
• shopping centers to Uherské Hradiště direction;
• the main route: Uherské Hradiště—Staré Město, 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:

• change in vehicle composition, excluding lorries from the intersection;
• change in the traffic route from the Staré Město direction;
• using a roundabout;
• 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 DDR5 [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:

• detectors;
• 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:

• passenger transport and vans;
• 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.

Source Destination Dispersal of the
Traffic Flow

Number of
Vehicles

Number of
Vehicles on the
Specific Route

Composition
of the Traffic

Flow

A
B 0.925

5205 veh/h 4988
217

car
lorryD 0.006

C 0.069

B
A 0.569

6150 veh/h 5778
372

car
lorryC 0.411

D 0.020

C
A 0.127

3174 veh/h 3059
115

car
lorryD 0.012

B 0.861

D
C 0.158

120 veh/h 118
2

car
lorryA 0.150

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 Hradišt’ská–Východní–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 Hradiště. 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 Hradiště—33 s;
• direction from Staré Město—33 s;
• direction from the industrial and commercial zone—18 s;
• direction from the quay—5 s.
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Figure 5. A signal program for a modeled traffic hub in Uherské Hradiště.

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

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

Direction A–B B–C C–B

Simulation
Time (s)

Number
of

Vehicles

Vehicle
Travel

Time (s)

Number
of

Vehicles

Vehicle
Travel

Time (s)

Number
of

Vehicles

Vehicle
Travel

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 Město.

Direction A–B B–C C–B

Simulation
Time (s)

Number
of

Vehicles

Vehicle
Travel

Time (s)

Number
of

Vehicles

Vehicle
Travel

Time (s)

Number
of

Vehicles

Vehicle
Travel

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

Simulation
Time (s)

Number
of

Vehicles

Vehicle
Travel

Time (s)

Number
of

Vehicles

Vehicle
Travel

Time (s)

Number
of

Vehicles

Vehicle
Travel

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).
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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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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 Hradiště 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 Město to Uherské Hradiště 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 Město Direction

This experiment focuses on vehicles turning toward commercial centers in the direc-
tion of Staré Město. 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 Huštěnovská Street at the previous junction and then take the direction to Luční
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 Město 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 Město 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 Hradiště 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 Hradiště
passed through within 46 s on average. However, vehicles coming from Staré Město
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 Město.
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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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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price, and personal experiences [36]. It allows mathematical derivation of the weight of
criteria, instead of the subjective selection of criteria weights, as used by other decision-
making methods [37].
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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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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.

Expert Experiences
Practical

Experiences
Theoretical Male/Female

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

Experience and opinions gently prefer one attribute
over another.

5 Substantial or strong
importance

Experience and opinions strongly prefer one attribute
over another.

7 Demonstrable importance One attribute is highly preferred, and its dominance is
demonstrated in practice.

9 Absolute importance The obvious favoring of one attribute over another is at the
highest possible level of expression.

2, 4, 6, 8 Mean values between two
adjacent variants

A compromise is needed due to the ambiguity of the
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
Preferences

K1
Route
A–B

K2
Route
A–D

K3
Route
A–C

K4
Route
B–A

K5
Route
B–D

K6
Route
B–C

K7
Route
D–B

K8
Route
D–A

K9
Route
D–C

K10
Route
C–B

K11
Route
C–A

K12
Route
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.

K1 Route A–B Changing Vehicle
Composition

Changing Route
from Staré Město Roundabout Modified Traffic

Lights
Current

State

Changing vehicle
composition 1 1/8 6 1/2 1/4

Changing route from
Staré Město 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 λ: 5.4606

K2 Route A–D Changing Vehicle
Composition

Changing Route
from Staré Město Roundabout Modified Traffic

Lights
Current

State

Changing vehicle
composition 1 1/8 6 1/2 1/4

Changing route from
Staré Město 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 λ: 5.4606

K3 Route A–C Changing Vehicle
Composition

Changing Route
from Staré Město Roundabout Modified Traffic

Lights
Current

State

Changing vehicle
composition 1 1/8 6 1/2 1/4

Changing route from
Staré Město 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 λ: 5.4606

K4 Route B–A Changing Vehicle
Composition

Changing Route
from Staré Město Roundabout Modified Traffic

Lights
Current

State

Changing vehicle
composition 1 4 3 3 3

Changing route from
Staré Město 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 λ: 5.4310

K5 Route B–D Changing Vehicle
Composition

Changing Route
from Staré Město Roundabout Modified Traffic

Lights
Current

State

Changing vehicle
composition 1 4 3 3 3

Changing route from
Staré Město 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 λ: 5.4310
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Table 9. Cont.

K6 Route B–C Changing Vehicle
Composition

Changing Route
from Staré Město Roundabout Modified Traffic

Lights
Current

State

Changing vehicle
composition 1 2 3 5 2

Changing route from
Staré Město 1/2 1 2 6 1/2

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 λ: 5.1810

K7 Route D–B Changing Vehicle
Composition

Changing Route
from Staré Město Roundabout Modified Traffic

Lights
Current

State

Changing vehicle
composition 1 1/2 1/4 7 1/2

Changing route from
Staré Město 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 λ: 5.5934

K8 Route D–A Changing Vehicle
Composition

Changing Route
from Staré Město Roundabout Modified Traffic

Lights
Current

State

Changing vehicle
composition 1 1/2 1/4 7 1/2

Changing route from
Staré Město 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 λ: 5.5934

K9 Route D–C Changing Vehicle
Composition

Changing Route
from Staré Město Roundabout Modified Traffic

Lights
Current

State

Changing vehicle
composition 1 1/2 1/4 7 1/2

Changing route from
Staré Město 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 λ: 5.5934

K10 Route C–B Changing Vehicle
Composition

Changing Route
from Staré Město Roundabout Modified Traffic

Lights
Current

State

Changing vehicle
composition 1 1/3 1/8 1/2 2

Changing route from
Staré Město 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 λ: 5.2970
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Table 9. Cont.

K11 Route C-A Changing Vehicle
Composition

Changing Route
from Staré Město Roundabout Modified Traffic

Lights
Current

State

Changing vehicle
composition 1 1/3 1/8 1/2 2

Changing route from
Staré Město 3 1 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 λ: 10.8085

K12 Route C–D Changing Vehicle
Composition

Changing Route
from Staré Město Roundabout Modified Traffic

Lights
Current

State

Changing vehicle
composition 1 1/3 1/8 1/2 2

Changing route from
Staré Město 3 1 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
CI: 0.1614 CR: 0.1454 λ: 5.6464

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.
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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 Město, 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 Město 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 Město.

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
λ maximal eigenvalue
TMIS Transportation Management Information Systems

References
1. Balasubramaniam, A.; Paul, A.; Hong, W.H.; Seo, H.C.; Kim, J.H. Comparative analysis of intelligent transportation systems for

sustainable environment in Smart Cities. Sustainability 2017, 9, 1120. [CrossRef]
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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.

Figure 1. A multi-perspective taxonomy of transportation.

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. We discovered 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. 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.

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. We developed 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. We elaborated 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, António 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
(AI) 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 AI 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

1: CSV_ f ile← dataCollection(searchQuery)
2: article_DF ← read_CSV(CSV_ f ile)
3: process_artcle← dataPreProcessing(article_DF)
4: word_embedding← createBERT_Embedding(process_artcle)
5: umap_embedding← dimensionReduction(word_embedding)
6: HDBSCAN_clustering← dimensionReduction(umap_embedding)
7: calculate_ClassTFIDF ← clustering(HDBSCAN_clustering)
8: clusters← clusterReduction(calculate_ClassTFIDF)
9: model ← saveModel(BERTClusteringModel)

10: parameters← relabelled(clusters)
11: parameter_visualization(parameters)

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: links_DF ← save links as DataFrame from content . remove irrelevant links
7: end for
8: end function
9: function DATACOLLECTION(links_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: guardian_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.

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: url ← weblink/news/categoryList[category]/page/pageNumber
7: content← obtain content from URL
8: links_DF ← save links as DataFrame from content . remove irrelevant links
9: 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

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_ f ile)
2: rd_DF ← removeDuplicate(article_DF)
3: ric_DF ← removeIrrelevantCharacters(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− IDFc =
fc

wc
× log

d
∑cc

p fp
(1)

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’
c-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.

Figure 7. Term score (The Guardian).
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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.

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).

Figure 10. Hierarchical clustering (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 EasyJet 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

93



Sustainability 2022, 14, 5711

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.

(a) (b) (c)

(d) (e) (f)

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.
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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, TTI.
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.

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.

Figure 16. Magazine article parameter with keywords c-TF–IDF Score.

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.

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.

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].

102



Sustainability 2022, 14, 5711

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, CityIQ 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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(a) (b) (c)

(d) (e) (f)

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.

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.

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.

111



Sustainability 2022, 14, 5711

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. Bayramoğlu 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.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 27. Temporal progression of parameters (Web of Science): (a) policy, planning and sustain-
ability (i); (b) policy, planning and sustainability (ii); (c) transportation modes; (d) logistics and SCM;
(e) pollution; (f) technologies; (g) modelling; (h) macro-parameters.
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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.

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.

Figure 29. A word cloud generated from the transportation parameter keywords (TTI magazine).

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.

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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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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Abstract: Sustainable mobility policies may encounter social, economic, and cultural barriers to
successful implementation that need to be assessed. In this sense, knowledge of the population’s
mobility habits and their relationship with transport modes is particularly essential. Along these
lines, a study was carried out of the patterns of transport modes chosen concerning various social and
territorial variables on the island of Mallorca based on the most recent mobility surveys. The study
shows that the choice of mode is influenced by a wide range of factors, such as gender, age group,
motive for the trip, occupation, region of residence, duration of the trip, and proximity to Palma,
the capital of the island. The results indicate that private vehicles are the most often chosen mode
of transport. Private vehicles are mainly used by working men between 30 and 44 years old for
journeys between home and work, which do not exceed 30 min and are preferably in areas close to
Palma. Sustainable modes are little used, although they are mainly used by women, young people,
and retired people for work purposes and for access to educational and health centers. The demand
for transport generated by the resident population and tourist activity and the negative externalities
generated by mobility in private vehicles are closely related on a municipal level (Pearson’s coefficient
0.84, p = 0.00). However, the modal distribution does not seem to be directly related to these factors.
Instead, it develops a more conditioned distribution by access to rail transport infrastructures and
other geographical factors. In recent years, the Balearic Islands’ public administration launched the
Balearic Islands Sectorial Mobility Plan 2019–2026, which aims to promote sustainable modes and
reduce the use of private vehicles. This plan represents a considerable economic investment, but will
also require great institutional coordination and cultural changes in the population’s perception of
mobility. The study shows that the implementation of sustainable modes on the island requires a
global vision of mobility issues that integrates urban planning and tourism planning to make the
land-use model more sustainable.

Keywords: modal choice; sustainable mobility; Mallorca mobility; logistic regression; transport planning

1. Introduction

The path towards implementing a sustainable transport model in a territory is a long and
complicated process that involves a broad series of changes and transformations that must be
carried out in a harmonized way over time and space [1–3]. Some of these transformations are
structural and require large-scale economic investments, such as construction of or improvements in
sustainable transport infrastructures (roads, highways, railways, trams, subways, bike lanes, etc.) [4],
or the construction of energy infrastructures for the use of transport (gas pipelines, construction
of facilities for alternative energy, charging systems for electric vehicles, etc.) and communications
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infrastructures to facilitate the implementation and development of sharing mobility [5] (Santos,
2018). Other transformations have to do with the change in the model of land use. In this case,
more sustainable land occupation scenarios should be considered, in which the population’s activities
require the smallest number of trips by motorized modes [6]. The implementation of sustainable modes
requires updating urban planning towards more sustainable scenarios and deploying new approaches
to the optimized location of public amenities [7]. Other changes have more to do with transport
and mobility governance, such as developing transportation planning policies, plans, and programs
oriented toward promoting and regulating sustainable modes. This is where the development of
sustainable urban mobility plans (SUMPs) would be located at different geographical scales: national,
regional, and municipal. In addition, transport service management systems’ transformation towards
public models that guarantee environmental justice is required. It is also essential to transform the
population’s attitude towards the acceptance and preferential use of sustainable modes from the
perspectives of environmental, social, and economic improvement and the improvement of health.
Finally, it should be noted that the path to a knowledge society has a direct effect on the development of
sharing mobility that can help optimize modes of transport management, diversify the offer, and move
towards a more sustainable model [8].

The modal choice of transport analysis is a topic of great relevance for a holistic territorial vision on
sustainability, since it integrates social, economic, environmental, and governance aspects. Knowledge
of the distribution of the modes of transport of the resident population in daily or long-distance trips is
key to diagnosing the degree of sustainability of transport in a community. Such knowledge guides
planners and managers regarding the types of actions to be carried out in its improvement [9]. There are
many factors involved in the modal choice of transport by the population; some have to do with the
availability of infrastructures and services. Others are of more of a social nature and are related to the
demographic structure, economic activity, or the model of settlement in the territory. The mode choice
process is also influenced by psychological and cultural factors that include gender or the motivation
for the trip [10,11].

Usually, sustainable modes of transport are related to active and healthy modes (pedestrian or
bike). The collective modes of public transport (train, metro, bus) are included equally in the sustainable
group, but are not healthy. Environmentally friendly modes are also discussed, preferably referring
to sustainable modes [12]. Private motorized vehicles, such as cars, vans, trucks, and motorcycles,
are usually included in the group of unsustainable modes, although the use of motorcycles can
sometimes be considered sustainable [13]. Electric vehicles are also considered sustainable from the
perspective of fossil fuel emissions and consumption, but not for congestion or parking problems.
The use of motor vehicles increases fossil fuel consumption and the emission of gases that contribute
to the increase in the greenhouse effect and the degradation of air quality that accelerates climate
change [14–16].

Mobility plays a fundamental role in the development of tourist destinations [17]. In this sense,
it is important to maximize the efficiency of infrastructures, the access to services, and the conditions of
intrinsic mobility in a tourist destination. A touristic area that is well endowed, both in infrastructure
and transportation services, can increase its competitiveness [18]. In this sense, it is recommended that
a tourist destination prioritize sustainable modes [19], as, in addition to assuming an environmental,
social, and economic improvement, it constitutes a marketing strategy that provides an image of
environmental quality, which constitutes an element of attraction for the tourist [20]. Access to
accommodation, tourist resources, and equipment through sustainable modes is a guarantee of quality
and has become a priority for planners and tourism managers.

With this approach, the first step towards transport sustainability in tourism zones consists of
encouraging the host population to mainly use sustainable modes. This makes the seasonal dynamics
of tourism less stressful for transport infrastructure and services, and leads to a reduction in the
negative externalities derived from the massive use of private vehicles. In Mediterranean island
environments, whose main economic activity is tourism, the negative externalities derived from
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unsustainable modes are unacceptable. Road congestion and lack of public transport present a harmful
image for tourists, with adverse effects in the medium and long terms [21]. Therefore, the improvement
in a tourist destination should not only concern the update of accommodation, leisure, and recreation
infrastructure, but also, to a large extent, support mobility infrastructures and services and promote
reductions in the use of private vehicles.

In the EU’s political framework that promotes territorial development to ensure a model of
social and economic cohesion, the massive use of private vehicles in island environments with tourist
vocations can unbalance regional economies by jeopardizing the attractiveness of the destinations.
In this sense, Mediterranean islands are susceptible to the harmful effects of congestion derived
from traffic increases. Therefore, the main objective is for urban mobility to facilitate the economic
development of the territory, the quality of life of inhabitants, and the protection of the environment [22].
Therefore, the high sensitivity of tourist destinations to mobility actions advises basing decisions on
comprehensive mobility issues.

The hypothesis proposed in this work is that initiatives to promote sustainable mobility should be
established and assimilated appropriately by the resident population to set an example for visitors and
tourists and to contribute to building a more sustainable tourist destination. Therefore, knowledge of
the key factors in the choice of transport modes by the resident population of a tourist destination is
essential to diagnose the degree of sustainability of its transport system and deploy an appropriate
sustainable mobility policy that includes residents and tourists. Having information on the different
modes at the municipal level and knowing the reasons for their choice can help the regional planner
base investments in and approaches to sustainable mobility.

To test this hypothesis, an analysis of mobility habits was carried out on the island of Mallorca
(Balearics, Spain); its relationship with various social and territorial factors was observed. The study
develops a geographic approach and analyzes the relationships between modal selection at the
municipal, regional, and island levels.

One of the paper’s main contributions to the international literature is the description of a modal
choice case study in a mature tourist destination such as Mallorca. In addition, it shows the social
inertia that hinders the deployment of sustainable modes and the difficulty of replacing private vehicles
if essential infrastructures are not developed. The paper also describes the use of some indicators and
specific analysis of mobility data, which can help rationalize investment in transport infrastructure
and new facilities’ locations.

The paper is structured in four sections: Firstly, an analysis of the scientific literature on the subject
of the article is carried out. Then, the methodology includes a description of the case study and the
statistical tools used; next, the main results achieved are described and their implications are discussed,
and finally, the main conclusions are drawn from the study carried out.

2. Literature Review

The analysis of the factors determining the choice of transport mode is a subject that has aroused
great interest in the international scientific community in recent decades. There are many contributions
in this area, in which the influence of various factors on modal choice and their relations are detected
and analyzed [23]. In the scientific literature, several variables have been identified in this process
that can give rise to a multidimensional model in which the following components are distinguished:
spatial (physical), social, economic, psychological, cultural, and environmental. Table 1 represents
the set of dimensions and factors highlighted by different authors as playing a role in the modal
choice process.
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Table 1. Dimensions and factors of the modal choice of transport.

DIMENSION/ASPECTS Transport Mode Factors References

The type of trip Everyone

− Objective of the trip
− Time waiting/travel
− Distance travelled
− Time of the trip
− Month of the trip
− Complexity of the trip
− Possibility of developing activities

during the trip
− Comfort

[24–26]

The means of transport Everyone

− Availability of
public transportation

− Cost of the trip
− Discounts
− Security
− Demand
− Independence

[27–30]

Environment Bicycle
Pedestrian

− Climate
(temperature, precipitation) [31–35]

Economy Private vehicle
− Income level
− House size
− Car ownership

[36]

Urban design/Built
environment

Neighborhood spatial
patterns

Pedestrian
Public transport
Private vehicle

− Existence of trees
− Size of sidewalks
− Mixed uses
− Number of intersections of the

road network
− Urban structure
− Density
− Diversity
− Design
− Accessibility

[37–43]

Facilities
Private vehicle

Bicycle
Pedestrian

− Availability of parking at
the destination

− Internet availability for the user
− Proximity
− Dimensions of the facility

[9,40,44–48]

Population structure Private vehicle

− Gender
− Age of the population
− Size of family travelling
− Number of

children/adults travelling
− Education level
− Nationality of the population

[49–54]

Socio-psychological

− Lifestyle
− Perceptions
− Attitude preferences
− Residential dissonance

[11,55]

Note: For the sake of simplicity, the indicated references have been assigned to one factor, but could include
multiple factors.

There is a broad debate about the role played by the more objective factors (environment, physical
characteristics) or the more subjective aspects (attitudes or lifestyles) regarding the modal choice [43].
Some authors divide the factors into two groups: macroscopic, referring to characteristics of the
environment and society, and microscopic, related to the intrinsic characteristics of the traveler and the
attributes of the trip [56].
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Regarding the tourists’ modal choice, Le-Klähn emphasizes that the main factors of a
visitor’s/tourist’s use of public transport have to do with stopping driving and avoiding congestion or
problems when purchasing a private vehicle [20]. Likewise, Lumsdon analyzes the factors that should
be considered for bus services designed for tourism, highlighting that the tourist seeks an experiential
process rather than a proper displacement [56,57]. Nutsugbodo points out that the availability, safety,
and comfort of public transport and sociodemographic characteristics are determining factors in the
choice of a tourist destination [18].

In summary, the modal choice is a complex process in terms of the number of influential factors;
it is very dynamic and very sensitive to spatial, socioeconomic, and psychological aspects of the type
of trip, geographical environment, or people’s habits. In this context, some authors have proposed the
term mobility as an integrating concept of the set of factors of modal selection [58]. Mobility refers to
the potential to be mobile, regardless of whether physical displacement has occurred. This intrinsic
complexity implies that the success of proposed modal shifts towards sustainable modes is not a
generalizable or straightforward process for any geographical area or target population.

The bibliographic study carried out shows the absence of specific works on the modal choices
made by the population living in tourist destinations. This circumstance is not trivial, since these
populations receive intense pressure from tourist activity in the high season, which makes them
susceptible to negative externalities in terms of mobility. In most cases, the host population experiences
an excess of private vehicle use generalizable to tourists (rental), as well as an overload of public
transport [59].

In general, in tourist destinations, there is a unanimous agreement (social and political) that
sustainable modes need to be developed; however, there is significant resistance to their deployment.
These weaknesses are evident in the modal study, as they are the ballast that prevents a correct
evolution towards modal sustainability.

Research on mobility in island environments is scarce. However, the problems detected are
common to different authors: excessive use of private vehicles, the need for quality public transport,
and the importance of public participation in the mobility planning process [60–63].

The use of sustainable mobility indicators is considered a key instrument for developing transport
policies at the international, regional, and local levels [64–68]. Indicators have become a tool for
monitoring progress towards sustainable development. They are widely used in the framework of
sustainable urban mobility plans (SUMPs) [69]. There are numerous proposals for sustainable mobility
indicators that refer to different aspects of mobility concerning the main components of sustainability:
environmental, social, economic, and governance [9].

One of the most widely used indicators of sustainable mobility concerns the division of modal
choice. The percentage of each mode of transport in relation to the total is a primary mobility indicator
used in many studies. The modal split (the quantitative relationship between the various modes)
provides essential information on the level of sustainability of the geographical area for which it has
been analyzed. Some authors propose an indicator for the evaluation of private vehicle reduction [70].
It should be noted that the modal choice is usually integrated within the group of indicators that would
refer to observed mobility [71].

3. Methods

3.1. Case Study

Mallorca is the island with the largest surface area (3640 km2) of the Balearic Islands archipelago,
which is located in the Mediterranean basin (Figure 1a). Mallorca, together with the islands of Minorca,
Ibiza, and Formentera, is one of the seventeen autonomous communities that make up the Spanish
state. The island has 53 municipalities deployed in seven regions or counties (Figure 1c).
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The population of Mallorca amounts to 896,038 people [72] with a heterogeneous territorial
distribution. Palma’s municipality, the autonomous community’s capital, concentrates 48% of its
population, followed by the municipalities of Calvia, Manacor, and Inca (Figure 2). The island
combines a population model concentrated in traditional centers with a dispersed model of residential
constructions on agricultural, rural, or natural land, many of which are used for tourism. This process of
diffuse artificialization is known as “rururbanization” [73]. In recent decades, this dynamic has become
so widespread that it constitutes a global transformation process, giving rise to an “ISLAND-CITY”
model [74] that has crucial consequences on the mobility of its population.
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The island’s population grew by approximately 15% in the period 2005–2019 [72], and the
demographic transition model has been established and matured in recent decades. Mallorca’s
demographic structure shows an intense aging process that is greater in the interior municipalities.
The migratory processes are more evident in some centers, especially those that still maintain
agricultural activity and receive young immigrants from North Africa and Eastern Europe. However,
these movements do not manage to avoid the structural–demographic dynamics of aging.

Most of the island’s facilities are located in Palma, which has the most essential transport
infrastructure of the island (airport, port), healthcare facilities (hospitals), leading educational
facilities (university, schools), commercial and industrial facilities, public administration buildings, etc.
This location has a powerful effect on attracting travelers from all over the island to the capital. As a
result of this dynamic of mobility, Mallorca’s road and train network has always maintained a radial
model that links Palma with the rest of the island’s municipalities (Figure 3).
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The management of island mobility and transport is shared by the Government of the Balearic
Islands (GOIB) through the Direcció General de Mobilitat i Transport Terrestre (Conselleria de Mobilitat
i Habitatge, GOIB) [77] and the island government of the Consell de Mallorca through the Department
of Mobility and Infrastructures [78]. The GOIB manages public transport by road through the Consorci
de Transports de Mallorca [79] and the railway and underground through the Serveis Ferroviaris
de Mallorca [80]. The Consell de Mallorca is responsible for the regional roads and the traffic of the
island. The Palma Town Council manages municipal public transport and infrastructure through its
Department of Mobility [81], the Empresa Municipal de Transport (EMT) [82], and the Municipal
Parking and Projects Company (SMAP) (http://www.mobipalma.mobi/). Some municipalities have a
Sustainable Urban Mobility Plan (SUMP), although at present, they are few (Manacor, Palma, Sóller,
Inca, Andratx, Llubí, Capdepera, and Pollença) [83]. The participation of the Palma City Council in the
European initiative CIVITAS is noteworthy [84]. It has led to considerable improvement in the public
bicycle system, traffic management, a mobility app, the city’s parking payment system, the acquisition
of a municipal fleet of electric vehicles, and the SUMP of Palma [85].

The regulations on mobility began with the 2004 Law on Land Transport and Sustainable Mobility
of the Balearic Islands [86] and culminated in the Balearic Islands Sectorial Mobility Master Plan
(2019) [87].

Since the 1960s, Mallorca has based its economy and social development in the tourist industry.
In 2019, Mallorca received a total of 11,874,835 tourists (1,597,915 from Spain and 10,276,921 from
abroad) [72]. The distribution of the hotels in the island’s municipalities is not regular. The coastal
municipalities (550 km of coastline) concentrate most of the accommodation, although agrotourism
and holiday accommodation are also noteworthy and spread across the interior (Figure 4).
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The topography of the island has a direct influence on the land transport and mobility model.
In fact, the mountainous areas, corresponding to the Tramuntana region, are those with the least
developed road and rail infrastructure, the smallest population, and the least tourism and economic
activity. This means that in this area, the mobility of the resident population is reduced a priori.

At present, the dynamics of population growth, together with the intense development of
seasonal tourism, have produced an extraordinary increase in negative externalities derived mainly
from private mobility, leading to an increase in traffic and associated problems of congestion and
pollution. The average daily intensity of vehicles has experienced continuous growth in recent years.
Traffic increased by 42% between 2005 and 2015. The transport model is becoming highly inefficient.
Congestion is continuous, especially on roads that serve Palma and the main tourist areas (Figure 2).
The large vehicle fleet contributes to this (1136 vehicles/1000 inhabitants in the Balearic Islands and
736 cars/1000 inhabitants in 2020) [90], to which a total of approximately 75,000 rental vehicles must
be added that are incorporated into the transport network during the high tourist season in the
summer months.

In this geographical framework, it is a priority to deepen our knowledge of the resident population’s
modal behavior to identify the key factors to guide policies, plans, and projects towards promoting
sustainable modes.

3.2. Data Sources

The study used the daily mobility survey corresponding to 2009/2010 from the Government of the
Balearic Islands [91]. This survey was undertaken by the Mallorca Transport Consortium under the
Balearic Government, and was implemented through telephone interviews (13,905). It was carried
out among people over 14 years of age, stratified according to age, gender, and the municipality of
residence, in two campaigns between April and June 2009 for Palma and between November 2009
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and February 2010 for the rest of the municipalities of the island. The margin of error is ±1.04%
for a confidence interval of 95.5%. The survey included questions on the number of trips made the
previous day, their origin and destination, the means of transport used, the time of travel, the duration
(in minutes) of the trip, the reason, and other data relating to the socio-demographic profiles of the
interviewees. The survey results estimate the number of movements made in one working day across
the island, broken down by origin and destination, for a total of 53 municipalities. This survey was
subsequently expanded with updated demographic information to provide information on the mobility
of the resident population at the island level.

For the drafting of the recently approved Sectoral Master Plan for Sustainable Mobility in the
Balearic Islands [87], another telephone mobility survey was carried out. This represents an extensive
effort recently carried out by the company DOYMO (https://doymo.com/) for the Balearic Islands
Government. In this article, it was not possible to obtain the information corresponding to this survey’s
original data, although its main results were considered.

The data from both sources were compared to obtain more complete information on the mobility
situation. Despite the seven-year interval between the two surveys, it can be seen that, a priori,
there were no relevant changes in the mobility habits of the population of Mallorca, so the conclusions
drawn from the 2009 survey can be reasonably extrapolated to the present day (Table 2). It is essential to
point out that 2009 corresponds to a peak moment in the last world economic crisis, which significantly
affected the Balearic Islands, and better reflects the island’s dynamics as a baseline in terms of mobility.

Table 2. Modal split on Mallorca. Surveys from 2009 and 2017.

2009 2017

Mode Trips % %

Public Bus 128,727 5.7%

Train 17,401 0.8%

Metro 7616 0.3%

Cab 6038 0.3%

Subtotal 159,788 7.1% 10%

Private Car 1,214,051 53.4%

Motorbike 52,304 2.3%

Subtotal 1,266,355 55.7% 55%

Healthy transportation Bike 30,149 1.3% 2%

Pedestrian 816,776 35.9% 33%

Subtotal 846,925 37.2% 35%

Total 2,278,436 100.0% 100%

Source: Conselleria de Territori, Energia i Mobilitat.

Demographic and tourist information was obtained from the National Institute of Statistics
(http://ine.es), the Balearic Institute of Statistics [72], and the Government of the Balearic Islands.
Finally, information about the traffic flow on the roads of Mallorca was used, which was provided by
the Mobility Department of the Consell de Mallorca [78], as well as information about the vehicle fleet
published by the General Directorate of Traffic (Ministry of the Interior, Government of Spain) [90].

3.3. Analytic Process

The analysis of the influence of social, economic, and territorial factors on the modal choice and
type of travel was made exclusively based on data from the 2009 mobility survey. The phases of
analysis are as follows.
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3.3.1. Binary Analysis of the Relationship between Modality and Other Variables

Pearson’s χ2 test of independence is used to study whether there is an association between two
categorical variables. It is a hypothesis test contrasting qualitative variables. The test supports the null
hypothesis, Ho: The variables are independent, so one variable does not vary between the different
categories of the other variable; Ha: The variables are dependent, and one variable varies between the
different levels of the other variable.

χ2 =
∑

i, j

(
Observedi j − Expectedi j

)2

Expectedi j
(1)

Each group’s expected value is obtained by multiplying the marginal frequencies of the row and
column in which the cell is located and dividing by the total number of observations. The differences
at all levels are added up. The chi-square distribution has only one parameter, the degrees of freedom,
which determines its center and dispersion shape.

d f = (levels variable A) − 1 (levels variable B− 1) = (columns− 1) (rows− 1) (2)

The chi-square distribution is positive, so the p-value calculation only takes into account the
upper tail.

Since the test contrasts whether the variables are related, the effect’s size is known as the strength
of the association. In our case, we analyze the measures of association of phi or Cramer’s V. The limits
used for their classification are 0.1 for a small association, 0.3 for a medium association, and 0.5 for a
large association. Independence in the sample observations is required.

3.3.2. Integrated Analysis of the Modal Choice

Binary logistic regression was used for the integrated analysis of the modal choice. This statistical
technique allows the analysis of the relationship between a dichotomous qualitative dependent
variable and one or more independent explanatory variables, or covariates, whether qualitative or
quantitative [92]. It is a multivariate predictive regression technique. The basic equation of the binary
logistic regression model is exponential, although its logarithmic transformation (logit) allows its
use as a linear function. The aim is to model the influence of a set of variables on a dichotomous
event’s appearance.

In our case, we considered the use of different modes of transport as the dichotomous event.
To do so, we transformed a qualitative variable of modes of transportation into a dichotomous variable.
The following modes were considered: car, motorbike, bus, metro, pedestrian, bicycle, and sustainable
mode, in which all modes were grouped except for car and motorbike.

The logistic regression model makes it possible to quantify the importance of the relationship
between the covariates and the dependent variable. First, the interaction between covariates is analyzed
concerning the dependent variable (odds ratio). Second, individuals are classified in the dependent
variable categories according to the probability they obtain.

It is necessary to ensure that there is no multicollinearity between the predictor variables, so the
choice of predictor variables must be made efficiently. The final model should be as small as possible
and explain the functional dependencies as much as possible (principle of parsimony).

The covariates’ preparation required their corresponding transformation into binary variables
(dummy variables), which represent each of the selected categories. Specifically, the following variables
are used: sex (a single group is included in which 1 represents men and 0 represents women),
age group, occupation, reason for the trip, proximity to Palma of the location of origin, region,
and coastal municipality.
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The equation of the logistic regression is represented by the natural logarithm of Equation (3):

Y = β0 + β1 X1 + β2X2 + . . . + βkXk. (3)

β0 and βk are the coefficients estimated by regression from the data β0βk
′′X1...k.

The probability of using sustainable modes of transport may be presented in an equation,
as reflected in Equation (4).

p =
1

1 + e−Y =
1

1 + e−(β0+X1 β1+...+Xkβk)
(4)

The covariates X1 and Xk are represented by the set of selected variables.
The binary logistic regression considers two events of the phenomenon and is expressed as

Equations (5) and (6):

Pr(y = 1) =
1

1 + e−(a+bx)
= P (5)

Pr(y = 0) = 1−
1

1 + e−(a+bx)
= 1− P. (6)

The logit transformation arises from considering the probability ratio between two events, called
the advantage or ratio (odds). The ratio/odds of an event are the quotient between the probability of it
happening and the probability of it not happening (Equation (7)):

odds =
P

1− P
=

Probability o f P
Probability o f no P

(7)

Odds are interpreted as ratios, i.e., the number of times something can happen over something
that cannot occur. They are a measure of association between two variables that indicate the strength
of the relationship. When the odds ratio is close to 1, there is no association. Values less than 1 indicate
a negative association, and values greater than 1 indicate a positive association.

The logistic regression function of the statistical package SPSS version 25 was used for the analysis.
The method was configured with the “Enter mode” directly incorporating the whole set of variables
selected in the calculation process. This allows us to identify the role played by each variable.

The great utility of logistic regression is to interpret the covariates’ effects independently on the
dependent variable. This is done by reading the ODDS ratio coefficients (Coef. B, Exp (B)). One of the
fundamental problems that arises when several variables are involved in a process is to determine the
contribution of each one of them, assuming that the rest of the variables do not change.

3.3.3. Analysis of the Modal Choice at the Municipal Level

In addition to the overall analysis of the factors that influence the modal choice for the island
of Mallorca, one of the objectives of this article is to analyze spatial patterns in the modal choice.
The modal split distribution of each municipality of Mallorca is assessed, and a new index of sustainable
modes of transport is generated (Equation (8)):

Sustainable Transport Indicator (ITS) = % healthy modes (% Pedestrian + % Bicycle) +

% Collective modes (% Bus + % Metro).
(8)

The ITS index is then normalized as follows (Equation (9)):

ITS = (value −min)/(max −min). (9)
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This index makes it possible to establish a hierarchy of municipalities on the basis of the weight
that sustainable modes have in each case. The overall analysis of the index facilitates the identification
of the areas most dependent on private vehicles as places where sustainable modes should be promoted.

Moreover, using a geographical information system, a database was created that includes territorial
information at a municipal level expressed as a total percentage of transport demand (population,
tourist places) and the negative externalities of transport (average daily intensity, number of vehicles
in the vehicle fleet).

ArcMap 10.5 (Esri©) software was used for the cartographic representation and analysis of
geographical data.

4. Results and Discussion

The large figures for the modal split of the residents in Mallorca obtained from the 2009 survey,
contrasted with the more recent information from the 2017 mobility survey, show a high dependence
on motorized modes for all types of trips (Table 2).

A total of 2.2 million journeys are made daily on the island. This figure has remained unchanged
in recent decades.

The pattern of modal choice shows a predominance of the use of private vehicles (55.7%), low
use of collective public modes (7.1%), and a moderate level (37.2%) of healthy modes (pedestrian and
bicycle). A priori, this distribution shows an evident deficiency in all modes of public transport.

4.1. Modal Relationships

The statistical analysis carried out shows that the modal choice is a multifactorial process in which
many variables are involved. The chi-square analysis from contingency tables between the transport
modes (qualitative variable: ordinal scale) and various socio-demographic and territorial variables
(qualitative variable: ordinal scale) shows significance in the multiple relationships (Table 3):

• Gender and modes: The female population is more likely to use both pedestrian modes
(56% female/44% male) and bus transport (61.9% female/38.1% male). Bicycles (35.2% women/64.8%
men) and motorbikes (16.5% women/83.5% men), on the other hand, are more commonly used by
men. These results show a social model of female segregation, in which women are forced to use
public transport rather than private vehicles because they do not have the resources to access their
own cars or because of a cultural model in which it is difficult for them to have both a driver’s
license and their own vehicle.

• Age groups and modes: The private vehicle is typically selected as the preferred mode of transport
(55.5% for young people aged 14–29, 62.2% for adults aged 30–44, 51.5% for those aged 45–64),
except among the population group over 65, where the pedestrian mode accounts for 61.6% of
their journeys. The young population group, from 14 to 29 years old, mostly selects the bus
(37.2%), train (39.5%), and metro (53%). The young people’s modal choices of bus and metro
are related to the segment of the youth population traveling to school. A special case is the
metro, which is mainly used by students from the University of the Balearic Islands, who travel
to the campus (located 7.5 km away) from Palma by the only metro line available on the island.
The group of adults aged between 30 and 44 years has the highest use of private vehicles (40.5%),
motorbikes (43.3%), and bicycles (37%).

• Travel time and modes: Ninety-one percent of trips in Mallorca are local, not exceeding 30 min
by car. This interval of travel time corresponds to 83% of trips by train, 80.8% of trips by metro,
93% of trips by car, 98.2% of trips by motorbike, 84.5% of trips by bicycle, and 92.4% of trips by
foot. Trips of 30 to 60 min account for 7.6% of the total. Train use is predominant at this interval.
Most of the movements around the island comprise recurrent journeys close to the city of Palma
from peripheral municipalities, while there are also journeys between inland municipalities and
nearby coastal areas. In the interval of trips lasting over 60 min, movements are mostly made on
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foot or by car (with these modes accounting for 62.6% of trips lasting from 60 to 90 min, 59.2% of
trips lasting from 90–120 min, and 64.3% of trips lasting over 120 min).

• Proximity to Palma and modes: In total, 54.8% of trips are concentrated in areas less than 15 km
from Palma. In addition, 22.53% of train trips are made in areas between 30 and 50 km from
Palma, corresponding mainly to movements in Inca and Manacor. These results confirm a radial
model of movements to and from Palma as a unique center of attraction and trip generation.

• Regions and modes: The Badia de Palma region concentrates the largest number of journeys
(62.9%) in Mallorca. It is worth noting that 95% of all bus journeys and 100% of all trips by metro
are made in the Badia de Palma area. The majority of train use is in the Badia de Palma region
(56.2%) and in the Raiguer region (23.5%). This distribution shows the great reputation of the city
of Palma and its surrounding municipalities (Marratxí, Calvià, Llucmajor) as areas that generate
and attract journeys.

• Motive for the journey and modes: Home travel (53.2%), personal arrangements (20.4%), and access
to work (16.8%) are the main reasons for travelling. Some 18.1% of bus journeys are made for
work purposes. The majority of trips are for traveling home (58.9%) and personal management
(24.5%). It should be noted that people preferably start their journeys from their homes in private
vehicles and use this mode for almost all their movements.

• Occupation and travel modes: Active people who are employed mainly use cars for their journeys
(64.3%), and students also use private vehicles (45.5%). Of the total number of metro users,
49.6% are students. The retired population has reduced use of motorized modes and concentrates
58.9% of their mobility on pedestrian journeys. The bus is used mostly by the working population
(37.9%) and students (23.8%).

Table 3. Chi-square values of Cramer’s factor V and significance coefficients obtained from the
derivation of contingency tables between modes of transport and different variables.

Pearson Chi-Square df Cramer’s V

Gender
(Categories: men/women) 47,808.306 * 7 0.145 *

Age groups
(Categories: 14–29/30/44/45/64, +64) 144,839.779 * 21 0.146 *

Activity
(Categories: working, retired, student,
unemployed, domestic work, other)

217,340.395 * 35 0.139 *

Trip motivation
(Categories: leisure, work, doctor, study,

mixed, home)
99,176.263 * 35 0.100 *

Travel time
(0–30/30–60/60–90/90–120 min) 126,206.872 * 28 0.118 *

County of origin
(Categories: Badia Palma, Llevant, Nord,

South, Raiguer, Pla, Tramuntana)
81,004.755 * 42 0.077 *

Distance to Palma 87,084.148 * 21 0.113 *

Coastal
(coastal/non-coastal) 31,424.402 * 7 0.118 *

(*) Significant at 0.99 for Sig values < 0.01.

The low degree of randomness of the set of relations analyzed is noted (Table 2). The significance
of all the chi-square tests is relevant, so the null hypothesis must be rejected. Despite this, the factors
analyzed do not provide high Cramer’s values in general, so the modal choice’s multifactorial character
is evident. The variables with the greatest relation to the selection of modes are gender, age group,
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and people’s activity. Second, the reason for the trip and its duration are highlighted. The region of
origin of the journey is less related to the modes.

4.2. Factors in Modal Selection

The travel time variable was eliminated from all the analyses because it has no significance.

4.2.1. Motorized Modes

Table 4 shows the results of the logistic regression using private vehicles as the dependent variable.
We can observe that almost all the variables considered play a significant role in predicting the use of
private vehicles (significance < 0.00). No variable was extracted from the process.

Table 4. Results of the logistic regression of private vehicles.

CAR MOTORBIKE

B Exp (B) B Exp (B)

Man 0.352 * 1.422 1.560 * 4.758

14–29 years 0.848 * 2.335 1.153 * 3.167

30–44 years 0.963 * 2.620 1.223 * 3.396

45–64 years 0.600 * 1.822 0.753 * 2.123

Working 0.326 * 1.386 −0.517 * 0.596

Retired −0.433 * 0.649 −0.926 * 0.396

Student −1,182 * 0.307 −0.248 * 0.780

Unemployed −0.215 * 0.807 −0.752 * 0.471

Other −0.256 * 0.774 −0.138 * 0.871

Domestic work −0.236 * 0.790 −1.878 * 0.153

Leisure 0.893 * 2.443 0.128 * 1.137

Work 0.960 * 2.611 0.329 * 1.390

Doctor 0.934 * 2.545 −0.642 * 0.526

Study 0.675 * 1.964 −0.419 * 0.658

Mixed activities 0.841 * 2.318 −0.234 * 0.791

Home 0.662 * 1.939 0.051 * 1.052

Badia de Palma 0.625 * 1.869 −1.260 * 0.284

Llevant 0.829 * 2.291 −1.549 * 0.212

Nord 0.778 * 2.178 −1.327 * 0.265

South 0.910 * 2.484 −1.831 * 0.160

Raiguer 0.086 * 1.090 −1.196 * 0.302

Pla 0.206 * 1.228 −0.611 * 0.543

0–30 min 0.934 * 2.546 0.677 * 1.968

30–60 min 0.626 * 1.869 −0.688 * 0.502

60–90 min 0.385 * 1.470 −0.244 * 0.784

90–120 min 0.184 * 1.202 −0.425 * 0.654

Non-coastal 0.345 * 1.413 −1.044 * 0.352

Constant −2.496 * 0.082 −3.742 * 0.020

(*) Significant at 0.99 for p-value < 0.01.
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First, it should be noted that men, in general, have a positive tendency to use private vehicles
compared to other modes (Car: B = 0.352, Exp (B) = 1.422; Motorcycle: B = 1.56, Exp (B) = 4.75).
This result is relatively common in Spain’s mobility and gender studies [93,94]. Women have a type of
dependent mobility. This indicator reflects that the society is not very advanced in terms of gender and
that there is a social pattern of women’s dependency on men.

Concerning the analysis by age group, the majority use of private vehicles by the adult population
(30–44 years) is significant (Car: B = 0.352, Exp (B) = 1.422; Motorcycle: B = 1.56, Exp (B) = 4.75),
and there is a radical reduction in the use of these vehicles by the elderly. This circumstance confirms
the adult population’s purchasing power for the acquisition of a private vehicle and its majority use in
daily mobility. From this perspective, the demographic dynamics of aging in the coming years could
lead to a significant decrease in the young population, especially in the more rural municipalities in
the island’s interior, which would have a direct effect on reducing the use of private vehicles.

People’s work activity also affects their modal choice. People who are working make the most use
of private vehicles, while students and retired people seem least inclined to choose cars as their means
of transport.

We want to emphasize the positive sign of the B coefficients for all the reasons for the trip.
This indicates the high social orientation towards the use of private vehicles. Regarding the reason
for the trip, the use of private vehicles for trips to work (Car: B = 0.960; Exp (B) = 2.61) and to health
centers (Car: B = 0.934; Exp (B) = 2.54) is prominent. This is because public reference hospitals do not
have an efficient transport service in terms of frequency or accessibility to all locations on the island.
For this reason, the use of private vehicles is required for these types of trips. This factor shows a
high level of inequity in the island’s transport service to the facilities. The travel motive for leisure
also appears to be differentiated. Therefore, in many cases, these are journeys to urban centers and
natural areas.

In terms of the territorial analysis carried out, Mallorca’s southern region stands out as being
highly dependent on private vehicles (B = 0.91; Exp (B) = 2.48). This tendency is reproduced in the rest
of the regions of the island with more or less significant intensity. However, the Raiguer region appears
with a very low B coefficient (B = 0.086) and little relevance (Exp (B) = 1.09). It is also important to note
that the Serra de Tramuntana region does not appear relevant.

The proximity to the city of Palma is also a factor that increases the use of private vehicles.
The residents in the areas closest to the capital are also those who use private vehicles most often.
This fact reveals the structural unsustainability of the city of Palma’s efforts to encourage the use of
alternative modes.

Finally, it can be seen that inland areas of the island (not along the coast) are also more dependent
on private vehicles for their journeys.

4.2.2. Collective Modes: Bus, Train, and Metro

The bus and train collective modes are used mostly by women (Bus: B = −0.53 Exp(B) = 0.58).
Students use the bus more often (B = 0.318, Exp(B) = 1.374) than other groups (Table 5). Bus trips
for medical visits (B = 1383, Exp(B) = 3.98) are particularly noteworthy, followed by work activities
(B = 0.826, Exp(B) = 2.28) and access to educational centers (B = 0.816, Exp(B) = 2.26). The coefficients
of significance for the use of the train eliminate two age groups (20–44 and 45–64 years) and the
variables that refer to the activity carried out by the people. The use of the train by the youngest group
(14–29 years old) for any activity in general, but particularly for study, leisure, and work, is remarkable.
Access to the railway infrastructure reflects the fact that the Raiguer region is the most privileged
(B = 3.653, Exp(B) = 38.59, followed by Pla (B = 2.94, Exp(B) = 19). Journeys by train tend to be between
0 and 15 min from Palma (B = 2.55, Exp(B) = 12.84).
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Table 5. Results of logistic regression for collective vehicles.

BUS TRAIN METRO

B Exp (B) B Exp (B) B Exp (B)

Man −0.537 * 0.585 −0.284 * 0.753 0.024 1.024

14–29 years 0.076 * 1.079 0.474 * 1.606 −0.956 * 0.385

30–44 years −0.207 * 0.813 0.001 1.001 −0.424 * 0.654

45–64 years 0.077 * 1.080 −0.004 0.996 −0.209 0.811

Working −0.763 * 0.466 15.959 - 1.778 -

Retired −0.287 * 0.751 16.407 - 14.824 -

Student 0.318 * 1.374 16.667 - 17.858 -

Unemployed −0.313 * 0.731 16.079 - 14.311 -

Other −0.115 * 0.892 14.462 - 11.13 3.044

Domestic work −0.523 * 0.593 16.445 - 13.740 -

Leisure 0.302 * 1.353 1.409 * 4.093 0.449 * 1.566

Work 0.826 * 2.284 1.226 * 3.408 1.544 * 4.685

Doctor 1383 * 3.988 1.088 * 2.968 −13.764 0.000

Study 0.816 * 2.261 1.249 * 3.486 1.879 * 6.545

Mixed activities 0.101 * 1.106 0.307 * 1.359 0.906 * 2.473

Home 0.327 * 1.386 0.894 * 2.446 0.871 * 2.390

Badia de Palma −0.274 * 0.760 −1.060 * 0.346 −0.949 * 0.387

Llevant −2.801 * 0.061 1.809 * 6.107 −5.102 0.006

Nord −2.253 * 0.105 0.693 * 2.001 −16.491 0.000

South −1.559 * 0.210 −1.752 * 0.173 −14.906 0.000

Raiguer −0.419 * 0.658 3.653 * 38.591 −5.002 * 0.007

Pla −0.236 * 0.790 2.945 * 19.009 −3.623 * 0.027

0–30 min −2.122 * 0.120 2.553 * 12.849 −4.534 * 0.011

30–60 min −1.750 * 0.174 −2.141 * 0.117 −2.652 * 0.070

60–90 min −1.867 * 0.155 −2.040 * 0.130 −0.741 * 0.477

90–120 min −0.479 * 0.620 −2.741 * 0.064 −11.630 0.000

Non-coastal −0.246 * 0.782 −1.216 * 0.297 1.710 * 5527

Constant −1.635 * 0.195 −21.013 0.000 −20.732 0.000

(*) Significant at 0.99 for p-value < 0.01.

Concerning the use of the metro, the most important conditions are its preferential use for access
to the educational centers (University of the Balearic Islands) (B = 1.87, Exp(B) = 6.54) and the work
centers (B = 1.54, Exp(B) = 4.68).

4.2.3. Healthy or Active Modes

The reasons affecting the choice of healthy modes are multiple (Table 6). However, those that
have the greatest significance are the following: The pedestrian mode is used preferentially by women,
retired persons (B = 0.879, Exp(B) = 2.4), unemployed persons (B = 0.7, Exp(B) = 2.013), and those
engaged in domestic work (B = 0.69, Exp(B) = 2). Likewise, the most relevant journeys on foot exceed 90
min. The use of the bicycle is preferable for men (B = 0.6, Exp(B) = 1.83), for trips to work (Exp(B) = 1.4)
and to study centers (Exp(B) = 1.25), and for journeys lasting 60 to 90 min.
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Table 6. Results of the logistic regression of healthy or active modes.

PEDESTRIAN BIKE

B Exp (B) B Exp (B)

Man −0.303 * 0.738 0.606 * 1.833

14–29 years −0.903 * 0.406 0.108 * 1.114

30–44 years −0.776 * 0.460 0.041 1.041

45–64 years −0.408 * 0.665 −0.103 * 0.902

Working 0.167 * 1.181 0.355 * 1.426

Retired 0.879 * 2.408 −0.185 * 0.831

Student 0.598 * 1.818 0.229 * 1.258

Unemployed 0.700 * 2.013 0.041 1.042

Other 0.301 * 1.351 0.496 * 1.641

Domestic work 0.695 * 2.004 0.197 * 1.217

Leisure −1.113 * 0.329 0.035 1.036

Work −1.234 * 0.291 −0.287 * 0.750

Doctor −1.871 * 0.154 −2.097 * 0.123

Study −1..034 * 0.355 −0.530 * 0.588

Mixed activities −0.649 * 0.523 −0.625 * 0.535

Home −0.668 * 0.513 −0.243 * 0.784

Badia de Palma −0.546 * 0.579 −0.266 * 0.766

Llevant −0.512 * 0.600 0.468 * 1.597

Nord −0.455 * 0.634 0.566 * 1.761

South −0.668 * 0.513 1.082 * 2.950

Raiguer 0.064 * 1,066 −1.394 * 0.248

Pla −0.109 * 0.897 −0.537 * 0.584

0–30 min −0.843 * 0.430 −1.680 * 0.186

30–60 min −0.181 * 0.834 0.090 * 1.094

60–90 min −0.058 * 0.944 0.629 * 1.876

90–120 min 0.115 * 1.122 −0.629 * 0.533

Non-coastal −0.349 * 0.706 0.645 * 1.906

Constant 0.921 * 2.512 −4.603 * 0.010

(*) Significant at 0.99 for p-value < 0.01.

4.2.4. Sustainable Modes

An analysis of the factors involved in the modal choice of sustainable modes (bus, train, metro,
pedestrian, and bicycle) shows that all the factors considered have some significance, although few
stand out in a special way (Table 7). Remarkably, the sustainable modes are chosen by women,
especially among retired adults, students, and the unemployed. These modes are rarely selected for
travel to work, leisure, or medical facilities. Sustainable methods are used more in the Raiguer region
than in other regions. In general, the analysis reflects that compared to private vehicles, the sustainable
modes represent a small fraction for all groups and all travel reasons.
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Table 7. Results of the logistic regression of sustainable modes.

B Exp (B)

Man −0.374 * 0.688

14–29 years −0.852 * 0.427

30–44 years −0.806 * 0.447

45–64 years −0.427 * 0.653

Working −0.136 * 0.873

Retired 0.650 * 1.915

Student 0.635 * 1.886

Unemployed 0.428 * 1.534

Other 0.136 * 1.146

Domestic work 0.404 * 1.498

Leisure −0.978 * 0.376

Work −0.936 * 0.392

Doctor −1200 * 0.301

Study −0.631 * 0.532

Mixed activities −0.658 * 0.518

Home −0.597 * 0.550

Badia de Palma −0.609 * 0.544

Llevant −0.699 * 0.497

Nord −0.649 * 0.522

South −0.781 * 0.458

Raiguer 0.028 * 1.028

Pla −0.106 * 0.900

0–30 min −1.066 * 0.345

30–60 min −0.569 * 0.566

60–90 min −0.380 * 0.684

90–120 min −0.209 * 0.811

Non-coastal −0.388 * 0.678

Constant 1.751 * 5.763

(*) Significant at 0.99 for p-value < 0.01.

4.3. Modal Choice at the Municipal Level

The analysis of the modal choice’s geographical distribution allows the identification of significant
differences at the municipal and regional levels. Some of the results obtained in this section could be
reviewed more generically in the previous section when reference was made to the “Region” variable.
Significant patterns could be detected about the regions of origin of the movements concerning the
population’s use of the different modes.

Figure 5 shows the number of journeys in different modes at the municipal level and the percentage
of each mode’s use. In the case of the use of private vehicles, a massive generation of journeys can be
observed from the populated areas of the municipalities of Badia de Palma (Calvià, Palma, Llucmajor,
and Marratxí). Noteworthy cities include Inca in the island’s center, Pollença and Alcúdia in the
north, and Manacor, Felanitx, and Capdepera in the east. The map shows the island’s population
distribution model, maintaining the relationship between the number of movements and population
density. Certain inland areas of the island (Pla de Mallorca) and the Serra de Tramuntana present the
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lowest number of journeys. The map of percentages of trips by car (5a’) shows the main dependence on
private vehicles for municipalities such as Calvià and Marratxí (Badia de Palma), Capdepera (Llevant),
Ariany (Pla), and Escorca (Serra Tramuntana). There are clear patterns of dependence on private
vehicles. These are zones in which collective sustainable modes are not accessible, and sustainable
mobility must be promoted through investment to improve infrastructure and services.
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Bus transport at the municipal level, in terms of the number of trips, also reveals a pattern closely
related to the distribution of the population (Figure 5b). The percentage distribution of journeys
highlights Palma, mainly because it has a municipal bus service (the EMT). The areas without rail
infrastructure force people who do not have a private vehicle to use public buses (Figure 5b’). This is a
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geographical distribution model that highlights the peripheral municipalities of the main centers of
travel attraction on the island (Palma, Inca, Manacor).

The distribution of train journeys shows the routes of Mallorca’s rail networks (Figure 5c,c’).
The municipalities in the Raiguer region obtain the highest values both in absolute figures for the
number of journeys and in percentages of preferential use of the railway. The presence of large areas
of the Serra de Tramuntana and in the south of Mallorca (Llucmajor, Santanyí, Ses Salines) without
railway service is evident.

Pedestrian mobility is more common in municipalities that suffer from certain isolation from
collective modes (bus, train). The municipalities of Sóller, Andratx, Estellenç, and Puigpunyent in the
Serra de Tramuntana and the municipalities in the eastern (Artà, Son Servera, Sant Llorenç) and the
southern parts of Mallorca (Santanyí) are worthy of note. It has been demonstrated that the obligation
of having a vehicle for travel motivates pedestrian mobility within the municipalities. Therefore,
this represents a factor of isolation, rather than a preference for sustainable modes.

The municipal distribution of sustainable modes (Figure 6) shows a very irregular pattern. On the
one hand, there are areas with low values for the use of sustainable modes in municipalities very close
to Palma (Calvià, Marratxí, Algaida, Sencelles). They present a model of a dormitory town in which
private vehicles are preferred. There are also areas in the Serra de Tramuntana (Escorca, Selva, Deià)
whose mobility is highly restricted to cars due to the lack of access to other modes. Capdepera and
Ariany also stand out in eastern Mallorca due to their clearly isolated situation. The municipalities
that are most highly rated in terms of the use of sustainable modes are also scattered. There are
municipalities with a small population, generally older, in which the majority of trips are made on
foot within the town itself (Pla), and they have railway stops (Binissalem). The municipalities with an
economic sector that encourages travel within the municipality without the need to move for work or
professional reasons also obtain high values (Sóller, Artà, Santanyí).
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Figure 7 provides an integrated view of the municipal distribution of three key factors of mobility:
percentage of transport demand (population + tourist places), rate of use of sustainable modes (bus,
train, metro, pedestrian, bicycle), and the percentage of negative externalities derived from the use of
private vehicles (average vehicle intensity at the municipal level + mobile vehicle park). It can be shown
that demand and impacts, in general, maintain a high correlation (Pearson’s correlation coefficient
0.84; p-value < 0.01). In other words, in general, the higher the population and tourist activity of the
municipality, the higher its level of traffic and congestion. However, there are municipalities that,
although their demand for transport is essential, do not show very significant negative externalities of
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traffic (Alcúdia, Calvià, Capdepera, Sant Llorenç, Santa Margalida, Santanyí, Son Servera). The opposite
is also true, where small towns with low demand suffer from significant negative externalities from the
traffic on the roads that pass through them (Marratxí, Algaida, Andratx, Ariany, Búger, Binissalem,
Inca, Sencelles, Vilafranca, etc.).
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transport modes.

It is shown that the percentage distribution of the use of sustainable transport at the municipal
level has no relationship with the demand for transport or negative externalities. The selection of
sustainable modes seems to be influenced by other factors that, as we saw above, are related to variables
concerning access to infrastructure and social variables specific to each municipality, the topography,
or the municipal location itself. This shows that each municipality has specific dynamics, so municipal
classification does not provide a global vision of the island’s dynamics.

Figure 8 shows the movements from a municipality of origin to the rest of the municipalities.
The maps show the mobility pattern of journeys. From each municipality of origin, an area of concentric
influence is reproduced, which makes journeys to the nearest municipalities more likely. Palma’s
municipality appears on all the maps, which corroborates its role as the capital of the island and as
an attraction for trips from the rest of the island. The zoning generated by the tourist destinations of
Alcúdia (North), Capdepera (East), and the influential areas of Inca and Manacor are well visualized.

A total of 78.5% of journeys are made within the same municipality (Table 8). Of the total number
of journeys in private vehicles on the island, 64% are made in the same municipality. These figures
show that actions to improve mobility targeted explicitly at the municipal level could significantly
improve the path to sustainable mobility. This circumstance gives great importance to municipal
sustainable urban mobility plans as critical instruments for redirecting transport to sustainable modes,
and advises that they be developed in all municipalities and tourist areas.
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Figure 8. Mobility patterns from the main municipalities. Number of trips from the municipality
of origin.

Table 8. Displacements made in the same municipality.

Mode % Trips in the Same
Municipality

Public Bus 88.1%

Train 0.6%

Metro 82.7%

Cab 82.0%

Private Car 64.0%

Motorbike 87.6%

Healthy transportation Bike 92.8%

Pedestrian 99.0%

Total modes 78.5%
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The first key issue that was highlighted in this study is the absolute dependence on private vehicles
in the daily mobility of residents in Mallorca. Among the leading causes of this are the following:

• Road transport infrastructures are predominant in the island territory, and these roads determine
the destinations and their flows. Despite a collective awareness of the promotion of sustainable
modes, Mallorca does not have sufficient infrastructure to give proper support to this model.
In particular, the rail network is minimal and very poor, as are the metro lines, which are found
only in the city of Palma; nor is there any infrastructure for electric trams in urban or peri-urban
areas, which could reduce the dependence on cars. The use of railways in certain municipalities
in the Raiguer region is significant. Therefore, it is demonstrated that where rail infrastructures
exist, their use is also normalized.

• The development of the tourist model in the 1960s was carried out in parallel with the development
of motorization, consolidating private transport’s predominance and the lack of concern for
collective public modes of transport on the part of the authorities.

• The population pattern in Mallorca is seasonal, making the development and maintenance of
efficient and sustainable public transport services complex and costly. Most of the connections
among population centers are radial through Palma, a historical territorial heritage, so transversal
accessibility on the island is not always guaranteed. The areas of new construction are
consolidated in territories without transport services, so the use of private vehicles is obligatory
for many journeys.

• The dynamics of mobility promoted by seasonal tourism attract workers living in inland areas to
coastal areas. This generates a continuous flow of journeys, which increase traffic congestion at
the access points to tourist areas. The implementation of holiday homes (Airbnb) in urban and
rural areas has added to the pressure on private vehicle transport.

• The size of the island (maximum 100 km) makes it feasible, a priori, to travel by car to all zones
in a short time, making the private vehicle the preferred mode of transport for the population.
Most journeys (91.7%) do not exceed 30 min. This makes it an aspiration for all inhabitants to
have a private vehicle regardless of the externalities it generates.

• The capital, Palma, has the largest population and concentrates the most important infrastructures,
equipment, and services of the island. Therefore, it is a unique center of attraction and trip emission.
One example is the University of the Balearic Islands, located 7.5 km from Palma, which generates
the mobility of a university group that exceeds 15,000 people, and 62.4% of journeys are made by
car. This territorial polarization causes imbalances in mobility on an island level that are difficult
to resolve.

• The topography of Mallorca makes it difficult to develop sustainable transport infrastructures
(railway networks), especially in the Serra de Tramuntana regions. This entails a greater dependence
on private vehicles for the residents of this area.

One of the consequences of functional dependence on private vehicles is a social gap of imbalance,
equity, and lack of spatial justice, especially in disfavored groups. These groups include the immigrant
population without resources, the female population, children, and the elderly. These groups make
the most use of (sustainable) collective transport modes. However, we understand that the choice of
sustainable collective modes is made in many cases not by choice, but because of the lack of access to
the use of private vehicles.

The negative externalities caused by the use of private vehicles, especially congestion and pollution,
motivate changes in the mobility habits of residents who are more committed to using sustainable
modes, as seen in the evolution of the modal distribution between the surveys in 2009 and 2017.
Therefore, we perceive a state of forced dissonance in the selected modes of transport by the resident
population [55,95]. The dissonance is between the population’s preference for using a mode and its
relation to the mode used in practice. The explanation is that there is no possibility for the preferred
use of sustainable modes because there are no appropriate infrastructures or services for the citizen,
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so forced mobility is condemned to be carried out in private vehicles. The dissonance is also of a
residential nature because sites are selected for living that do not have efficient public transport, which
requires the use of a private vehicle for any type of journey.

The results regarding the modal distribution and inter-municipal mobility show the existence of a
generalized pattern of radial mobility towards Palma from all points of the island and the development
of sub-graphs of mobility from/to the main population centers (Inca, Manacor, Calvià, Alcudia, etc.).
For this reason, island mobility must be understood in a holistic way. This is the vision that the public
administration has taken into consideration over the last few years and has been reflected in the
Balearic Islands Mobility Sectorial Master Plan 2019–2026 [88]. The following objectives are prioritized
in this plan:

o Guaranteeing access to public transport, especially for vulnerable groups;
o Reducing pollution generated by mobility;
o Reducing accidents;
o Minimizing energy consumption;
o Minimizing the minimum distance of journeys;
o Changing the modal distribution in favor of non-motorized collective modes;
o Making public transport more flexible and giving rigidity to the private transport offer;
o Optimizing the connections between islands.

Despite the fact that these objectives’ fulfillment will mean a significant advance in mobility,
we consider that there is still much work to be done. In particular, sustainable mobility development
requires greater coordination between the various sectoral island plans, regarding not only mobility
and infrastructure, but also urban and tourism planning. Likewise, for the development of sustainable
modes of transport, it will be necessary to focus on the promotion of sustainable built environments [96]
that promote sustainable modes of transport. Furthermore, municipal mobility plans are still embryonic
and require comprehensive coordination with other plans.

A major risk is promoting sustainable modes based on the use of electric, gas, or other fuel vehicles.
This is because one of the main problems generated by mobility in Mallorca is related to congestion
(roads, parking). Therefore, the emphasis of the island and municipal plans should be to promote
non-motorized modes (train, underground, tram, bicycle, pedestrian, etc.).

The possibility of having efficient sustainable modes of transport is a determining factor in the
choice of tourist destination and represents an important environmental incentive. The design of
transport investment strategies that maximize the social and economic return on investment should
be encouraged, especially in island regions. A commitment to the construction of road transport
infrastructure with a high territorial impact can have negative consequences on the tourist destination.
It is advisable to commit to the development of sustainable modes [97] and to monitor the sustainability
of proposed transport and mobility projects [4,97].

The challenges for the promotion of sustainable mobility in Mallorca must be addressed considering
both residents and tourists. It would be important to deploy economic tools, communication,
or physical actions regarding the population and tourism [98,99]. The implementation of shared
mobility instruments would also be of interest, especially if electric vehicles were promoted [5,100].
It is considered necessary to develop business synergy between the tourism industry and mobility
companies and to promote innovative mobility actions for both residents and tourists that would
lead Mallorca towards a model of sustainability, as other tourist destinations have developed [101].
On this road to sustainable mobility, initiatives should be developed that take advantage of the
widespread use of social networks and apps among both residents and tourists, which could have
great applicability [102].
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5. Conclusions

The modal choice of transport on the island of Mallorca depends on a wide range of factors,
such as gender, age group, the motive for the trip, activity, region of residence, duration of the trip,
or proximity to Palma, the capital of the island. The private vehicle is the primary mode. Its use is
preferred by working men aged 30–44, and it is used for journeys to the home and to work that do
not exceed 30 min, preferably in areas close to Palma. The motorbike is also an essential mode for
men of the same age for work purposes. Women’s trips, in general, incorporate more collective and
healthy modes. Women, young students, and retired people are the main users of buses for access
to school, medical visits, or work activities. Trains are used extensively for trips lasting less than
30 min, especially in the municipalities of the Raiguer region. The metro in Palma provides young
students access to the university. Sustainable modes are not widely adopted, and women, young
people, and retired people are the main groups that use them.

The municipalities included in the Badia de Palma region, the metropolitan area, generate the
most significant number of journeys. Additionally, the centers of Inca, Manacor, Calvià, Alcúdia,
and Capdepera stand out as areas that generate and attract trips at a regional level.

The scarce deployment of rail and metro infrastructures limits the use of these modes to a minimum.
The most isolated areas of Mallorca, with an aging population, are highly dependent on public transport,
which can generate imbalances and inequalities in access to health and educational facilities.

The demand for transport generated by the resident population and tourist activity as well as
the negative externalities derived from private vehicles’ mobility are closely related at a municipal
level (Pearson coefficient 0.84, p = 0.00). However, the modal distribution does not seem to be directly
related to these factors, but is instead more conditioned by access to infrastructures, the location of the
municipality, or the topography.

Sustainable modes of mobility in Mallorca are still in an embryonic state. The main dependence
on the use of private vehicles is evident for any trip, whether it is for a long time, for a particular
reason, or from a specific place. The failure to adopt a sustainable model in time gives rise to negative
impacts derived from the use of private vehicles (congestion/pollution), resulting in a deterioration of
Mallorca’s image as a tourist destination.

The island’s diffuse urbanization model, which is deployed radially from Palma towards coastal
towns, contributes to the dependence on private vehicles. The transport development model has
been characterized by infrastructure plans with enormous environmental and social costs. The new
mobility planning developed by the Regional and Island Government’s Sectoral Master Plan for
Mobility proposes substantial changes towards sustainable modes. Its implementation will require
considerable economic investment to deploy the railway network and to take various actions to
promote sustainable modes. In any case, it is considered a priority to guarantee the coordination of the
plan with other territorial, urban, infrastructure, and tourism plans and to consider mobility as an
integral and important issue.

Finally, to ensure the viability of sustainability planning and the joint work of the different
administrations, it will be necessary to promote a cultural change in the population towards the
acceptance of and preference for sustainable modes. In this sense, initiatives to use shared vehicles and
financial support instruments for sustainable modes may be considered alternatives in the coming years.
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Abstract: Transportation is an important factor affecting the balance of regional economic pattern.
The construction of high-speed railway enhances the mobility of population, capital, technology and
information resources between urban and rural areas. Will it further affect the income gap between
urban and rural areas? Based on the nonlinear time-varying factor model, this paper analyzes the
convergence of urban-rural income gap with the angle of high-speed railway. After rejecting the
assumption of overall convergence in the traditional four economic regions, three convergence clubs
of urban-rural income gap were found. For these ordered logit regression model is used to explore
the initial factors that may affect the formation of “convergence club”. Empirical results show that
the construction of High-speed railway has effectively narrows the urban-rural income gap in China,
but it is not the cause of the formation of the three convergence clubs. The convergence effect of
High-speed railway on the urban-rural income gap in China is still relatively weak.

Keywords: high-speed railway; income gap; club convergence; nonlinear time-varying factor model

1. Introduction

Since the reform and opening up, China’s economy has maintained rapid growth. The income
level of residents in urban and rural areas also has increased significantly. In recent years, China’s
urban-rural income gap has shown a long-term gradual decline, but in absolute terms, it is still
substantial. According to the National Bureau of Statistics, the disposable income ratio of urban
and rural residents in China during 2017 was 2.71:1 [1]. Although it has declined compared with
previous years, it is still one of the important factors that constraints China’s economic development.
In 2014, China’s economic development has entered a new normal era. Under the background of the
new economic development in the future, China’s economic development will pay more attention
to structural adjustment, regional development and income distribution. Under the grim situation
of China’s urban-rural income gap, it is debated how to find a solution. Approaching this gap is an
important issue of concern to academics and government.

Due to the complexity of economic development and the variability of social conditions, there are
many factors affecting the income gap between urban and rural areas. In the past decade, China’s
high-speed railway has developed rapidly. Chen et al. (2018) used high-speed rail parking frequency
data in 274 cities in China from 2007 to 2014 to examine the impact of high-speed rail development on
the income gap between urban and rural residents. The research results show that the development
of high-speed rail is generally conducive to the narrowing of the income gap between urban and
rural residents in China. Moreover, population flow and capital flow are important mechanisms for
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the development of high-speed rail to narrow the income gap between urban and rural residents in
China [2].

Does high-speed railway affect the income gap between urban and rural areas to form a convergence
club? The research goal of this paper is to evaluate the impact of the opening of high-speed railway on
urban-rural income gap based on club convergence and deeply analyze the mechanism of high-speed
railway’s economic convergence effect on urban-rural income gap. The high-speed railway is both
capital-intensive and labor-intensive large-scale transportation infrastructure. Its investment in
construction and operation can have a profound impact on social and economic activities. The purpose
of this paper is to find the convergence characteristics of urban-rural income gap under high-speed rail
network situation. The contributions of the paper are as follows. At first, the paper firstly discusses the
impact of the opening of high-speed railway on club convergence of urban-rural income gap in China
with the nonlinear time-varying factor model. Secondly, three convergence clubs of urban-rural income
gap in China are found. Thirdly, it is found that the construction of High-speed railway has effectively
narrows the urban-rural income gap in China, but it is not the cause of the formation of the three
convergence clubs. The convergence effect of High-speed railway on the urban-rural income gap in
China is still relatively weak. It will enrich the impact of traffic on regional balance development. At the
same time, it provides reference for alleviating the income gap between urban and rural areas in China.
It also provides a policy basis for the implementation of regional balanced development strategy.

The rest of this research is organized as follows: In Section 2 we provide literature review follows,
and Section 3 describes heterogeneity of urban-rural income gap within China’s cities. The convergence
club identification is being introduced in Section 4. The causes of convergence club are discussed in
Section 5. Finally, conclusions are drawn in Section 6.

2. Literature Review

High-speed rail is a type of rail transport that operates significantly faster than traditional rail
traffic. New lines in excess of 250 km/hr and existing lines in excess of 200 km/hr are considered to
be high-speed rail [3]. High-speed railway has brought great impact on many aspects of social &
economic life. Many scholars have conducted numerous research works on the influence of HSR.
Zhang, et al., and Chai, et al. focus on the impact of HSR on aviation [4–6]. Li, et al., and Vickerman,
et al. Discuss on the impact of HSR on economic growth [7–16]. Besides, some scholars pay attention to
the social impact of HSR [17,18]. Chen et al., and Jiang, et al. take explorative analysis on the impact of
HSR on regional income disparities and found that HSR can accelerate regional economic convergence
and reduce the regional income disparities [19,20].

With regard to the urban-rural income gap, Chinese scholars have carried out many constructive
studies on this theme. The researches mainly focus on the status quo of urban-rural income gap,
analysis of its causes, measurement and convergence issues In the related research on the convergence
of urban-rural income gap, Wang et al. (2016) used the panel data of 71 counties in Wuling Mountain
District from 2000 to 2012 to empirically examine the urbanization process, financial development
and financial expenditure. Other factors promote the convergence of urban-rural income gap [21].
Deng (2016) used Hansen’s panel threshold model to construct a nonlinear panel threshold model
using China’s 1997-2014 provincial panel data to study the impact of urbanization and industrialization
on urban-rural income gap [22]. Song and Wang (2018) used data in 262 prefecture-level cities from
2000 to 2016 to explore the dynamic convergence of urban-rural income gap from the perspective
of urban scale and analyze the influences of urban-rural income gap between population migration
and household registration [23]. Wu (2019) used panel data from 1999 to 2017 in 30 provinces in
China to construct a convergence model between government investment and urban-rural income gap.
Research shows that the convergence of government investment structure promotes the convergence
of urban and rural income gaps. Therefore, preventing government investment from being too fast
can effectively reduce the urban-rural income gap [24]. Xu and Zhang (2019) used panel data from
30 provinces other than Tibet in China from 2000 to 2016 to analyze the dynamic evolution of China’s
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urbanization and urban-rural income gap. The spatial and temporal effects of new urbanization on
China’s urban-rural income gap are also discussed. The study clarifies whether the transformation of
urbanization can promote the convergence of the urban-rural income gap in China [25]. Besides China,
some scholars conduct research on club convergence about income in other regions. Bartkowska, M., &
Riedl, A. (2012) used two-step method and ordered logit model to analyze convergence clubs in per
capita incomes of European regions. It is found European regions form six separate groups converging
to their own steady state paths. The level of initial conditions such as human capital and per capita
income plays a crucial role in determining the formation of convergence clubs among European
regions [26]. Canova, F. (2004) developed a predictive density approach to identify convergence clubs
in Organization for Economic Co-operation and Development (OECD) countries [27]. Galor, O. (2007)
used Unified Growth Theory to explain the emergence of convergence clubs [28].

In the study of the convergence of urban-rural income gap, most scholars focus on the impact of
urbanization, population migration, regional economic growth, human capital and other factors on
the convergence of urban-rural income gap [29–38]. However, the impact of high-speed rail on the
convergence of urban-rural income gap has not yet been discussed. The research will shed some light
on the understanding of how HSR influence the convergence of urban-rural income gap. The research
results can provide reference for investment construction of high-speed rail and narrowing the income
gap between urban and rural areas in China.

3. Heterogeneity of Urban-Rural Income Gap in China’s Cities

The factors affecting the income gap between urban and rural areas arise from many aspects such
as nature, economy, society and culture [39–41]. Consumption expenditure ratio of urban and rural
residents, urbanization level, population migration, regional economic growth and human capital are
all important factors affecting the income gap between urban and rural areas. Based on the feasibility
of data collection, we first calculate the mean and coefficient of variation of the urban-rural income
gap of 274 prefecture-level cities in China (see Figure 1). The ratio of the per capita disposable income
of urban residents to the per capita disposable income of rural residents is used as a measure of the
income gap between urban and rural areas. The selected research period is from 2005 to 2017. The data
are collected from the China Regional Statistical Yearbook and China’s City Statistical Yearbook.
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Figure 1. Mean and coefficient of variation of urban-rural income gap in 274 administrative regions
in China.
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From Figure 1 it can be identified the average income gap between urban and rural areas that
the urban-rural income gap in China continued to grow before 2007. However, it has showed clear
downward trend thereafter. In terms of the difference in urban-rural income gap, the coefficient of
variation is an indicator reflecting σ convergence. The larger the value, the higher the dispersion of
urban-rural income gap among cities. The trend of coefficient of variation of urban-rural income gap
in prefecture-level cities in China has experienced a process of increasing first and then decreasing.
The coefficient of variation reached its highest value in 2007. It shows that the difference in urban-rural
income gap between cities shows a process of σ convergence.

4. Convergence Club Identification

The basic concept of convergence came first from Solow’s neoclassical growth model (Solow, 1956),
starting with Baumol (1986) [42,43]. It has been used in different economic processes involving groups
of regions or units. Generally there are three types of convergence: β-convergence, σ convergence and
club convergence. β-convergence implies that the units analyzed converge to one another in the long
run. σ convergence implies convergence that is conditional on the units having similar characteristics.
Club convergence means that a set of economies with similar conditions and structural characteristics
will tend to converge to the same steady state [44]. Phillips and Sul (2007) proposed the concept of
relative convergence, which considers the transition path of each country together with its growth
performance to find convergence [44].This concept can be easily extended to the field of convergence
in income gap.

4.1. Club Convergence Test Method Based on Nonlinear Time-Varying Factor Model

This paper first explains the logt test method based on nonlinear time-varying factor model [45].
Then the paper gives the steps to identify the convergence club according to the logt test method.
The identification steps of the convergence club was obtained by simplifying on the basis of Phillips
and Sul (2007) [44].

4.1.1. Logt Test

At first a simple factor model is built as follows:

Xit = δiµt + εit (1)

The model is designed to capture the evolution of individual Xit with respect to µt under the
influence of two heterogeneity factor system terms δi and error term εit. Among them, δi measures the
heterogeneity distance between the public factorµt and the system part Xit, µt represents the common
behavior of Xit aggregation, which reflects the influence of individual behavior plus common factors.
It should be pointed out that although the system termδi expresses the heterogeneity of individuals,
this heterogeneity does not change with time. Therefore, when considering the heterogeneity of
individuals with time-varying characteristics, the following improvements are needed:

Xit = δitµt (2)

Among them, δit expresses the change of individual heterogeneity with time, including the
random component εit. Therefore, equation (2) contains the time-varying characteristics of individual
heterogeneity and the common trend term of the system, which is the nonlinear time-varying
factor model.

To model the time-varying parameter δit, we define a relative transfer coefficient:

hit =
xit

N−1 ∑N
i=1 xit

=
δit

N−1 ∑N
i=1 δit

(3)
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H2
t = N−1

N∑
i=1

(hit − 1)2 (4)

Specifically, the hit relative transfer coefficient, Ht
2 is its variance. Since the common growth path,

that is, the common factor portion is eliminated, when the convergence occurs, hit→1, Ht
2
→0.

Further, in order to verify the null hypothesis of convergence, it is also necessary to construct a
semi-parametric model:

δit = δi + δiζit/L(t)t−α (5)

where δi is fixed and does not change with time t; σi is a heterogeneous scale parameter; ξit is
subject to iid(0,1); L(t) is a slowly changing function and when t→∞, L(t)→∞; α is the decay rate.
The semi-parametric model shows that as long as α≥ 0 is satisfied, δit→δi, that is, the convergence
is established.

Based on the above derivation process, the null hypothesis of the test convergence can be written
as follows:

H0:δi = δ and α ≥ 0 (6)

HA:δi , δ or α < 0 (7)

In order to verify the original hypothesis of convergence, regression is performed using the
following formula:

log
(H1

Ht

)
− 2logL(t) = a + blogt + µt (8)

where L(t) = log(t + 1); t = [γT], [γT] + 1,...,T;γ is the parameter determining the starting time t, according
to Monte Carlo simulation experiment of Phillips and Sul. As a result, γ = 0.3, a = 0.5b, and then
heteroscedasticity and autocorrelation (HAC) one-sided T test. If tb ≥ −1.65, the null hypothesis cannot
be rejected. Otherwise the null hypothesis is rejected. Since the above method utilizes a cross-sectional
variance ratio to perform a linear regression of the logt time series, this convergent regression test is
called a logt test.

4.1.2. Convergence Club Identification Step Based on Logt Test

When the null hypothesis of the convergence of all cities is rejected, it can be further identified
according to the principle of logt test whether there is a convergence club. The identification method is
an endogenous convergence club identification method. It is based entirely on urban-rural income
disparity data for each city and is not based on any external criteria such as geographic zoning.
The specific identification steps are as follows:

Step 1: Sort the individual segments. The basis is:

(T− [Ta])−1
T∑

t=[Ta]+1

Xit, a = 1− f (9)

The observations are sorted in descending order, and the time span f of the observations is selected.
The value of f is chosen as 1/2.

Step 2: Identify the initial core group. Select the first two cities in the results of step 1 and do the
logt test. If the original hypothesis is rejected, the first city is removed, the second and third cities are
grouped into new groups, and the logt test is performed. Repeat above processes until you find two
cities that cannot reject the null hypothesis. These two cities are the initial core groups and jump to
step 3. If you traverse all two cities, you can’t find the initial core group, indicating that there are no
converging clubs and all cities are not aligned with each other.

Step 3: Identify the new core group members. According to the ranks arranged in the first step,
the cities that have not been inspected together with the initial core group members are added to the
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initial core group one by one for logt test. In order to cluster members of similar nature as much as
possible, the standard c of the selected club is set. c will be significantly higher than the threshold of
the convergence club - 1.65, generally recommended c = 0. Here c is chosen as 0. According to this
cycle, after traversing all cities, all members of the core group are identified, and one convergence
club is obtained. Phillips recommends numerical simulations, selecting a 50% significance level for a
sample of 20 or 50; a 40% significance level for a sample of 100; and a 20% significant level for a sample
of 200. The significant level chosen in this paper is 20%.

Step 4: Do a logt test on all cities that do not belong to the Convergence Club in Step 3. If you
cannot reject the null hypothesis, then these cities are considered as a convergence club. If you
reject the null hypothesis, repeat steps 1 through 3. Circulate this until you can identify all existing
convergence clubs.

Step 5: Convergence clubs formed according to the clustering process are carried out with the
members entering the core group criteria. Therefore, at a significant level of 5%, there may still be
convergence between different clubs, which need to be combined to merge the clubs with tk > −1.65 into
one group. The specific integration methods are as follows:

The first is the column value. In the club group, you get M Convergence Clubs: Club1, ..., ClubM.
A logt test is performed for every two adjacent clubs. Let m = 1, 2, ..., M−1, and obtain the tm value of
the (M−1) group. The second is the combination: starting from the first group, if tm > −1.65 is satisfied
and tm > tm+1, the two groups are merged and the first step is repeated; if not, the remaining group
remains as a single group.

4.2. Identification of the Convergence Club

4.2.1. Judgment of Overall Convergence

Before identifying the Convergence Club, the overall urban-to-urban income gap convergence
was judged by performing logt tests on 274 prefecture-level cities in China. Using the methods and
steps in Section 4.1, 274 cities were fitted to obtain the following estimation results.

log
(H1

Ht

)
− 2logt = 0.4934− 0.3163logt

(5.34) (−3.20)
(10)

It can be seen that b = −0.3163, tb = −3.2, far less than the convergence threshold of −1.65 at the
significant level of 5%. Therefore, there is no overall convergence in the urban-rural income gap in
China. It is necessary to explore whether there is a region where economic growth converges to the
club. According to the division standard of the National Bureau of Statistics for economic regions
in 2011, the convergence test of the clubs in the four major economic zones of northeast, eastern,
central and western regions was obtained with the regression results shown in Table 1. It can be
found that there is a convergence of the urban-rural income gap in the northeastern region and the
western region, while the eastern and central regions do not have the convergence of the urban-rural
income gap. This shows that although the division of the traditional economic zone reflects the facts
of urban and rural areas to some extent. The spatial correlations of the development of income gap
can be identified, but it cannot accurately reflect the internal relationship and similarity of regional
income gap between urban and rural areas. Only some economic regions can meet the criteria for
judging the convergence of urban-rural income gap. The study of Xu and Zhang analyzed the dynamic
evolution of urbanization and urban-rural income gap in China, as well as the spatiotemporal effects
and differences of new urbanization on urban-rural income gap in China. It was found in this study that
there is an obvious regional heterogeneity in the impact of urbanization transformation on urban-rural
income gap. With the in-depth transformation of urbanization, the urban income gap in the eastern
region is still significantly expanding, while the expansion trend in the central region is not obvious,
and the expansion trend in the western region is restrained [25].The convergence of the income gap
between urban and rural areas in the western region further verifies the conclusion of Xu and Zhang
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that the widening trend of the income gap between urban and rural areas in the western region has
been restrained.

Table 1. Convergence test of the four major economic zones.

Region Provinces, Municipalities, Autonomous Regions t Value Convergence

North-east area Heilongjiang, Jilin, Liaoning −0.73 Yes

East area Beijing, Tianjin, Hebei, Shanghai, Jiangsu, Zhejiang,
Fujian, Shandong, Guangdong, Hainan −3.40 No

Central Region Shanxi, Anhui, Jiangxi, Henan, Hubei, Hunan −6.30 No

Western Region Inner Mongolia, Guangxi, Chongqing, Sichuan, Guizhou,
Yunnan, Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang −1.02 Yes

4.2.2. Convergence Club Judgment

(1) Divide 274 cities into 4 groups. If t > −1.65, it means that the individual in the club has a
convergence trend.

(2) Add the data of the remaining cities to the core group in turn. At this time, the t value is increased
from −1.65 to 0, and there is still a possibility of convergence at the 20% significance level between
the groups.

(3) Integrate the four groups according to the club integration method. The third largest convergence
club for urban and rural income gaps in China was obtained (see Table 2 for detailed club
convergence). On the surface of the inspection, the three clubs all showed significant convergence,
and most of the cities were located in the first two clubs. According to the club rankings,
the average urban-rural income gap of the club members showed a downward trend.

Table 2. China’s urban and rural income gap convergence trend club group integration results.

Club Group Number of
Cities Coefficient b t Value S.E. Mean of Urban-Rural

Income Gap

Club1 1 167 0.2017 1.41 0.1427 2.8050
Club2 2, 3 85 0.3741 1.44 0.2606 2.2011
Club3 4 5 0.3972 1.68 0.3972 2.1033

Divergence 5 17 −1.3583 −14.31 0.9494 2.5420

4.2.3. Analysis of Empirical Results

Table 3 shows the distribution of convergence clubs in China’s four major economic zones.
In general, most cities in the western region are located in the first club. The cities in northeast region
are mainly distributed in the First Club and the Second Club. The central and eastern regions are
distributed in all three major clubs.

Table 3. Distribution of clubs in the four economic zones.

Club Number of
Cities Distribution Area

Club1 167 western region (67), central region (51), eastern region (34), northeastern region (15)
Club2 85 eastern region (39), central region (27), northeastern region (11), western region (8)
Club3 5 eastern region (3), central region (2)

It could be observed the variation coefficient of the urban-rural income gap among different clubs.
As shown in Figure 2 below, we can clearly see that the coefficient of variation of urban-rural income
gap among different clubs fluctuates constantly. Overall, we have experienced the process of expanding
and then shrinking. Since 2009, the three clubs have shown a process of continuous convergence.
It shows that the income gap between urban and rural areas within the club is constantly narrowing.
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Figure 2. Coefficient of variation of urban-rural income gap among clubs.

5. Causes of Club Convergence

For studying further the factors affecting the urban and rural income gap club grouping, this
paper will use the ordered logit model to conduct regression analysis on the club grouping and explore
the effects of internal determinants of the urban-rural income gap convergence club formation.

5.1. Variable Selection and Model Construction

According to the needs of the empirical research and considering the availability of data, this
paper selects: (1) The level of local economic development (devel), expressed by the per capita GDP
of each city. The level of local economic development is an important influencing factor of social
development, such as the urban–rural income gap. (2) The degree of local intervention (gbeha),
measured by the ratio of local fiscal expenditure to local GDP. The degree of local intervention
denotes the government management capacity, which is crucial to social development.(3)Foreign direct
investment (fdi), measured by the proportion of actual use of foreign capital in GDP in the year of
Chinese Yuan (CNY) conversion. The fdi reflects the openness of a city. It is the representative of the
government performance. The fdi brings the introduction of foreign enterprises and causes the hiring
of more employees. It determines the income levels of different residents. It is also an important factor
of the urban–rural income gap. (4) High-speed rail effect (gt), measured by the number of high-speed
railway stations opened. (5)The proportion of urban population to total population, measured by the
level of urbanization(urb). Urbanization is an important factor that will influence the income gap
between urban and rural residents.(6)The industrial structure, measured by the sum of the added value
of the secondary industry and the added value of the tertiary industry as a percentage of GDP (ind).
Industrial structure determines the income level of residents. It is an influencing factor for the income
gap. The sample interval is from 2005 to 2016. The data mainly come from the Economy Prediction
System (EPS) China database, the statistical yearbook of each city, the website of the China Railway
Corporation, the news reports or announcements of the National Railway Administration, and the
website of the China Railway Corporation 12306. All the data except devel and gtare relative indexes.
To avoid the difference of units, the variable devel is calculated with 10,000 RMB.Here we focus on the
High-speed railway effect on the urban-rural income gap. Based on the literature review and above
analysis, the hypotheses are constructed as follows:

Hypothesis 1. High-speed railway effect of urban-rural income gap is significant.
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Hypothesis 2. High-speed railway effect of convergence of urban-rural income gap is significant.

According to the regression results estimated by the panel fixed effect model, as shown in Table 4,
we have determined the influencing factors of the urban-rural income gap. It can be seen that the
regression coefficient is negative and significant at 1% level. The results shows High-speed railway
effect (gt) have significant negative effects on the urban-rural income gap. It shows the hypothesis
1 is correct. High-speed railway effect of urban-rural income gap is significant. Besides, foreign
direct investment (fdi), local economic development level (devel), and urbanization rate (urb) also
have significant negative effects on the urban-rural income gap. In other words, the construction
of High-speed railway, foreign direct investment, urbanization, and the improvement of regional
development levels are conducive to narrowing the urban-rural income gap in China. The degree of
local intervention (gbeha) and industrial structure changes (ind) have significant positive effects on the
urban-rural income gap. It can be found that the intervention of local governments is an important
factor in expanding the urban-rural income gap in China. Moreover, the industrial structure upgrade
has widened the urban-rural income gap.

Table 4. Fixed effect model regression results.

Model 1 2 3 4

devel −0.0762359***
(0.0046241)

−0.067033***
(0.0045977)

−0.0620697***
(0.0046505)

−0.0631602***
(0.0050142)

urb −0.2297582***
(0.0484925)

−0.1480799***
(0.0489607)

−0.1391756***
(0.0487126)

−0.2171518***
(0.0499533)

gt −0.0634502***
(0.0196414)

−0.0520909***
(0.0192339)

−0.0686494***
(0.0193361)

−0.0683473***
(0.0191887)

fdi −4.840153***
(0.5251888)

−4.290662***
(0.5306807)

−4.351761***
(0.5274679)

gebha 0.8348368***
(0.1429672)

0.9678393***
(0.1452194)

ind 0.3343478***
(0.1278829)

_cons 2.984747***
(0.0206154)

3.009603 ***
(0.0211706)

2.851538 ***
(0.0342922)

2.569233***
(0.1102339)

Prob > F 0.0000 0.0000 0.0000 0.0000

*** p < 0.01, ** p < 0.05, * p < 0.1.

We use the indicators that significantly affect the urban-rural income gap in the above regression
analysis as the independent variables of the ordered logit model. Then the ranked logit regression
method is used to test the factors that affect the three major convergence clubs. The club categories
(club1 ~ club3) as explained variables are ordered discrete variables. In this paper, ordered logit model
is used to explain the mechanism of club classification. Through the model analysis of various factors
on the probability of the formation of convergence club. In this paper, the club’s category value is 1, 2,
3, the model is set as follows:

Y* = x’β + ε (11)

Among them, y* is the latent variable corresponding to the explained variable “club category (y)”.
x’ is the set of explained variables, including devel, gbeha, fci, gt, urb and ind. β is the parameter to be
estimated. ε is the random disturbance term. Its selection rules meet the following conditions:

y =


1
2
3

y∗ ≥ a0

a0 ≤ y∗ ≤ a1

y∗ ≥ a1

(12)
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Among them, α 0 < α 1 < α 2 is the parameter to be estimated, also known as threshold or cut. y is
the rating score, which is 1, 2,3. y represents the category of the club. For example, y = 1 represents
club1. If β > 0, with the increase of x ′, the probability of y * in the higher category will increase,
which means that the category of the club will increase. Based on this, the probability effect of each
independent variable on the observation value y of the dependent variable can be calculated.

5.2. Empirical Results and Discussion

Table 5 shows the orderd logit model parameter estimation results with y* as the dependent
variable. It can be seen that fdi, indand gebha have a significant effect on the latent variable y*.
The estimated β of fdi is 11.6, which is significantly positively correlated at the 1% level. The estimated
value of β for gebha is−3.957, which is significantly negatively correlated at the 1% level. The estimated
value of β for ind is −1.275, which is significantly negatively correlated at the 5% level.The independent
variables gt, devel, and urb have no significant effect on the latent variable y*. In other words,
although the construction of High-speed railway, the improvement of regional development level and
urbanization can effectively reduce the urban-rural income gap between cities, it is not an important
factor in forming the three convergence clubs. It shows hypothesis 2 is not correct. High-speed railway
effect of convergence of urban-rural income gap is not significant. This indicates that the current
impact of China’s High-speed railway construction on the urban-rural income gap is relatively weak
compared to the impact of local government intervention and foreign direct investment.

Table 5. Estimation results of the ordered logit model.

Club Coef. St.Err. t-Value p-Value [95% Conf Interval] Sig

gt 0.035 0.073 0.48 0.634 −0.109 0.179
fdi 11.738 1.963 5.98 0.000 7.892 15.585 ***

gdp 0.021 0.019 1.11 0.268 −0.016 0.058
gebha −4.500 0.685 −6.57 0.000 −5.842 −3.158 ***

czl 0.173 0.195 0.89 0.374 −0.209 0.556
ind −1.275 0.502 −2.54 0.011 −2.259 −0.292 **
cut1 −0.793 0.440 .b .b −1.655 0.068
cut2 2.539 0.456 .b .b 1.646 3.433

*** p < 0.01, ** p < 0.05, * p < 0.1.

It should be pointed out that since the ordered logit regression uses the maximum likelihood
method to estimate the regression coefficient, the size of the above regression coefficient does not have
the meaning of the marginal effect, and the direction of the influence of the variable on the interpreted
variable can only be explained according to its symbol analysis. Further exploration of the marginal
effects of each influencing factor on the probability of each club is shown in Table 6.

According to the estimation results in Table 6, it can be seen that with the increase of foreign
investment, the possibility of the city belonging to the club1 will decrease, and the possibility of
belonging to the club2 and club3 will increase. As the level of local government intervention increases
and the industrial structure upgrades, the possibility of the city belonging to the club1 will increase,
and the possibility of belonging to the club2 and club3 will increase. In other words, foreign investment
will help cities converge to clubs with lower average urban-rural income gaps. Local government
intervention and industrial structure upgrade will promote cities to converge to clubs with high
average urban-rural income gap.
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Table 6. Average marginal effect results of the ordered logit model.

dy/dx Std.Err. z P > z [95%Conf. Interval]

fdi
_predict

1 −2.582 0.422 −6.12 0 −3.409 −1.755
2 2.348 0.383 6.13 0 1.597 3.098
3 0.234 0.049 4.76 0 0.138 0.331

gebha
_predict

1 0.99 0.147 6.73 0 0.702 1.278
2 −0.9 0.134 −6.74 0 −1.162 −0.638
3 −0.09 0.018 −5.07 0 −0.125 −0.055

ind
_predict

1 0.281 0.11 2.55 0.011 0.065 0.496
2 −0.255 0.1 −2.55 0.011 −0.451 −0.059
3 −0.025 0.011 −2.41 0.016 −0.046 −0.005

6. Conclusions

Since the reform and opening up, China’s economy has shifted from high-speed development
to a new normal of medium-to-high-speed growth in the latter period [46]. Whether China can
cross the current middle-income trap after the economic slowdown and achieve regional coordinated
development is still a puzzle. Exploring the convergence of urban-rural income gaps can provide a
basis for the formulation of national and regional industrial policies.

This paper examines the urban-rural income gap of prefecture-level cities from 2005 to 2016 through
the nonlinear time-varying factor model for automatic identification and grouping, then tests
the conditions and internal mechanisms that determine the convergence of urban-rural income
gaps. This study found the following results: In the traditional four economic regions of China,
the convergence of urban-rural income gap exists in the northeast and the west, while the convergence
of urban-rural income gap does not exist in the east and the middle. Although the division of traditional
economic zones reflects the spatial correlation of the development of urban-rural income gap to some
extent, and it cannot accurately reflect the internal relationship and similarity of the change of regional
urban-rural income gap. Only some economic zones meet the criteria of convergence of urban-rural
income gap. However, cities are divided into three major convergence clubs by logt test. The eastern
and central regions are scattered in three clubs. The western region and the northeast region are
concentrated in the largest club.

Secondly, the construction of High-speed railway has effectively narrows the urban-rural income
gap in China, but it is not the cause of the formation of the three convergence clubs. The convergence
effect of High-speed railway on the urban-rural income gap in China is still relatively weak.
Related research shows that the impact of High-speed railway on urban economic growth is relatively
lagging behind. Moreover, in some cities, the opening time of the High-speed railway is relatively late,
and the role has not yet appeared. Therefore, the sample data still has certain limitations.

Thirdly, foreign direct investment promotes cities to converge to high-class clubs with lower
average urban-rural income gap. Local government intervention and industrial structure upgrades
will promote cities to converge to low-class clubs with higher average urban-rural income gap.

Based on the above research conclusions, we propose the following policy recommendations.
In the construction of High-speed railway, it is necessary to carry out overall planning considering the
changes of the industrial structure and the equalization of welfare. Providing farmers with supporting
policies and other opportunities to enable the High-speed railway to bring better urban back-feeding
effects and narrow the urban-rural income gap. The government needs to reverse the urban bias policy
in terms of fiscal expenditure and investment. To achieve coordinate development in urban and rural
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areas, China’s government should provide more infrastructure construction and financial investment
in education, healthcare, social security or other social undertakings in rural areas.
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Abstract: Changes in regulation are affecting the international business environment. In this study
the impact of regulation changes and ways to benefit from those in Finland and Russia are examined.
Logistics and manufacturing companies are studied using the case study approach including ten
semi-structured interviews (Finland and Russia) and a survey (Southeast Finland), further supported
by an additional survey for logistics sector companies (Southeast Finland). The changes in the business
environment have created a fragmented market with a growing number of actors. Three business
models (blockchain-based, platform-based and innovative subcontracting-based), capitalizing on
the growing number of actors, were incepted in the interview phase and evaluated in the survey
phase with companies. These models are integrable with the circular economy, a relevant practice
according to the studied companies. Blockchain was perceived as a still immature technology.
Further study revealed that the companies are not well prepared for environmental demands in
logistics, and the overall volumes and business climate between the analyzed countries have not
improved. Additionally, those companies do not actively pursue the possibilities of new technologies.
The impact of regulatory changes in this region has not been examined closely with a case study
approach. This study helps to explain the current trends in an established market.

Keywords: business models; regulation; logistics; supply chains; Finland; Russia

1. Introduction

The international railway connection between Finland and Russia (then Union of Soviet Socialist
Republics) was formalized in 1948 when these countries signed a contract on interconnection via
railways [1]. Since then, policymaking between these countries has progressively been facilitating
international trade, and furthermore connecting eastern and western markets. More recent changes in
legislation and regulation have been gone along the lines of European Union’s (EU) railway legislation
renewal. These so-called railway packages seek to open railway transports for competition and to
enable fluent international operations [2]. However, some restrictive legislative changes have also
emerged between Finland and Russia, driving the affected industries to adapt to the risen challenges.
Thereupon, the changing business environment requires involved companies to revise their respective
business models.

Recent turbulence in the political environment between the EU and Russia has led to sanctions by
the EU and respectively counter sanctions by Russia. The sanctions affect the exports to and imports
from Russia of military equipment, dual-use goods, energy-related equipment (mainly concerning
oil exploration and production) and supporting services for the mentioned equipment and goods [3],
whereas the counter sanctions are mainly imposed against the import of food products (such as
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milk, dairy products and meat), but also various other industries and sectors of the economy [4], e.g.,
agricultural equipment and pharmaceutical goods [5].

Recently, the EU has introduced strategies and regulations to lower emissions produced by
transport, which is globally responsible for a major share of all produced emissions, i.e., approximately
a quarter of all carbon dioxide emissions [6]. The general goal for carbon dioxide emissions from
transport is to reduce them by 2050 to 60% lower in comparison to the base year of 1990 [7]. Furthermore,
the EU has committed to reducing other emissions that also occur from transport by 2020 and beyond in
comparison to 2005 levels, namely sulfur (by 59%), nitrogen oxides (by 42%), ammonia (by 6%), volatile
organic compounds (by 28%) and atmospheric particulate matter (diameter less than 2.5 micrometers;
by 22%) are targeted [8]. In addition, the International Maritime Organization (IMO) has set the cap
of sulfur content in fuels used by ships to 0.5% starting from January 2020 [9]. A more demanding
sulfur regulation of 0.1% was implemented in the Baltic and North Sea already in 2015 [10]. Moreover,
nitrogen oxide emissions are strictly controlled by the IMO in the Baltic and North Sea emission
control area with a reduction target of 80% in comparison to 2016 by requiring all the new ships
built after January 2021 to have either installed catalyst converters for emissions or use Liquefied
Natural Gas (LNG) as their fuel [11]. IMO also prohibits the discharge of waste from maritime
vessels into the sea and requires monitoring of the waste while on-board until proper disposal [12].
These type of regulations incentivizes companies to optimize their supply chains and transport mode
selection correspondingly [13]. Moreover, while the presented regulations cover specific regions, the
environmental policies can be expected to be implemented in other areas depending on the policies’
effectiveness and the given area’s economic and political situation [14]. Therefore, adapting to emission
regulations is vital for companies operating internationally.

While the presented legislation changes tighten the business environment for the involved
companies, the transformed environment could facilitate or even necessitate the deployment of new
business models. Thus, this article seeks to provide insight into the following questions:

• RQ1: What effects do legislative changes have on the business environment between Finland
and Russia?

• RQ2: What types of new business models are enabled by the changing environment?
• RQ2.1: How are innovation and new technologies enabling these business models?

The rest of the article follows a structure of a literature review on sustainability in supply chains
and logistics as well as sustainable business model innovation in Section 2, succeeded by explaining
the used methodology to study the impact of the changing business environment in Southeast Finland
and its implications for manufacturing and transportation companies in Section 3. Thereafter, the
results of the empirical study are presented in Section 4. Lastly, this article is concluded in Section 5,
where the results are discussed and reflected upon the theoretical baseline, and possible directions for
future research are drawn.

2. Sustainable Business Models in Logistics

While sustainability has been established as an essential topic in supply chain research [15],
generally it remains inadequately regarded in practical supply chain operations [16]. A modest shift of
the aspects creating value in logistics has been observed, from a rigid cost orientation to other factors,
environmental sustainability being one [17,18]. In maritime traffic, environmental sustainability is
increasingly regarded due to tightening emission regulations as well as demand from stakeholders,
customers and business partners [19]. Furthermore, strong orientation toward environmental
sustainability within a company could improve that company’s overall competitiveness [20].
Additionally, disregard or inaction concerning environmental sustainability could impose unexpected
costs on a company [21], and it could be in companies’ best interest to implement proactive measures
to mitigate these possible costs [22].
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Environmental sustainability and its possible competitiveness benefits in transportation can be
enhanced by transport mode selection (e.g., utilizing multimodal transport chains with a larger share
of less-emitting transport modes) and emphasizing collaboration within supply chains [23]. However,
even though railways can be utilized to transport large amounts of freight conveniently and ecologically,
road transports are often preferred due to higher mobility and flexibility [24]. Moreover, road transports
are often used to support other modes of transport, such as in the pre- and post-haulage of railway
transports [25]. To benefit from multimodal transports and the involvement of multiple actors within
the chain, adequate intermodality and information sharing are required [26]. Additionally, an integrated
supply chain requires a certain degree of trust between the involved actors [27]. Moreover, research by
Ayoub and Abdallah [28] suggested that the benefits from flexibility are reached through innovativeness
and responsiveness within a supply chain. It should also be kept in mind that multimodal transport
chains are imposed to transaction cost every time a transport mode is changed [23,29,30]. Technologies
such as Radio Frequency Identification (RFID) [31,32] and Wireless Sensor Networks (WSN) [32] could
be utilized to support supply chains involving multiple separate actors through efficient information
exchange. The tracking of goods offered by such technologies also enables monitoring of the reverse
logistics, e.g., recycling of the packages [31].

To maintain the profitability of a business in an ever-changing world, deployed business models
should evolve accordingly [33]. Furthermore, introduction of innovations to business should be
conducted so that said innovations are woven into the company’s business model [34]. In the
case of incumbent companies, the existing business models and assets must be addressed in the
business model renewal to avoid conflicts between new and established practices [35]. In addition to
business model design, the implementation of the model is a significant factor in its profitability [36].
Boons and Lüdeke-Freund [37] claim a strong relationship between a company’s business model and
its innovation activities, where those activities enable not only innovative outputs but also business
model renewal for competitive advantage. As established, the role of business model innovation is of
high importance in economically sustainable business; however, often this process is not successful [38].
Due to this relationship of need and associated uncertainty, companies’ dynamic capabilities towards
renewing business models and their specific industry remain important factors in the business model
innovation [39]. Especially in business model innovation aiming towards higher environmental
sustainability, the surroundings of a company (e.g., industry, other actors and society) should be
regarded in their business model through network orientation [40].

Hence, logistics service provision interconnects with environmental sustainability and business
model innovation, mainly due to emerging trends in legislation and regulation as well as stakeholder
demands. As stated, environmental sustainability is a growing issue in logistics [17,19] and in order
for a company to reap the benefits from innovations, their business model should be designed in a
manner allowing that [34,37,40]. This trajectory suggests that the logistics service providers should
revise their business model design and include environmental sustainability as a factor of value for
their offering. Furthermore, the increased competition and new entrants in railway traffic due to
the changing business environment between Finland and Russia suggest that the companies related
to this field should find ways to cope with the introduction of numerous new actors. Furthermore,
environmentally sustainable business models, such as those based on circular economy practices,
require extensive cooperation between separate actors [41].

3. Materials and Methods

This article combines a research from the latter part of 2018 (see [42]) with newer empirical study
from 2019. The former research investigated the possible new trends in business models associated with
manufacturing and transportation companies situated in Southeast Finland. Furthermore, the interplay
of relevant innovations and new business models in the given context were studied. The previous
study was conducted as a case study (e.g., [43,44]) with 10 semi-structured interviews of Finnish and
Russian transportation professionals and experts, and a survey for manufacturing and transportation
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companies in Southeast Finland. A qualitative approach to studying emerging markets was used,
as proposed by Guillotin [45]. The surveyed companies were mostly small- or medium-sized companies
(SMEs) handling raw materials or low manufacturing value products. Findings from the previous
study were used as a baseline to investigate the diffusion of the most promising business models and
innovations since the last period of investigation. From the point of view of the studied companies,
contemporary relevant and feasible innovations lie in the sphere of environmental sustainability.
In transportation, these include technologies such as alternative fuels (e.g., LNG and electricity),
and operations improvement (e.g., transport mode selection and multimodal transport chains).

In order to examine the validity of previous findings and to further study the development of the
transportation industry in Southeast Finland, a newer survey study conducted in the autumn of 2019
concerning road transportation between Finland and Russia was conducted. This study of international
road transportation was executed in the form of a web-based survey, which was distributed to 919
companies operating in the field of transportation, logistics and forwarding situated in South Finland
alongside the highway E18 (European Road, a main serving road between Finnish and Russian trade).
This research scope covers regions from Finland’s west coast to its capital area and furthermore to
its eastern border with Russia (starting in the west from the greater Turku region, and continuing to
the capital region of Helsinki and from there onwards to the eastern border, ending at the Vaalimaa
border-crossing point). A sample size of 56 recipients responded to the survey, setting the response
rate for this survey at approximately 6%. This survey was more successful in terms of response rate,
possibly due to its more specific scope and the shorter time required to fill the survey. The conducted
survey focused on the past performance and future projections of local, national, international and
transit road traffic in Finland, as well as perception towards alternative fuels in road transports and the
usage of multimodal transport chains.

In addition, secondary data from an open-access database on road traffic near border crossing
points between these countries, provided by the Finnish Transport Infrastructure Agency [46], was used
to examine road freight traffic between Finland and Russia on a macroscale. A map with these border
crossing points can be found in Appendix A. The described approaches were used jointly to gain
a deeper understanding through triangulation on the complex problem setting established by the
research questions [47].

4. Case Study Findings

The findings are presented in such a way that the results from the previous study are presented
briefly first in order to prime the reader to the context of this case study. Thereafter, the results from the
succeeding study are examined against the backdrop of the information discovered in the preceding
research. While the first study had a broader scope in terms of the studied industries and factors in their
respective environment, the results from this research indicate the need to focus on the transportation
operations. The evidence pointed out that the companies in Southeast Finland focus their innovation
activities to promote environmental sustainability on the operations, and transportation practices were
the most obvious target for optimization.

4.1. Previous Findings from Manufacturing and Transportation Companies

4.1.1. Semi-Structured Interview Results

The research began with semi-structured interviews to map the present situation within the
studied region and to let the involved experts and professionals share their vision about the current
situation as well as the direction of future development. The central topics that emerged during the
interviews are summarized in Table 1. The trends among the interviewees seem to focus on the growing
demand of subcontractors and competition, as well as the fragmentation of the market into a multitude
of separate actors and a higher number of smaller customers than before. The innovation activities
seem to emphasize solutions to environmental challenges and ways to improve collaboration between
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different actors via communication channels and information flows. As this research focuses on the
Finnish–Russian international business environment, the Eurasian Land Bridge, and more specifically
the railway connection from China through Kazakhstan and Russia to Finland, plays an important
role (other routes to China also exist through Russia and Mongolia, but the Kazakh route is currently
used). Regarding this, the interviewees had recognized growing volumes of international freight traffic
on railways between Finland and Russia. However, Finnish logistics operators have experienced a
decrease in their internal operations on the Russian side, but they remained optimistic regarding future
investments toward operations in Commonwealth of Independent States (CIS) member countries.
Likewise, interviewees from Russia saw potential in the railway connection of Europe and the Far East
through the Eurasian Land Bridge. In addition, the importance of the Northern Sea Route seems to hold
more significance amongst Russian interviewees. While the overall trajectory of affairs seems similar
on the Finnish and Russian sides, the development in Russia aims to capitalize on the growth potential
of the logistics industry by shifting more of the handling of the freight flows to local actors instead of
foreign actors, i.e., seeking lower use of transit countries in imports and exports. This development
has played a role in diminishing freight traffic on roads between Finland and Russia.

Table 1. Overview of the emerged topics during the interviews (modified from [42]).

Finnish Interviewees Russian Interviewees

General remarks on
the international
logistics industry

Share of railway freight is growing between
Finland and Russia.
Railway connection from Finland to China has
challenges in the intermediary border crossings.
International operations target CIS countries,
Mongolia and China.
The Russian market has fragmented from a few
large customers to numerous smaller ones.
The Imatra–Svetogorsk border crossing point
could be used to relieve pressure from
other points.

The Northern Sea Route alongside
supporting infrastructure is
being developed.
High importance of a Russian railway
corridor between West Russia and the Far
East as an alternative to the conventional
sea routes.
Containerization rate is still low in
comparison to Europe.
Balance of imports and exports is offset by
decreasing imports and stagnant exports.
Local ports are increasingly favored over
transit countries.

National logistics
infrastructure and

competition

Ongoing and planned development
of infrastructure.
Some disagreements on the emphasis
of development.
There is demand for new entrants in the railway
industry to create more flexible supply networks.
Competition on railways is fierce; few actors
handling bulk material are realistically competing.
Role of the state in stimulating competition
on railways.
Subcontracting and other supporting services.

Infrastructure in Central and East Russia is
not optimal, but it is being developed.
Intense competition.
Russian railways (RZD) remains as a focal
actor in the industry.
Political and economic uncertainty is a
challenge, but there is development and
growth potential.

Innovation in the
logistics industry

Research and development activities emphasize
environmental sustainability.
Blockchain technology could improve
communication between separate actors,
information exchange and tracking of shipments,
and cut costs by reducing unnecessary slack
within the logistics operations.

Common platform to unify separate actors
is being developed.
Academy and businesses show interest
toward Blockchain technology.
The environmental sustainability of logistics
industry is not being actively developed.

Moreover, the railway infrastructure in Southeast Finland is seeing investments to its development,
and at the same time the competition of railway traffic has become liberated, allowing other actors
into the market in addition to the state-owned operator. However, some of the interviewees saw that
the entry barriers to this field are too high for new entrants, expect for few operators specializing
in certain types of bulk freight. At the same time, the incumbent actors on railways signaled their
demand for new potential partners in the field to develop their network to fit customer demands more
flexibly. Therefore, the Finnish interviewees called for state-level initiatives to stimulate the entry
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of new actors into the market. The vision of interviewees from both sides of the border on relevant
innovation in transportation related to the solutions seeking to manage and interact with a multitude
of different actors in transportation industry. Additionally, on the Finnish side, interviewees saw the
environmental sustainability of operations as a pressing issue due to the tightening regulations and
rising demand for sustainability from customers as well as business partners. On the other hand,
the industry on the Russian side seems to be in more dire need for solutions to communicate efficiently
with the growing number of actors in the transportation field.

4.1.2. Survey Results

In the 2018 survey, approximately half of the respondent companies had engaged in international
business. Approximately a quarter (23.1%) of the surveyed companies focused on exporting, whereas
approximately 11.5% were focused on importing. A group of 7.7% were both exporting and importing
and the rest (7.7%) reported doing other international business. As can be seen in Figure 1, a share of
42.9% of the companies with international operations had those within the EU. The popularity of the
EU is most probably due to low barriers for the movement of goods, people and capital within the
region. Since the geographical location of the studied region lies in the border area of Finland and
Russia, the next largest target for foreign operations was Russia and other CIS countries. The markets
were targeted by a group of companies with the shares of 23.8% and 4.8% for Russia and other CIS
countries, respectively. Interestingly, despite the historical, cultural and geographical proximity of
other Nordic countries, fewer companies indicated them as their target market. Lastly, some of the
studied companies also had operations towards China and other Far East regions, but other locations
were not mentioned by the respondents. The remaining half of the respondents without foreign
operations signaled no interest to establish them.
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The previous survey was set to investigate the effect of changes in legislation and regulation to
the business of the surveyed companies. While many of the presented changes were not regarded as
impactful, the carbon dioxide (CO2) mitigation directive was seen to have a relatively distinct effect by
the companies, as illustrated in Figure 2. This is not very surprising, as the transportation sector has a
significant stake in generated CO2 emissions globally. While 42.3% did not grade the effect, and 15.4%
saw no impact by the directive to their business, the rest of the group valuated some effect for the
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EU’s CO2 mitigation strategy. Since the trajectory of CO2 emissions originated from transportation,
the reduction of those emissions requires most probably some radical changes in the used vehicles or
how they are operated (e.g., alternative fuels with lower CO2 emissions). The impact is difficult to
estimate, but transportation companies will have to renew their fleet from its current composition.
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The transportation and manufacturing industries follow the same development as other sectors of
the economy, where service provision has taken a significant share of all transactions in the market.
This phenomenon is portrayed in the survey, since approximately half (46.2%) of the surveyed
companies indicated that they require subcontracting services to support their business. At the
same time, a large share of the respondents (57.7%) was offering subcontracting services to other
companies. This overlapping of service provision and consumption can be seen in Figure 3. The survey
allowed the respondents to write free-form comments about subcontracting, and some of the responses
pinpointed that companies offer subcontracting back and forth to each other, whenever the need arises.
This type of behavior has been observed by Hedenstierna et al. [48] in 3-D printing operations in
Europe. Moreover, some of the interviewees indicated their need for more subcontractors to help them
serve their customers in a more flexible manner. Additionally, the Russian interviewees indicated the
growing importance of service provision in the logistics sector in Russia, likewise pointed out in the
research by Yakunina [49].

Based on the interviews conducted before the distribution of the survey, the most relevant
innovations according to the interviewees were studied with the help of the surveyed companies.
These were blockchain, the Internet of Things (IoT), Artificial Intelligence (AI), LNG, catalyst converters
for emissions in sea vessels, bio-economy or the utilization of renewable energy sources and circular
economy. The surveyed companies were asked to rate their interest towards applying the mentioned
innovations in their respective business practices. In addition, the respondents were asked to indicate
if they have already implemented some of the mentioned innovations, or if they plan to do so.
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As illustrated in Figure 4, the innovations related to higher environmental sustainability scored
higher grades from the respondents. Exceptions were LNG as fuel and catalyst converters, which
are more relevant to maritime transports (although in fact LNG is being experimented with in
road transports [50–52]). While shipment monitoring was revealed as a topic of high interest for
transportation companies during the interviews, technologies such as blockchain and IoT received a low
score on interest during the survey. Blockchain was deemed not interesting for the surveyed companies,
possibly due to the debatable maturity of the solutions based on this technology, despite it being
already implemented in transportation activities by the Danish container logistics company Maersk [53].
Circular economy and bio-economy were perceived as the most interesting innovations from the ones
presented to the surveyed companies, and respectively 42.3% and 23.1% of these companies were
planning or had already implemented these in their business activities. From these results it is evident
that the manufacturing and transportation companies see environmental sustainability as a main target
for their innovation activities.

To conclude the survey, the respondents were asked to grade three distinct business models by
their feasibility in the companies’ respective business environment. These models are generalized
examples of the visions for emerging business models by the interviewees. Moreover, the models
strive to capture the benefits from legislation and regulations, the changing business environment of
Southeast Finland, and new technology and innovations, which were studied during this research.
Thus, the proposed business models for the respondents were innovative subcontracting-based,
platform-based and blockchain-based models.

Firstly, the innovative subcontracting-based model in the context of this research refers to a
model where the focal company offers subcontracting services on business sections that have not
been externalized by the principal companies before. Furthermore, this type of model would enable
lateral collaboration between companies to offer subcontracting services to each other, e.g., by order
book smoothing as described by Hedenstierna et al. [48]. For example, the gradually liberated
competition on railway traffic could offer opportunities for this type of business activities. Secondly,
the platform-based model involves a situation where the existing markets operate within a digital
platform. The initiative for companies to join this community would be the convenience through
a streamlined process of sourcing providers and identifying customers. In addition, a platform
could stimulate competition through a less formal contract structure and more transparent tendering.
Additionally, as the studied market is more fragmented in terms of number of separate actors; according
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to the interviewees, a platform could act as a tool to navigate this increasingly complex network. Lastly,
the blockchain-based model in this research can be understood similarly to the platform-based one,
but the point here is not focusing on digitalizing the marketplace. This model seeks to reinforce the
existing networks by allowing a more efficient exchange of information between partners, by making
the transactions more transparent by involving the whole supply chain in the information exchange
and by verifying the transactions within a supply chain by the participants of said chain.Sustainability 2020, 12, x FOR PEER REVIEW 9 of 18 
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The different proposed business models and their perceived feasibility are combined in Figure 5.
As was established in the earlier results, the need for subcontracting services in the studied region
is significant. This can be seen manifested in the perceived feasibility grade for the innovative
subcontracting-based model, which had a feasibility rating of “very high” for 15.4%, “high” for 7.7%,
and “moderate” for 19.2% of the respondents. The other two proposed models received a lower
feasibility rating, and the platform-based model was seen as slightly more feasible. The modest success
of those models can possibly be explained by the low maturity of the required technology in the given
context of manufacturing and transportation SMEs in Southeast Finland. A more significant factor in
the low perceived feasibility for these models probably is that they require extended trust between
the separate actors introduced into the network [54], which is not typical in industries with fierce
competition as the ones studied. The interviewees also recognized this challenge in deploying the
mentioned business models.
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4.2. Findings from Transportation Companies of South Finland through A Second Survey

As established during the previous study, environmental sustainability emerged as the driving
factor for business model renewal as well as research and development in the manufacturing and
transportation industries of Southeast Finland. The described legislation and regulation changes
concerning emissions are currently gradually coming into effect, and their impact on energy intensive
industries such as transportation are yet to be observed. Therefore, the succeeding study is scoped to
emphasize environmental sustainability and transportation companies. A survey on road transports
and the usage of highway E18 in Finland, targeting transportation, logistics and forwarding companies,
was conducted in the autumn of 2019. The results of this survey interconnect with the topic and results
of the previous survey, although it is focused on the road transportation mode. Based on this survey,
the barriers of internationalization still exist and are perceived as strong for Finnish transportation
companies considering Russia as a target market. A summary of the topics that emerged from the
free-form comments about road freight traffic between these countries by the survey respondents can
be found in Table 2.

Table 2. Topics that emerged from the free-form comments on the road freight traffic between Finland
and Russia by the surveyed companies.

International road transport has lower volumes of cargo
than before.

The renewed highway E18 on the Finnish side is a safe
and working road.

The border formalities have become stricter and therefore
take more time, which disrupts the traffic flows.

Transport business between Finland and Russia is
volatile, thus not very appealing for Finnish companies.

Road use taxation sets challenges for
international operations.

Demand for services targeted to the professional users of
road E18.

The Russian side of E18 (Scandinavia road) only has one
lane near the border; 2–3 lanes would allow for a
smoother flow of road traffic and enhance safety.

Russian companies handle most of the international road
transports between Finland and Russia.

The operators based in Finland see the Russian market as uncertain and volatile, i.e., the perceived
risks are higher than the perceived benefits. The same observation was made in the interview phase,
and interviewees from the Russian side share the view of market volatility to a certain degree. One of
the more glaring barriers to international road transportation are the strict border formalities, which
disrupt the fluency of the traffic flows. Reportedly, another factor in the undesirability of international
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road transport activities is the inadequateness of the road infrastructure; onwards from the Finnish
border station Vaalimaa, the E18 European Road has only one lane, which not only undermines the
traffic flow, but also decreases the safety on a busy road. From the Finnish perspective, it must also
be acknowledged that the pricing for transports originating from Russia are lower than those from
Finland. The majority of the road transports originating from (or transiting through) Finland headed
to Russia are undertaken by Russian operators. This shift of emphasis in the responsible companies
from Finnish actors to Russian ones could arguably be one of the factors explaining the relatively
unenthusiastic view on the prospects of international road transports from the Finnish side. This,
connected to the lower import activity of Russia (also concluded from the interviews), could be used to
explain why business opportunities in international road transports between these two countries are
not exceptionally flourishing.

Furthermore, the development of road transportation in Southeast Finland is seen by the
respondents as stagnating. As shown in Figures 6 and 7, the road transports between Finland and
Russia through main border crossing points between these countries have been constantly decreasing
from 2010. A main contributor towards this development is the disappearance of transit freight traffic
via road between Finland and Russia [55]. While in recent years the road transport volumes are
nowhere near the amounts of 2010, traffic seems to be returning slowly to Vaalimaa and Nuijamaa
border stations, whereas activity at the Imatra border crossing point continues to decrease in both
directions. As has come up in the interview phase of this research, material flows originating from and
arriving to Russia are increasingly shipped from and to local seaports. Therefore, once-active transit
traffic through Finland (ships arriving to Finland and the goods being transported to Russia via road)
can be seen decreasing drastically.
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As can be seen in Figure 8, road transport practitioners’ perceived feasibility of alternative fuels
remains on the low end—similarly to the situation in the earlier survey. While it could be spotted
that some companies are actively getting ready to implement a higher biocomponent share in diesel
and even LNG in their road transport activities, most of the companies are hesitant to adapt these
alternative fuels. Moreover, it seems that electric vehicles are not seen as relevant for transportation
activities, i.e., companies do not see electric heavy-duty vehicles penetrating the market just yet.
It is a peculiar situation, since alternative fuels require upgraded infrastructure to offer operation
range for vehicles running on such fuels, such as service stations with natural gas pumps or electric
vehicle charging spots, but on the other hand road traffic support service providers do not experience
enough demand to invest in these upgrades. However, it should be noted that when addressing
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total carbon dioxide emissions originating from transportation, thorough consideration of the large
picture regarding environmental sustainability is required. For example, large-scale investments in
the electric vehicle fleet could in fact increase total emissions from transportation, since a majority of
electricity is still produced with fossil fuels [6]. This challenge acts as a proof for the complexity of
sustainability challenges.Sustainability 2020, 12, x FOR PEER REVIEW 12 of 18 

 
Figure 7. Road freight traffic (number of vehicles) from Russia to Finland [46]. 

As can be seen in Figure 8, road transport practitioners’ perceived feasibility of alternative fuels 
remains on the low end—similarly to the situation in the earlier survey. While it could be spotted 
that some companies are actively getting ready to implement a higher biocomponent share in diesel 
and even LNG in their road transport activities, most of the companies are hesitant to adapt these 
alternative fuels. Moreover, it seems that electric vehicles are not seen as relevant for transportation 
activities, i.e., companies do not see electric heavy-duty vehicles penetrating the market just yet. It is 
a peculiar situation, since alternative fuels require upgraded infrastructure to offer operation range 
for vehicles running on such fuels, such as service stations with natural gas pumps or electric vehicle 
charging spots, but on the other hand road traffic support service providers do not experience enough 
demand to invest in these upgrades. However, it should be noted that when addressing total carbon 
dioxide emissions originating from transportation, thorough consideration of the large picture 
regarding environmental sustainability is required. For example, large-scale investments in the 
electric vehicle fleet could in fact increase total emissions from transportation, since a majority of 
electricity is still produced with fossil fuels [6]. This challenge acts as a proof for the complexity of 
sustainability challenges. 

 
Figure 8. Average grades for feasibility of alternative fuels in road transportation (Likert scale; 0 = 
cannot say; 1 = not feasible; 2 = low feasibility; 3 = moderate feasibility; 4 = high feasibility; 5 = very 
high feasibility). 

Figure 7. Road freight traffic (number of vehicles) from Russia to Finland [46].

Sustainability 2020, 12, x FOR PEER REVIEW 12 of 18 

 
Figure 7. Road freight traffic (number of vehicles) from Russia to Finland [46]. 

As can be seen in Figure 8, road transport practitioners’ perceived feasibility of alternative fuels 
remains on the low end—similarly to the situation in the earlier survey. While it could be spotted 
that some companies are actively getting ready to implement a higher biocomponent share in diesel 
and even LNG in their road transport activities, most of the companies are hesitant to adapt these 
alternative fuels. Moreover, it seems that electric vehicles are not seen as relevant for transportation 
activities, i.e., companies do not see electric heavy-duty vehicles penetrating the market just yet. It is 
a peculiar situation, since alternative fuels require upgraded infrastructure to offer operation range 
for vehicles running on such fuels, such as service stations with natural gas pumps or electric vehicle 
charging spots, but on the other hand road traffic support service providers do not experience enough 
demand to invest in these upgrades. However, it should be noted that when addressing total carbon 
dioxide emissions originating from transportation, thorough consideration of the large picture 
regarding environmental sustainability is required. For example, large-scale investments in the 
electric vehicle fleet could in fact increase total emissions from transportation, since a majority of 
electricity is still produced with fossil fuels [6]. This challenge acts as a proof for the complexity of 
sustainability challenges. 

 
Figure 8. Average grades for feasibility of alternative fuels in road transportation (Likert scale; 0 = 
cannot say; 1 = not feasible; 2 = low feasibility; 3 = moderate feasibility; 4 = high feasibility; 5 = very 
high feasibility). 

Figure 8. Average grades for feasibility of alternative fuels in road transportation (Likert scale;
0 = cannot say; 1 = not feasible; 2 = low feasibility; 3 = moderate feasibility; 4 = high feasibility; 5 = very
high feasibility).

The existence of internal warehousing activities seems to drive the importance of road transports
and related infrastructure for a company. A share of 36% respondents from the surveyed companies
had internal warehousing activities, and the locations of these warehouses were mostly on the eastern
sections of highway E18 (78% of warehouses were either in Kotka, Vantaa or Kouvola). Respondents
from this region indicated that highway E18 is important for their operations, more so than those from
the western regions (82.4% of companies with warehouses in the eastern parts signaled the importance

196



Sustainability 2020, 12, 3393

of E18, whereas the share was 40% for those with warehouses more to the west). This correlation could
arise from the fact that most of the warehouses are only accessible by road. Only a certain number
of companies overall benefit from the strategic positioning of warehouses, where different transport
modes can be used efficiently, i.e., warehouses that are in the vicinity to railway tracks or marine ports.
As emphasis on environmental sustainability is growing in transportation, environmental logistics
service providers can capitalize on this apparent need of multimodal transport chains. Based on the
premise and results of this research, sustainability, especially in terms of the environment, could emerge
as an important factor in service provider tendering. Moreover, companies that are future-oriented
could capitalize on this need with a state-of-the-art vehicle fleet, i.e., vehicles running on alternative
fuels and high capacity transports. High capacity transports in this context refer to road trains, which
are heavier and longer in comparison to conventional ones. In Finland these high capacity transports
mean road trains that range from 76 to 100 tons in total weight, which have special permissions to
operate on certain roads in the Finnish road network.

5. Discussion

One of the most influential legislation changes affecting the studied region is the liberation of
competition on railway freight traffic, allowing new entrants to the market. The introduction of new
entrants to railways could create demand for new road transport services to support the railway
operations in the pre- and post-haulage phases of the transport. In addition, maritime traffic faces
tightening global and local (Baltic Sea Emission Control Area) emission regulations, which chip away
at this mode’s competitiveness against other modes [9–12]. This development creates a need for road
transport service providers, but in order to enable prolonged success these actors must meet adequate
degree of environmental sustainability [20] to comply with the regulations of the examined region [7,8].
Furthermore, if more actors keep entering the market, a demand for managing the increasingly complex
logistics network could arise. As discussed earlier in this article, state-of-the-art solutions exist to
satisfy the described need for connecting a multitude of separate actors. However, the presented
models seem to require extended trust between the involved actors, which seems to be a considerable
barrier for their diffusion.

The international road freight traffic between Finland and Russia has been declining consistently
during the last decade. While there are various policy and national strategy-level reasons (e.g., those
leading to diminished transit traffic [55]), one reason is the increasing popularity of the railway
connection between these countries. Wood, pulp and metal industry products are transported utilizing
the railway infrastructure of the Eurasian Landbridge [56]. The railway mode also has the potential
for increasing volumes for food (especially meat) transports from Northern Europe to China through
Finland and CIS countries. Increased utilization of this route has also spawned businesses in Finland,
who specialize in railway freight traffic between Finland and Russia.

The rapidly changing business environment implies the need for equally rapid business model
renewal with corresponding managerial decision-making—a challenge for companies who wish
to remain competitive [33–40]. Cued by the changing business environment and refined by the
business model theory evolution, three general-level business models (innovative subcontracting-based,
platform-based and blockchain-based) were proposed and their feasibility was graded by manufacturing
and transportation companies of Southeast Finland. The models are designed to exploit the changes in
the studied business environment as well as relevant emerging innovations (to acquire competitive
advantage [37,39]) as indicated by the interviewees. The trust between the involved actors remains an
inherent requirement with varying intensity for these models, which is also seen as a factor for success
of supply chains [25,27]. While the interviewed experts voiced the need for efficient shipment tracking,
the new technologies and business models enabling that need were not seen as feasible by the surveyed
companies, possibly due to a lack of trust between actors in the examined region. The main emphasis
of the studied companies’ innovation activity lies in promoting their environmental sustainability.
As proposed by Jasmi and Fernando [19], the studied companies’ informed focus on environmental
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sustainability is due to the stakeholder demands and tightening legislation and regulation towards
emissions. Once again, the companies’ business model should accompany this vision in order to create
benefit from it [40]. However, the practice in the studied region seems to differentiate from the business
model and innovation theory.

6. Conclusions

The changing regulations and environment regarding international business between Finland
and Russia are moving the manufacturing and logistics industries towards a freer market with lower
barriers for new entrants. At the same time, the requirements concerning the environmental impact
of these business activities are becoming stricter. This development drives incumbent companies
to re-design their respective business models, and acts as a cue for new actors to enter the market.
In addition, the presented changes open avenues for achieving a competitive advantage with adapting
the new set of rules over those who do not. Business models that are designed to capture value from
growing number of actors in the market and environmentally sustainable business are likely to prosper
amid the discussed changes.

New technology and innovation regarding information and communication technology (e.g.,
blockchain) enable more precise tracking of shipments [31,32] and more efficient communication
between actors in a supply chain. If the required degree of trust can be established between the
actors, these innovations can reinforce collaboration between them. Moreover, enhanced tracking of
shipments and their origin enables the verification of sustainably sourced goods. Some of the studied
companies seem to be ready for this kind of commitment, but a majority remains skeptic. Alternative
fuels (e.g., LNG and electricity) for transportation could significantly lower the environmental impact
of logistics operations. Furthermore, environmental sustainability can be improved via innovative
business practices (e.g., circular economy). Means to reduce the negative impact to the environment
were seen as more relevant among the studied companies.

The presented case of international transportation between Southeast Finland and Northwest
Russia could be used as a reference point for studies concerning other countries that rely on railway
transportation in import and export activities. Furthermore, the insights on the railway connection
through the Eurasian Landbridge between the Far East and Northern Europe could benefit other
regions, such as Central Europe. Especially when companies are looking to ease the environmental
impact of their supply chain activities, the railway transport mode could offer means to reduce
produced emissions. The studied technologies and innovations should also be considered in other
regions. While the reception for the studied digital technologies was not overwhelmingly enthusiastic
in the studied region, the case might be different in the context of other regions. The technologies and
innovations focusing on reducing negative environmental impacts should be considered by companies
looking to achieve a competitive advantage through environmentally sustainable business practices.

While this research is limited to a specific region, it is also limited by the general scope of
manufacturing and logistics industries in that region. It would be recommendable to study business
model and innovation theory closer to the practice in the future, e.g., through piloting in experimental
environments with companies. Furthermore, it is important to study those theories in the context
of high physical asset intensive (and low intellectual capital intensive) industries. Pieroni et al. [40]
also call for more experimentation and learning from practice, and Poponi et al. [41] call for more
generalizable models in environmentally sustainable business model design and innovation. The new
situation, where bigger countries aim to produce more locally and import less, should deserve further
research from the angle of international logistics companies. Lower demand for logistics services is
not the only implication; services are also experiencing higher competition, and structures as well as
transportation modes do seem to be changing.
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Abstract: This study investigates the use of an alternative energy source in the production of electric
energy to meet the increasing energy requirements, encourage the use of clean energy, and thus
reduce the effects of global warming. The alternative energy source used is a mechanical energy by
piezoelectric material, which can convert mechanical energy into electrical energy, that can convert
mechanical energy from pressure forces and vibrations during activities such as walking and traveling
into electrical energy. Herein, a pilot device is designed, involving the modification of a bicycle into
a stationary exercise bike with a piezoelectric generator, to study energy conversion and storage
generated from using the bike. Secondly, the piezoelectric energy harvesting system is used on
bicycles as a micro-mobility, light electric utility vehicle with smart operation, providing a novel
approach to smart city design. The results show that the energy harvested from the piezoelectric
devices can be stored in a 3200 mAh, 5 V battery and power sensors on the bicycle. Moreover,
13.6 mW power can be generated at regular cycling speed, outputting 11.5 V and 1.2 mA. Therefore,
the piezoelectric energy harvesting system has sufficient potential for application as a renewable
energy source that can be used with low power equipment.

Keywords: shared mobility; piezoelectric; energy harvesting; two-wheelers; smart city

1. Introduction

Energy demands at a global level are increasing, due to advances in technology and consumer
habits that have resulted in higher energy demands both now and in the future [1]. Alternative energy
technology—the use of renewable fuels—to produce electricity is a global solution because it is clean,
renewable, and less polluting, thus potentially improving quality of life in the process of producing
and recycling fuel. Clean energy sources are commonly used today—solar energy, waterpower, wind
energy, and biomass energy [2]. Based on global issues, high energy costs are the result of not being able
to meet energy demand with local supply, resulting in importing energy from neighboring countries at
increased cost, raising the cost of utilities in the country, and the cost of living. Solving the energy
problem is an essential part of developing a cleaner, brighter future.

The government has set energy policy to improve the energy situation in the country by developing
power sources and power systems domestically and abroad. The distribution of energy sources and
types is being diversified; the Thailand Power Development Plan (2015–2036) [3], aims to replace fossil
fuels by at least 25% within 10 years by promoting clean energy development to reduce greenhouse
gases and reduce global warming.

The cities of Thailand are trending towards the integration of technology and living in society; as
a Smart City of the future, it aims to bring information technology to everyday life for convenience,
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security, and to raise the quality of life. Key to achieving this is an energy mix that can support various
technology systems; renewable energy is essential in order to develop into a Smart City and help the
country reduce its demand for imported energy.

While Thailand is advancing towards an intelligent city society, there are many innovations that
can be adopted to improve living standards and realise energy goals. Bicycle travel has diminished
because of the long travel time and discomfort associated with cycling when compared to an electric
vehicle. Therefore, the idea to promote bicycle travel, along with the potential to generate alternative
energy, has become an idea of interest in realising meaningful energy solutions and a healthy society.
At present, Thailand is an aging society, with a population aged 60 years or over making up more than
10% of the population, and people aged 65 years or over making up more than 7% of the population.
The public health plan regarding exercise for good health aims to achieve a healthy population that
can effectively develop the country; in this light, micro-mobility has received attention for its health
and sustainability benefits.

The vibration-based energy conversion termed piezoelectric energy harvesting has significant
advantages when compared to other forms of renewable energy, including low start-up investment
and less complex wiring. Piezoelectric energy harvesting has been identified as a candidate for
low-power devices such as portable rechargeable devices [4], wireless electronic devices [5], and
sensors [6]. However, this research aims to study the feasibility of electric power generation using
piezoelectric materials applied to a broader scale, for example, creating a bikeway and pedestrian
walkway with a power-generating floor that can be used to generate power through piezoelectric
energy conversion. The relationship of piezoelectric materials, conversion of material methodology,
matching the resonance frequency and physical parameters are considered to achieve the maximum
harvested power [7]. There are two ways to generate electrical power from piezoelectric modules:
hitting and vibrating. Generating power through vibration involves the vibrating frequency of the
power source being matched with the resonance frequency of the piezoelectric module, but additional
instrumentation is required to operate and control the vibration characteristics to achieve the resonance
vibration. Hence, this paper focuses on using a hitting method, from an exercise bike, which involves
the direct energy transfer by mechanical stress on piezoelectric modules to generate more electric
energy than using vibration, owing to the fact that cycling is a low-frequency operation, it is difficult to
reduce the piezoelectric natural frequency approaching the cycling frequency [8].

Based on the literature, multi-perspective analysis of the data to evaluate Smart City applications
was introduced by Lau et al. [9]., it performed excellently with several smart city applications for
different domains that leverage the data fusion techniques. Anjomshoaa et al. [10] presented a model of
mobile sensing, that was mounted on top of garbage trucks and collected drive-by data for eight months
in Cambridge, thermal irregularities and air pollutant hot spots identified. This technique presents more
advantages than the conventional methods of collecting environmental data in urban areas to optimise
data collection. Nizetic et al. [11] showed that smart technologies that improve energy efficiency and
waste management strategies focus on the utilisation of insufficient resources. The usage of intelligent
technologies supported by the IoT concept showed that potentials for improvements are essential,
particularly in the smart city framework. Ismagilova et al. [12] focussed on the arrangement of smart
cities with the United Nations sustainable development goals, focusing on the limitations of current
developments and future trends for the Smart City concept. The technological aspects of Smart cities
have been widely investigated. Some recent studies have taken a holistic Information System perspective
focusing on issues such as citizens, quality of living, and sustainability. In the research of Korczak and
Kijewska [13] Industrie 4.0 and Smart Logistics are studied, it can be seen that Smart Logistics provides
one to distinguish the mainstream and the regulations of the further improvement of the perception of
intelligent logistics, and Smart City concept. H. Haarstad and M. Wathna [14] examine the connections
between Smart Cities and urban energy sustainability, and the feasibility of realising a Smart City.
They noticed that city growth might obscure sustainability problems and disguise smart measures to
encourage economic growth and innovation as energy sustainability measures. The micro-mobility
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framework in Smart City strategies are also presented in this paper. Cellina et al. [15] develop a living
means in Switzerland within the framework of the Smart City, examining the effectiveness of new
intelligent devices such as smartphone apps that influence low power consumption devices and have
low carbon mobility to anticipate air pollution. Battarra et al. [16], implement the smart mobility model
to encourage more efficient transport, convenience, sustainability, and information and communication
technologies (ICT), and show that the efficiency of the transportation system has improved from this
concept. The review paper from Peprah et al. [17], reports that Ghana is not a mobility-smart city;
information logistic mobility, and information mobility are needed to further improve the people’s
mobility. This requires a technologically literate and receptive population, and investments in transport
infrastructure. Lopez-Carreiro and Monzon study the development of sustainable transport networks
in a Smart City [18], based on the identification of quantitative indicators that assess urban mobility
through a parameter known as the Smart Mobility Index that can be used to outline appropriate
transport arrangements. In research conducted by Din et al. [19], a mobility management protocol
is proposed; the proposed scheme gives the most reliable performance in terms of total signalling
and handover suspension from currently known protocols. In conclusion, the Smart City concept is
one of the new strategies to improve the competitiveness of the country, raise social quality, increase
modernity, and become a developed country.

The use of alternative energy or clean energy to improve electricity generation is a widely
researched topic, as it can be used as energy for domestic use and may generate revenue for the country
if the energy can be exported; furthermore, it is environmentally friendly and benefits wellness and
vitality, which may considerably affect tourism businesses and health tourism. In the research of
Sun et al. [20], the consequences of power electronics on grid stability, aiming to support a national
energy plan emphasising the use of renewable energy, are examined. Rahbar et al. [21], studied
the integration and optimisation of renewable energy sources in a microgrid and presented online
algorithms for use with multiple microgrids; the simulation results confirm that algorithms perform
similarly to the optimal off-line solution under several practical settings. Du et al. [22] purposed an
algorithm and model focused on developing solar power technology and delivering it to the power
system; the proposed technique provided flexibility to integrate compared to variable renewable energy,
which leads to the installation having less renewable capacity to achieve the same level of renewable
energy penetration. Zhou et al. [23], proposed the optimal scheduling of various renewable energy
sources, analysing multicarrier energy supplies and applying the method to a stand-alone microgrid;
the proposed scheme can reduce the battery charging/discharging operations and also confirm its
capability to provide a high penetration of variable renewables. Qazi et al. [24], presented a review of
renewable energy sources management in the power generation system, and highlighted the influence
of public opinion. Huang et al. [25], investigated the optimal configuration for multi-renewable energy
systems and considered load profiles, energy prices, and equipment parameters to create optimal
consideration systems; the proposed approach can optimize both the equipment selection and the
configuration of the multi-energy system. Cao et al. [26] studied polypropylene ferroelectric (PPFE)
as nanogenerators that can convert mechanical energy to electrical energy for self-powering devices
and energy storage systems; the maximum power output obtained around 0.902 µW. This technique
can be used for powering electronic devices and a solid-state battery chip. Li et al. [27] introduced
polypropylene ferroelectric (PPFE), which is a lightweight, flexible, foldable, and biocompatible device.
The scavenging energy from the touching LCD screen was demonstrated, and the finite element method
determining mechanical–electrical energy conversion was presented. Wan et al. [28] demonstrated a
porous-structured, PDMS film-based triboelectric nanogenerator device using intrinsically stretchable
materials. The output response, different loading force and frequency are determined; this material is
suitable for applying self-powered wearable electronic devices. Wang et al. [29] presents a non-resonant
with ferrofluid as the liquid used for vibration energy harvesting; the response shows that it is able to
harvest vibration energy over a broad frequency band energy harvesting. Wang et al. [30] presents
multi-layer coils for vibration-energy harvesters with a magnet array and plastic spring based on
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electromagnetic energy conversion; the results show that a low resistance coil with a large number
of spiral coil turns contributed to increasing power generation. It can be seen that there is a research
focus on clean energy technology that supports the integration of renewable energy sources to help
generate electricity for energy sustainability.

The piezoelectric effect is a material property that transduces mechanical action, whether
compressive or tensile force, into electricity; internal stress causes ions to re-arrange, forming
an electric displacement, resulting in an electric field being created as spontaneous polarization
in ferroelectrics material. Ali et al. [31] investigates piezoelectric energy harvesting in biomedical
applications, i.e., energies created through muscle relaxation, body movement, blood circulation, lung
and cardiac motion, discussing the limitations and prospects of the technology. Kulkarni et al. [32]
introduced the application of piezoelectric energy harvesting to automotive systems and showed
that fuel injectors using piezoelectric technology are more accurate than conventional fuel injectors.
Chen et al. [33] investigated the application of piezoelectric energy harvesting in building structures,
and review piezoelectric materials in energy harvesters, sensors, and actuators for several construction
systems. Tang et al. [34], evaluated piezoelectric technology in machining processes, and proposed
a method that improved the stability and performance of the system using piezoelectric patches.
Xu et al. [35], studied the electromechanical conversion characteristics of piezoelectric materials
applied to the pavement, showing that road energy harvesting is feasible. Yang et al. [36], reviewed
piezoelectric applications with a focus on methodologies that deliver a high-power output and wide
operational bandwidth. Elhalwagy et al. [37], present a feasibility study applying piezoelectric energy
harvesting to building floors, and propose a method to maximise the energy generated from the energy
harvesting floor. The approach to generating electrical power from vibration has been discussed
by Garimella et al. [38], with the proposed method being able to generate energy from unwanted
vibrations. Laumann et al. [39], reviewed piezoelectric energy harvesting, analysing the projection
of the technology into the future. Yang et al. [40], did theoretical calculations and experiments
on piezoelectric energy conversion from linear and non-linear vibration, with the output energy
related to the phase difference between excitations and responses. Wei and Jing [41] reviewed the
modelling of piezoelectric vibration energy harvesting, using polymer and ceramic compounds as
piezoelectric materials. Zhang et al. [42] focused on bandwidth and non-linear resonance in the
vibration of piezoelectric energy harvesting and discussed non-linear effects. Reviews on non-linear
vibration control are determined by Tran et al. [43]; moreover, the enhancement technique needed
to convert the ambient energy is presented by Yildirim et al. [44], and the resonance tuning method
introduced, matching frequency, is essential to enhance the performance of the electromechanical
conversion. Cao et al. [45] presents the transverse piezoelectric effects of polypropylene ferroelectric
to perform a self-powered and water-resistant bending sensor by analyzing electrical characteristics
under the various bending conditions, where linear dependency on voltage and inverse square root
dependency on power are determined. Cao et al. [46] performed the fundamental working principles
of dipole moments in ferroelectric polymers to represent the energy conversion mechanism. The energy
transmission was significantly affected by the internal impedance of instruments and instrument
sampling rate.

From the literature review, it was found that there are currently alternative energy sources that are
interesting and can be used to harvest ambient energy to be transformed into usable electrical energy.
Therefore, this paper presents the use of piezoelectric material to accumulate energy from exercise in
order to support energy conservation in a healthy society. The experiment was carried out by installing
energy harvesting systems using piezoelectric materials on a stationary exercise bike system to study
the feasibility of harvesting electric energy from exercise equipment, and further development of the
system for installation on a moving bicycle. The study of electrical characteristics and the design of
energy management circuits that are sufficient for the required load is presented in this article for
the benefit of further development of the system to be more efficient and to be applied in several
applications in the future.
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2. Energy Harvesting from a Commuter Bicycle

In this section, the piezoelectric energy harvested from using an exercise bike is examined.
The piezoelectric material used in the study is PZT-5H, PZT one of the most popular and commercial
synthetic piezoelectric-ceramics owing to its atomic structure resulting in high relative electric
displacement and permittivity, capable of working at a high Curie temperature. Moreover, PZT-5H has
a better performance over other piezoelectric-ceramics at a comparable price. During its operation the
piezoelectric apparatus converts mechanical energy into electrical energy, through an electromotive
force created by a magnet mounted on the wheel, which causes a re-orientation of the corresponding
magnets due to the polarity alignment causing repulsion between the magnets that are positioned on
the tip of the piezoelectric device, as shown in Figure 1. The electric power is generated from both
the thickness and shear modes of operation. However, here the emphasis is on the thickness mode
because the installation of the piezoelectric devices and magnets, causing the tip displacement along
the thickness axis.
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Figure 1. Schematic of exercise bike implemented with energy harvesting system using a
piezoelectric material.

The tip displacement of the piezoelectric modules causes a re-arrangement of the internal dipoles
and the formation of an electric potential difference between the two sides, resulting in a current flow
through the material, forming electrical energy. This electrical energy can be harvested through an
energy harvesting circuit and stored in capacitors and batteries for later use. Allowing the energy to be
used in low power devices such as sensors, Figure 1 presents the concept of energy harvesting from an
exercise bike.
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The overall energy harvesting flow chart is shown in Figure 2. A rectifier circuit converts the
electrical signal from AC to DC, with a capacitor arrangement employed to reduce the ripple voltage.
A voltage regulator circuit is used to reduce and maintain a constant voltage that connects to two
batteries; the two batteries work as energy collectors and supply power to the load. Finally, a voltage
converter increases or decreases the voltage level to meet load requirements.
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Figure 2. The Piezoelectric energy harvesting circuit flow chart.

Voltage signals generated from the piezoelectric module were investigated by installing
piezoelectric devices in varied configurations, from one to four modules with series and parallel
circuitry configurations. Experiments were conducted at a cycling speed of 75 and 120 revolutions per
minute (rpm). The open circuit voltage signals collected from the oscilloscope are seen in Figure 3,
with measured electrical quantities presented in Table 1.

Table 1. Summary of experimental results of electrical quantities from the piezoelectric devices.

Configurations
Average Speed

75 rpm 120 rpm

Open Circuit Voltage
(V)

Current
(mA)

Power
(µW)

Open Circuit Voltage
(V)

Current
(mA)

Power
(µW)

Base case One module 14.4 0.09 8.10 22.5 0.10 10.10

Series
Two modules 24.1 0.10 10.10 30.3 0.11 12.10

Three modules 38.9 0.12 14.40 44.1 0.14 19.60
Four modules 45.6 0.13 16.90 48.7 0.15 22.50

Parallel
Two modules 17.1 0.19 36.10 23.6 0.23 52.90

Three modules 17.3 0.28 78.40 24.2 0.33 108.90
Four modules 17.6 0.37 136.90 26.4 0.42 176.40
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Figure 3. The voltage signal from the various configurations of piezoelectric modules at average speeds
75 rpm: (a) Two piezoelectric modules connected in series; (b) Four piezoelectric modules connected in
series; (c) Two piezoelectric modules connected in parallel; (d) Four piezoelectric modules connected
in parallel

The pre-testing experiment excited the piezoelectric with direct force in order to study the circuit
configuration that is suitable for installation in the subsequent investigations among two different
speeds. The opened circuit voltage and the current when connected one kilohm resistance are measured,
the output is calculated. From the experimental result, it can be seen that an average speed of 120 rpm
had higher power output than 75 rpm because the piezoelectric module oscillated a greater vibration
amplitude. At the same speed, the parallel configuration has a higher current and output power
than the series configuration with constant voltage. Therefore, the parallel piezoelectric coupling was
chosen to harvest energy from the exercise bike.

In the design of the rectifier circuit, the approximate input voltage from piezoelectric is set to
30 V; from this, the single-phase bridge rectifier KBP202G, capacitor (C1, C2, C3 = 0.1 µF) values, and
positive voltage regulator L7815CV are selected to perform the energy harvesting circuit; the output
voltage is equal to 15 V. The two cells are lithium-ion batteries, operating at 3.7 V, with a capacity of
2850 mAh. The energy harvesting circuit and schematic is shown in Figure 4.
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Figure 4. Piezoelectric energy harvesting circuit and measurement position.

Two cells, batteries A and B, are collecting energy and supplying the load alternatively, controlled
by an open-source electronics platform, Arduino, set to interlocking mode. When the two cells are
charging at the same time, the load consumes more current, resulting in rising heat loss and reduced
battery life. The controller performs the following actions:

1. If battery A has less than or equal to 50% capacity, and battery B has a more than 50% capacity,
Arduino commands battery A to store energy from the piezoelectric and battery B serves the load;

2. If the battery A has more than 50% capacity, and the battery B has less than or equal to 50%
capacity, Arduino orders the battery A to supply the load and battery B harvest energy from
the piezoelectric;

3. If the batteries A and B have less than or equal to 50% capacity, Arduino commands battery A to
store energy from the piezoelectric;

4. If batteries A and B have more than 50% capacity, Arduino orders battery A to supply load.

The speed measuring device uses a magnetic switch as a signal detector, with the switch consisting
of two magnets positioned on the steel beam near the rear wheels, and the spokes of the rear wheels,
as shown in Figure 5. When cycling, the magnet attached to the wheel spokes moves through the other
magnets mounted on the steel beam. Arduino calculates and shows the speed on the LCD display
mounted on the bars.

The electrical quantities were measured at three cycling speeds: 100, 120, and 140 rpm, with the
measurement points shown in Figure 6. Point 1 is the AC voltage from the eight piezoelectric energy
harvesters, connected in parallel. Point 2 is the DC voltage after the voltage regulation circuit. Point
3 is the DC voltage behind the battery. Point 4 is the DC voltage after the converter. The magnetic
distance between the bike wheels and the piezoelectric devices was varied with different spacings, i.e.,
6, 9 and 12 mm, and the results are shown in Table 2.
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Figure 6. Measurement points of electrical quantities within the energy harvesting circuit.

Table 2. Experimentally measured electrical quantities at various cycling speeds at magnetic distances
of 6, 9 and 12 mm.

Measurement Points
Magnetic Distance 6 mm Magnetic Distance 9 mm Magnetic Distance 12 mm

100 rpm 120 rpm 140 rpm 100 rpm 120 rpm 140 rpm 100 rpm 120 rpm 140 rpm

Point 1
Voltage (V) 5.67 6.03 5.11 5.20 6.09 5.15 5.25 5.69 5.14

Current (mA) 18 20 14 14 20 15 14 18 15
Power (mW) 102.1 120.6 71.54 72.8 121.8 77.25 73.5 102.4 77.1

Point 2
Voltage (V) 3.76 4.16 3.92 3.52 4.20 3.20 3.36 4.16 3.20

Current (mA) 8 9 8 8 9 8 8 9 8
Power (mW) 30.08 37.44 31.36 28.16 37.8 25.6 26.88 37.44 25.6

Point 3
Voltage (V) 3.92 3.92 3.92 3.92 3.92 3.92 3.92 3.92 3.92

Current (mA) 88 88 88 88 88 88 88 88 88
Power (mW) 345 345 345 345 345 345 345 345 345

Point 4
Voltage (V) 5.68 5.68 5.68 5.68 5.68 5.68 5.68 5.68 5.68

Current (mA) 88 88 88 88 88 88 88 88 88
Power (mW) 500 500 500 500 500 500 500 500 500

From the results it can be seen that at each magnetic distance, the piezoelectric apparatus
generated comparable voltage output. A magnet spacing of 12 mm is chosen, as this length produced
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the highest magnetic force and provided clearance to protect the piezoelectric material from collision
during operation.

Furthermore, at speeds of 100 and 140 rpm it was observed that the harvested energy was not
being stored efficiently as battery charge. However, at a speed of 120 rpm the maximum AC voltage
was observed, and the energy was stored in the battery efficiently. This is due to the optimized
magnetizing force, which allows the piezoelectric modules to have the appropriate vibrating amplitude
and frequency corresponding to the natural frequency of the piezoelectric material, resulting in more
efficient power transfer.

3. Micro-Mobility Based on Piezoelectric Energy Harvesting

In this section, energy from the vibration force while cycling is used as the mechanical energy
to generate AC in the piezoelectric material and harvested; this is achieved through an exerted
electromotive force by a magnet configuration mounted to the wheels. A bicycle has been modified
and developed to harvest energy; the apparatus consists of a piezoelectric circuit that is mounted on
the front wheel hub and the back-wheel mudguard, a 3D-printed magnet apparatus, detection sensors
and a control box in the bicycle basket. The harvesting circuit was controlled by Arduino ESP 32 Wi-Fi
module and controlled via mobile application. The energy is stored in a 3200 mAh, 5 V battery in order
to supply power to sensors mounted on the bicycle including a humidity and temperature sensor,
ultrasonic sensor, hazardous gas detection sensor and a relay to control a 12 V light emitting diode
(LED) at the front-wheel hub.

Two piezoelectric installation areas were selected on the bike: the front wheel hub, and the bike
fender. The circuit control box is attached to the basket area, and contains the circuitry used to harvest
energy from the piezoelectric, this includes: a charger circuit, Arduino Model ESP 32, two batteries,
and a boost converter to supply LED load. The front wheel hub of the bicycle consists of eight devices,
while the rear wheel mudguard was mounted with seven devices on each side. They are fastened by a
bioplastic material, and a magnet attached near to the piezoelectric module imparts momentum on the
piezoelectric material when the wheel spins.

The front wheel hub of the bicycle is designed to house eight piezoelectric devices on each side.
At the tip of each piezoelectric device is a magnetic bar to generate an electromotive force on the other
four magnets, placed on the opposite side at the inner wheel, causing the piezoelectric material to
vibrate during cycling. The energy harvesting apparatus on the front wheel uses sixteen piezoelectric
devices and twenty-four magnets in total. Moreover, the bike’s rear-wheel fender area is designed
to attach magnets to seven piezoelectric devices on each side, with a distance of 1.3 cm between the
opposite two magnets on each side of the moving wheel. In total, eighteen magnets and fourteen
piezoelectric devices are mounted on the rear wheel area, as seen in Figure 7.Sustainability 2020, 12, x FOR PEER REVIEW 11 of 17 
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Experimental voltages were measured for a distance between the magnet and the piezo pad at
the front wheel hub of 2.2 cm, and a rear wheel center area of 1.3 cm, by continuously cycling for
3 min and measuring the instantaneous voltage. The spin speed was varied between 30, 60, and
90 rpm, and the average voltage, current, and power are measured at four locations in the circuit: DC
voltage after the rectifier circuit, behind the capacitor, behind the battery, and after the boost converter.
The measurement point is different from the initial experiment and is shown in Figure 8, and observed
electrical signals are displayed in Figure 9.
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Figure 8. The measurement points in bicycle experiment.

When measuring instantaneous voltage, the maximum voltage range at each speed is the result
of the repulsion of the magnets, and it is seen to gradually decrease until the next magnet exerts an
additional force. From the acquired signal, the voltage is continuously increasing and decreasing,
with each range being unstable due to the ringing effect of the second-order system behavior, and the
damping of the system in this case. When measuring at the capacitor, a steadier signal is obtained.
Although the average voltage is higher, there is still an unstable range, possibly the result of unstable
cycling force and magnetic contact range. The experimental results of each speed in all measurement
areas are summarised in Table 3.

Table 3. Electrical quantities obtained from cycling at various speeds

Measurement Points
Cycling Speed (rpm)

30 60 90

Point 1
Voltage (V) 1.93 2.81 2.62

Current (mA) 0.37 1.72 1.79
Power (mW) 0.71 4.83 4.69

Point 2
Voltage (V) 2.07 7.59 7.04

Current (mA) 0.33 0.63 0.63
Power (mW) 0.68 4.78 4.56

Point 3
Voltage (V) 3.80 3.80 3.80

Current (mA) 1.46 1.46 1.46
Power (mW) 5.55 5.55 5.55

Point 4
Voltage (V) 10.00 10.00 10.00

Current (mA) 0.50 0.50 0.50
Power (mW) 5.00 5.00 5.00
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Figure 9. The DC voltage signal at position 1 and position 2 at various speeds: (a) Position 1 at the
speed of 30 rpm; (b) Position 2 at the speed of 30 rpm; (c) Position 1 at the speed of 60 rpm; (d) Position
2 at the speed of 60 rpm; (e) Position 1 at the speed of 90 rpm; (f) Position 2 at the speed of 90 rpm.

The small power production in the 90 rpm because the magnetic force exerted on the piezoelectric
material is over too short a duration for the material to produce electrical energy at the appropriate
frequency range. At 30 rpm, there is less power generation due to there being fewer vibrations in the
frequency range that can produce power. Point 3 and point 4 are the areas for connecting the battery
and the voltage circuit. Therefore, the resulting value is constant at all revolutions.

The influence of road surface on power generation was examined. Experiments to obtain combined
voltage values of the front and back wheels when cycling on three different road surfaces at 30, 60
and 90 rpm were conducted by measuring the electrical quantities behind the capacitor under three
different road surfaces using a cyclist load weight of 70 kg; the results are shown in Table 4. The three
different road surfaces are: road surface type 1—smooth road surface; road surface type 2—moderately
rough road surface featuring gravel; and road surface type 3—rough road surface featuring rocks
and gravel.
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Table 4. The electrical quantities obtained from cycling at various speeds on various road surfaces.

Measurement Conditions
Cycling Speed (rpm)

30 60 90

Smooth road
surface

Voltage (V) 8.54 11.44 9.73
Current (mA) 0.88 1.15 0.95
Power (mW) 7.53 13.11 9.20

Moderately rough
road surface

Voltage (V) 10.69 11.49 11.49
Current (mA) 0.86 1.18 0.98
Power (mW) 9.21 13.59 11.21

Rough road surface
Voltage (V) 10.46 12.92 10.74

Current (mA) 0.92 1.17 1.25
Power (mW) 9.67 15.08 13.38

From the results shown in the table, it can be seen that the road surface plays a role in the energy
harvested during cycling. The maximum power was obtained when cycling in areas where the road
surface is rough. As a result of the vibrating force of the magnets on the front wheels and rear wheel
fenders, the front wheel area experiences greater vibrational force during the impact on rough surfaces,
allowing more energy to be harvested. A rough road surface was seen to produce the most power
compared to a moderately rough and smooth road surface, respectively.

The energy harvesting results obtained under different load weight are obtained and analysed.
Values were obtained from both the front and back wheels, using different rider load weights to see the
effect on electric power production. Cycling speeds of 30, 60, and 90 rpm are compared for three weight
ranges 40–50 kg, 50–65 kg, and 65–80 kg, by measuring electrical quantities behind the capacitor, on a
smooth road surface. The results are shown in Table 5.

Table 5. Electrical quantities obtained from cycling at various speeds on various weight ranges.

Measurement Conditions
Cycling Speed (rpm)

30 60 90

Weight 40–50 kg.
Voltage (V) 8.54 11.49 9.73

Current (mA) 0.88 1.18 0.95
Power (mW) 7.53 13.59 9.20

Weight 50–65 kg.
Voltage (V) 8.21 12.09 9.62

Current (mA) 0.92 1.01 0.96
Power (mW) 7.57 12.19 9.24

Weight 65–80 kg.
Voltage (V) 8.79 11.79 9.39

Current (mA) 0.79 1.06 0.73
Power (mW) 6.91 12.51 6.92

From the results in Table 5, it can be that, in the case of all three rider load weights, with the same
cycling speed, the power produced in each range is similar. Therefore, it can be concluded that the
weight of the load has a minimal effect on the power that can be produced. The differing values may be
due to spinning at uneven speeds. It was seen that the speed range that can produce the most power is
60 rpm, consistent with earlier results.

4. Conclusions

In this paper, an exercise bike has been modified by mounting a piezoelectric material apparatus
on the frame, to be used as an electromechanical converter, converting the energy generated by exercise
by-products into electrical energy. The installation and configuration of the piezoelectric harvesting
apparatus were examined, and the location and distance of permanent magnets were investigated, to
generate the maximum output energy.
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From the results of the experiment adapting the energy harvesting system with piezoelectric in
the first part of the experiment, a system with a moving exercise bike was developed. The efficiency of
energy harvesting through the harvesting circuit was examined, with electrical measurements taken
at four different positions in the circuit: the DC voltage after converter circuit, behind the capacitor,
behind the battery, and after the boost converter circuit. The distance between the magnet attached to
the piezoelectric plate and the magnet attached to the wheel frame was 2.2 cm for the front wheel, and
1.3 cm between the rear wheel fenders. The effect of the road surface on power generation showed
that cycling on rough surfaces harvested the most energy, with more power being generated because
of the additional shaking of the piezoelectric device. The influence of cyclist load weight on power
generation was examined and was seen to not affect the energy harvested.

There is scope to improve the energy harvesting of this piezoelectric apparatus, through the
addition of more piezoelectric modules or by increasing the magnet distance to the bicycle structure, or
moving the magnets closer to each other; improving the energy harvested through the further
optimization of physical parameters and density of piezoelectric modules is an area of future
investigation. The results have shown promise for Internet of Things applications, in a more extensive
system, that is able to support wireless device connection, self-powered micro-mobility devices are
capable of generating significant data, and are an exciting prospect for Smart City design.
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Abstract: Low emission logistics have become an expected and desired goal in all fields of
transportation, particularly in the European Union. Heavy-duty trucks (HDTs) are significant
producers of emissions and pollution in inland transports. Their role is significant, as in multimodal
transport chains truck transportation is, in most cases, the only viable solution to connect hinterlands
with ports. Diesel engines are the main power source of trucks and their emission efficiency is the
key challenge in environmentally sound freight transportation. This review paper addresses the
academic literature focusing on truck emissions. The paper relies on the preliminary hypothesis that
simple single solutions are nonexistent and that there will be a collection of suggestions and solutions
for improving the emission efficiency in trucks. The paper focuses on the technical properties,
emission types, and fuel solutions used in freight logistics. Truck manufacturing, maintenance, and
other indirect emissions like construction of road infrastructure have been excluded from this review.

Keywords: research review; trucks; logistics; emission; regulations

1. Introduction

Global pressures to decrease airborne emissions in all industrial operations are increasing.
This includes freight logistics that are heavily reliant on trucks. Heavy-duty trucks (HDTs) are used in
long distance hinterland transportation and, respectively, light-duty trucks (LDTs) are dominant in
intra-urban transports, as they are used for the last-mile customer door-to-door deliveries. According to
Mahesh et al. [1] diesel trucks contribute significantly to the total volume of traffic emissions. This leads
to a deterioration of urban air quality, and several emission studies have tried to measure the actual
airborne emissions from trucks. These studies often focus on cities where the air quality problems are
the most tangible, e.g., [2].

Road freight transport produces increasing volumes of pollutants and emissions (e.g., dioxides;
polycyclic aromatic hydrocarbons (PAH); and particulate matter (PM0.5 and PM2.5)). All of these
pollutants (separately and together) have severe health impacts especially in inner cities with high
density populations. They also have an increasing impact on global warming. In freight transport,
the main challenge is that current truck fleets produce a high share of road traffic emissions even
though their total numbers in traffic are relatively small. A number of 3.8 million heavy-duty trucks
have been sold every year (globally) between the years 2011 and 2018. Almost all of them are in
commercial use and fitted with diesel engines [3]. Diesel-powered engines have been the dominant
choice for heavy-duty trucks for decades.

Torrey and Murray [4] referenced American Transportation Research Institute results indicating
that more than 90% of road transport traffic use fossil fuels. Similarly, the U.S. Department of
Transportation [5] state that trucks comprise only around 1% of on-road vehicles in 2013. The distribution
of energy use by mode has remained relatively stable. In total, trucks are handling approximately 70% of
all annual freight transports in the U.S. Trucks are the backbone of regional and local logistics networks
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in all countries, highlighting their importance in emission studies. According to Truckers report [6],
one commercial truck uses up to 20,000 gallons of fuel in one year (estimated with a driving distance
of 230,000 km) and a standard family car uses 500 gallons (20,000 km). These consumption numbers
indicate the extent of a fuel economy that is based on current engine technologies. On one hand,
they have a strong and scalable impact on all traffic emissions, and on the other, this major reason for
emission growth has been well known for decades, but is complicated to tackle.

Diesel engine technology has developed extensively during the last decades. Manufacturers
also use fuels that are based on renewable and recycled materials, decreasing emissions. However,
emission levels have remained relatively high, and replacing engine and fuel technologies are still
under development, e.g., [7–9]. One solution could be electric engine solutions, but at the moment,
electric vehicles are expensive to manufacture and their purchasing prices for customers are high.
Combined with a shorter operating range and a limited charging station network, they are not
yet economically attractive. In the case of e-HDTs (and electric-drive cars in general) the key
drivers for cost-efficiency are battery prices and developments in battery technologies. They should
provide an economically feasible alternative for current diesel engines [2]. There are also production
challenges (particularly batteries): Are there enough natural resources available to build such
a number of battery-powered HDTs or LDTs as the future need would require? Additionally,
battery-powered vehicles are not totally CO2-free over their full life-cycle due to production and
maintenance requirements.

This study is a review of current academic literature on the topics of road freight-based
truck emissions, pollution prevention, and mitigation solutions. The analyzed articles are limited to
truck logistics that address technical engine solutions, and existing (currently used) and new fuels.
It is expected that the papers provide a scattered array of solutions as has been the case in maritime
studies (for corresponding literature review, see [10]). Based on these considerations, the purpose for
this selective literature review is to understand: How does the selected academic literature approach
and propose solutions for the mitigation of emissions from trucks in freight transport, and what are
the most relevant methods for reducing them in this article set?

2. Data Collection and Sources

The data is collected from ScienceDirect (Elsevier) using tools of the integrated Scopus database.
The articles were queried with a filter phrase ‘lower truck emissions.’ Only peer-reviewed research
papers were selected. The search phrase was deliberately defined to be general and inclusive in order
to gain a diversified sample of journal articles from different disciplines. The selection query was
based on abstracts, not just keywords. One goal was to look at how this topic has been researched
during the last 25 years: the first included article was published in 1995, after which the interest
in researching emissions in freight transportation gained increasing popularity. In total, there were
161 papers found in the search. After the initial search, articles were grouped into content categories
and their bibliographic information was used in content classification. Web of Science (WoS) impact
factor (IF-index) was added to indicate how journals are ranked by citations.

The original 161 articles were further refined by using the keywords ‘pollution’ and ‘emissions’
in order to divide the large original set into a smaller and more clearly defined set. This procedure
resulted in 21 articles for the detailed reviewing. The variety of listed keywords indicates that LDT
and HDT emissions have been studied practically in all fields of science. This variety highlights the
need for interdisciplinary research required in solving ‘wicked’ problems. The solutions evidently
require analyses of disruptive environmental innovations, green investment strategies, non-voluntary
legislation, and strategic global agreements.

Time-wise, the number of published articles has clearly increased after 2011. The trend has
continued all the way until the final year 2019. This is reinforced by international regulation and
legislation that have also experienced difficulties, e.g., in major international environmental summits
in the commitment of major pollution producing countries. In addition, public awareness concerning
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discharges in traffic and transportation has increased, and the Intergovernmental Panel on Climate
Change (IPCC) [11] report has stated that significant agreements should be reached quickly if the
effects of climate change are to be limited to sustainable levels.

Table 1 indicates that, unsurprisingly, research articles (145) were the dominant form of papers.
The most dedicated journal for the topic is Atmospheric Environment with 33 published research
articles. As the journal title indicates, it focuses on all types of airborne emissions affecting the
environment. Other significant journals focus on clean-tech in production, transportation studies,
and general environmental issues.

Table 1. Article types and journal names. N refers to the number of studied articles in each venue.

Article Type (N) Journal Name (N)

Review article (4) Atmospheric Environment (33)

Research article (145) Journal of Cleaner Production (16)

Book chapters (6) Science of the Total Environment (14)

Conference abstracts (2) Transportation Research Part D: Transport and Environment (12)

Short communications (4) Applied Energy (9)

- Energy (4)

- Energy Procedia (4)

- Energy Conversion Management (3)

- International Journal of Hydrogen Energy (3)

- Energy Policy (2)

Table 1 shows variety for a reasonable sample enabling the examination of how to achieve or take
steps towards zero emission land transport. Similar research has been done earlier in the maritime
context. For example, Hämäläinen and Inkinen [10] summarized that low emissions development
will (or has to) cover several (clean) technology domains, starting from bio-fuels up to the physical
transport routing optimization and waste water handling. In practice, this means that in hybrid ship
designs there are no single solutions to convert an environmentally hazardous vessel into a responsible
clean one. Also, pollution can be understood very widely, because especially trucks with diesel engines
produce extensive amounts of various types of harmful emissions (e.g., PAH, CO2, NOx). Finally,
scalability is significant as it refers to decreasing marginal costs where the increasing use of certain
solution leads to decreasing costs.

3. Perspectives on Truck Freight Emissions and Pollution

The global efforts to accomplish zero emission logistics have been studied for several decades now.
Changes are however slow, as Siskos and Moysoglou [12] remind us that the European Commission
introduced, as late as 2018, CO2 emission standards for truck manufacturers aimed at achieving
reductions in air emissions caused by trucks. This is significant, as trucks are the second largest source
of CO2 emissions in the EU’s road traffic.

There are numerous regional studies from around the world (e.g., from Latin America [13];
from Scandinavia [14]) indicating volumes of truck emissions in national contexts. Similarly,
Shamayleh et al. [15] point out the significance of civic concerns and currently developing legislation
on environmental issues. This results into the fact that enterprises should take up a more rigid view on
responsibility. In discharge mitigation, a direct solution would be subsidization for clean-tech and
bio-based fuels. However, the current availability of alternative fuel sources is still limited and it
would be a challenge if demand increased significantly. There are also indirect impacts that bio-fuel
production may entail, e.g., impacts on food markets and prices. For example, bio-gases, among others,
are an alternative option for consideration. Additional solutions come from fiscal tools, e.g., [16].
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Heavy taxation on transport would, however, also decrease total economic activity and thus lead into
problems in all economic sectors.

In terms of engines, battery electric trucks (BETs) have been nominated as modern alternatives
in the mitigation of the CO2 emissions of trucks [17]. There are several global examples of this,
and Tanco et al. [13] carried out a study in Latin-America (Argentina, Brazil, Chile, Colombia,
and Uruguay). They analyzed the main barriers for BET adoption. The initial investment requirement
in particular is significant in total cost (current price difference favors diesel trucks) between the
alternatives. Thus, the difference between the costs of electricity and fuel is highly important in
achieving cost neutrality.

Handler et al. [18] analyzed the air emitted pollution from the forestry sector. Their empirical case
focused on roundwood and was conducted in the USA (Michigan). The study fruitfully illustrates the
needs of combining harvesting equipment adjustment and different operational scenarios in forestry.
In addition, transport emissions are significant as majority of wood collection takes place in remote
locations requiring specific truck types. Generic results prove that fuel types are essential in aiming to
lower emission levels in freights, also as in [19].

Accordingly, Nanaki and Koroneos [20] noted that alternative fuel solutions (such as blended
gasoline versions and biodiesels) have made a breakthrough on the fuel markets, for example, in the
EU where fuel properties are strongly regulated. These considerations also remind that when using
‘cleaner’ fuels, they may have non-desired side effects even though they lower the worst pollution
emissions. National differences are also significant as the study indicates. For example, Le and
Leung [21] studied particle matter 2.5 volumes in Ho Chi Minh City (Vietnam). The measured particle
levels indicate clear health risks as their measurements provide extensive coverage of the significant
exceeding in particle concentrations in the air (measured for an hour per day out of the acceptable
maximum). In these situations, spatial planning is one way to reduce engine emissions in densely
populated areas.

Mitigating emissions is not only an engine technology or fuel matter. Traffic flow regulation
and management provides a feasible platform for reducing emissions with responsible planning.
These environmentally sound decisions may improve local air quality and diminish total emission
volumes. Efficient regulation manifests itself e.g., in speed limitations. Panis et al. [22] point out the
importance of simple speed limit regulation as they are the most common tools in improving road
accident figures. For example, 30 kph zones have become commonplace in several EU countries.
Slower maximum speeds also decrease air pollution—it is environmentally advisably due to the
associated reduced fuel consumption leading to lower emissions. This is verified by a study where
two different base speeds were used: normal private vehicles (small roads 30 to 50 kph) and trucks on
motorways (80 to 90 kph). The results confirmed significant impact of speed in emission control and
cost savings (fuel). The presented outcomes are examples of causalities relevant for decision making
and implementing speed management policies.

4. Findings from the Articles

The selected 21 articles (19 of them with keywords, presented in Table 2) cover numerous aspects
which could help in building zero emission freight transportation including both long and short
delivery distances. These articles cover the years 1995–2019. The results are presented in Tables 2
and 3. They should be considered as a collective description of the articles. The selected articles are
focusing on technology, fuel types, urban pollution, standards, fleet optimization (battery vs. diesel)
and emission inventories, and electric vehicles.

Table 3 lists solutions and purposes of the studied articles. In order to support the classification,
Appendix 1 presents a more detailed content list of the papers. In the case of single articles, the first
one (number 1 in Table 3) analyzed how the continuous ethanol transportation by HDTs could be
replaced by a pipeline where physical construction costs are extensive, but after the initial investments,
pipelines do not produce as much HDTs emission and CO2 gases to the atmosphere.
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Studies on regulation effects are widely present (e.g., numbers 2–8 in Table 3). In general, they
have a unified message: more regulation results in lower emissions. This is verified with measurements
before and after a specific environmental law or regulation comes to force. The papers include cases
from around the world. For example, during the Beijing Olympic Games 2008 strict traffic regulations
were put in force, which significantly improved local air quality. The time period is of the essence.
Over short time periods (e.g., mega-events such as Olympics) quick improvements are achieved,
but in the longer term, restrictions start to have a negative effect on economic performance. Thus,
the balancing between legislative regulation and economic goals is evident.

Some collective interpretations may be drawn from Table 3. First, emissions control programs
should include tools to remove high pollution emitters from the traffic or alternatively improve
emission efficiency in existing vehicles. Wang et al. [23] remark that the median black carbon (BC)
concentration after the control was significantly reduced, if compared to those days that were not under
traffic control. Similarly, Wang et al. [24] studied black carbon through ‘heavy emitters’ (old diesel
engine trucks) on the roads. Their study found out that the most polluting trucks caused often more
than half of the total emissions (all particle matter) ranging from 41% up to 70%. Similar results were
obtained also in the cases of other pollutants such as particle matter and carbon dioxides.

Table 2. Article keywords (19 out of 21, as two articles are without keywords).

2019 emission factors; euro VI hdvs; CO2 emissions; NOx emissions; solid PN emissions

2019 fleet mix optimization; heavy-duty truck robust optimization; hybrid life cycle assessment; alternative
fuel adoption; battery-electric heavy-duty truck; robust pareto optimal solutions

2019 urban air quality; ultrafine particles; active transport; mobile measurements; cycling infrastructure

2019 warehousing receiving process; detention fee; traffic congestion; environmental pollution; discrete-event
simulation; truck check-in

2018 urban air pollution; mobile combustion sources; biofuels; emission policies; bus rapid transit

2016 externalities; transportation infrastructure; occupational safety; life-cycle assessment (LCA); economic
input–output (EIO) analysis; greenhouse gas emissions

2016 vehicle; emissions; control; air pollution; China

2016 emission inventory; vehicular pollutants; COPERT model; the PYRD

2016 economic input–output-based hybrid LCA; electric delivery truck; multi-objective linear programming;
conventional air pollution externalities

2013 externalities; freight transport; trends; fundamental factors; vehicle technology

2012 electric vehicles; economic replacement model; urban freight

2012 low emission zones; trucks; local traffic policies; traffic; air pollution

2012 emission factor; diesel; climate change; air pollution; nitrogen oxides; black carbon

2011 climate change; air quality; diesel; size distribution

2010 diesel particles; emission factor; composition; composite diesel PM2.5 profile; Bangkok

2009 olympics; air pollution; black carbon; climate change; health effects

2003 particulate-bound PAH; urban air pollution; Zaragoza; seasonal trend; emission sources

2003 fuel/propulsion system; greenhouse gas; global warming; life cycle analysis; life cycle assessment;
alternative fuels

1995 exhaust emissions; motor vehicles; emission requirements; tax incentives; air pollution control
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Table 3. First author, journal, year, impact factor (IF) index, title, and main purpose of the selected
21 papers. Texts in “main purpose” are direct quotes from the article descriptions.

Authors, Journal, Year, IF-Index, Title Main Purpose

1 Strogen et al. (2016). Applied Energy. 7.9. Environmental. public health.
and safety assessment of fuel pipelines and other freight

transportation modes.

The construction of an ethanol pipeline from the Midwest to Northeast
United States.

2 Wang et al. (2012). Atmospheric Environment. 4.012. On-road diesel
vehicle emission factors for nitrogen oxides and black carbon in two

Chinese cities.

Multi-pollutant control strategies and in-use compliance programs are
imperative to reduce emissions from the transportation sector.

3 Wang et. al. (2009). Atmospheric Environment. 4.012. Evaluating the air
quality impacts of the 2008 Beijing Olympic Games: On-road emission

factors and black carbon profiles.

The emission control measures implemented to improve air quality
during 2008.

4 Wang et. al. (2011). Atmospheric Environment. 4.012. On-road emission
factor distributions of individual diesel vehicles in and around Beijing.

A field study of on-road emissions of diesel vehicles in and around
Beijing, during November and December of 2009.

5 Grigoratos et al. (2019). Atmospheric Environment. 4.012. Real world
emissions performance of h-d Euro VI diesel vehicles.

Real-world diesel Euro VI HDVs emissions of both gaseous pollutants
and solid PN. For that reason, five HDVs, tested on-road under typical

driving conditions.

6 Oanh et al. (2019). Atmospheric Environment. 4.012. Compositional
characterization of PM2.5 emitted from in-use diesel vehicles.

PM2.5 emissions from diesel vehicles in Bangkok, providing Emission
Factors appropriate for developing countries.

7 Wu et a. (2016) Environmental Pollution. 5.714. Assessment of vehicle
emission programs in China during 1998–2013: Achievement. challenges

and implications.

In China, vehicles are major sources of air pollution problems and it has
adopted control measures to mitigate vehicle emissions. A local

emission model (EMBEV) to assess China’s first fifteen-year (1998–2013)
efforts in controlling vehicle emissions.

8 Song et al. (2016). Journal of Cleaner Production. 6.395. Vehicular
emission trends in the Pan-Yangtze River Delta in China between 1999 and

2013.

Emission factors from the COPERT IV model were used to determine
emission inventories of CO, NMVOCs, NOx, BC, OC, PM2.5 and PM10

between 1999 and 2013.

9 Kuo et al. (2015). Journal of Transport & Health. 2.583. A06 San Pedro Bay
Ports Clean Air Analysis.

Study analyzes the co-benefits of these policies on the reduction of
greenhouse gases and regional pollutants, particularly as expressed

through positive impacts on human health.

10 Feng et al. (2012). Procedia - Social and Behavioral Sciences. 0.78.
Conventional vs Electric Commercial Vehicle Fleets: A Case Study of
Economic and Technological Factors Affecting the Competitiveness of

Electric Commercial Vehicles in the USA.

Competitiveness of commercial electric vehicles and trucks have the
potential to substantially reduce greenhouse gas emissions and
pollution and lower per-mile operating and maintenance costs.

11 Pérez-Martínez & Vassallo-Magro (2013). Research in Transportation
Economics. 1.798. Changes in the external costs of freight surface transport

In Spain.

Analyses the external costs of surface freight transport in Spain and
finds that a reduction occurred over the past15 years.

12 MacLean & Lave (2003). Progress in Energy and Combustion Science.
26.467. Evaluating automobile fuel/propulsion system technologies.

Fuel emissions technologies, customers require rethinking of regulations,
design of vehicles and appeal to consumers over the next decades.
Vehicles more than 35mpg make up less than 1% of new car sales.

13 Sen et al. (2019). Resources. Conservation and Recycling. 7.044. Robust
Pareto optimal approach to sustainable heavy-duty truck fleet composition.

Sustainable trucking, objectives are considered, minimizing the
life-cycle costs (LCCs), life-cycle GHGs (LCGHGs), and life-cycle air

pollution externality costs (LCAPECs).

14 Boogaard et al. (2012). Science of The Total Environment. 5.589. Impact
of low emission zones and local traffic policies on ambient air pollution

concentrations.

Air pollution at street level before and after low emission zones (LEZ)
directed at heavy-duty vehicles (trucks) in five Dutch cities in different

background locations 2008 and 2010.

15 Olsson (1994). Science of The Total Environment. 5.589. Motor vehicle air
pollution control in Sweden.

Light-duty and heavy-duty trucks and buses also need to be certified
against stringent emission requirements. The equipment’s ability to

meet the use requirements.

16 Mastral et al. (2003). Science of The Total Environment. 5.589. Spatial
and temporal PAH concentrations in Zaragoza. Spain.

The concentration of polycyclic aromatic hydrocarbons (PAH) was
measured in the Zaragoza (North-East of Spain) atmosphere using

fluorescence spectroscopy in the synchronous mode (FS).

17 Smith & Srinivas (2019). Simulation Modelling Practice and Theory.
2.426. A simulation-based evaluation of warehouse check-in strategies for

improving inbound logistics operations.

Minimize the detention fees paid to the carrier by enhancing the
check-in process of the inbound trucks, with the secondary goal of

reducing the CO2 emissions.

18 Walsh (1998). Studies in Surface Science and Catalysis. 1998 Global
trends in motor vehicle pollution control: a 1997 update.

Air pollution is a common phenomenon necessitating aggressive motor
vehicle pollution control efforts. Survey of what is presently known

about transportation related air pollution problems.

19 Zhao et al. (2016). Sustainable Production and Consumption. 1.4. Life
cycle based multi-criteria optimization for optimal allocation of commercial

delivery truck fleet in the United States.

Alternative fuel trucks may mitigate environmental impacts. Cost of
these el trucks is higher than those of diesel. Environmental, social,

economic indicators are studied, a model provides solutions for a fleet of
30 commercial delivery trucks.

20 Le & Leung (2018). The Lancet Planetary Health. 2.736. Associations
between urban road-traffic emissions. health risks. and socioeconomic

status in Ho Chi Minh City. Vietnam: a cross-sectional study.

The public health associated with urban road-traffic emission in HCMC,
and whether reducing air pollution will decrease hospital admissions,
premature deaths, and years of life lost. The association between air

pollution and socioeconomic status.

21 Policarpo et al. (2018). Transportation Research Part D: Transport and
Environment. 2.34. Road vehicle emission inventory of a Brazilian

metropolitan area and insights for other emerging economies.

Vehicle emissions of carbon monoxide (CO), non-methane hydrocarbons
(NMHC), aldehydes (RCHO), nitrogen oxides (NOx), and particulate

matter (PM) in a metropolitan area using a bottom-up method, between
2010 and 2015.

One solution is to develop engine technology. For example, investments in environmentally
efficient fleet are a solid method for diminishing pollution from freights. Different regulative standards
play a role here. For example, EU standardization levels II, III, and IV in buses are significantly different
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in terms of pollutant tolerance. This is exceedingly important in densely populated areas (e.g., large
Chinese cities, see [25]). It is considered that, particularly in economically growing developing
countries, instead of acquiring older diesel engine HDTs there should be a direct leap into clean-tech
transport vehicles and low polluting engines following the strictest standards.

Policarpo et al. [26] studied the road emissions and fleet properties in Brazil. The number of vehicles
in their study area of Ceará has grown significantly, almost doubled since 2008. They estimated trends
from various harmful emission types caused by the road traffic in 2010–2015 with a macro-simulation.
Their results showed that the implementation of environmental regulation and policies are efficient
means to decrease emissions. They cause and motivate an accelerated phase in the adoption of
clean-tech in transport business. Alternatively, an optimization model, designed by Zhao et al. [27],
considers tailpipe emission constraints focusing on combustion emission after treatment. Their study
indicated that the environmental performance may be categorized into three main impacts (classes
of economy, environment, and health). They made a distinction to dichotomous categories and gave
recommendations for selecting different engine types according to economic conditions. The end
results clearly indicated that hybrid solutions should be preferred when transport demand (high
utilization) is in progress. Diesel engines are viable options in the non-probable scenario where the oil
economy is booming and transport demand is low.

In China, and generally in Asia, combustion engine vehicles are the major source of harmful
emissions and therefore the mitigation of vehicle emissions are paramount. Oanh et al. [28] point
out that especially particle matter (PM) EF levels are lower for new vehicles, indicating consistent
development with progression in engine technologies and low emission engine standards. Accordingly,
electronic vehicles are an interesting venue for research. However, they were studied the first time
in 2012 among the selected 21 papers. In the broader original 161 paper data set, the first paper on
electric vehicles was published in 2003. However, this topic is still considered ‘experimental’ as the
maturity level of electronic trucking is still very low. They will remain a marginal means of transport
in professional use in the decade-long time-span until 2030.

Walsh et al. [29] stated more than 20 years ago that four trends are the most important in road
traffic market development, including clean-tech and emission control:

1. Global population growth;
2. Increasing wealth of countries with lesser development increases global traffic volume;
3. Cleaner environment results into healthier population;
4. Governmental responses and regulations. Continuous restrictions on newly produced model

emissions levels.

In order to conclude, it is worthy to remember that China produced approximately double the
global greenhouse gas (GHG) emissions in comparison to that of the second largest polluter (US) and
three times that of the European Union [30]. The annual growth rate is also the highest in China.
The total number of motorized vehicles also soon exceeds 700 million globally. Out of that number,
approximately half a billion are small cars, and approximately 150 million are trucks and buses. The rest
are motorcycles. The growth rates are also significant. Vehicle growth rates have slowed down in
economically advanced countries where natural population growth is slow. The main growth areas
for vehicles are in developing countries that are experiencing high economic growth together with
increasing urbanization.

5. Summary and Conclusions

The summarizing results of this review are presented in Table 4. There are some overlapping topics
in these categories, but it is considered that the table provides the best interpretive view of the data.
The studied articles exposed several environmentally friendly solutions, which are reasonable and
executable in the near future. However, some of the solutions might be easier and faster to implement
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while some need slower incremental implementation. The summary is presented according to these
categories:

1. Fuels and engine innovations;
2. Other innovations and methods to lower emissions;
3. Infrastructure: Route, spatial planning, controls.

Table 4. Summary of the methods to lower and mitigate emissions in HDT transport.

1. Fuels and Engine Innovations 2. Other Innovations and Methods to
Lower Emissions

3. Infrastructure: Route, Spatial
Planning, Control

HDTs motor innovations:
- Electric motor

- Battery capacity, route planning
- City deliveries

HDTs and LDTs in fleet optimization:
- Valuable things, combination of electric and

HDTs and LDTs depending of routes and places
in use

- Replacing whole or part of the fleet
- Capacity, routes

HDTs and traffic control:
- Emission control measures implemented to

improve air quality,
- HDTs can be responsible for 50% of total BC

emissions, and 20% of trucks are responsible for
50% CO2, PAH emissions control

- Reducing black carbon

HDTs with new fuels solutions:
- Fuel emissions technologies, flex fuel vehicles,
noticeable reduction in NOx and PM emissions,

emission standards
- LNG-trucks, Methanol, Biofuels, Hydrogen

HDTs replaced with other innovations:
- Pipelines, electric rails, electric ships

HDTs and traffic planning:
- Shifting freight deliveries from peak to

off-peak hours, lower local emissions

HDTs and exhaust gas types and treatment:
- Large and growing vehicle pollution control
market, especially with regard to exhaust after

treatment systems.
- Try to reveal exhaust gas types.

Vehicle buyers, customers, consumer behavior
is changing:

- Consumers now demand larger, more powerful
personal vehicles, ignoring fuel economy and

emissions of pollutants.
- Legislation, tax-policy

HDTs and spatial planning:
- Reducing motor emissions from motorcycles,

trucks, and buses, produce health benefits
based on better land-use and

transport planning,
- Low emission zones for urban

road-traffic emissions

HDTs, heavy-duty trucks; LDTs, light-duty trucks; PAH, polycyclic aromatic hydrocarbons.

The articles verify that in traditional truck and freight transportation, the environmental focus
has not been in airborne emissions and mitigation. There are also different opinions in the research
regarding the urgency of the matter: Some articles stated that the transportation industry in developing
countries should be allowed to use old trucks that are producing larger amounts of airborne emissions
until their gross national products are comparable to developed countries. The economic growth would
allow increasing investments in more sustainable vehicles. Generally, this view is considered invalid,
e.g., by the IPCC. The best solution would be that all countries should have similar standards and
global regulative directives should be used as is the case in the maritime sector following International
Maritime Organization (IMO) regulations.

In the leftmost column (number 1) of Table 4, solutions are presented that require extensive and
significant changes to current fleets. They address technological engine innovations and solutions
such as renewable bio-fuels. They would impact the emission volume greatly but their costs are still
exceedingly high and the maturity of these technologies young. However, their use would create a
direct and clear change towards low (and even zero) emission goals in LDT and HDT freight transports.
The most important management actions and key changes in order to implement these technological
advancements include taxation legislation (regulation), after sales support systems and continuous
product enhancement system based on the operational performance (malfunctions, fatigue, battery
duration) indicators and feedback. An alternative in some geographical locations would also be to
replace HDTs with other cleaner means of transport (e.g., direct pipelines, railways, or short sea
shipping). However, these solutions are highly dependent on the existing infrastructure and land-water
area properties. It will remain the responsibility of LDTs to manage the final short delivery distances.
Therefore, innovative truck development will continue to be an essential part of emission reduction
and control.

There is also a chance to mitigate emissions by using company-level optimization in daily
operations. For example, on long and midrange routes biodiesel trucks should be preferred, and
light-duty battery trucks (LDBT) are preferable instead for very short distance transports in urban
environments. This type of fleet building is already a reality in economically advanced countries.
However, fleet building takes time and therefore regulative exhaust limitations are needed to accelerate
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the process. A quicker and cheaper solution for the near future would the continuation of the use of
existing HDTs and LDTs. They could be converted to use biodiesel, methanol, or liquefied natural
gas (LNG). This would gradually replace old diesel trucks with zero or low emissions ones.

In the middle column (number 2), the final row addresses the role of truck markets, buyers,
and end customers. The market-driven change towards cleaner freight transportation would be easier
if all customers of transport companies would require only clean truck deliveries for their products.
However, this not yet possible (on a large scale) and a reason for this is that prices are too high.
A second simple reason is the limited availability of low emission trucks. In the case of an absolute
need to mitigate emissions (e.g., in inner city deliveries), the best way would be to use electric (battery
driven) HDTs. An alternative solution is to restrict the amount of traffic as has been done e.g., in Beijing
and other megacities suffering from low air quality. One fuel-related solution is to use more than one
fuel tank in trucks. In this case a truck may switch between different fuel types in accordance to local
emission restrictions. A challenge is that the fuel types store energy with different capacities. This has
a direct impact on the transportation distances. Diesel has the highest storage capability whereas
hydrogen and electricity have the lowest energy storage characteristics.

In larger countries with long transport distances, diesel HDTs are now the most used vehicles
in freights and this will remain so for several years into the future. In these countries, modal change
could be made (in some scale) in order to use trains as feeders, for example in container deliveries,
and final connections could be organized by diesel (to some extend even refined from renewable
materials) or gradually in the future by battery-driven trucks. In this modal transition a common
challenge is that train network connections cover only limited areas. Railway building is an expensive
investment and is viable only in locations with enough transport volume now and especially in the
long run. This is one of the main challenges in nationwide transport planning in several countries that
experience unbalanced population concentrations (e.g., sparsely populated Nordic countries).

The rightmost (number 3) column presents solutions focusing on infrastructure. These include
issues related to route and spatial planning, control technology, and emission measurement. The articles
address the fact that pollution levels are lower in locations where regulations and restrictions have
been established. Improvement of measurement is crucial action and the related studies among this
third category papers indicate that HDTs may produce more than half of total BC emissions. There has
also been continuing research in which different time intervals have been applied in order to tackle
temporal change in air quality. In addition, the case locations are places where air quality is low or
very low to begin with. It is evident that direct measurement studies are the best way to indicate
emission levels and air quality. They should also be in the best position to be applied in emission
regulation decision making. The final main action should be the recognition and understanding that
road and spatial planning have the best potential to aid emission problems by distributing the HDT
traffic during peak hours, particularly in cities. These efforts do not necessarily lower the overall
emission amount, but distributing it to broader time-spans helps with the most severe pollution peaks.

The production of electric vehicles has an impact on environmental pollution mainly for two
reasons that were restricted outside our paper: First, it is not well known what the environmental
impact is on the production means and disposal of newly emerged energy sources, especially batteries.
This is an important study subject for the future. Second, the production of energy that is used to
charge and power electric vehicles comes mainly from the combustion of coal, which is of great
importance, especially in countries and regions where this energy is generated. Therefore, it should be
taken into account in the final assessments of the impact of car transport on environmental pollution.
An additional future research task emerges from the development potential of hydrogen trucks and
the use of digital applications, enabling e.g., “truck sharing,” thus developments taken place already in
the use of private cars.

To conclude, these specifically targeted 21 peer-reviewed research papers provided a large
variety of approaches, measurements, and case studies from all around the world. The papers
proved the diversity of options and obstacles in the pursuit for low- or zero-level emissions in freight
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transport. These findings are focusing on impact that the diverse set of actions may have in relation
to emissions levels. Understandably, the goal of reaching zero-level emission levels is realistically
challenging to achieve, perhaps just only lower if the whole manufacturing, maintenance, and other
indirect processes are considered. For example, the manufacturing of batteries for electric vehicles
requires significant amounts of valuable metals, of which some are rare. Mining processes, refining and
transportation of (raw) materials to battery manufacturing and assembling sites require energy and thus
produce emissions. Therefore, in actual road transportation business, all possible operations should be
reconsidered from the viewpoint of engine and fuel technologies, which should produce clearly lower
emission levels (i.e., green innovative disruptions). If these are not achieved, then modal changes
from roads to train and maritime transportation could bring benefits in long time span with some
logistics limitations such as how to reach markets outside train and ports. This study clearly addresses
that re-designing future clean freight transport based on trucks system needs to be done in a broad
way to include the latest fuel and engine technologies (and related solutions), parallel to driving road
logistic towards the lowest possible emission levels and mitigation of harmful substances. This could
be concluded as the only answer to reach an improved environmental situation bringing positive
impacts on human health. At the same time, it is important to remember that freight transportation on
roads is expected to increase globally in the coming decades.
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Abstract: The transport sector is one of the leading contributors of anthropogenic climate change.
Particularly, internal combustion engine (ICE) dominancy coupled with heavy private motor vehicle
dependency are among the main issues that need to be addressed immediately to mitigate climate
change and to avoid consequential catastrophes. As a potential solution to this issue, electric vehicle
(EV) technology has been put forward and is expected to replace a sizable portion of ICE vehicles
in the coming decades. Provided that the source of electricity is renewable energy resources, it is
expected that the wider uptake of EVs will positively contribute to the efforts in climate change
mitigation. Nonetheless, wider EV uptake also comes with important issues that could challenge
urban power systems. This perspective paper advocates system-level thinking to pinpoint and
address the undesired externalities of EVs on our power grids. Given that it is possible to mobilize
EV batteries to act as a source of mobile-energy supporting the power grid and the paper coins, and
conceptualize a novel concept of Mobile-Energy-as-a-Service (MEaaS) for system-wide integration
of energy, transport, and urban infrastructures for sustainable electromobility in cities. The results
of this perspective include a discussion around the issues of measuring optimal real-time power
grid operability for MEaaS, transport, power, and urban engineering aspects of MEaaS, flexible
incentive-based price mechanisms for MEaaS, gauging the public acceptability of MEaaS based on its
desired attributes, and directions for prospective research.

Keywords: mobile-energy-as-a-service (MEaaS); mobile energy; urban electromobility; electric vehi-
cle; renewable energy resource; bidirectional electric vehicle charging

1. Introduction

The climate change crisis arising from increasing greenhouse gas (GHG) emissions
from all sectors of the economy, including energy and transport, demand decisive action
towards sustainability and smooth transition to cleaner energy sources [1,2]. After the
recent UN Climate Change Conference (COP-26), several governments and businesses in
the industrialized countries are beginning to show a paradigm shift in addressing these
challenges [3]. As road transport is a significant contributor to GHG emissions [4,5], the
uptake of electric vehicles (EV) in large numbers has been touted as one of the pathways to
lower the carbon footprint from the transport sector [6]. Accordingly, the world’s major
automotive industries have pledged to phase out internal combustion engines (ICEs) and
replace them with the EV technology. For example, the designated timelines for this
conversion are Volvo in 2030, Mazda in 2030, GM in 2035, and Nissan in the early 2030s [7].
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EVs form the spine of electromobility [8], where the term electromobility is defined
as “a set of activities related to the use of EVs, as well as technical and operational EV
solutions, technologies and charging infrastructure, as well as social, economic and legal
issues pertaining to the designing, manufacturing, purchasing and using EVs” [9] (p. 1).
There are many challenges in establishing electromobility in cities. These range from EV
costs and charging station availability and accessibility, from charging speed and battery
capacity and cost to purchasing power and government incentives, from cost of electricity
to vehicle to grid adoption and consumer awareness on green technologies [10–13].

In many countries, EVs are expected to proliferate over the coming decade [14].
Based on Bloomberg New Energy Financial predictions, after a tipping point in ICE/EV
comparative costs in the coming years, 60% of the cars will be fully electric, and the
rest of them will have the plug-in capacity by 2040. Globally, more than seven million
EVs are sold in 2021 alone, indicating the serious market penetration [7]. Although EVs
have significant environmental benefits, given the potential to use renewable power for
charging purposes, widespread adoption is limited due to the lack of available charging
infrastructure and the capability of the existing electricity distribution network to handle
cumulative peak demand [15–17]. In developing a comprehensive EV charging regime,
the locations, including customer premises, workplaces, public stations, online charging
on-route and car parks, are critical [18,19].

In the absence of any smart charging facilities, uncoordinated and erratic bidirectional
charging (charge and discharge) of EVs will hamper the stability of the electricity grid.
Based on [20], most customers tend to connect their EVs to the grid immediately after
returning home from work between 6:00 p.m. and 10:00 p.m. For instance, a study in the
Netherlands reports uncoordinated charging with just 30% EVs penetration, leading to
a 54% increase in peak demand [21]. A similar study in Western Australia reports that
a 62% EV penetration rate will result in a 2.57 time increase in electricity loading [22].
Hence, large-scale uncoordinated EV penetration will lead to excessive feeder overloading
and poor power quality [23,24]. The existing power quality issues, which are primarily
over-voltage problems, owing to the large numbers of rooftop photovoltaics (PVs) in the
distribution grids [25–28], will become worse due to the uncoordinated integration of EVs.

Therefore, there is a need to develop an intelligent scheduling and control mechanism
that encourages EV owners to relieve the overloading issue in the electricity grid. In
addition, optimal placements of EV charging infrastructures considering transport and
urban real-estate constraints are paramount to alleviate the electricity loading constraints.
Moreover, an incentive-based market mechanism where EV owners are rewarded for their
bidirectional charging behavior between EVs and grid (vehicle-to-grid (V2G) and grid-
to-vehicle (G2V)) helping the electricity grid is necessary. Additionally, the bidirectional
power flow can also be used to provide high-quality ancillary services such as voltage and
frequency regulation, peak power management and improvement to the load factor [29–32].
This should be combined with appropriate market research where the public acceptability
of this mechanism is evaluated. Furthermore, treating EVs as mobile energy sources has
created the concept of the mobile energy internet [33].

This perspective paper introduces a novel concept of Mobile-Energy-as-a-Service
(MEaaS), a well-planned mechanism incorporating transport, power, and urban infrastruc-
ture aspects of mobile energy for EVs and the flexible incentive-based pricing schemes to
handle challenges introduced by the upcoming wave of EVs. Provided that this mechanism
is planned well, challenges due to widespread EV uptake on urban power systems could
be handled via rapidly advancing mobile energy technology [34–37]. In other words, EV
batteries could serve as mobile energy sources to compensate the pressures on the grid dur-
ing peak times. Nevertheless, this requires a careful system design for large metropolitan
cities that can accommodate an MEaaS system.

One of the attractive features is that MEaaS creates a platform for EV users to trade
energy in an established market which can be operated via an app in smartphones. Using
the arbitrage market (i.e., power price differential during peak and off-peak hours), EV
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owners could cover not only the costs of running their vehicles but even profit from it.
The other advantage is convenience, timesaving, reliability of electricity supply to EVs
and the opportunity to be connected to a market on a 24/7 basis. Therefore, this new
technology adds extra value to the rapidly emerging process of prosumaging—Prosumage
is a term used for PROroduction, conSUMption, and storAGE [38]. The rollout of MEaaS
should further accelerate the uptake of EVs, increase the number of prosumagers, lead to
an increase in renewable energy driven by market forces [39], lower prices and a reduction
in GHG emissions from the transport sector. In this sense, MEaaS provides an opportunity
where large numbers of EVs, with their batteries, form a giant battery when aggregated.
The batteries not only will take the pressure off the grid, but their mobility provides an
opportunity for energy to be delivered to consumers on-demand, both to households as
well as EV users in a certain area where shortages exist.

In this perspective paper, we introduce a novel MEaaS system approach and offer a
discussion around the issues of: (a) Measuring optimal real-time power grid operability;
(b) Utilizing transport, power, and urban infrastructures; (c) Establishing a flexible incentive-
based price mechanisms, and (d) Gauging the public acceptability of MEaaS based on its
desired attributes. All statements in this perspective paper are based on a thorough review
of the current literature, research, developments, trends, and applications.

It should be noted that this paper is written in the form of a perspective piece, where
the authors express their personal experiences and opinions on a new perspective about
emerging research and development (i.e., MEaaS) on a particular topic (i.e., urban electro-
mobility). After this introduction, the rest of the paper is structured as follows. Section 2
introduces the state-of-the-art in mobile energy and transport. Section 3 presents the key
aspects of MEaaS as the future of urban mobile-energy. Section 4 concludes the paper by
presenting remarks on the future research directions.

2. Mobile Energy and Transport: The State-of-the-Art

Smart bidirectional EV chargers can regulate the grid frequency by charging and
discharging the EV batteries [40]. Using the arbitrage market, EVs can be financially
attractive to potential owners, covering EVs’ running costs to make a profit. For example,
one study reports that the EV-owner can gain between $3777 to $4000 per year for sharing
an EV’s power reserve with the power grid with a regulating power of 10–15 kW [41].

Load-levelling and peak-shaving are other potential benefits of G2V and V2G appli-
cations [42,43]. With the help of V2G, it is possible to discharge the extra power of EV
batteries to the grid during daily peak demand (peak-shaving). On the other hand, with
the help of G2V, EVs can be charged during off-peak hours, improving the load profile
during the day (load-levelling). According to [44], if New York City’s EV population is
approximately 100,000, representing a 50% penetration level, up to 10% of the peak power
can be provided by EV batteries—valued at $110 million per year.

In addition, the renewable energy sector can benefit from the presence of G2V and
V2G charging. Due to the intermittent nature of RERs, it is possible to use EV batteries
as storage units during periods of high peak generation and discharge them during peak
demand. Such a market will lead to an inevitable further increase in the uptake of rooftop
PVs, EVs and, at the same time, reduce the stress on the grid. Increasing amounts of
renewable energy generated, through an increased number of PVs, will eventually lead
to lower electricity prices even during peak hours, replacing fossil fuel-based generation,
leading to an eventual decrease in GHG emissions.

On the other hand, smart bidirectional charging makes it possible to determine the
charging time. This coordinated system can help decrease daily electricity costs, transformer
and conductor current ratings and flatten the power profile of the grid. Authors in [45]
report that a 50% peak load increase can be avoided at a 10% EV penetration rate with a
coordinated bidirectional charging strategy for the US power grid. Adopting a coordinated
mechanism requires specialized equipment such as sensors and communication devices
and related policies that can encourage customers to adopt EVs and adhere to associated
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bi-directional charging protocols. Some policies incentivize customers to purchase EVs in
tax credits/rebates and subsidize charging installation or discount in-building parking [46].

For instance, in the case of Australia, limited policies that exist at the state level
look surprisingly more proactive than those at the federal level. For example, the states
of Queensland and South Australia offer up-front financial incentive programs for EV
buyers and subsidies for EV bidirectional charging stations. On the other hand, some
policies involve bidirectional charging scheduling strategies. In the context of coordinated
bidirectional charging algorithms, most policies are based on multi-level pricing that are
established using power demand and RER generation to encourage customers to shift
to off-peak power demand. Several countries are lagging other developed countries in
terms of coordinated scheduling with no clear framework in place to set state and federal
initiatives [7]. Policymakers need to consider numerous local and national factors, including
the existing infrastructure; types of bidirectional charging stations and their locations; the
EV penetration rate, customer mobility profiles, convenience, preferences and acceptability.

Urban planning is another aspect that can be significantly affected by integrating
EVs to the power grid [47–49]. Public bidirectional charging stations that are optimally
located and easily accessible are critical in boosting the adoption of EVs. Moreover, range
anxiety is a prohibitive concern for the rapid growth of EVs. Many studies have been
dedicated to maximizing the satisfaction level with respect to charging demand and limited
budgets [50,51]. Nevertheless, optimization of EV bidirectional charging locations must
be expanded to encompass traffic concerns, equitable distribution of stations, the capacity
of roads/cities and existing infrastructure limitations. Furthermore, the current public
charger locating strategies do not consider the impact of having household chargers, which
may lead to the excessive location of the public charger in residential areas.

The increasing number of studies indicates that the number of EVs on our roads will
rise as they are preferred as personalized transport given the environmentally friendly ben-
efits and the acceptance of autonomous driving technology [52]. The uptake of autonomous
driving will also be revolutionizing smart urban mobility, where electrification of such
vehicles is also a desired outcome [53]. The levels of EVs on roads and their changing envi-
ronmental roles globally in recent years indicate that EVs will be the future of personalized
transport, especially when autonomous EV technology is concerned [54,55].

Although it is expected that 28% of total sold vehicles will be battery-powered by
2030, little work has been done to estimate the required infrastructure and the correspond-
ing budget to meet this growing demand. The practicability of constructing a complex
infrastructure across the country requires time, deep analysis of the issues and considerable
financial expenditure. Since the rapid growth of EV numbers has already started, the analy-
sis of the current grid system is essential to ensure that grid resilience is not jeopardized.
Although extra headroom for facilities is considered when the power grid is constructed
to account for future power demand increases, it is unlikely to be sufficient once the EV
fleet is integrated into the transport system. Thus, system augmentation is inevitable, and
potential flaws must be identified.

In addition, the increasing number of EVs as public transport necessitates the new
bidirectional charging stations with appropriate technologies for public stations, which
is different from the household stations. A substantial investment is required to develop
the needed technology, and significant financing is necessary to install and operate these
stations. Due to the complexity of the cost estimation and its dependency on the local and
national parameters, so far, no comprehensive analysis has been carried out to estimate the
expected investment and the gained profit for many countries. Internationally, only two
scenarios have been widely investigated for charging infrastructure requirements [56].

The first one is based on bulky battery packages that can guarantee the daily driven
distance of an ordinary individual. The EV is charged at night using a moderate power
transmission rate in this strategy. From an investment perspective, this approach requires a
low investment cost at the household level since most installed infrastructures in houses
can tolerate the required power transmission based on existing ratings of the installed
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wires. However, the main concerns of this approach are the lack of providing the required
ancillary services during the daytime and the increasing power demand across residential
area feeders at night [57].

The second strategy is based on the constant charging and discharging of the EVs
with a small battery-package volume that would be feasible with the help of new emerging
charging technologies such as ‘wireless power transfer systems’ (WPTS), which can charge
EVs on-road. Although the continuous drive option might be an ambitious and appealing
target, it requires a significant modification in both electrical and roadway infrastructures
and, therefore, an unjustifiable expense, particularly for low population density regions.
In general, commercialized bidirectional chargers can be classified as Level 2 chargers
(~5–10 kW) and Level 3 chargers (fast chargers, ~50 kW) [58]. The former suffers from slow
bidirectional charging time, making it more suitable for household applications. Level 3
charges can substantially increase power flows during peak power usage periods, making
it more convenient for public stations.

Ideally, the adopted bidirectional charging facilities should not be restricted to a single
technology. Thus, analyses related to EV infrastructure and corresponding impacts need to
be expanded to encompass various bidirectional charging options. For example, so far, the
investigated business models of bidirectional charger stations have been focused only on
a single technology across a system (i.e., only Level 2 or only Level 3 is adopted), while
the cost optimization of hybrid bidirectional charging facilities (including Level 2, Level
3, and on-route bidirectional chargers) has not been investigated (Figure 1). Furthermore,
how EVs as mobile energy carriers would affect the electricity grid power quality and
stability and the way the electricity and transport networks are interwound have not been
comprehensively investigated.
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Thus, this perspective paper is concerned with how the variability of electricity unit price
from RERs will influence the state-of-the-art stationery and dynamic bidirectional charging
costs and related operating expenses. In this way, a generic model for large metropolitan cities
can be developed to offer the optimal combination of bidirectional chargers for the public
(including on-route and stationary chargers) and household applications.

From an urban planning perspective, there are limited but growing studies concerning
the location of EV charging stations [59]. In the urban planning literature, integration
of land use and transport has been widely covered [60], whereas the inclusion of power
infrastructure is rather new. The existing literature on the location of charging stations
does not adequately factor in power, transport and urban planning aspects [61–63]. More-
over, while there are studies on wireless power transfer with one-directional charging
consideration [64–66], there are, to our knowledge, no comprehensive studies conducted to
determine the optimal location of bidirectional charging stations or infrastructure.

So far, accessibility has been the main factor in determining public EVs’ location
bidirectional chargers. As a result, parking lots are assumed to be a reasonable location for
the installation of such stations [67–69]. Nevertheless, factors such as balancing the power
generation from RER and EV charging power demand at each urban locality (e.g., suburbs
or neighborhoods); system augmentation; the impact of household chargers; traffic-related
concerns; the capacity of the civil infrastructure and the change in the behavior of drivers
on the face of potential charging/discharging incentivizing schemes have not been covered
systematically in the literature [70].

Despite a growing literature in this domain, it only covers limited aspects in identifying
optimal locations for bidirectional charging infrastructure [71]. Additionally, while MEaaS
provides a system approach to urban mobility including EVs [72], there is no comprehensive
and system-level approach to EVs and bidirectional charging infrastructure in the context
of metropolitan cities.

Against this backdrop, this perspective paper advocates a system thinking to pinpoint
and address the negative externalities of EVs on the power grid of our cities. Hence, in the
next section, the paper coins and conceptualizes a novel concept of MEaaS to operationalize
energy, transport and urban infrastructures for establishing sustainable electromobility in
large metropolitan cities.

3. Mobile-Energy-as-a-Service (MEaaS): The Future of Urban Mobile-Energy

Accordingly, this paper aims to provide a multidisciplinary perspective—of power
and transport engineering, urban planning, and social science—for the smooth transition
from the grid in its present form to a network that can support a dominance of EVs on
roads via an MEaaS. Furthermore, this research intends to analyze the effect of the power
system when EVs act as sources of mobile energy. Such mobile energy sources can be
utilized to supply energy to specific areas that experience energy deprivation at any given
time or absorb energy from certain areas that experience energy surplus. Thus, with proper
forecasting of the mobility over the transport network, EVs can be used as dynamic energy
sources to alleviate power system operational issues using bidirectional charging. This
shows the symbiotic relationship between transport and energy networks that can be
managed to be economically optimized.

In essence, MEaaS presents how an operational framework can manage such mobile
energy sources to benefit EV owners and urban transport and energy networks, particularly
in large metropolitan cities. As the geographical context of MEaaS, the primary imple-
mentation target is naturally the large metropolitan cities (cities offering increased urban
socioeconomic activities, density and population, and diverse and advanced infrastructure
and smart mobility options) [73–75]. Moreover, urban administrations of some global cities
(also branded as knowledge or smart cities), particularly in developed nations, have the
capability and interest to be the leader in urban innovation [76].

This perspective paper advocates the identification of appropriate charging systems
for domestic requirements and for addressing some of the current shortcomings of systems.
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Such broad scope and the multidisciplinary research perspective also include a public
preference/acceptability study to assist researchers in comprehensively investigating and
developing a charging system that tracks the influence of optimization in one aspect over
the other (Figure 2).
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This paper proposes MEaaS as a novel concept to address some of the undesired
externalities that EVs will create on urban electricity power grids. Turning the MEaaS
concept into reality will require thorough investigations despite this benefit. Four critical
ones are listed below and elaborated in the following subsections:

• Identification of optimal real-time power grid operationality when incorporating
MEaaS (where this involves, inter alia, a reliability analysis of the existing urban
power grid with respect to the future uptake of EVs and RERs) (further details are
presented in Section 3.1);

• Determination of the structure of MEaaS in the large metropolitan city context through
smart urban infrastructure design guidelines encompassing transport, power and
civil engineering aspects (where this involves analysis of the urban topography and
urban form and designating the optimal locations for public charging stations) (further
details are presented in Section 3.2);

• Development of the flexible incentive-based pricing mechanisms for MEaaS (where
this involves optimal bidirectional charging through V2X/X2V of mobile/stationary
EVs) (further details are presented in Section 3.3);

• Assessment of public acceptability of MEaaS and identifying its salient attributes under
which the system could be widely deployed (where this involves public technology
adoption surveys and interviews) (further details are presented in Section 3.4).

3.1. Measuring Optimal Real-Time Power Grid Operationality for MEaaS

The impact of EVs on the operations of electricity network utilities must be investigated
to avoid imposing an unprecedented burden leading to the degradation of power quality,
high-stress levels on local transformers or cables and poor system reliability. This involves
identifying optimal real-time power grid power flows incorporating MEaaS—that is, a
reliability analysis of the existing power grid with respect to the future uptake of EVs and
RERs. Researchers have investigated the impact on electricity grid power flows from EV
charging purely from a supply point of view [77]. However, the dynamic spatio-temporal
electricity demand distribution and its interaction with RERs have been overlooked. A
recent report from Energeia [78] indicates the likely significant variance in cumulative EV
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uptake over the next decade with respect to the government intervention level and how it
can significantly impact the power grid performance in large metropolitan cities.

We suggest the following procedures to measure optimal real-time power grid opera-
tionality for MEaaS involving EVs and the advanced bidirectional charging infrastructures.
First, the electricity network should be categorized into several modelling zones, which
in turn are defined in terms of the electricity distribution system and the local statistical
areas. Electricity grids are represented by several substation zones based on local statistical
areas, whereas transport networks consider several statistical areas based on socioeconomic
characteristics. This needs to be amalgamated to determine the impact of EVs on the power
grid. The worst-case condition in each zone, in terms of the required power consumption,
can be estimated as Equation (1):

Ptot,EV = ∑ Ni Pnom,i (1)

where the subscript “i” designates the adopted bidirectional charging technology, Ni is the
number of users of the i-th technology in each zone, Pnom,€ is the nominal power of the
bidirectional charger, which is a known value for different technologies (the influence of
private and public charging stations is accounted here). Ni represents private users which
can be approximated from the historical census records of each zone (Ni = αi * Nh, where
Nh is the number of houses in each zone, and αi is the penetration rate of EV in each zone).
Poisson distribution can be used to estimate the worst-case scenario of the number of public
station users at a specific timeslot [20].

With the help of Poisson distribution, the probability of the customers of public stations
(including the stationary and dynamic bidirectional chargers) can be determined to estimate
the corresponding power consumption/generation from Equation (1).

Customer behavior regarding the bidirectional charging operation is influenced by
several factors: electricity price, mobility trip purpose (work/recreational/shopping), time
(day/week/month) and customer convenience. The different electricity demand scenarios
should be modelled considering the aforementioned factors, and Equation (1) should be
solved for different times of the day. This analysis adjusts the current/projected daily load
curve by incorporating each zone’s RER generation distribution and demand scenarios
from the available power grid database. It should determine the limitations of the existing
power grid in each zone and the need for corresponding network augmentation.

3.2. Transport, Power and Urban Engineering Aspects of MEaaS

Integration of a large EV fleet into the power grid requires a placement strategy that
can justify the financial outlay and consideration of urban-related issues such as congestion
and social welfare. Moreover, the applications and implications of EVs are overshadowed
by the uncertainties and potential consequences for the operation of the existing power grid
and urban infrastructures. Regarding the placement strategies for bidirectional chargers,
several critical factors such as the travel anxiety level, the required time to charge with
respect to the adopted technology, and fair access to these facilities must be considered.
The power grid infrastructure limitations such as the power system transformer ratings
must also be taken into consideration.

In addition, the advent of modern technologies such as wireless powered bidirectional
chargers provides a unique opportunity for on-the-go bidirectional charging to be employed.
Although the required technology for on-route bidirectional charging is more expensive
than stationary chargers [64], it offers valuable features such as reducing the waiting time
in queues and the requirement for the EV battery size [79].

Furthermore, in locations with sufficient traffic, the revenue generated from cars using
bidirectional charging on the route can meet the investment expenses. There is limited
research on developing frameworks for identifying the most suitable locations for public
chargers in locations such as shopping centers and parking lots [50,56,66]. Nonetheless,
most drivers were shown to prefer mobility rather than profitability and indicated so-
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cial welfare, grid augmentation and urban planning-related concerns. Noticeably, the
simultaneous impact of more than one technology is not considered [80].

The grid augmentation and economic viability concerns should be conducted in paral-
lel with the grid modelling. In terms of various available bidirectional charging options and
topography of the city, there is a clear gap in the quantitative evaluation of the placement
of these stations with respect to urban planning and transport operational constraints.

Access to the strategic transport demand model and relevant socioeconomic and land
use data is necessary, as this provides an opportunity to demonstrate the applicability
of the research on a real network and establish evidence-based findings. The research
should consider spatio-temporal travel patterns and the recent advancements in artificial
intelligence and machine learning techniques (such as non-negative matrix factorization)
on the transport data can be explored for accurate and reliable modelling of base case
transport patterns.

Different scenarios specified by MEaaS should be considered to model EV customer
profiles with respect to the adoption of EVs. The profiling should consider different types of
EV customers and their socioeconomic characteristics. Different modelling scenarios based
on technology enthusiastic early adopters should be used to assess the price sensitivity
where there is mass ownership of EVs. A structured review of the emerging international
findings on EV and similar technology adoptions should provide a strong foundation for
the design of scenarios.

Based on the MEaaS scenarios, the charging location of EVs should be optimized
considering various factors such as spatio-temporal demand distribution, temporal vehicle
trip distribution, driving behavior (on the face of incentivizing schemes), power grid
impact and other technical factors related to charging type (e.g., fast/slow, wireless/plug-
in, reverse).

Different multi-objective mathematical function formulations (Z) for the objective func-
tion should be considered. In general, Z is defined as a function of the traffic delay on the
network (Tg) and impact on power grid (Pg) as represented by Equation (2). The sensitivity
and stability of the different formulations should be thoroughly tested systematically. The
values will be based on the simulation using the strategic transport model and the power
grid simulator:

Z = f (Tg, Pg, other constraints) (2)

Potential algorithms that can be considered for optimization include simulated anneal-
ing, advanced meta-heuristic algorithms, gradient descent and its variations, evolutionary
computation, hybridized algorithms and reinforcement learning.

The optimization protocol should take the following factors (not limited to) into
account: (a) Spatio-temporal distribution of mobile energy; (b) Travel patterns; (c) Strategic
transport model; (d) Customer profiling with respect to the adoption of EVs; (e) Various
urban scenarios; and (f) Optimization for charging infrastructure location with respect to
different technology types.

To accomplish a public placement bidirectional charger plan, an MEaaS feasibil-
ity/optimization study—looking into transport, power, and urban engineering aspects
of MEaaS—should utilize a zone-based geographic partitioning technique to predict elec-
tricity generation and demand at each zone. Given the available local data and the type
of land used (e.g., residential/commercial/industrial/recreational), one can forecast the
behavior and demand of users in each zone. The strategy should be based on optimal
placement of the public bidirectional charging stations (Level 3) in areas with the low RER
and high-power demand (such as apartment zones), where household bidirectional charg-
ers (Level 2) are more effective. Given the traffic flow at each zone, the modelling should
pinpoint those areas where there is potential for application of ultra-fast and wireless
bidirectional chargers.

The interaction between the price of electricity for selling or buying, user decision
to choose the travel route and the capacity of roads to accommodate the number of EVs
generates a coupled equilibrium in power and transportation.
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Such optimization study can learn from [50] the interaction between the price of
electricity and destination choice of EVs users, the optimized profit for both the stations
and users with respect to the optimal location of the stations. To this end, a combined
distribution and assignment model should describe the user destination choices based
on the price of charging and price paid for the purchase of excess electricity by charging
stations. Research can be further extended to model the effect of vehicle discharging on
traveler behavior and road capacity, not considered in [50].

3.3. Flexible Incentive-Based Pricing Mechanisms for MEaaS

The EV charging behavior of users can significantly impact the power grid perfor-
mance [79]. Currently, the charging infrastructure is limited to specific locations such as
workplaces, residential, commercial, and recreational premises. The existing charging
pattern and its impact on the grid is primarily governed by user convenience and the cost
associated with existing tariffs (pay-per-kWh and pay-for-time). Such patterns are not
system optimal and significantly impact the power grid.

With the advancement of technologies, users would actively participate in vehicle-to-
everything or everything-to-vehicle (V2X/X2V) mechanisms through bidirectional charging
and associated Smart/IT/apps/technologically based solutions. Although consequential
system augmentation is inevitable to some extent, adopting a reasonable policy or pricing
mechanism to incentivize users should result in optimal capital investments in power,
transport and urban infrastructures.

Furthermore, due to the high penetration of RERs in some nations, such as Australia,
and the lack of synchronous generators (low inertia), as pointed out in the introduction,
the grid is prone to instability, and the connection of EVs to the grid can be a beneficial
alternative if managed competently. Thus, there is a unique opportunity for many national
electricity utilities (grid and retail) and charging station operators to benefit from the
optimal integration of EVs. Nevertheless, there are neither mechanisms nor incentives
for EV owners at this stage. Several studies offer guidelines for the economic operation
of charging stations, ignoring the multiple options for charging EVs. Furthermore, the
literature has rarely modelled strategies regarding the discharging process and sharing
stored electricity of EVs with the power grid [81].

Therefore, it is imperative to incorporate multiple bidirectional charging technologies
connected to the electricity grid, charging stations and other energy storage facilities with a
flexible incentive-based pricing scheme for the optimal operation of MEaaS. Such a mecha-
nism should consider many priorities, including the RER generation profile, demand and
generation of power (supply) within each geographic zone and capturing the sensitiveness
of buyers and sellers of electricity to changes in price to make the market dynamic.

It should be noted here that this system should be highly flexible, incentive-based
and entirely dependent on the existing demand and supply of electricity at any given time
and location. Strategically, the operating system automatically, for example, increases (de-
creases) the sale price during peak (off-peak) demand to discourage (encourage) customers
to charge (discharge) them to sell (buy) to (from) the grid, charging stations, EVs and
other storage devices. In addition, it should be able to provide a travel plan for EV drivers
depending on their battery capacity where possible economically beneficial pathways for
them can be identified in terms of charging/discharging during travel.

Accordingly, the peak-load demands of the grid can be minimized, leading to more
optimal usage of the infrastructure. One potential pricing mechanism that can be considered
for the MEaaS is an improvement/variant of, for example, Australia’s existing wholesale
spot market pricing scheme, which is operated by the Australian Energy Market Operator
(AEMO), where the electricity supply and demand is ‘matched’ simultaneously using
real-time spot market dispatched every five minutes [82].

The AEMO operated spot market pricing scheme is not accessible to the public to
directly purchase electricity from generators. Nonetheless, given the technology involved
with MEaaS and because it operates within defined zones, it is argued here that the spot
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market for mobile energy should be instantaneous because such pricing could be arranged
on a zone-by-zone basis as shown in Figure 1 to reach market equilibrium prices. Markets
clear when quantity demanded (Qd) equals quantity supplied (Qs), as represented in
Equation (3):

Qd = Qs (3)

where Qd and Qs are quantities of electricity demanded and supplied, respectively. Using
primary and secondary data, it is possible to solve for equilibrium prices and quantities.
Once the price is settled in each zone, the price is instantaneously made available to all
system users (buyers and sellers) via an app. The main merit of this strategy is that the price
of electricity is instantaneously determined locally. Thus, with respect to RER generation,
EV users can decide to charge/discharge (bidirectional charging) in a zone based on the
prevailing price. Furthermore, since providing the ancillary services is crucial for grid
operators, they can offer further incentives for EV users to participate in the market through
V2X/X2V mechanisms. It is advocated that a fully flexible, highly incentivized pricing
system that affords the opportunity to arbitrage is a key determinant of success for the
uptake of the MEaaS system.

3.4. Public Acceptability of and Appropriate Business Models for MEaaS

Creating a dynamic pricing system for arbitrage is one of the key essentials for the
success of MEaaS. Another key determinant for the uptake of this emerging technology
hinges on the public acceptability of mobile energy as a realistic product with the desired
attributes linked to its use. For public acceptability, it is imperative to showcase the key
attributes of the technology. They include the costs, monetary gains from the use of the
technology, convenience, reliability and the inclusion of renewable energy and uptake of
EVs instead of ICEs.

For this purpose, a common approach is to conduct a consumer choice model, where
the most desired attributes mentioned above could be tested, and consumer preferences
ranked and highlighted. It is also possible to test whether consumers are willing to adopt
the change, under what circumstances they would do so or whether they would prefer
the status quo. In this case, ICEs or EVs minus the MEaaS system. It is also possible to
rank consumers’ acceptability for each attribute in monetary terms. The choice modelling
is usually embedded in a survey of consumers where the technology is most likely to
be adopted.

A consumer choice model assumes that a consumer reveals his/her preference. Here,
the consumer selects the alternative that provides the highest utility [83], say between
ICE and EV with MEaaS technology. That is, a consumer n selects choice I if Ui > Uj, “j

Î Cn, i 6= j, where Ui is decomposed into a A deterministic (observed), Vnj, and random
(unobserved) part, εnj, as represented in Equation (4):

Ui = Vi + εi (4)

where Vi is a deterministic component, and εi is a random error component that cap-
tures any influences on individual choices that are unobservable to the researcher. The
deterministic component, Vi, is the function of the MEaaS attributes and socioeconomic
characteristics of the consumer, and can be expressed as represented in Equation (5):

Vi = β0 + β1X1 + β2X2 + . . . .. + βnXn + βaS1 + βbS2 + . . . .. βmSk (5)

where β0 is the alternative specific constant, X1 to Xn are the attributes, S1 to Sk are the
social, economic and attitudinal characteristics of the consumer and β1 to βn and βa to βm
are attached to the vectors of attributes and vectors of the consumer characteristics, both of
which influence utility. Models such as multinomial logit (MNL), random parameter logit
(RPL) and other models can be used to analyze the choice data [84,85].
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Researchers have used choice experiments to test consumers’ acceptability of au-
tonomous vehicles and one of the studies that provide before and after provision of infor-
mation about the emerging technologies include [86]. These experiments which gather
socioeconomic (including income, education and gender) and attitudinal data on surveyed
residents provide numerous indications, including which groups are likely to adopt such
technology and those who are unlikely. That is to say, identifying key determinants of
such technology is vital for technology developers, policy planners and investors. Such
modelling can also indicate barriers and identify the most preferred attributes and provides
an excellent basis to measure the strengths of these markets and to what extent and under
what conditions consumers are likely to embrace such technology.

In summary, choice surveys, if well-executed, could elicit critical data that will enable
the planning and execution of a business model that considers customer preferences, costs
and benefits. This exercise will also provide valuable insights into the pricing mechanisms
(including the development of relevant apps) that need to be put in place and obtain
an understanding of the challenges and opportunities that MEaaS provides the various
stakeholders.

4. Conclusions: Future Research Directions

Increasing urban population and their energy and mobility needs have created major en-
ergy and transport sustainability problems for particularly large metropolitan cities [87–89].
In this perspective paper, we argued for the need for MEaaS to operationalize energy,
transport and urban infrastructures for establishing sustainable electromobility in large
metropolitan cities to address the energy and transport sustainability problems. Prospective
studies on MEaaS are needed as they provide numerous benefits, where some of them are
elaborated as below.

Prospective studies on MEaaS will disclose new knowledge and scientific outcomes: The chief
specific outcome of prospective research on MEaaS will be new scientific knowledge, as
the MEaaS concept is the first comprehensive attempt to investigate future urban energy
systems for sustainable electromobility in large metropolitan cities, where many of them
today call themselves smart cities. These investigations will generate critical knowledge
and an evidence base that will enable government agencies to follow pathways in adopting
appropriate urban energy systems for sustainable electromobility.

Prospective studies on MEaaS will generate economic returns flowing from scientific outcomes:
There are likely to be significant economic returns flowing from such scientific outcomes.
These investigations will be of direct benefit to government agencies, and many others
internationally—as these research studies will unveil new knowledge on adopting appropri-
ate urban energy systems for sustainable electromobility. The large-scale commercialization
of these MEaaS will generate an economic return.

Prospective studies on MEaaS will provide social and environmental returns flowing from
scientific outcomes: The flow-on benefits will not just be economical; there will be significant
societal and environmental benefits, as these studies will identify socio-spatial negative
externalities of urban mobility and prescribe responsible solutions for government agencies
to address the adverse effects on the communities and the environment. The MEaaS system
with its financial and other benefits will accelerate the uptake of EVs, thus reducing the
use of fossil-based fuels. These investigations will also reduce the strain imposed on the
existing power grid.

Prospective studies on MEaaS will support informed urban, transport and energy policy
and debate: These studies, throughout their investigation phase, will generate research
outcomes, which will be communicated regularly to inform urban, transport and energy
policy and debate, thereby raising the awareness of governments and the public regarding
the importance of MEaaS solutions.

Future research will inform urban, transport and energy policy circles and the research
community by leading a public discourse on urban energy systems that foster sustainable
electromobility in large metropolitan cities. Our research team will also continue to embark
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on different facets of MEaaS and complimentary aspects of future urban, transport and
power technologies.

We conclude this perspective piece by quoting [90], “the electricity grid with a high
penetration of renewable energy can enable travelers to travel free of emissions using
state-of-the-art EVs. Extensive EV demands at the peak-times, and an increase in electricity
consumption due to population growth, have led to higher utility infrastructure invest-
ments. Mobile energy systems can be used as an innovative demand-side management
solution to reduce long-term utility infrastructure investments. They can store and release
electricity to the grid based on consumer demand. However, a scientific planning approach
for grid integration has been overlooked (p. 1)”, and our study in this paper offers a new
conceptualization of such a system integration with MEaaS.
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