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Abstract: Air pollution resulting from massive urban development and increased use of private
vehicles is a major environmental concern, with particular relevance in urban areas. Urban public
road transport has a significant impact on shaping land use patterns, air pollution and welfare. It
must therefore be efficient in terms of air pollution in order to contribute to sustainable metropolitan
mobility and economic growth. This study proposes a novel and consistent data envelopment
analysis, aiming to identify which urban public transport vehicle is the most efficient in terms of
air pollution and therefore environmentally suitable for use in public road transport systems. The
case of Madrid has been analyzed, as it is representative of other large cities, which have similar
bus alternatives and the common objective of reducing air pollution. Madrid City Council data has
been compiled by authors and assessed by a panel of twenty experts to determine the model criteria
weights. The results show that the plug-in electric vehicle has the lowest pollutant emission values
while delivering the highest performance. Useful recommendations are provided to support public
policy decisions related to the complex relationships between urban land use, urban transport and air
pollution in urban areas.

Keywords: air pollution; land use; data envelopment analysis; public transportation; urban transport
policies

1. Introduction

Urban land use patterns are linked to transportation, which nowadays has an increas-
ing and dominant impact on air pollution. Everyday life decisions related to travel behavior,
both by private [1,2] and public transportation [3,4], depends, amongst other factors, on
urban form.

A systematic literature review on the interaction between land use and travel behav-
ior [5], as well as on the relationship between travel behavior and urban structure [6],
concludes that the most popular assumptions and beliefs about the relationship are gener-
ally supported by empirical studies. In that sense [7] provides empirical evidence that good
urban planning can successfully influence travel behavior. Land use and urban transport
interaction [8] represents policy challenges [9] related to everyday lives travel behavior [10].

Urban public transport is a fundamental aspect in shaping the spirit and habitat of
each city [11]. Due to its relevance in land use pattern, everyday lives, and city form,
urban public transport is undergoing a continuous process of modernization in terms of
management, planning, and technology, which has been well documented in the recent
history of public transport [12].

Historically, transport technology and the associated transport costs have always
been among the dominant determinants of urban location and form [13], nevertheless in
current time the priority focuses on energy use and CO2 emissions of urban passenger
transport [14].
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In addition to urban form, which is the physical characteristics of a city, the deter-
mination of public transport alternatives is also based on management decisions, related
to budgetary issues, the efficiency of alternatives, and the environmental awareness of
policy makers.

The planning of urban public transport has a significant impact on shaping land use
patterns, air pollution and welfare [15]. Therefore, political and citizen awareness related to
the strategic importance of green public transport in urban transport is growing and leading
to a transformation in terms of low energy consumption, urban viability and livability of
cities [16,17].

Current air pollution levels remain dangerously high in both developing and devel-
oped countries [18]. According to [19], 9 out of 10 people breathe air containing high
levels of pollutants. One of the reasons for the previous figures is that at the present time
55 percent of the world’s population is residing in urban areas, and by 2050, 68% of the
world’s population is expected to be urban [20].

In Europe, in particular, a large majority of citizens live in an urban environment,
with more than 60% living in urban areas of more than 10,000 inhabitants. Increasing
urbanization and population concentration in Europe leads to high levels of air pollution.
Urban mobility in Europe accounts for 40% of all CO2 emissions from road transport and
up to 70% of other transport pollutants [21].

Even though air quality in Europe has improved over recent decades, the levels of
air pollutants still exceed European Union standards and the most stringent World Health
Organization guidelines [22].

The urban structure can affect city sustainability from an air quality perspective [23],
and the stronger relationship between trends in transport pollution and urban land use has
been well documented [24]. In this sense, the urban form has been identified as a crucial
dimension of sustainable cities [25].

The analysis of energy use in urban transport and associated emissions from an
urban land use planning perspective [26], suggests the implementation of integrated urban
models and policy-sensitive analytical tools. Therefore, the investigation of how urban
policy makers can reduce negative impacts on air quality is an emerging priority in both
empirical and theoretical research.

The transport sector is one of the largest contributors of pollutant emissions [27],
and more specifically, individual motorized transport causes 59% of greenhouse gas emis-
sions [28]. Compared to private vehicles, public transportation is reducing annual emissions
of pollutants that create smog, volatile organic compounds, and nitrogen oxides [29].

Public road transport is as a competitive alternative to the private cars, which are
the major source of air pollutants. Nevertheless, not all public road transport vehicles are
equally effective in mitigating pollutant emissions [30].

The emissions from public road transportation depend on the type of fuel technologies
used by the vehicles. Most urban transportations systems use a combination of the main
types of buses available on the market: CNG, diesel, diesel hybrid, plug-in electric, and
induction electric [31].

Therefore, the objective of this study is to identify which type of bus propulsion engine
technology is the most efficient in terms of air pollution and therefore the most suitable for
use as an urban public road transport vehicle.

European cities have similar pollution problems [32], the common goal of reducing air
pollution from public transportation systems [33], and similar vehicle alternatives by fuel
type in the European urban bus market [34].

According to [34] Madrid ranks 5 out of 75 European cities in terms of fleet size, and
additionally this city uses 45 different types of vehicles [35] including all main vehicle
alternatives by fuel type available in the global urban bus market [36]. Hence the capital of
Spain has a sufficiently large and heterogeneous fleet of urban public buses, and it has an
extended urban form, which makes it convenient as a case study for which the results can
be extrapolated to other metropolises.
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The urban bus transport fleets of European cities, which have a heterogeneous mix of
vehicles using different fuel alternatives, are in a process of migration from economically
inefficient and highly polluting vehicles to more economically efficient and environmentally
friendly buses [37].

This is a relevant and consolidated topic of research, which subject has been addressed
extensively in recent years, including a profusion of specialize publications on the topic of
the public transport systems pollution problems [38], and specifically those produced by
buses [39–43] in Spain [44,45] and in particular in Madrid [46,47].

Although previous academic literature has studied the air pollution effects of public
buses considering the propulsion technologies of their engines and the type of fuel used
by these vehicles, as well as the comparison of environmental consequences of using
different types of fuel propulsion has been extensively studied [48–52], assessing their
environmental impact [53], a research gap has been identified in relation to the application
of data envelopment analysis on the efficiency of urban public road transport in terms of
air pollution.

The role of urban public road transport to mitigate local air pollutants, such as nitrogen
oxides (NOx) and particulate matter (PM10 and PM2.5), is relevant [54] and of growing
importance in the political priorities of Europe’s most important municipalities [55].

With the Paris climate agreement in place, the EU is more committed than ever to
the global transition to a low-carbon economy, and has committed to reducing carbon
emissions, by improving the transport system, and more specifically public road transport,
through the declaration of intent on promoting the large-scale deployment of clean and
alternative fuel buses in Europe, making them cleaner, more energy efficient, and more
sustainable [56].

The main environmental goal of Europe is represented by the reduction of the global
greenhouse gas emission, and the transport sector plays a main role in the achievement of
this objective. In fact, the European Commission proposed a reduction of 60% in greenhouse
gas emissions from transport by 2050, as measured against the 1990 levels [57].

Public policy objectives related to the sustainability have been in the agenda of inter-
national organizations since 1987 [58]. The ongoing more relevant global commitment is
the 2030 Agenda for Sustainable Development [59], which includes two targets, 11.2 and
11.6, underlining the effects of urban transport on sustainability.

The target 11.2 is related to “affordable and sustainable transport systems”, states that
“by 2030, provide access to safe, affordable, accessible and sustainable transport systems for
all, improving road safety, notably by expanding public transport, with special attention
to the needs of those in vulnerable situations, women, children, persons with disabilities
and older persons, meanwhile the target 11.6, that refers to “reduce the environmental
impact of cities”, states that “by 2030, reduce the adverse per capita environmental impact
of cities, including by paying special attention to air quality and municipal and other
waste management”.

Achieving the targets set in international agreements, such as the Paris Agreement [60]
and the Kyoto Protocol [61], as well as respecting the air quality recommendations of
international bodies, is not only a moral commitment of European cities, but also from
a practical point of view it is necessary in order to avoid sanctions imposed by the Eu-
ropean Commission for non-compliance with World Health Organization and European
Commission recommendations.

European Commission request the member states to comply with World Health
Organization air quality requirements [62], taking an active role on monitoring and forcing
Member states to reduce local levels of air pollution to keep EU legislation on ambient air
quality [63]. In case pollutant particles exceed the legal threshold, and no effective measures
to reduce air pollution are implemented, then European Commission refer countries to the
Court of Justice of the EU, as it happened to Bulgaria and Spain on 2019 [64].

Public transport is a very common means of transport in Spain, although its use
varies considerably depending on the urban form. Specifically, Madrid residents use public
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transport 34% of journeys made in the city, with an average annual use per citizen of
244 times a year [65].

After the aforementioned sanctions, the city council of Madrid has made a firm
commitment to alternative fuels in compliance with the Euro V European regulations on
emission levels of air pollutants, resulting on a seventy-two percent green public transport
buses fleet [66].

Green fleet is a broad concept, which includes vehicles propelled by different types
of fuels and different engine technologies. In the case of Madrid its 72% green fleet is
made up 42% of natural gas buses, 29% of Euro V diesel buses, and 1% of electric buses.
Nevertheless, not all green fleet buses are equally effective in terms of air pollution.

Hence, the aim of this research is to compare, under a ceteris paribus condition, the
main fuel alternative technologies available in the urban public buses market, that is diesel,
diesel hybrid, CNG, plug-in electric, and induction electric, aiming to identify which one is
the most efficient in terms of air pollution and therefore environmentally suitable for use in
public road transport systems.

For that purpose this study proposes a novel and consistent data envelopment analysis,
which objective is to identify which Madrid urban public transport vehicle is the most
efficient in terms of air pollution.

Therefore, this study raises the following research question:

- Research Question: Which type of alternative fuel technology for urban public buses
is the most efficient in terms of air pollution?

The result of previous research question can be useful and unambiguous evidence to
support public administrations decisions regarding sustainable urban transport policies.

The rest of this paper is organized as follows. Section 2 presents the data source and
methodological description. This section explains the data envelopment analysis model
and formulas. Section 3 includes the model results and discussion. Section 4 offers the
main conclusions and recommendations of the study, including results implications for
management, research limitations and future lines of research.

2. Materials and Methods

Diviz software [67] has been used to implement the proposed data envelopment
analysis, from now on DEA [68].

The source of the used data has been published by the Madrid City Council in two of
its entities: the Empresa Municipal de Transportes de Madrid (Madrid urban public road
transport company) [69] and the Consorcio Regional de Transportes de Madrid (Regional
Transport Consortium of Madrid) [70].

In order to determine the model criteria weights, a panel of 20 experts participated in
a Delphi method [71].

This research studies the efficiency of urban public road transport vehicles in terms
of air pollution. The efficiency, from an environmental point of view, of the five main
different types of public buses used in the City of Madrid (CNG, diesel, diesel hybrid,
plug-in electric, and induction electric), will be measured using the DEA technique.

2.1. Materials

The analysis of which types of buses are efficient from the point of view of pollutant
emissions, by applying a DEA model, requires input and output data.

Specifically, it is analysed which engines are able to cover the same kilometers while
emitting fewer pollutant gases. Therefore the output data or the service indicator used is
the number of kilometers per vehicle for each type of engine, and the input data or the
pollutant emission indicators are the NOx (kg), PM (kg) and CO2 (kg) emissions for each
engine type.

A particular bus line [72] has been selected to apply the suggested DEA model to a
real case of study. For this analysis, the bus line 21 was chosen as a representative sample
of the urban bus lines in the city of Madrid for three reasons: (a) it carries out a long-term
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route that crosses the entire capital, combining light traffic areas with heavy traffic areas in
the same proportion; (b) it has a route with an average distance of 9.21 km per journey that
is on the average of all routes; (c) to cover this line, buses of all the technologies included in
our study are being used. This line, operating 18 h daily during one year of service, will
have unequal resource requirements caused by differences in range, engine performance
and refuelling time, depending on the type of fuel used by each type of vehicle. Therefore
the required number of vehicles will be different, the distance travelled will be different on
the same route, and the total time spent will also be different.

On one hand induction electric vehicles take 20 min longer than other buses to com-
plete a full journey, because they must recharge their batteries at bus terminals, which
forces them to stand still for 10 min on each outbound journey. On the other hand CNG,
diesel, and diesel hybrid vehicles have the same requirements in terms of range, but plug-in
and induction electric vehicles have a maximum range of 155 km without refuelling, so
these buses cannot provide a full-day service and therefore more vehicles are needed due
to their limited range.

According to the aforementioned limitations of different alternatives, Table 1 shows
the data requirements by type of fuel of one particular line during one year of service.

Table 1. Data on requirements by type of fuel.

Alternative Kms Travelled Hours in Service Number of Vehicles

Diesel 1,160,198 94,568 23
GNC 1,160,198 94,568 23

Diesel hybrid 1,160,198 94,568 23
Plug-in electric 1,187,888 96,001 31

Induction electric 1,172,226 112,873 27
Source: Compiled by the authors based on data from Madrid City Council [69,70].

Table 2, based on Table 1 data, shows the kilometers travelled divided by the number
of vehicles, which are the output of the model.

Table 2. Data used in the DEA.

Alternative DMU Output:
Km/N◦ Bus

Input 1: NOx
(kg)

Input 2: PM
(kg)

Input 3: CO2
(kg)

Diesel DMU1 50,443.39 1138 3.9 1,589,471
GNC DMU2 50,443.39 1044 3.4 1,833,113

Diesel hybrid DMU3 50,443.39 910 3.1 1,264,616
Plug-in electric DMU4 38,318.97 0 0 724,612

Induction electric DMU5 43,415.78 0 0 926,059
Source: Compiled by the authors based on data from Madrid City Council [69,70].

Additionally, and based on Madrid City Council data, the following table shows the
pollutant emission indicators NOx (kg), PM (kg) and CO2 (kg) emissions for each DMU or
vehicle alternative, which are the input data of the model.

The Table 2 resumes the information needed for the DEA method model, which will
be used to assign technical efficiency to each vehicle type, named as DMU alternative.

2.2. Methods

The DEA is an efficiency measurement technique based on obtaining an efficiency
frontier from the set of observations considered without the estimation of any production
function, i.e., without the need to know any form of functional relationship between inputs
and outputs.

DEA attempts to optimise the efficiency measure of each unit analysed to create
an efficient frontier based on the Pareto criterion, allowing the use of multiples inputs
and outputs without imposing any functional form on the data or making assumptions
of inefficiency.
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Using DEA, the efficient frontier is the benchmark against which the relative perfor-
mance of different types of engines is measured. The engines that form the efficient frontier
use a minimum amount of inputs to produce the same amount of outputs.

The distance to the efficient frontier represents the measure of efficiency or lack thereof.
Basic DEA model, called CCR, was firstly applied in 1978 [73]. The relative efficiency of

a decision making unit, from now on DMU, is calculated as the ratio between the weighted
sum of outputs and the weighted sum of inputs.

The weights are determined by linear programming so that the DMU maximises its
efficiency value.

Let E0 be the efficiency score of the observed DMU0. Let yj0, j = 1, . . . , s be the outputs
and xi0, i = 1, . . . , m the inputs used to compute the efficiency, and n the total number of
DMUs (r = 1, . . . , n). Then, the relative efficiency of DMU0 is calculated as:

E0 = Max
∑s

j=1 ujyj0

∑m
i=1 vixi0

(1)

where uj and vi are the non-negative weights. If the condition that the efficiency be less or
equal than 1 is imposed, then it is obtained the classical CCR model under the Constant
Return to Scale (CRS) assumption:

E0 = Max
∑s

j=1 ujyj0

∑m
i=1 vixi0

(2)

s.t. :
∑s

j=1 ujyjr

∑m
i=1 vixir

≤ 1 f or r = 1, . . . , n
uj, vi ≥ 0 ∀i, j

The transformation developed by [73] for linear fractional programming selects a
concrete weight solution for which ∑m

i=1 vixi0=1 and leads to the following linear problem:

E0 = Max
s

∑
j=1

ujyj0 (3)

s.t. :
∑m

i=1 vixi0 = 1
s
∑

j=1
ujyjr −

m
∑

i=1
vixir ≤ 0 r = 1, . . . , n

uj, vi ≥ 0 ∀i, j

(4)

DEA solves n different LP problems for a set of n DMUs.
A DMU is efficient if its efficiency score is equal to one and there exists at least one

optimal solution with non-zero weights.
The work in [74] proposed a version of the CCR model with VRS, or variable returns

to scale, which is commonly known as the BCC model, and use to be applied for situations
where the CRS assumption is not met.

Figure 1 shows graphically the interpretation of DEA results. As it is shown best
practice DMUs are A, B, C, D and F. Peer groups for DMU E are input minimization (A, B)
and output maximization (C, D). The efficiency of DMU E in input minimization is Xp/Xo,
and in the output maximization is Yo/Yp.

There is sufficient evidence in the literature that the number of DMUs must be greater
than the number of inputs and outputs, although there is no fixed rule as to the ratio [75]
pointed out that there are situations where a significant number of DMUs are in fact efficient,
and in some cases, the population size is small and does not permit one to add actual DMUs
beyond a certain point.
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In addition, as it is graphically represented, targets for DMU E are the two projections
onto the efficient frontier. This research implemented the classical DEA model incorporating
weight restrictions to overcome two model problems.

The first problem has to do with the number of inputs and outputs considered in the
case study. The number of inputs and outputs considered in a DEA influences the number
of efficient DMUs, in this case types of engines or bus alternatives. The higher the number
of inputs and outputs, the higher the number of efficient DMUs.

The second problem has to do with the variability of the weights obtained in the DEA.
The original DEA proposal provides for complete freedom of variation in the weights,
which puts the DMU being evaluated in the best possible light.

Without the possibility to introduce weight constraints, a total flexibility of the weights
is allowed. This can lead to the identification of a DMU with unrealistically efficient
weighting behavior.

Problems arising from full weight flexibility in the DEA model are usually addressed
by incorporating weight restrictions.

Hence, to solve the two problems mentioned above, restrictions on the weights have
been introduced. In particular, Assurance Regions (AR), which impose restrictions on the
ratios between the weights of inputs and/or outputs, will be imposed on the inputs.

The DEA-CCR-efficiency module of Diviz software has been used to compute effi-
ciency scores for the given DMUs (vehicle types) using the proposed CCR data envelopment
analysis model.

The number of inputs and outputs considered in the DEA model influences the number
of efficient alternatives, in this case types of engines or bus alternatives. The higher the
number of inputs and outputs, the higher the number of efficient alternatives.

In order to avoid unrealistic weights appearing that allow some DMU to seem as effi-
cient, a panel of twenty experts has been consulted to determine the model criteria weights.

For that purpose, the commonly used Delphi method [71,76] has been applied to
determine the weights of the criteria. The Delphi method produces a consensus on the
average value attributed to each criterion. The selected group of experts were professionals
or scholars of the transport industry (45%) or energy in transport (35%) or both (20%), with
at least three years’ experience.

Two rounds of individual online consultation were needed for achieving agreement
on the importance of the weights of the criteria.

In the second consultation the mean values of first round answers were communicated
to experts before their second response.



Appl. Sci. 2022, 12, 57 8 of 15

Table 3 shows the mean weights determined by the group of experts to each criterion,
as well as the standard deviation, the first-round coefficient of variation, the second-round
coefficient of variation, and the absolute difference between the coefficients of variation of
the two rounds.

Table 3. Delphi model: consensus on elements, weights, and statistical data.

Criteria Mean Weights SD CV1 CV2 CV1–CV2

NOx emissions 0.5 0.228 0.23 0.23 0.00
Particular matter emissions 0.3 0.279 0.37 0.28 0.09

CO2 emissions 0.2 0.354 0.34 0.35 0.01
SD = standard deviation; CV1 = 1st round coefficient of variation.

From the information provided by the Delphi and considering the values of the
mean and standard deviation, the following restrictions have been imposed on weights of
the inputs:

w3 ≤ w2

w2 ≤ w1

where:
wi = weight o f input i, i = 1, 2, 3

Previous restrictions will be hereafter named as “Set 1 of restrictions”.

3. Results and Discussion

The DEA method model has been implemented by using the Diviz software. Figure 2
shows the Diviz workflow to implement the DEA model with restrictions over the
weights [77].
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Table 4 shows the result of the analysis of which types of buses are efficient from the
point of view of pollutant emissions, by applying the previous DEA model with “Set 1 of
restrictions”, to assess which engines are able to cover the same kilometers while emitting
fewer pollutant gases.

In order to obtain more accurate results, it has been decided to include more restrictive
conditions on the weights based on the relationships that exist between the mean values
assigned by the experts to the weights:

w1 ≥ 2.5w3
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w2 ≥ 1.5w3

The previous more restrictive conditions will be hereafter named as “Set 2 of restric-
tions”. By applying these conditions, the solution provided by DEA model is shown in the
Table 5.

Table 4. Maximum efficiency of motors with “Set 1 of restrictions”.

Alternative (DMU) Efficiency Value

Diesel 0.600127256137285
GNC 0.520363376365661

Diesel hybrid 0.754288155408271
Plug-in electric 1

Induction electric 0.886544716896213

Table 5. Maximum efficiency of motors with “Set 2 of restrictions”.

Alternative (DMU) Efficiency Value

Diesel 0.600127256137285
GNC 0.520363376365661

Diesel hybrid 0.754288155408271
Plug-in electric 1

Induction electric 0.886544716896212

According to DEA model theory [68] a DMU will be efficient if the efficiency value is
equal to 1 with non-zero weights.

As can be seen in Tables 4 and 5, in both cases the efficient solution is the plug-
in electric motor. Hence, the only efficient engine, from the point of view of pollutant
emissions, is the plug-in electric.

This means that it is not worth investing in induction electric vehicles from a pollution
point of view because they are not efficient.

In addition, the infrastructure required to operate induction electric vehicles is complex
in built-up areas.

A graphical representation of the DEA model solutions has been created, aiming to
provide a clearer and visual solution. Two axes have been considered: one represents the
output (which is intended to be maximized) and the other one represents the input (which
is intended to be minimized).

To construct a single function that represents the three initial inputs, a principal
component analysis, from now on PCA, has been performed. The values for this PCA of
the inputs are shown in the Table 6.

Table 6. First principal component analysis values for inputs.

Alternative (DMU) First Component

Diesel 0.87377
GNC 0.90508

Diesel hybrid 0.35636
Plug-in electric −1.14098

Induction electric 0.99424

The Table 7 shows that the first component, which has been denoted F1, accumulates
95.975% of the total information. Therefore, without loss of generality, it is possible to work
with it to graphically represent the inputs on a plane.
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Table 7. First principal component analysis values for inputs: total variance explained.

Component
Initial Eigenvalues

Total % of Variance % Acumulated

F1 2.879 95.975 95.975
F2 0.121 4.018 99.993
F3 0 0.007 100

In that case, the input and output values for each DMU are as shown in the Table 8.

Table 8. Input and output values for each alternative (DMU).

Alternative (DMU) Inputs: F1 Outputs: Km/N◦ Bus Efficiency

Diesel 0.87377 50,443.39 0.60012
GNC 0.90508 50,443.39 0.52036

Diesel hybrid 0.35636 50,443.39 0.75428
Plug-in electric −1.14098 38,318.97 1

Induction electric −0.99424 43,415.78 0.88654

The graphical representation of the DMUs on a map is shown in Figure 3.
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To find which DMUs are efficient, it is necessary to look at the top left-hand side of
the map. In this corner there will be the DMUs that provide higher values of outputs
(kilometers travelled) with smaller values of inputs (less pollutant emissions).

The most efficient DMU is DMU4 (plug-in electric) because there is no other DMU, with
the pollutant emission values of this type of engine, capable of providing a higher output.

4. Conclusions and Recommendations

The most relevant conclusion of this research is that plug-in electric vehicles are the
only efficient motor from the point of view of polluting emissions. Plug-in electric buses
can make the same kilometers emitting the lowest level of polluting gases.

Based on research results, the answer to the main research question is:
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- Answer to the Research Question: The most efficient alternative fuel technology, in
terms of air pollution, for urban public buses, is the plug-in electric.

4.1. Implications for Management

The high level of pollution caused by road traffic in large cities is one of the main
challenges for cities to ensure a sustainable and environmentally efficient future.

It is essential to ensure the transition from fossil fuels based mobility model to one
based on clean energy although this transition is very complex in terms of fuel/energy
taxes. Moreover, climate change further complicates the challenge of urbanization.

As the challenges of urbanization increase, so does the global commitment to get
it right.

The research results favor the development of an efficient urban transport model based
on vehicles powered by electric motors clarifiying the previous doubts about which type of
electrical technology, among the existing ones, is really efficient in environmental terms.

In addition, there are other types of implications that also condition the type of electri-
cal technology to be used for the development of urban transport systems in large cities.

Plug-in electric vehicles, although they are the most efficient technological option
in environmental terms, still have many limitations in the autonomy due to the types of
batteries and the lack of a sufficiently dimensioned charging network infrastructure.

However, in the medium term continued technological advances will further enhance
the dominant position of this plug-in electrical technology in terms of efficiency because
new urban and long-distance charging solutions will get an enough level of implementation.

Regarding to the induction vehicles, it is important to highlight the fact that they are
not considered efficient from an environmental point of view according to DEA results.
Induction vehicles need more buses travelling more kilometers to guarantee the same level
of transport service, as the vehicles have to stop for twenty minutes per trip to recharge
their batteries by induction.

For this recharge, induction electric buses need to be placed and keep stopped near a
charging station or inductive platform located under the pavement of the bus stop. This
type of integrated system under the pavement is very expensive to build in economic terms
and is the main handicap for its implementation in large developed cities such as Madrid.

Nevertheless, it may prove to be a suitable solution for planning green and sustainable
urban transport systems in new urban areas.

In addition, countries must meet the commitments they have made to reduce pollution
levels set out in the SDGs of the 2030 Agenda in a period of time shorter than the period of
time necessary to implement the induction recharging infrastructures that allow the use of
the induction technology intensively.

Based on these limitations on induction vehicles, in the short term it is not worth
assuming the economic, operational, and time costs of using induction technology. As
a result, public administrations are finally opting for technologies that are quicker and
cheaper to deploy, such as plug-in electric vehicles.

In the long term, it is possible that these limitations can be overcome, and new induc-
tion recharging systems are developed to allow greater flexibility in their implementation.

Overall, the results of the analysis make it possible to reinforce the strength of plug-in
electric technology (compared to others of the same nature, such as induction electric
vehicles), which cannot yet be used to develop new sustainable urban transport systems
due to its limitations.

4.2. Research Limitations and Future Lines of Research

The main limitation of our model is to only incorporate the traditional variables to
assess the air pollution caused by vehicles, such as the NOx (kg), PM (kg) and CO2 (kg)
emissions for each engine type. Following mainstream theory, some other relevant variables
have been ignored.
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The buses pollution is not only atmospheric, as they also produce acoustic pollution.
Additionally, the production of electricity to charge electric vehicles does pollute, unless it
is totally obtained from renewable energies, such as solar or wind.

Aforementioned limitations are an inspiration of future lines of research, which could
incorporate new pollutant variables in order to obtain a much more accurate analysis.

In addition, from a methodological perspective, the following ideas can be taken
into consideration in future research: (1) to use alternative methods to calculate external
costs, such as the classical one; (2) to use non-DEA approaches to calculate efficiency,
such as efficiency calculation based on the weights from the Delphi method, or efficiency
calculation based on using the weights obtained from the PCA, which could be a good
comparison points with DEA results; (3) to consider additional lines, ideally in diverse
different areas of Madrid, to create a larger sample for a DEA windows analysis, which
could be more representative of the city; (4) to consider three different approaches of DEA
without, and with the two proposed weight restrictions.

Another avenue for future research could be related to the feasibility of implementing
new alternatives depending on the degree of urban development and the city form. There
is agreement in the scientific community that the electric public road transport is the
benchmark to reach for mobility and travel behavior in cities.

In the case of buses, there are different possibilities when choosing an electric motor.
According to the research results, the most environmentally efficient is the use of plug-in
electric motors. Nevertheless, the urban form, and especially its level of urban development,
also determines the choice of the environmentally efficient bus from the point of view of
economic efficiency and urban viability, i.e., the urban form also determines the choice of
the environmentally efficient bus.

As a consequence, it might seem that the choice of type of electric motor (plug-in or
induction) depends primarily on the urban form. Those cities that are already urbanized
require modifications to existing infrastructure that would not make induction motors
viable. Non-urbanized areas or new planned cities could be the ideal location for such
induction motors.

An interesting potential study is the analysis of the viability of these new type of
technology in newly designed cities, such as the new capital of Indonesia or the imminent
new capital of Equatorial Guinea. The contrast between theoretical studies on the efficiency
and feasibility of electric buses and practical cases of their implementation in new cities is a
line of future research with great potential.
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