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Abstract

:

Urban public transport systems must be economically efficient and additionally environmentally sustainable. Available decision support systems, including multiple criteria decision models, allow identifying which urban public transport vehicles are acceptable and those that should no longer be used in efficient and environmentally friendly cities. Previous research has ranked urban public transport vehicles by applying analytic hierarchy process multi-criteria decision-making models, from economic and non-polluting perspectives. However, until now, the types of vehicles acceptable for fleet renewal have not been identified. This study proposes a consistent combination of the ELECTRE TRI multiple criteria decision sorting method and the DELPHI procedure, the objective of which is to identify which urban public transport vehicles are acceptable, taking into consideration a suggested sustainable threshold, which includes economic and environmental strict requirements. The proposed model is based on 2020 Madrid urban public road transport data, published by Madrid City Council, which were compiled by the authors, and assessed by a panel of 20 experts to identify criteria and factors included in the model. Findings help local administrations to identify which urban public transport vehicles should be progressively replaced by those classified as economically efficient and additionally environmentally sustainable.
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1. Introduction


The motivation of this research is to apply multi-criteria decision analysis to help policy makers solve the problem of selecting acceptable urban public transport vehicles to replace those that have become obsolete and need to be replaced for reasons of economic inefficiency and/or environmental unacceptability.



It is not easy for policy makers to decide what type of vehicles to use in their public transport systems because the most environmentally sustainable technologies are also the most expensive. This is an important and difficult problem to solve because policy makers are under strong political and social pressure to comply with both environmental regulations and public spending constraints.



Urban public transport vehicles with more environmentally sustainable technologies are in demand by citizens, but they are much more expensive because they have a much higher purchase price and need complementary facilities for their operation, which are not always affordable in economic terms given the budgetary constraints of public administration.



This work solves this important problem by helping public transport managers to make balanced decisions on the type of vehicles that should be part of their fleet, taking into account both environmental and economic criteria from an efficiency point of view. The results of the study make it possible to decide how to replace more polluting but cheaper vehicles with less polluting but more expensive ones in a gradual and balanced way.



The novelty of this study lies in the fact that, whereas previous research has ranked urban public transport vehicles by applying analytic hierarchy process multi-criteria decision-making models, from economic and non-polluting perspectives, until now, the types of vehicles acceptable for fleet renewal have not been identified.



The originality of this study is to propose a new application of the combination of ELECTRE TRI multiple criteria decision sorting method and DELPHI procedure, the objective of which is to identify which urban public transport vehicles are acceptable, taking into consideration a suggested sustainable threshold.



The main target of this research is to identify which urban public transport vehicles are acceptable under a suggested sustainable threshold, which includes strict economic and environmental requirements. Hence, the objective of this research is to classify which urban public buses are acceptable and which are not in terms of sustainability.



This is an important topic for research because urban public transport systems have relevant implications in terms of urban development, as they have direct impacts on the city budget and on the environment. In this sense, urban transport has a very important role to play in contributing to mitigating road pollution, which is one of the primary sources of pollution in urban areas. Furthermore, the selection of the fleet has significant political implications for local administrations, as it represents a statement of intent on environmental issues, due to the high visibility of this public service. Citizens are increasingly aware of the need to take care of the environment. Parallel to the trend of buying sustainable private cars, citizens are demanding that cities use a fleet of sustainable vehicles.



Although the identification of the environmental impact of public buses depending on their fuel technologies has been extensively studied, the present research is a step forward. The contribution of this research is to identify which urban public transport vehicles are acceptable and which are not, while considering strict economic and environmental requirements.



The ELECTRE TRI method has been proposed to solve the research problem. Taking into consideration that the objective of the study is to identify which urban public transport vehicles are acceptable, taking into consideration an economic and environmental criteria, for this purpose it was necessary to elaborate a classification of the different types of buses according to their fuel technology, into two groups: acceptable and unacceptable. Within the multi-criteria decision methods, the outranking methods were chosen, and in particular the ELECTRE methods that do not allow compensation between criteria and that at the same time help to model decision-maker preferences, introducing fuzziness through thresholds on the intra-criteria parameters. Different ELECTRE methods are conceived to solve different problematics. The ELECTRE TRI method is designed to deal with sorting problems as in this case study. ELECTRE TRI is a multiple criteria sorting method, i.e., a method that assigns alternatives to pre-defined categories. In this study the two predefined categories are acceptable and non-acceptable, therefore applying the ELECTRE TRI method.to solve the research problem was proposed.



Advances in multi-criteria decision analysis allow policy makers to select the type of vehicles acceptable to replace those that have become obsolete and need to be replaced for reasons of economic efficiency and/or environmental unacceptability.



Although recent studies [1] show that in urban public transport networks, the most sustainable alternative is the plug-in electric vehicle in economic and environmental terms, for budgetary reasons it is impossible to replace the entire existing fleet.



The urban public road transport system in large cities must combine a vehicle fleet, in which old and new technologies coexist for a period of time, with a gradual introduction of vehicles acceptable in terms of sustainability, i.e., dissimilar economic performance and environmental impact, until all vehicles, which are no longer acceptable in terms of sustainability, have been fully replaced.



The objective of this research is to identify which urban public transport vehicles are acceptable under a suggested sustainable threshold, which includes economic and environmental strict requirements.



For this purpose, the Madrid public bus network has been analysed, taking into account the fuel technologies used in terms of sustainability.



The case study of this major European city is representative and therefore the research conclusions can be applied to other large cities that have similar bus alternatives and the common goal of reducing air pollution from public transportation systems [2].



According to [3], cities across Europe face similar pollution problems and inaction would mean paying an even greater price in economic and environmental terms, as well as for the health and quality of life of European citizens.



The concept of sustainability was first taken into consideration by the United Nations in 1987 [4] and has been growing in importance ever since.



Sustainable development must harmoniously combine three key elements: environmental sustainability, economic sustainability and social sustainability [5,6].



In this sense, the 2030 Agenda for Sustainable Development, approved by the United Nations in 2015 [7], included two targets underlining the role of urban transport related to the three pillars of sustainability.



On one hand, target 11.2, entitled “affordable and sustainable transport systems”, outlines the aim to “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”.



On the other hand, target 11.6, entitled “reduce the environmental impact of cities”, outlines the aim to “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”.



Previous transport policy objectives cannot be achieved without a contribution from urban transport, and more specifically road transport, which is one of the primary sources of pollution in urban areas.



Sustainable urban public road transport systems in large cities would contribute to mitigate local air pollutants such as nitrogen oxides (NOx) and particulate matter (PM10 and PM2.5), ozone layer destruction and emissions of greenhouse gases such as carbon dioxide (CO2), which accelerates climate change [8].



The ongoing COVID-19 pandemic has brought a series of unprecedented challenges to the public transport sector. A review of the international academic literature on the way in which public transport networks have been affected by the COVID-19 pandemic shows that public transport authorities can rely on a still limited and evolving body of scientific knowledge to take informed decisions [9].



On the contrary, the abundance of specialised academic literature on the topic of the pollution problems of public transport systems [10,11,12,13,14,15], and in particular those produced by buses [16,17,18,19,20], reflects that this is a relevant and consolidated area of study.



Public bus transportation systems, in European cities, have a heterogeneous fleet of vehicles [2], because of the use of different fuel alternatives, combining more economically efficient and environmentally friendly buses, with economically inefficient and highly polluting vehicles.



The identification of the environmental impact of public buses depending on their fuel technologies has been extensively studied. Previous research has compared vehicles that use different alternative fuels [21,22,23,24,25,26,27], assessing their impact [28,29] and ranking urban public transport vehicles [1], finding that the use of compressed natural gas (CNG) vehicles in public transport is the best alternative in economic terms, meanwhile the use of plug-in electric vehicle in public transport is the best alternative in environmental terms.



In relation to autonomous [30] and electric vehicles [31], the real implementation problems are associated with their limited range [32,33,34] and the limited charging network infrastructure [35,36].



An all-electric bus fleet would be the utopian solution for European cities to meet the highest environmental standards and the requirements of international organisations. However, the heterogeneity of the existing car fleet and budgetary constraints force policy makers to take decisions under the counterbalance of economic constraints.



In addition to the aforementioned United Nations Agenda for Sustainable Development targets 11.2 and 11.6, European cities are under the supervision of the World Health Organization and the European Commission.



When pollution levels exceed values considered dangerous by the World Health Organization [37], the European Commission issues a formal request to reduce local levels of air pollution.



When limit values set by EU legislation on ambient air quality [38] are exceeded, as in the case of Madrid on 2018, a Member State has to adopt air quality plans and ensure that such plans set appropriate measures so that the exceedance period can be kept as short as possible.



The air quality data provided by Madrid on 2019 confirmed the systematic breach of EU rules on nitrogen dioxide values [39], which have been legally binding since 2010. Therefore, the European Union has again cautioned Spain over poor air quality, particularly in the city of Madrid which level of air pollution was in violation of EU standards, and has given Spain an ultimatum to comply or face sanctions before the European Court of Justice [40]. Finally the European Commission has decided to refer Spain to the Court of Justice of the EU over poor air quality to respect limit values for nitrogen dioxide [39].



Spain, which is also committed to meeting the targets set in international agreements such as the Paris Agreement and the Kyoto Protocol [41], should focus on significantly reducing its current emissions of air pollutants in metropolitan areas, such as Madrid city centre, with a particular focus on emissions from public road transport.



In this sense, the Madrid city council has made a firm commitment to alternative fuels. Currently, in the capital of Spain, four fifths of urban public transport buses are green, in compliance with the Euro V European regulations on emission levels of air pollutants [42].



The good results of the measures taken, in combination with positive effects of COVID-19 lockdown on air quality in Madrid [43], has generated a significant reduction of air pollution levels and adequate levels of air quality data in Madrid on 2021 [44].



However, air quality in Madrid must continue to improve and policy makers must continue to promote sustainable alternative energies for urban public road transport in order to ensure air quality in the long term.



Innovative ideas for public transport [45] and progressively replacing vehicles with others that use more environmentally friendly technologies are required.



The main fuel alternative technologies available in the urban public buses market, such as diesel, diesel hybrid, CNG, plug-in electric, or induction electric, can be ranked according economic, environmental, and even sustainable criteria [1].



However, the position in the different rankings may not be clear enough information to make a political decision such as the purchase of new buses to replace the vehicles currently in operation. This is a very relevant decision from an environmental point of view, and very costly in budgetary terms.



For the reasons explained above, policy makers should have a clear and unambiguous classification of vehicles that should not be kept on the road because their use is not acceptable from a sustainability point of view, and of vehicles that are acceptable from a sustainability point of view and can therefore be kept on the road or can be purchased to replace those classified as unacceptable.



Therefore, the aim of this research is to classify which urban public buses are acceptable and which are not in terms of sustainability.



The concept of sustainability, as well as the available propulsion engine technologies, is constantly evolving, so the ceteris paribus condition must be applied in this research.



This research analysed Madrid public bus system data, creating a multiple criteria decision analysis model to identify the acceptability, from a sustainable point of view, of diesel, CNG, diesel hybrid, plug-in electric and induction electric vehicles.



Therefore this study raises five research questions:




	-

	
Research Question I: Are diesel urban public buses acceptable in terms of sustainability?




	-

	
Research Question II: Are compressed natural gas urban public buses acceptable in terms of sustainability?




	-

	
Research Question III: Are diesel hybrid urban public buses acceptable in terms of sustainability?




	-

	
Research Question IV: Are plug-in electric urban public buses acceptable in terms of sustainability?




	-

	
Research Question V: Are induction electric urban public buses acceptable in terms of sustainability?









The rest of this paper is organised as follows. Section 2 discusses the literature review, and Section 3 presents the data source and methodological description. This section explains the ELECTRE TRI model implemented using Diviz software, as well as model inputs: the vehicle options, criteria data and formulas, and the Delphi method procedure to obtain the weights included in the model. Section 4 includes model results and discussion. Section 5 offers the main conclusions and recommendations of the study, including results implications for management, research limitations and future lines of research.




2. Literature Review


This section presents a literature review in which the academic foundations of the selected research topic are discussed from different perspectives. It is structured in the following five subsections: (1) Bus emissions: policies to reduce air pollution; (2) The emissions assessment of alternative fuel buses; (3) Bus selection based on multi-criteria decision models; (4) Bus assessment based on fuel consumption and emissions; and (5) A European perspective: Madrid case study.



Once the previous academic contributions are explained and discussed, in an orderly manner through summary tables, the research gap covered by this study is identified at the end of this section, highlighting the novelty of this contribution.



2.1. Bus Emissions: Policies to Reduce Air Pollution


Individual motorised transport is the largest emitter of greenhouse gases [46]. For this reason, the authorities promote the use of public road transport to reduce pollutant emissions [47].



The literature specialised on the topic of road vehicle emission assessment and emissions reduction policies, includes numerous references. Table 1 provides a sample of selected studies relevant to this investigation.




2.2. The Emissions Assessment of Alternative Fuel Buses


The environmental impact of different public vehicles varies according to the fuel type and the vehicle technology. Therefore, the sustainability assessment of alternative fuel buses has been extensively studied. Table 2 provides a selection of publications on this area of research.




2.3. Bus Selection Based on Multi-Criteria Decision Models


Multi-criteria decision analysis include popular scientific models, such as AHP, PROMETHEE and ELECTRE, which include numerous techniques and applications in different areas of study.



Out of the many publications that review articles related to MCDA and MCDM, four of those systematic reviews have special interest for their relation to this investigation: [61] performed an extended literature review on the application of MCDM in the field of sustainable energy decision-making, [62] carried out a systematic review on papers that apply MCDM to transportation systems, [63] carried out a thorough classification of the literature related to MCDA of road transportation fuels and vehicles, and [64] conducted a systematic review on multi-criteria approaches for urban passenger transport systems.



Multi-criteria decision models are a suitable tool that assist bus fleet managers to take decisions related to the evaluation of vehicles performance from different perspectives, because this models may include criteria related to economic, environmental, social and technological aspects. Table 3 provides a selection of publications on bus selection based on multi-criteria decision models.




2.4. Bus Assessment Based on Fuel Consumption and Emissions


In addition to bus selection based on multi-criteria decision models, some other authors studied the bus selection or bus efficiency assessment based on other methods taking into consideration consumption and emission variables. Table 4 shows selected studies on bus assessment based on fuel consumption and emissions.




2.5. An European Perspective: Madrid Case Study


The previous tables show relevant research applied to the evaluation of public bus fleets in different cities and countries around the world. The literature review of case studies focusing on the situation in Europe, and specifically in the city of Madrid, is shown in Table 5.




2.6. The Novelty and the Contribution of This Research


The analysis of the literature shows that most authors apply multi-criteria decision models for the road transportation fuels and vehicles analysis aiming to rank buses or to identify the most efficient ones.



In the literature, one can also find different examples of research mainly focused on consumption and emission variables, and the few examples focused on replacing buses are oriented towards evaluating the emissions effects of replacing conventional city buses by electric buses.



However, there is no previous research on the classification of the bus technology by fuel type aiming to assist policy makers solve the problem of selecting acceptable urban public transport vehicles to replace those that have become obsolete and need to be replaced for reasons of economic inefficiency and/or environmental unacceptability.



The effects of city buses’ air pollution emissions is a broad topic of research, which has been thoroughly studied. Although the literature specialised in this area has different approaches, and has produced a vast number of publications, the above literature review discussion shows a research gap to consider.



Hence, the novelty of this study lies in the fact that, whereas previous research has ranked urban public transport vehicles by applying analytic hierarchy process multi-criteria decision-making models, from economic and non-polluting perspectives, until now, the types of vehicles acceptable for fleet renewal have not been identified.





3. Materials and Methods


The proposed multi-criteria decision model is based on 2020 Madrid urban public road transport data, published by Madrid City Council [91,92,93], which have been compiled by authors, and assessed by a panel of 20 experts to identify criteria, factors and weights included in the model.



The research strategy is developed around two poles. On the one hand, there are the experts who will identify and structure the problem as well as the model building; on the other hand, the research team who will apply multi-criteria decision techniques to provide a final recommendation.



The first and second steps of the research are the identification and the structuring of the problem. A panel of 20 experts was selected to help in this task. All experts were professionals or scholars of the transport industry (45%) or energy in transport (35%) or both (20%), with at least three years’ experience.



The model building was also carried out together with the experts. The construction of the criteria and the definition of the alternatives were agreed with them. Data were compiled by the authors based on 2020 Madrid urban public road transport data, published by Madrid City Council [92,93]. The Delphi method, applied to the expert panel, was used to determine the weight of the criteria. Questionnaires were distributed to the experts and different rounds were carried out until consensus weights were reached.



Once all of this was carried out, the authors chose and applied the multi-criteria decision model to obtain a solution. A sensitivity analysis was also carried out, which led to the recommendation of a robust solution. It is this final recommendation that is proposed to the decision-maker: the EMT (Municipal Transportation Company of Madrid).



Diviz software [94,95] was used to implement ELECTRE TRI multiple criteria decision aiding sorting method, in order to assess and classify urban public buses, taking into consideration their alternative engine technologies and combustion characteristics.



The choice of the ELECTRE TRI method is based on the characteristics of the case study and the objective of the research. Taking into consideration that the aim of this research is to identify which urban public transport vehicles are acceptable, taking into consideration an economic and environmental criteria, then a classification has to be made by dividing alternative vehicles into two different groups. ELECTRE TRI is designed to deal with sorting problems, making it suitable for this case of study, which aims to classify the buses in two predefined categories: acceptable and non-acceptable.



For this purpose, the ELECTRE TRI method is suitable, which is a multiple criteria sorting method that assigns alternatives to pre-defined categories. Within the multi-criteria decision methods, the outranking methods were chosen, and, in particular, the ELECTRE methods, which do not allow compensation between criteria, and which, at the same time, help to model the decision-maker preferences by introducing fuzziness through thresholds on the intra-criteria parameters.



The ELECTRE TRI method, which was proposed in the early 2000s to assess environmental issues [96], is hereby used to consider this multi-criteria decision problem [97]. Different approaches have been used to address multi-criteria problems [98,99,100]. They are based either on the absolute evaluation of the alternatives (such as multi-attribute utility (MAUT) or value functions methods) or on pair-wise comparisons (a.o. outranking methods).



Outranking methods are based on pair-wise comparisons of the alternatives or options. This means that every option is compared to all other options. The main characteristic and advantage of outranking methods is that they avoid total compensation between criteria and any normalisation process, which distorts the original data. Main methods or method families associated with this approach are: ELECTRE and PROMETHÉE.



Among the outranking methods, in this research the ELECTRE TRI was chosen due its accuracy in the assignment of alternatives to predefined categories. The assignment of an alternative a result from the comparison of a with the profiles defining the limits of the categories.



This method allows for more flexibility to model the preferences of the decision-maker and helps dealing with fuzziness. It offers multiple parameters to model intra-criterion information such as the preference and indifference thresholds, and criteria weights and veto thresholds to model inter-criteria information. Moreover, it provides as a final recommendation a sorting of the different alternatives into predefined categories.



A flowchart of the general scheme of the use of ELECTRE TRI is presented in Figure 1, which has been adapted from [101].



As indicated in Figure 1, the Delphi methodology was applied for obtaining consensus weights. Figure 2 shows the flowchart of the applied Delphi methodology.



Let F denote the set of the indices of the criteria    g 1  ,    g 2  ,   … ,    g m    (F = {1, 2, …, m}) and B the set of indices of the profiles defining p + 1 categories (B = {1, 2, …, p}),    b h    being the upper limit of category    C h    and the lower limit of category    C  h + 1    , h = 1, 2, …, p. In what follows, we will assume, without any loss of generality, that preferences increase with the value on each criterion.



The ordered p + 1 categories    C 1  ,  C 2  , … ,  C  p + 1     are defined in ELECTRE TRI by p profiles    b 1  ,  b 2  , … ,  b p   ,    b h    being the upper limit of category    C h    and the lower limit of category    C  h + 1    , h = 0 1, 2, …, p.



ELECTRE TRI assigns alternatives to categories following two consecutive steps: (1) Construction of an outranking relation S that characterises how alternatives compare to the limits of categories; and (2) Exploitation (through assignment procedures) of the relation S in order to assign each alternative to a specific category.



The goal of ELECTRE TRI is to validate or invalidate the assertion   a S  b h    (and    b h  S a  ), whose meaning is “a is at least as good as    b h   ”.



An outranking relation, where a outranks b (denoted by aSb), expresses the fact that there are sufficient arguments to decide that a is at least as good as b and there are no essential reasons to refute this.



The indifference and preference thresholds    q j    and    p j    constitute the intra-criterion preferential information. They account for the imprecise nature of the evaluations    g j   ( a )   . On one hand,    q j    specifies the largest difference    g j   ( a )  −  g j   (   b h   )    that preserves indifference between a and    b h    on criterion    g j   . On the other hand,    p j    represents the smallest difference    g j   ( a )  −  g j   (   b h   )    compatible with a preference in favour of a on criterion    g j   .



At the comprehensive level of preferences, in order to validate the assertion   a S  b h    (or    b h  S a  ), two conditions should be verified: (1) Concordance: for an outranking   a S  b h    (or    b h  S a  ) to be accepted, a “sufficient” majority of criteria should be in favour of this assertion; and (2) Non discordance: when the concordance condition doesn’t hold, none of the criteria in the minority should oppose to the assertion   a S  b h    (or    b h  S a  ) in a “too strong way”.



Two types of inter-criteria preference parameters intervene in the construction of S: (1) The set of weight-importance coefficients    k 1  ,    k 2  , … . ,  k m  )   is sued in the concordance test when computing the relative importance of the coalitions of criteria being in favour of the assertion   a S  b h   ; and (2) The set of veto thresholds    (   v 1  ,  v 2  , … ,  v m   )   , ∀h ∈ B, is used in the discordance test. The    v j  ,   represents the smallest difference    g j   (   b h   )  −  g j   ( a )    incompatible with the assertion   a S  b h   .



Therefore, the following stands:   0 ≤  q j  ≤  p j  ≤  v j   .



Regarding the outranking relation in ELECTRE TRI, in this method, an outranking relation is built in order to enable the comparison of an alternative a to a profile    b h   . This outranking relation is built through the following steps: (1) Compute the partial concordance indices    c j   (  a ,  b h   )    and    c j   (   b h  , a  )   ; (2) Compute the overall concordance indices   c  (  a ,  b h   )   ,   c  (   b h  , a  )   ; (3) Compute the partial discordance indices    d j   (  a ,  b h   )    and    d j   (   b h  , a  )   ; (4) Compute the fuzzy outranking relation grounded on the credibility indices   σ  (  a ,  b h   )   ; and (5) Determine a λ-cut of the fuzzy relation in order to obtain a crisp outranking relation.



The partial concordance index    c j   (  a ,  b h   )    (   c j   (   b h  , a  )   , respectively) expresses to which extend the statement “a is at least as good as    b h  ,   (   b h   , is at least as good as a, respectively) considering criterion    g j   ” is true. When    g j    has an increasing direction of preference, index    c j   (  a ,  b h   )    is computed as follows:


      g j   ( a )  ≤  g j   (   b h   )  −  p  j     ⇒    c j   (  a ,  b h   )  = 0       I f    g j   (   b h   )  −  p j  ≤  g j   ( a )  <  g j   (   b h   )  −  q j    ⇒    c j   (  a ,  b h   )        =    [   g j   ( a )  −  g j   (   b h   )  +  p j   ]     [   p j   (   b h   )  −  q j   ]          I f    g j   ( a )  >  g j   (   b h   )  −  q j    ⇒    c j   (  a ,  b h   )  = 1     



(1)







The global concordance indices   c  (  a ,  b h   )    (  c  (   b h  , a  )   , respectively) express to which extent the evaluations of a and    b h    on all criteria are concordant with the assertion “a outranks    b h   ”, then   c  (  a ,  b h   )    is computed as follows:


  c  (  a ,  b h   )  =     ∑   j ∈ F    k j   c j   (  a ,  b h   )      ∑   j ∈ F    k j     



(2)







In relation to discordance indices, the partial discordance index    d j   (  a ,  b h   )    (   d j   (   b h  ,   a  )   , respectively) expresses to which extent the criterion    g j    is opposed to the assertion “a is at least as good as    b h   ”, i.e., “a outranks    b h   ” (“   b h    is at least as good as a”, respectively).



When    g j    has an increasing direction of preference,    d j   (  a ,  b h   )    is computed as follows:


     I f    g j   ( a )  >  g j   (   b h   )  −  p j    ⇒    d j   (  a ,  b h   )  = 0       I f    g j   (   b h   )  −  v j  <  g j   ( a )  ≤  g j   (   b h   )  −  p j    ⇒    d j   (  a ,  b h   )  =    [   g j   (   b h   )  −  g j   ( a )  +  p j   ]     [   v j  −  p j   ]          I f    g j   (   b h   )  −  v j  ≥  g j   ( a )    ⇒    d j   (  a ,  b h   )  = 1     



(3)







Regarding the degree of credibility of the outranking relation, the credibility index corresponds to the concordance index   σ  (  a ,  b h   )    weakened by eventual veto effects and discordance indices for some criteria. More precisely, the value of   σ  (  a ,  b h   )    is computed as follows:


   (  a ,  b h   )  = c  (  a ,  b h   )    ∏   j ∈  F ¯      1 −  d j   (  a ,  b h   )    1 − c  (  a ,  b h   )    w h e r e    F ¯  =  {  j ∈ F /    d j   (  a ,  b h   )  > c  (  a ,  b h   )   }   



(4)







For the resulting outranking relation, the translation of the obtained fuzzy outranking relation into a crisp outranking relation S is carried out by means of a λ-cut, (λ is called cutting level). The λ is considered as the smallest value of the credibility index compatible with the assertion “a outranks    b h   ”, i.e.,   σ  (  a ,  b h   )  ≥ λ ⇒ a S  b h   .



The binary relations P (preference), I (indifference), and R (incomparability), have been defined as follows:


        a I  b h  ⇔ a S  b h    a n d    b h  S a             a P  b h  ⇔ a S  b h    a n d   n o t    b h  S a        b h  P a ⇔ n o t   a S  b h    a n d    b h  S a       a R  b h  ⇔ n o t   a S  b h    a n d   n o t    b h  S a            



(5)







In relation to the assignment procedures, the role of the exploitation procedure is then to analyse the way in which an alternative “a” compare to the profiles so as to determine the category to which “a” should be assigned. Two assignment procedures are available.



On one hand, the pessimistic (or conjunctive) procedure: If    b h    and    b  h + 1     denote the lower and upper profile of the category    C h   , the pessimistic procedure assigns alternative a to the highest category    C h    such that a outranks    b h   , i.e.,   a S  b h   .



On the other hand, the optimistic (or disjunctive) procedure: The optimistic (or disjunctive) procedure assigns a to the lowest category    C h    for which the upper profile    b  h + 1     is preferred to a, i.e.,    b h  S a  .



For the comparison of the two assignment procedures, when the evaluation of an alternative is between the two profiles of a category on each criterion, then both procedures assign this alternative to this category. A divergence exists among the results of the two assignment procedures only when an alternative is incomparable to one or several profiles; in such case the pessimistic assignment rule assigns the alternative to a lower category than the optimistic one.



3.1. Options


Five vehicle options have been considered in this research, depending on the fuel energy used by each alternative of the main types of buses available on the market: CNG, diesel, diesel hybrid, plug-in electric, and induction electric.



The compressed natural gas is a fuel gas made of natural gas, which is mainly composed of methane, compressed to less than 1% of the volume it occupies at standard atmospheric pressure. Vehicles using Otto cycle combustion engines run on CNG and are noted for emitting small amounts of carbon dioxide, and therefore not contributing to the health problems associated with air pollution [102].



The most efficient internal combustion engine, and therefore the one that has been extensively used in urban public transport services, is the diesel-powered combustion engine. Diesel engine vehicles have historically been what is used for regular buses in most urban public transport networks [34].



Diesel hybrid vehicles use a diesel-cycle combustion engine that feeds an electric generator that is responsible for moving the vehicle. They use diesel fuel.



Additionally, there are two different types of vehicles using an electric motor. Plug-in electric buses run on electricity, and are recharged using a socket, while induction electric buses, which also run on electricity, are recharged by induction.



The five alternatives mentioned above show dissimilar performances, which makes it difficult to compare their consumption and pollution. Some additional variables to be taken into account for the evaluation and comparison of the different options are related to their range, engine performance and refuelling time. Thus, even if the intention is to compare alternative buses on the same route for one year, it should be included in the formula that 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.



Table 6 shows the resource requirements for a specific bus line in the city of Madrid depending on the type of fuel, operating 18 h daily over one year of service. This particular bus line [103], that has an average distance of 9.21 km per journey, was selected to apply the suggested multiple criteria decision model of sustainable urban public transport systems to a real case of study.



Unequal resource requirements are caused by differences in range, engine performance and refuelling time.



Induction electric vehicles take 20 min longer than other buses to complete 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.



CNG, diesel, and diesel hybrid vehicles have the same requirements in terms of range. By contrast, 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.




3.2. Criteria


Madrid’s public road transport network combines different vehicle alternatives, by fuel type, with different levels of sustainability, i.e., dissimilar economic performance and environmental impact. For the accurate evaluation of different fuel technologies, the multi-criteria decision model must include criteria from different perspectives.



On the one hand, it must be taken into account economic criteria related to the cost of service provision, such as depreciation costs, traction costs, maintenance costs and operating costs. On the other hand, environmental criteria should be included, to assess emissions of NOx, CO2, and PM pollutants.



3.2.1. Depreciation Costs


In general terms, depreciation costs are calculated on the basis of two variables: acquisition cost and durability.



In the case of electric induction buses, a complementary asset cost has to be included: the price of the specific infrastructure needed to charge the battery at the terminals. Therefore, the formula for the depreciation costs can be expressed as:



Depreciation costs = [Vehicle purchase price (€)/Vehicle service life (years)] × Number of vehicles + Infrastructure



Table 7 shows the data compiled by the authors from the data of the public road transport company of Madrid, which were used to calculate the depreciation costs for each type of bus. Table 8 shows the costs in the ELECTRE TRI model per alternative.




3.2.2. Traction Costs


In order to calculate traction costs, two variables must be taken into account: the energy consumption of each type of vehicle and the price of the fuel it uses.



In relation to the energy consumption of each type of vehicle, the amount of fuel consumed per kilometre driven must be taken into account, on the one hand, and on the other hand, the price of fuel, which is different for each type of fuel and varies according to market prices.



To calculate the traction costs, the consumption and fuelling or charging characteristics of each type of bus must be taken into account. Therefore, the formula for the traction costs can be expressed as:



Traction costs = Consumption (litres per km) × Fuel price (€ per km) × Kilometres travelled



Table 9 shows the data used to calculate the traction costs for each alternative. The results of the assessment of the traction costs for each alternative for a year of service are shown in Table 8.




3.2.3. Maintenance Costs


Maintenance costs include expenses related to the upkeep and repair of vehicles and components present throughout the operation; including costs related to ensuring that the vehicle operates in a safe, reliable, comfortable and environmentally sustainable manner.



Maintenance costs have a strong relationship with the number of years of the vehicles, because upkeep and repair of vehicles tend to become more intensive over time, especially once the warranty period expires. The formula for calculating the maintenance costs is defined below.



Maintenance costs Alternative X = Average maintenance costs (€ per km) × Kilometres travelled.



The average maintenance costs per kilometre for one year of service was calculated (see Table 8) based on data from Madrid Transport Company [92,93] and information related to the cost of maintaining the batteries for hybrid and electric vehicles [104,105].



Diesel hybrid vehicles increase their maintenance costs to some extent more than the maintenance costs of a normal diesel engine due to the mechanical complexity related to the operation of the electric components.



However, maintenance costs for plug-in and induction electric vehicles are halved on average, thanks to the reduced mechanical difficulty of maintenance and the drastic reduction of preventive costs.




3.2.4. Operating Costs


The operating costs were calculated for one year of service for each alternative (see Table 8), taking into account the salaries of the staff required for each type of vehicle and the total hours of service, which is different depending on the technology of each alternative.



Unlike diesel, CNG, and diesel hybrid vehicles, which make the journeys in the same time, electric induction buses need more time to make the same route, due to the time they must spend recharging their batteries [42].



The formula for calculating the operating costs can be expressed as:



Operating cost Alternative X = Average operating costs (€ per hour) × Hours in service.




3.2.5. Pollutant Costs


The difficulty in comparing pollutant emissions from vehicles using different technologies is that each type emits different particulate pollutants and there are no tables of equivalence of the damage caused to the environment by different particulate pollutants.



Hence, the emissions of NOx, CO2, and PM pollutants by each type of vehicle were analysed individually, and the NOx, CO2, and PM emissions by each alternative for one year of service were assessed separately as three independent criteria.



Quantifying the CO2 emissions is a practical solution to show the damage caused to the environment by different types of buses. Each type of vehicle was assigned an emission value in its type-approval; therefore, it is possible to calculate the emissions depending on the fuel used and the carbon footprint [106].



A carbon footprint is the total amount of generated greenhouse gases, expressed as carbon dioxide equivalent. Cutting CO2 emissions is the key solution to tackling climate change; therefore this research includes the carbon dioxide equivalent emissions by different types of public road transport vehicles.



Although electric vehicles emit no direct emissions when in operation, they do emit pollutants indirectly by consuming electricity, and consequently it is possible to calculate the indirect carbon dioxide equivalent emissions, by establishing an emissions factor of the used electricity mix [106]. Previous emissions factor depends on the energy source used to produce the electricity. Renewable sources or those with low CO2 emissions have a low or zero mix factor.



Table 10 and Table 11 summarise the data used to calculate the emissions for each alternative: Table 10 shows the average emissions of pollutants by type of fuel, and Table 11 shows the performance and emissions factors by type of fuel. Based on previous data, Table 12 shows the pollutant emissions in the ELECTRE TRI model by alternative.





3.3. Weights


ELECTRE TRI requires a set of technical parameters as well as the definition of categories and the profiles between categories.



Before discussing the values for indifference, preference and veto thresholds, the meaning of the categories and the construction of the profiles is outlined in detail. In this section, the procedure to obtain the weights of the criteria is explained.



The determination of the criteria weights was carried out through a group of experts because of the complexity of the problem and due to the heterogeneity of the criteria considered.



Determining the weights of the criteria is one of the most difficult tasks in multi-criteria methods and in particular in ELECTRE methods. The issue becomes even more complicated if it is a group decision problem. As mentioned in [107], in group decision-making problems, it is almost impossible to have a homogeneous group of decision-makers whose experiences, attitudes, and knowledge are the same or similar. Therefore, it is required to determine the weights of decision-makers to reflect their relative importance or contribution to the problem.



The consensus-based approach was chosen, where weights are determined by the degree of consensus. The novelty of this approach lies in using the Delphi method to reach a consensus on the weights in the expert group.



The Delphi method [108] was used to determine the weights of the criteria. The applied systematic and interactive forecasting method, which relies on a panel of experts, produced a consensus reached by the group of experts on the average value that should be attributed to each criterion.



Since 1962, the Delphi method has been a widely recognised method [109], which is applied to ensure a consensual decision-making process and is a commonly used technique in transport research [110], and specifically in urban public road transport research [111].



The selection of a panel of 20 experts was crucial in this multi-criteria decision-making process [112] to determine the weights of the criteria. All experts were professionals or scholars of the transport industry (45%) or energy in transport (35%) or both (20%), with at least three years’ experience.



In the first round of consultations, each expert gave their opinion by filling in a questionnaire on the importance, or weight, they considered each criterion should have in order to achieve the goal of sustainability.



The experts, in the first place, assessed the importance of economic versus environmental criteria, assigning a weight to each group (both weights must add up to 100%). In addition, the questionnaire included separate sub-criteria for each group of criteria, and the experts, in the second place, assigned a weight to each sub-criterion (all sub-criteria weights must add up to 100%).



After the first round, an anonymised summary of the experts’ answers was provided to the panel of experts for their judgements, including the mean values for the whole responses, the standard deviations for the total dataset, the individual response for the former round, and the interquartile range (IQR).



Experts were encouraged to revise their earlier answers in light of the replies of other members of their panel, and after that, the consultation instrument in the second round was again a questionnaire related to the importance that the criteria and sub-criteria should have for achieving the goal of sustainability. On this occasion, each expert was asked to re-evaluate the weights, i.e., to re-assess or confirm his or her previous opinion.



Only two rounds were needed for a convergence of opinion on the importance of the criteria in the model.



While there is no consensus on how to identify how many rounds are needed [113] to complete Delphi studies, there is consensus on measurement strategies [114].



A commonly used indicator to calculate dispersion is the standard deviation. Applied to the Delphi methodology [115], a higher dispersion of responses means a lower consensus in the expert panel. More specifically, [116] states that standard deviation values higher than 1.5 are always related to significant disagreements among experts.



The coefficient of variation, which can be used to assess stability [110], is an even more accurate and reliable stopping criterion than the standard deviation [113]. Therefore, the coefficient of variation, which is the ratio of the standard deviation to the mean, was applied in this study.



Figure 3 shows in blue the coefficient of variation of the first round, in orange the coefficient of variation of the second round, and in grey the absolute difference between the coefficients of variation of the two rounds.



Values of 0 to 0.5 mean that a broad consensus was reached among the expert group and consequently there is no need to repeat another round of consultations [110,117]. As shown in Figure 3 and in Table 13, consensus was reached after the second round, due to the insignificant difference between the coefficients of variation of the two rounds.



Table 13 shows the weights based on the 20 experts’ consensus, and provides information related to statistical data: standard deviation, interquartile range, first round coefficients of variation; CV2 = second round coefficients of variation, and the difference between first round coefficients of variation and second round coefficients of variation.



Taking into account the values obtained from the Delphi application, the following final weights for the ELECTRE TRI model criteria were obtained (see Table 14), multiplying the weight of each group by the weight of each criterion.





4. Results and Discussion


The data were entered into the Diviz software to conduct an ELECTRE TRI method to assess and classify urban public buses. The reason to choose the ELECTRE TRI multiple criteria decision aiding sorting method is because it allows the alternatives to be classified into categories. The alternatives set is composed by   A =  {   a 1  ,    a 2  ,    a 3  ,    a 4  ,    a 5   }    = {Diesel, GNC, Diesel Hybrid, Plug-in Electric, Induction Electric}.



The family F of criteria is:   F =  {   g 1  ,    g 2  ,    g 3  ,    g 4  ,    g 5  ,    g 6  ,    g 7   }    = {Depreciation Cost, Traction Cost, Maintenance Cost, Operating Cost, NOx emissions, PM emissions, CO2 emissions}.



Let    g j   (   a i   )    denote the value of criterion    g j    on alternative    a i   . In this case, only one profile will be obtained separating the class composed of vehicles acceptable in both economic and environmental terms, and the class composed of vehicles that are not acceptable anymore.



The two categories will be: {C Acceptable, C Non-Acceptable}



To set the values for the profile between categories it is necessary to search for two clusters for each one of the seven criteria. The idea is to categorise the vehicles in monocriteria terms, and then aggregate them with ELECTRE TRI. For this purpose, the XLSTAT software was used to obtain the clusters for each criterion with the “univariate clustering” tool.



Table 15 summarises the cluster 1 or 2 membership of the five vehicle types for each of the seven criteria, with cluster 1 containing the lower values and cluster 2 containing the higher values respectively for each criterion.



Let   c  l  s , j   = “ c l u s t e r   s   o f   c r i t e r i a   j ” w i t h   s = 1 , 2   a n d   j = 1 , 2 , … , 7  .



Let   b =  {   b 1  ,    b 2  ,    b 3  ,    b 4  ,    b 5  ,    b 6  ,    b 7   }   , the profile limiting the acceptable and non-acceptable vehicles.



It will be defined:    b j  = m a x  (   g j   (   a i   )  ∈ c  l  1 , j      )    f o r   j = 1 , 2 , 3 , 4 , 7  .



For criteria    g 5    and    g 6   , the value of the profile will be established as the minimum of the values of the vehicles belonging to the second cluster:    b j  = m i n  (   g j   (   a i   )    c  l  2 , j    )    f o r   j = 5 , 6  .



The reason is that the values of the vehicles in class 1 are all equal to zero, and this seems to be an overly restrictive target.



Figure 4 shows the Diviz workflow implementing ELECTRE TRI applied to this case of study:



Table 16 shows the performance. The profile for ELECTRE TRI is: b = {651,667; 475,797; 0.5425; 422,556; 910; 3.1; 1,264,616}.



ELECTRE TRI needs some technical parameters as well: the indifference, preference, and veto thresholds. Therefore, it was decided to set the indifference thresholds equal to 5% of the difference between the largest and the smallest value for each one of the criteria, and the preference thresholds equal to 10% of the difference between the largest and the smallest value for each one of the criteria. Table 17 shows the thresholds.



Initially, it was decided not set veto thresholds, but instead the study of their effect will be studied at a later stage through a sensitivity analysis.



The final solution, which was obtained by implementing ELECTRE TRI is shown in Figure 5:



A sensitivity analysis was performed in two ways: by varying the weights and introducing vetoes. In the case of the weights, a first scenario was considered, in which the economic criteria increased in importance compared to the initial situation considered (Delphi consensus). The second scenario considered the increased importance of environmental criteria compared to the values obtained as a Delphi consensus.



In the scenario in which economic criteria were given more importance, they were considered to have up to 70% of the total importance compared to 30% of the importance of environmental criteria. Table 18 shows the variation ranges of the criteria weights considering that the economic criteria have 70% of the total importance.



In this case, the solution obtained was the same as with the Delphi consensus weights.



The second scenario considered gave equal importance to economic and environmental criteria. Table 19 shows the variation ranges of the criteria weights considering that economic criteria are as important as environmental criteria.



In this case, the solution obtained was also the same as with the Delphi consensus weights. The introduction of vetoes was also considered in the sensitivity analysis. The vetoes sought to reflect first of all what would happen if stricter environmental restrictions were introduced. Specifically, a veto was imposed on the environmental criteria equal to 20% of the difference between the highest and lowest value of each of these criteria. Table 20 shows the values of thresholds and vetoes on environmental criteria.



Again, ELECTRE TRI provided the same recommendation. Acceptable class: H-D, PE, IE; non-acceptable class: D, GNC. The possibility of introducing a cost veto was also considered. Mainly on the “operating cost (g4)” criterion. This veto was established at 20% of the difference between the highest and lowest value of the criterion. Table 21 shows the values of thresholds and veto on operating cost criterion.



The recommendation proposed by ELECTRE TRI did not change.



Consequently, it can be said that the recommendation that diesel hybrid, plug-in electric and induction electric are the acceptable engine types for a bus fleet renewal is a robust solution.



Consequently, diesel and CNG vehicles should be considered as not acceptable for bus fleet renewal.



Therefore, it can be said that the proposed recommendation “not to renew the fleet with diesel or CNG vehicles” is a very robust one. The weights of the criteria have not been modified in the robustness analysis because it is assumed that the robustness analysis was already carried out through the Delphi method.



In [1], a ranking of the EMT vehicles was constructed by using the Analytic Hierarchy Process (AHP). Unlike ELECTRE methods, AHP is a compensatory method. This allows poor evaluations on some criteria to be compensated by good evaluations on others. The AHP result ranked CNG vehicles third, ahead of diesel hybrid vehicles. This result is not contradictory with the result obtained here.



As mentioned before, the ELECTRE methods are based on the concept of outranking. An outranking relation, where a outranks b (denoted by a S b), expresses the fact that there are sufficient arguments to decide that a is at least as good as b and there are no essential reasons to refute this.



Therefore, ELECTRE methods are not compensatory.



CNG vehicles are more economical than diesel hybrid vehicles, but also more polluting. The AHP produces a value trade-off and assigns a better ranking position to CNG. However, ELECTRE requires the alternative to be better on the most important criteria without being too bad on the less important ones. The result is that diesel hybrid vehicles are classified higher than CNG vehicles.




5. Conclusions and Recommendations


This most relevant conclusions of this research are on one hand that diesel and CNG vehicles should be considered as not acceptable for bus fleet renewal, and on the other hand that diesel hybrid, plug-in electric, and induction electric urban public buses are acceptable in terms of sustainability.



Based on research results, the answers to the five previously posed research questions are:




	-

	
Answer to Research Question I: The diesel urban public buses are not acceptable in terms of sustainability.




	-

	
Answer to Research Question II: The compressed natural gas urban public buses are not acceptable in terms of sustainability.




	-

	
Answer to Research Question III: The diesel hybrid urban public buses are acceptable in terms of sustainability.




	-

	
Answer to Research Question IV: The plug-in electric urban public buses are acceptable in terms of sustainability.




	-

	
Answer to Research Question V: The induction electric urban public buses are acceptable in terms of sustainability.









In methodological terms, the Delphi method was used to obtain consensus weights among the group of experts considered. This method was useful in this case study, and it can also be useful in other decision-making group problems where the values of the weights are to be obtained through consensus.



As a result of this research, the final recommendation proposed to the decision-maker, which is the EMT (Municipal Transportation Company of Madrid), is, on the one hand, to replace and not to purchase diesel and CNG vehicles, and, on the other hand, to maintain and purchase diesel hybrid, plug-in electric, and induction vehicles.



5.1. Implications for Management


Using new technologies that are more environmentally friendly was limited in urban public transport systems because their cost is considerably higher than the cost of traditional technologies. Nevertheless, the tendency is changing, motivated by nowadays social concern over pollution and the growing public awareness, that has forced policymakers to include environmental criteria, along with economic criteria, in their strategic decisions.



Although it has been demonstrated [1] that the most sustainable vehicle in urban public transport networks is the plug-in electric bus, in large cities, such as Madrid with a fleet of two thousands vehicles [42], for budgetary reasons the entire existing fleet cannot be suddenly replaced.



However, taking into consideration that such large vehicle fleets are in a continuous process of renewal, the results of this research help decision-makers to identify which vehicles are no longer acceptable from a sustainable point of view, and therefore must be replaced, and which vehicles are acceptable from a sustainable point of view, and therefore can continue in service or can be bought to replace unsustainable vehicles.



In this paper, the case of Madrid was analysed, and the implications for management in this metropolis could be taken into consideration in an immediate manner, because of the fact that the time period of the current strategic plan has ended [118], and the new strategic plan is expected to be published in 2021 [119].



Nevertheless, the application of results it is not limited to this city. All large and populated cities have similar transport necessities, and vehicle alternatives are very similar as well. Hence, taking into consideration that the transportation system issues discussed in this paper are used in related urban [2,3], then this research results can be extrapolated to other metropolis.



The results of our model favour the development of a sustainable urban transport model based on vehicles powered by electric motors, but it is important to highlight certain particularities that affect its application.



Plug-in electric vehicles represent a sustainable technological option, but their limited range and the lack of a charging network infrastructure make them difficult to implement on a large scale in the short term.



For providing a service of 18 h per day, guaranteeing that demand was fully met with regular and stable frequency, more plug-in electric vehicles are needed, because their limited range (maximum 155 km without refuelling), prevents them from performing a full day’s service. More drivers are also needed to serve the buses that replace those that have had to leave the route to go to the battery recharging centre.



It is not expected that electric batteries with enough autonomy for this type of vehicle will be available in the market in the short term, and this technical limitation complicates the application of this powering technology.



Induction electric vehicles are also a sustainable technological option, but they have greater technological difficulties that make them not a technically viable option for the development of an urban transport system in large cities.



On the one hand, the electric induction vehicles must recharge their batteries at the end of each journey at bus terminals, which forces them to remain stationary for 10 min per journey, so then they take 20 min longer than the other alternatives to complete a full journey. As a result, more electric induction vehicles and drivers are needed for providing a full day’s service at the same conditions of frequency than other technologies.



On the other hand, inductive charging is a type of wireless power transfer based on the principle of electromagnetic induction. At the end of each journey, the bus needs to be placed near a charging station or inductive pad sited under the pavement of the bus stop for recharge. This integrated system under the pavement has low visual impact, but its technical implementation is very expensive in economic and urban terms for large cities already developed, such as Madrid.



Electric induction buses also require the installation of this specific infrastructure to charge the battery at terminals. Recharging an electric vehicle using inductive wireless charging is a technological solution that will represent an important advance for the implementation of electric mobility, but its application for the development of urban transport systems should be limited to small cities and new developing cities.



Social concern for the environment is expected to grow, which makes the electric vehicle the future of transport. However, converting the current vehicle fleet to a fully electric fleet is not feasible in the short and the medium term, taking into account the previously defined technological limitations.



In the short term, these limitations with respect the plug-in electric and electric induction vehicles indicate that in the coming years diesel vehicles should be replaced, from a sustainable and practical point of view, with diesel hybrid buses, which are not so good and ambitious in environmental terms, but nowadays represent not only a sustainable option, but also a feasible solution.



This transition phase will end when technological advances in the electric power sector allow working with a fully electric fleet without technical limitations for the development of an urban transport system.



The findings and their implications should be discussed in the broadest context possible. Future research directions may also be highlighted.




5.2. Research Limitations and Future Lines of Research


The main research limitation that could be an inspiration of future lines of research, is the ceteris paribus condition. Not only aforementioned technology innovations should be taken into consideration in future research, but also the evolution of public awareness, political tendencies, and the imminent period of economic recession, caused by the ongoing COVID-19 pandemic.



Another limitation of this research is to assume that the selection of the fleet has significant political implications for local administrations, because of the high visibility of this public service. In fact, it has not yet been proven that public bus users are able to firstly identify the different types of vehicles depending on their fuel technologies, secondly evaluate different public buses in economic and environmental terms, and thirdly and most important in political terms, if their voting decision will be influenced by this issue. Future research that identifies users’ opinions, and their impact on voting decisions, would be useful for both policy makers and research community.



Based on the United Nations circle of sustainability method, which is mostly used for cities and urban settlements, future lines of research should take into consideration the social aspect of sustainability, so in addition to economic and environmental aspects, social criteria should be included in the models. In that sense the new approach should include the social domains of ecology, economics, politics and culture.



In future research, it would be interesting to compare the results of our study with those of other methods that provide a quantitative classification such as a Data Envelopment Analysis (DEA) efficiency study. In this context the herein obtained category of acceptable engines could be compared with the efficient alternatives provided by the DEA.



Although economic criteria are still more important than environmental criteria in management decisions related to urban public transport networks, it is expected that this situation will be reversed in the near future, therefore monitoring this evolution would be an interesting future line of research.
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Figure 1. General scheme of the use of ELECTRE TRI. 
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Figure 2. Flowchart of the Delphi methodology for obtaining consensus weights. 
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Figure 3. The coefficients of variation for the criteria and sub-criteria (Table 13 items 1 to 9) over the first and second rounds of consultation. 
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Figure 4. The workflow implementing ELECTRE TRI. 
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Figure 5. The ELECTRE TRI solution. 
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Table 1. Literature review on bus emissions and policies to reduce air pollution.
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	Author (Year)
	Ref.
	Method
	Case Study
	Contribution





	Franco et al. (2013)
	[48]
	Systematic review
	Air quality plans.
	Road vehicles have a large variability in their emission



	Van Ryswyk et al. (2021)
	[49]
	Pollution monitoring
	Canada. Bus.
	Associations between bus type and pollution exposures



	Bel and Holst (2018)
	[50]
	Field data
	Mexico. Bus.
	Bus Rapid Transit helped to reduce air pollution



	Ribeiro et al. (2019)
	[51]
	Multi-criteria analysis
	Portugal. Bus.
	Disparities in the sustainable performance of bus system



	Pamučar et al. (2021)
	[52]
	BWM and MCDM
	London Transport Strategy.
	Introducing zero-emission zones should be selected as the first initiative to implement



	Deliali et al. (2020)
	[53]
	Systematic review and interviews
	USA. Bus.
	Review of zero-emission buses (ZEB) implementations across USA. Aid for the transition to ZEB fleets



	Li, Lo and Cen (2015)
	[54]
	RLABC analysis
	Hong Kong. Bus.
	Development of optimal bus fleet management models



	Hasan et al. (2020)
	[55]
	Multi-criteria analysis
	New Zealand. Transport policy.
	A total of 26 transport policy options are identified

Public transport is the most preferred transport policy
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Table 2. Literature review on the emissions assessment of alternative fuel buses.
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	Author (Year)
	Ref.
	Method
	Case Study
	Contribution





	Pamučar et al. (2021)
	[56]
	MCDM
	New Jersey.

Road transport.
	The most significant drivers for AFV selection are purchase cost, energy cost, and social benefits, respectively



	Kazimi (1997)
	[28]
	Dynamic micro simulation model
	Los Angeles.

Pricing policies.
	Price reductions for alternative-fuel vehicles lead to reductions in total emissions



	Beer et al. (2002)
	[15]
	Alternative fuels emissions comparison
	Australia.

Heavy vehicles.
	Biodiesel and ethanol have the lowest greenhouse gas emissions



	Ou et al. (2010)
	[20]
	Transport policies analysis
	China. City bus fleets policies.
	Alternative fuel buses offer differences in performance in terms of both energy savings and GHG reduction



	Ally and Pryor (2017)
	[17]
	Alternative fuels life-cycle comparison
	Australia. Bus.
	Future generations of fuel cell vehicles expect a reduction greater than 50% in the greenhouse gas emissions



	Xu et al. (2015)
	[57]
	Alternative fuels emissions comparison
	Atlanta. Bus.
	The model assesses emissions impacts of buses. Impacts of alternative bus options depend on operating features.



	Chong et al. (2014)
	[58]
	Alternative fuels emissions comparison
	London. Bus.
	The largest decrease in population exposure to particulate matter occurred with CNG buses



	Wang, Sun and Ye (2020)
	[59]
	Mean distribution deviation method
	China. Bus.
	The differences in bus emissions are statistically significant for different locations and fuel types



	Wang et al. (2018)
	[60]
	Alternative fuels emissions comparison
	China. Bus.
	Different fuel types of buses have no impacts on the bus operation, but differences in emissions are significant










[image: Table] 





Table 3. Literature review on bus selection based on multi-criteria decision models.
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	Author (Year)
	Ref.
	MCDM
	Case Study
	Application





	Büyüközkan et al. (2018)
	[65]
	Intuitionistic Fuzzy Choquet Integral
	Istanbul
	Bus selection based on RTFV analysis



	Lanjewar et al. (2015)
	[66]
	Graph theory and matrix approach
	China and USA
	RTFV bus analysis in urban areas



	Aydın et al. (2014)
	[67]
	Fuzzy AHP-VIKOR
	Ankara
	Bus selection based on RTFV analysis



	Vahdani et al. (2011)
	[68]
	Fuzzy TOPSIS PSI
	Taiwan
	Bus selection in urban areas based on RTFV



	Tzeng et al. (2005)
	[23]
	AHP-VIKOR and TOPSIS
	Taiwan
	RTFV bus analysis in urban areas



	Yedla et al. (2003)
	[69]
	AHP
	Delhi
	Analysis of conventional fuel vs. CNG buses



	Hamurcu and Eren (2020)
	[70]
	AHP TOPSIS
	Ankara
	RTFV electric bus analysis



	Ammenberg and Dahlgren (2021)
	[71]
	12 indicators MCA method
	Sweden
	Creation of a 12 indicators MCA method



	Ammenberg and Dahlgren (2021)
	[72]
	12 indicators MCA method
	Sweden
	Application of a 12 indicators MCA method to assess several bus technologies



	Mukherjee (2017)
	[73]
	Intuitionistic fuzzy sets, FMCDM
	India
	Developing a methodology for identifying the best option for selection of alternative fuels for sustainable urban transportation



	Hsiao et al. (2005)
	[74]
	Fuzzy AHP TOPSIS
	Taiwan
	Selecting low pollutant emission buses







RTFV stands for road transportation fuels and vehicles.
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Table 4. Literature review on bus assessment based on fuel consumption and emissions.






Table 4. Literature review on bus assessment based on fuel consumption and emissions.





	Author (Year)
	Ref.
	Method
	Case Study
	Contribution





	Todorut et al. (2020)
	[75]
	Emissions comparison
	Cluj-Napoca, Romania
	Replacing effects: evaluates the emissions effects of replacing conventional city buses by electric buses



	Grijalva and López (2019)
	[76]
	Emissions comparison
	Madrid
	Replacing effects: evaluates the emissions effects of replacing conventional city buses by electric buses



	Özener and Özkan (2020)
	[77]
	Emissions and cost comparison
	Metrobus
	Analyses public transport real driving emissions



	Abbasi et al. (2020)
	[78]
	Emissions and cost comparison Nonlinear regression models
	Tehran
	Evaluates scenarios based on environmental, traffic and economic analysis to predict reductions in commute times, fuel consumption, and emissions



	Zhang et al. (2014)
	[79]
	Emissions and fuel

Consumption comparison
	China
	Hybrid diesel buses reduce emissions and fuel consumption compared to Euro IV and V diesel buses



	Adheesh et al. (2016)
	[80]
	Emissions and cost comparison
	Bangalore,

India
	Replacing effects: the replacement of diesel bus by electric bus reduces air pollution and noise pollution



	Lajunen and Lipman (2016)
	[81]
	Emissions and cost comparison
	Finland and California
	Alternative buses powertrains can significantly improve energy efficiency. Diesel hybrid buses are already cost effective solution for public transportation
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Table 5. Literature review on the situation in Europe, and specifically in the city of Madrid.






Table 5. Literature review on the situation in Europe, and specifically in the city of Madrid.





	Author (Year)
	Ref.
	Method
	Case Study
	Contribution





	Coraza et al. (2016)
	[82]
	Industry and urban transport policies analysis
	Europe
	Costs of innovations are crucial in the decision process on the fleets upgrade. Identify a path towards greener awareness among bus stakeholders in Europe



	Nanaki et al. (2017)
	[2]
	Environmental assessment of 9 European public bus transportation systems
	Europe
	Examines the factors that affect air pollutants providing a comprehensive overview of the actual knowledge on the atmospheric pollution in public transportation systems



	López et al. (2019)
	[16]
	Importance performance analysis and AHP
	Europe
	Explores how technological innovations adopted by urban bus companies can improve cities’ sustainability



	Brdulak et al. (2020)
	[83]
	Bass model
	Europe
	Simulates the number of zero-emission buses in EU member countries in two time horizons: 2025 and 2030



	Cascajo and Monzon (2014)
	[84]
	KPI analysis in two scenarios
	Europe
	Assessment of a range of measures implemented in bus systems in five European cities



	European Commission (2020)
	[85]
	Well to Wheels
	Europe
	Analysis of automotive fuels and power trains in the European context assessing incremental emissions associated with the production of a unit of alternative fuel



	Arenas et al. (2017)
	[86]
	Calculation of emissions
	Madrid
	Models for calculating the consumption and gaseous emissions of Madrid’s bus fleet



	López et al. (2009)
	[87]
	On-board emission measurements
	Madrid
	To assess vehicle renewal policies of bus companies, two exhaust after-treatment technologies are compared



	García Sánchez et al. (2013)
	[88]
	Life Cycle Assessment
	Madrid
	Calculates the impact the life cycle energy consumption and GHG emissions of different power trains bus types



	Monzon et al. (2005)
	[89]
	MARS model and modified cost benefit analysis
	Madrid
	Assess sustainability of transport in Madrid providing methodological advice and policy recommendations



	García et al. (2019)
	[90]
	Machine learning boosting
	Madrid
	Prediction of urban bus fleet emissions



	López-Martínez et al. (2017)
	[91]
	Specific emissions models
	Madrid
	Modeling consumption and emissions of urban bus fleet
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Table 6. Data on requirements by type of fuel.






Table 6. 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 Transport Co. [92,93].













[image: Table] 





Table 7. Data for the analysis of depreciation costs by type of fuel.






Table 7. Data for the analysis of depreciation costs by type of fuel.





	Alternative
	Price (€/bus)
	Service Life (years)
	Depreciation (€/year)
	Infrastructure (€/year)





	Diesel
	250,000
	12
	20,833
	-



	GNC
	290,000
	12
	24,167
	-



	Diesel hybrid
	340,000
	12
	28,333
	-



	Plug-in electric
	550,000
	12
	45,833
	-



	Induction electric
	425,000
	12
	35,417
	4250 €/year







Source: Compiled by the authors based on data from Madrid Transport Co. [92,93].
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Table 8. Data for the analysis of depreciation costs by type of fuel.






Table 8. Data for the analysis of depreciation costs by type of fuel.





	Alternative
	Depreciation Costs (€)
	Traction Costs (€)
	Maintenance Costs (€/km)
	Operating Costs (€)





	Diesel
	479,167
	475,797
	0.4193
	4,225,560



	GNC
	555,833
	333,557
	0.4845
	4,225,560



	Diesel hybrid
	651,667
	380,661
	0.5425
	4,225,560



	Plug-in electric
	1,420,834
	168,918
	0.2280
	4,320,045



	Induction electric
	960,500
	214,517
	0.2280
	5,079,285







Source: Compiled by the authors based on data from Madrid Transport Co. [92,93].
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Table 9. Data for the analysis of traction costs, before taxes, by type of fuel.






Table 9. Data for the analysis of traction costs, before taxes, by type of fuel.





	Alternative
	Consumption
	Price of Fuel
	Traction (€/km)





	Diesel
	0.5425 l/Km
	0.76 €/l
	0.4101



	GNC
	0.5958 Kg/Km
	0.48 €/Kg
	0.2875



	Diesel hybrid
	0.4340 l/Km
	0.76 €/l
	0.3281



	Plug-in electric
	1.4217 KWh/Km
	0.10 €/KWh
	0.1422



	Induction electric
	1.8303 KWh/Km
	0.10 €/KWh
	0.1830







Source: Compiled by the authors based on data from Madrid Transport Co. [92,93].
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Table 10. Average emissions of pollutants by type of fuel.






Table 10. Average emissions of pollutants by type of fuel.





	Alternative
	NOx Emissions (mg/km)
	PM Emissions (mg/km)
	CO2 Emissions (kg/km)





	Diesel
	980.86
	3.37
	1.37



	GNC
	899.54
	2.93
	1.58



	Diesel hybrid
	784.68
	2.69
	1.09



	Plug-in electric
	-
	-
	0.61



	Induction electric
	-
	-
	0.79







Source: Compiled by the authors based on data from Madrid Transport Co. [92,93].
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Table 11. Performance and emissions factors by type of fuel.
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	Diesel
	GNC
	Diesel Hybrid
	Plug-In Electric
	Induction Electric





	Approved emissions factor (kg CO2/l)
	2.52
	0.203
	2.52
	-
	-



	Lower heating value (KWh/kg)
	10.1
	13.1
	10.1
	-
	-



	Engine efficiency
	40%
	30%
	40%
	-
	-



	Emissions factor of type approval for NOx
	0.4475
	0.38417
	0.4475
	-
	-



	Emissions factor of type approval for PM
	0.00154
	0.00125
	0.00154
	-
	-



	Emissions factor (electricity mix: kg CO2/KWh)
	-
	-
	-
	0.43
	0.43







Source: Compiled by the authors based on data from Madrid Transport Co. [92,93].
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Table 12. Pollutant emissions in the ELECTRE TRI model by alternative.






Table 12. Pollutant emissions in the ELECTRE TRI model by alternative.





	Alternative
	NOx (Kg)
	PM (Kg)
	CO2 (Kg)





	Diesel
	1138
	3.9
	1,589,471



	GNC
	1044
	3.4
	1,833,113



	Diesel hybrid
	910
	3.1
	1,264,616



	Plug-in electric
	-
	-
	724,612



	Induction electric
	-
	-
	926,059







Source: Compiled by the authors based on data from Madrid Transport Co. [92,93].
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Table 13. Delphi model: consensus on elements, weights, and statistical data.






Table 13. Delphi model: consensus on elements, weights, and statistical data.





	Criteria/Subcriteria
	Item
	Weights
	SD
	CV1
	CV2
	CV1–CV2





	Group of Economic criteria
	1
	0.6
	0.129
	0.16
	0.13
	0.03



	Group of Environmental criteria
	2
	0.4
	0.194
	0.28
	0.19
	0.09



	Depreciation
	3
	0.2
	0.474
	0.57
	0.45
	0.12



	Traction cost
	4
	0.2
	0.474
	0.47
	0.47
	0.00



	Maintenance cost
	5
	0.2
	0.474
	0.45
	0.47
	0.02



	Operating cost
	6
	0.4
	0.296
	0.44
	0.30
	0.14



	NOx emissions
	7
	0.5
	0.228
	0.23
	0.23
	0.00



	Particular matter emissions
	8
	0.3
	0.279
	0.37
	0.28
	0.09



	CO2 emissions
	9
	0.2
	0.354
	0.34
	0.35
	0.01







SD = standard deviation; CV1 = 1st round coefficient of variation.
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Table 14. Weights for the ELECTRE TRI model.






Table 14. Weights for the ELECTRE TRI model.





	Criteria
	Weights





	Depreciation
	0.12



	Traction cost
	0.12



	Maintenance cost
	0.12



	Operating cost
	0.24



	NOx emissions
	0.2



	Particular matter emissions
	0.12



	CO2 emissions
	0.08
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Table 15. The cluster 1 or 2 membership of the five vehicle types for each of the seven criteria.






Table 15. The cluster 1 or 2 membership of the five vehicle types for each of the seven criteria.















	
	g1
	g2
	g3
	g4
	g5
	g6
	g7





	Vehicle types
	Depreciation
	Traction Cost
	Maintenance Cost
	Operating Cost
	NOx (kg)
	PM (kg)
	CO2 (kg)



	Diesel
	1
	1
	1
	1
	1
	1
	1



	GNC
	1
	1
	1
	1
	1
	1
	1



	Diesel hybrid
	1
	1
	1
	1
	1
	1
	2



	Plug-in Electric
	2
	2
	2
	2
	2
	2
	2



	Induction Electric
	1
	2
	2
	2
	2
	2
	2
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Table 16. The performance.






Table 16. The performance.





	Bus Type
	g1
	g2
	g3
	g4
	g5
	g6
	g7





	Diesel
	479,167
	475,797
	0.4193
	422,556
	1138
	3.9
	1,589,471



	GNC
	555,833
	333,557
	0.4845
	422,556
	1044
	3.4
	1,833,113



	Diesel hybrid
	651,667
	380,661
	0.5425
	422,556
	910
	3.1
	1,264,616



	Plug-in Electric
	1,420,834
	168,918
	0.228
	4,320,045
	0
	0
	724,612



	Induction Electric
	9605
	214,517
	0.228
	5,079,285
	0
	0
	926,059
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Table 17. The thresholds.






Table 17. The thresholds.















	
	g1
	g2
	g3
	g4
	g5
	g6
	g7





	   Indifference   threshold    (   q j   )    
	70,561.45
	15,343.95
	0.015725
	232,836.45
	56.9
	0.195
	55,425.05



	   Preference   threshold    (   p j   )    
	141,122.9
	30,687.9
	0.03145
	465,672.9
	113.8
	0.39
	110,850.1



	   Veto   threshold    (   v j   )    
	-
	-
	-
	-
	-
	-
	-
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Table 18. Variation ranges of the criteria weights considering that the economic criteria have 70% of the total importance.






Table 18. Variation ranges of the criteria weights considering that the economic criteria have 70% of the total importance.





	Criteria
	Interval of Weights





	Depreciation (g1)
	[0.12; 0.14]



	Traction cost (g2)
	[0.12; 0.14]



	Maintenance cost (g3)
	[0.12; 0.14]



	Operating cost (g4)
	[0.24; 0.28]



	NOx emissions (g5)
	[0.15; 0.2]



	Particular matter emissions (g6)
	[0.09; 0.12]



	CO2 emissions (g7)
	[0.06; 0.08]
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Table 19. Variation ranges of the criteria weights considering that economic criteria are as important as environmental criteria.






Table 19. Variation ranges of the criteria weights considering that economic criteria are as important as environmental criteria.





	Criteria
	Interval of Weights





	Depreciation (g1)
	[0.1; 0.12]



	Traction cost (g2)
	[0.1; 0.12]



	Maintenance cost (g3)
	[0.1; 0.12]



	Operating cost (g4)
	[0.2; 0.24]



	NOx emissions (g5)
	[0.2; 0.25]



	Particular matter emissions (g6)
	[0.12; 0.15]



	CO2 emissions (g7)
	[0.08; 0.1]
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Table 20. Values of thresholds and vetoes on environmental criteria.






Table 20. Values of thresholds and vetoes on environmental criteria.















	
	g1
	g2
	g3
	g4
	g5
	g6
	g7





	   Indifference   threshold    (   q j   )    
	70,561.45
	15,343.95
	0.015725
	232,836.45
	56.9
	0.195
	55,425.05



	   Preference   threshold    (   p j   )    
	141,122.9
	30,687.9
	0.03145
	465,672.9
	113.8
	0.39
	110,850.1



	   Veto   threshold    (   v j   )    
	-
	-
	-
	-
	455.2
	1.56
	443,400.4
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Table 21. Values of thresholds and veto on operating cost criterion.






Table 21. Values of thresholds and veto on operating cost criterion.















	
	g1
	g2
	g3
	g4
	g5
	g6
	g7





	   Indifference   threshold    (   q j   )    
	70,561.45
	15,343.95
	0.015725
	232,836.45
	56.9
	0.195
	55,425.05



	   Preference   threshold    (   p j   )    
	141,122.9
	30,687.9
	0.03145
	465,672.9
	113.8
	0.39
	110,850.1



	   Veto   threshold    (   v j   )    
	-
	-
	-
	931,345.8
	-
	-
	-
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