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Abstract

:

Many Swedish regional transport authorities want bus fleets driven on renewable fuels. However, it may be difficult to know what technology, or combination of technologies, to choose. There is a need for improved knowledge and supportive methods for sustainability assessments that can support public procurement processes. In the companion article (Part I), a multi-criteria assessment (MCA) method for assessments of public bus technologies’ sustainability was established, consisting of four key areas and 12 indicators. In this article, the purpose is to apply the method established in part I on different bus technologies by looking at a general Swedish case and assessing buses driven on diesel, Hydrotreated Vegetable Oil (HVO), Fatty Acid Methyl Ester (FAME), ethanol, natural gas, biomethane and electricity. Each technology is assessed on a scale from Very Poor to Very Good according to the indicators: technical maturity, daily operational availability, total cost of ownership, need for investments in infrastructure, cost stability, non-renewable primary energy efficiency, greenhouse gas emission savings, air pollution, noise, local/regional impact on land and aquatic environments, energy security and sociotechnical systems services. The results show the strengths and weaknesses of each technology, which are later discussed. We also critically reflect upon the usefulness and accuracy of the MCA method.
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1. Introduction


Transport systems have a wide range of negative sustainability effects [1], for example, contributing to global warming [2]; pollution of air, water and land causing health problems and other impacts [3,4]; noise [5,6]; and loss of biodiversity (e.g., [7,8,9]). To deal with such challenges, organizations of different kinds take measures to transform the transport system in a sustainable direction. One such type of organization, which is focused on in this article, is public transport authorities. Public transport authorities are responsible for the procurement of regional public transports such as bus transports, which is often an important public transport mode.



When studying public transport authorities, Sweden is an interesting case to explore. In line with national and EU objectives, most regional public transport authorities in Sweden have transformed the bus fleet in a renewable direction. Using green public procurement (GPP), they have managed to significantly lower the share of fossil fuels [10]. However, there are several renewable bus technologies available to choose between, such as biomethane, ethanol, FAME (Fatty Acid Methyl Ester), HVO (Hydrotreated Vegetable Oil) and electric vehicles, and the regions and other actors struggle with how to know which alternative, or combination of alternatives, is best suited for them.



This article is the second of two associated articles. According to the literature review presented in the first article (Part I, Ammenberg and Dahlgren, 2020 (“Part I” is used to refer to this first article in the remaining parts of the article)), there are important barriers to overcome to further strengthen the uptake and application of green or sustainable public procurement (GoSPP) practices (e.g., [11,12,13]). Important challenges include the lack of knowledge and trustworthy information, and there is a need for simple but broad assessment tools [14] with relevant procurement criteria that help the GoSPP process (e.g., [15]).



Part I motivates that multi-criteria assessment (MCA) methods can be used as appropriate tools for supporting GoSPP and lists criteria for effectiveness and efficiency of such methods. Further on, it establishes an MCA method for sustainability assessment of different bus technologies.



Aim and Scope


The purpose of this article, Part II, is to apply the multi-criteria assessment (MCA) method, developed in Part I, on different bus technologies to do the following:




	
Test the method and critically reflect upon its application and usefulness,



	
Compare the different bus technologies, including buses driven on biomethane, ethanol, FAME, HVO and electricity, and diesel and natural gas as reference technologies.








This article thus deals with the general methodological problem of how to conduct sustainability assessments of transport technologies and intends to contribute to improved knowledge of the sustainability performance of different bus technologies.





2. Methods


The methodology used to develop the MCA method is thoroughly presented and motivated in Part I. This MCA method includes four key areas covered by twelve indicators (Table 1). Each indicator has a scale, from Very Poor to Very Good, which is used to assess the different bus technologies. In this chapter, the bus technologies that are assessed are specified and the assessment process is presented, including data collection and uncertainty assessment.



2.1. Assessed Bus Technologies


Seven bus technologies have been assessed, as they are all reasonable options for regional public bus transport in Sweden, namely, biomethane, diesel, electricity, ethanol, FAME, HVO and natural gas. All buses are assumed to be new 12-m Euro VI buses. However, a difference from reality is that all fuels are assumed to be used unblended, that is, no blending of, for example, diesel and RME. In reality (at least in a Swedish context), biomethane (there is a high biomethane content in the Swedish vehicle gas on average—the share is over 90%) can be mixed with natural gas and diesel is sold with different shares of FAME and HVO and so forth, and there are electric hybrid buses that can mix the use of electricity with, for example, HVO or biomethane.



For each technology, some assumptions have been made in relation to the indicators to mirror Swedish conditions, for example, regarding electricity production and substrates for biogas production (Table 2). In several cases, however, alternative assumptions and how they would affect the results are mentioned and discussed. Worth noting is that we have assumed HVO to have a content of Palm Fatty Acid Distillate (PFAD), but due to new regulations, this may change. For electric buses, the “extreme” cases of large batteries and night charging as well as small batteries and fast charging have been used to show the large span. When only one result is showed, it has been estimated that the results are quite similar no matter the battery size or recharging infrastructure.




2.2. Assessment Process


In the assessment process, each indicator was assessed for the respective bus technology, largely based on literature studies. This mainly included information from journal articles, theses, technical reports and governmental statistics. Inputs from the participating stakeholders (Appendix A) were also contributed, chosen to complement the knowledge of the authors and other participants. The assessment was done from the current Swedish context.



As described in Part I, the method development process started with two student projects that contributed to early versions of the MCA method, and the students also carried out assessments that were discussed with stakeholders. The method was then further developed (in several steps) and additional data collected, considering the input from the participants. This improved version of the method and the results were sent out on a review round to a number of relevant actors who got the chance to comment. These actors are experts in their areas, chosen to complement the knowledge of the authors and other participants. Considering this input, the authors updated the method and results again.



In addition to the assessment of the scales, that is, from Very Poor (red) to Very Good (dark green), the certainty was also assessed for each indicator and technology. The focus here was on to what extent we found enough relevant and trustworthy information. For this assessment, we used a three-step scale:




	
***; low uncertainty;



	
**; some uncertainty;



	
*; high uncertainty.










3. Results


In this section, the results from the assessment are presented for each key area and indicator. The indicators are briefly introduced—further information on their relevance, formulation and scales for assessment can be found in Part I. Commonly, each section starts with diesel, as it is a kind of reference technology that dominated the public bus transportation earlier. Next follows the technologies most similar to diesel (i.e., HVO, FAME and ethanol), and finally, natural gas, biomethane and electricity are addressed.



3.1. Technical Performance


Two indicators deal with the technical performance: technical maturity and daily operational availability.



3.1.1. Technical Maturity


The indicator of technical maturity assesses the stage of development and implementation of the bus technologies. The scale goes from possibly coming technologies (Very Poor) to well-established technologies on both the national and international market (Very Good).



Diesel was long the standard option for buses in Sweden [18,19,20], and in many parts of the world, it still is [21]. Therefore, diesel received the score Very Good (Table 3). Diesel buses are also used for HVO and FAME, the latter with some slight modifications of the bus engine. Therefore, these two alternatives are also assessed as Very Good. Buses using ethanol and methane gas (i.e., compatible with biomethane and natural gas) have both been used for several decades in Sweden [18,19], and there are experiences of these buses in several different regions across the country. Buses using vehicle gas are still popular, while the number of ethanol buses has decreased in recent years. Several other countries also have gas buses [22], while the number of ethanol buses is generally smaller [21,22]. Because of their more widespread use, biomethane and natural gas were considered Very Good. To use ethanol for bus transportation is a well-proven technology, but the lower degree of use means less-developed support networks, and, therefore, this technology was judged as Good. Electric buses are relatively new, but the technology is commercially implemented and proven to work well in several cases. The number of buses is relatively low in Sweden—less than 1% of all buses [19]—and the situation is similar in the majority of the world [23]. This resulted in Satisfactory. However, the number of electric buses is increasing worldwide, especially in China [21,24]. Thus, the technical readiness level could improve fast.



The technical functionality also depends on the availability of fuels or electricity of desirable quality. It should be noted that HVO has only been used in Sweden since 2015 [25]. Back then, HVO represented 1% of the fuel used for public buses, then rapidly increasing to over 40% in 2017 [18]. In many countries, natural gas is the norm, while the use of biomethane for transportation is less common or non-existing (cf. [26]). Limitations on the capacity of the electricity production and distribution (systems) can, in some regions, influence the possibilities to expand large-scale electric transportation projects [27]. Such considerations can be critical in connection with a real case assessment, and such context-specific fuel aspects should then complement the relatively generic results in Table 3.




3.1.2. Daily Operational Availability


The indicator of daily operational availability gauges if, and to what extent, refueling or recharging negatively influence the preferred timetable and if additional vehicles are needed due to this. A three-step scale was used, where Very Poor means that refueling and recharging have a significant negative impact on the desired timetables or require additional buses, while Very Good means that there are no such negative effects related to refueling or recharging. A medium-sized European city usually requires a bus driving range of around 300 km/day to be able to carry out the daily duties without refueling/recharging [28], which is well in line with information on Linköping city [29], the largest city among the participating regions (Linköping city has about 160,000 inhabitants and is situated in the region of Östergötland). Thus, 300 km/day is used as a reference range.



Diesel buses have a range of somewhere between 450 and 900 km [28,30,31,32,33] (throughout the article, intervals presented like this indicate that the referenced sources had values somewhere in between those values. All sources did not have the same value; instead, the interval is a range of likely values), leading to the score Very Good (Table 4). HVO, FAME and ethanol can all be used in diesel buses with similar tanks, while their lower energy contents can lead to shorter ranges [28], especially for ethanol, which has the lowest energy content and an estimated range of 400–600 km [28]. Nevertheless, all three qualify as Very Good. Natural gas and biomethane give shorter ranges than the liquid fuels, and commonly used tank volumes provide ranges of 250–400 km [28,30,31]. For these gaseous fuels, there are two different refueling options—either refueling slowly at night or refueling quickly, similar to the liquid fuels [34]. It is thus possible for natural gas and biomethane to be either Satisfactory or Very Good. For electricity, there are also two main options: to use buses with small batteries that need fast charging for a few minutes at selected stops on the route, or to use large batteries and slow depot charging during the night. Fast charging requires time during routes, which may negatively influence timetables or require additional buses. This reduces the flexibility—for example, it may not be possible to gain lost time by skipping the planned pause (extra time) at the end-stop if recharging is required. However, with a well-adapted infrastructure and depending on the desirable timetables, the negative impact may become acceptable. Slow charging with a large battery can provide ranges of around 300 km [35,36]. Consequently, depending on what technique is chosen and the regional conditions and expectations, the score for electric buses ranges between Very Poor and Very Good.



It should be noted that the results regarding daily operational availability are very dependent on what daily range is needed and used for the assessment. If longer ranges are required (cf. [37]), the liquid fuels will turn out as most favorable. From our communication with the bus providers, there seems to be some flexibility regarding their bus models’ design and capacity when a large number of buses are bought. For example, it may be possible to adapt the tank and battery sizes to fit local requirements.





3.2. Economic Performance


For comparison of economic performance, three indicators were included: total cost of ownership, need for investments in infrastructure and cost stability.



3.2.1. Total Cost of Ownership


Total cost of ownership comprises costs related to vehicle purchase, fuel consumption and maintenance/repair over the 10-year period and accounts for the residual value. The scale is based on a comparison of the studied alternatives, with the least expensive option set to Very Good.



Diesel buses, starting with purchasing, cost around 220,000–260,000 euro, and the range is similar for HVO and FAME [28,32,38,39,40,41,42]. Methane- and ethanol-powered buses seem to be slightly more expensive (240,000–290,000 euro [28,32,38,41]). Electric buses can be significantly more expensive than diesel buses, but there is a large variation, with prices ranging from 290,000 euro for a fast-charging bus with a very limited battery to about 570,000 euro for a slow-charging bus with a large battery [28,32,41,42,43,44,45].



Maintenance costs differ much between sources but range from 0.04–0.16 euro/km for diesel buses [32,38,45,46,47]. Generally, the maintenance costs for methane- and FAME-powered buses seem to be slightly higher than for diesel, and for ethanol much higher [38,45,46,47,48]. Fewer sources were found for electric alternatives, but they indicate a mix of much lower maintenance costs than diesel as well as fairly high maintenance costs [45,48,49]. Electric buses were assumed to require from none up to two battery replacements during their lifetime, with a cost of 500–750 euro/kWh [32,43,49]. Depending on the size of the battery, such replacements thus cost up to 260,000 euro. However, there are large uncertainties regarding both battery replacements and costs due to the ongoing battery development and lacking statistics on lifetimes. Previous studies have used very different assumptions: Tong et al. [49] estimated a 50% risk of required battery replacement in a 12-year period, while Laizāns et al. [43] assumed replacements every third year.



Regarding fuel efficiency, we assumed the yearly driving distance at 90,000 km, the estimated depreciation period of the bus at 10 years (the general public procurement contract time for buses in Sweden) and used mean fuel prices from some large fuel sellers in Sweden in 2019. The liquid alternatives (diesel, FAME, HVO and ethanol) (all these four alternatives are based on a diesel motor, and the producers of the vehicles state that they require the same fuel efficiency in kWh/km) required 3.2–4.1 kWh/km [28,46,50]. Methane-powered buses had lower fuel efficiencies with 3.76–5.47 kWh/km [28,38,46,50], and electric buses were much more efficient with 1.12–1.6 kWh/km [28,49,50]. However, they also require fuel (assumed to be HVO) for heating, corresponding to between 83,000 and 170,000 euro during the 10 years (more information can be found in Section 3.3.1 Energy efficiency on required heating).



Figure 1 shows how the mean values of the costs related to purchasing, maintenance and fuel/electricity build up the total cost of ownership. It should be noted that the fuel costs dominate the total costs for all the combustion engines (i.e., all technologies but electric buses). Apart from fuel prices, fuel consumption, and thereby fuel costs, are influenced by the characteristics of a city [50], like the amount of traffic, traffic patterns, infrastructure and terrain.



Accounting for the ranges for each cost, Figure 2 shows how the total cost of ownership can vary for each technology. The costs range from 520 k€–1.9 M€. Clearly, there seems to be a large span for all alternatives, meaning that they score across several levels on the scale (Table 5):




	
Diesel—Satisfactory to Very Good.



	
HVO scores a bit worse, mainly due to higher fuel costs—Poor to Very Good.



	
FAME scores slightly better than diesel, mainly due to lower fuel costs—Good to Very Good.



	
Ethanol seems to be the most expensive technology due to both higher maintenance costs and higher fuel costs—Very Poor to Satisfactory.



	
Natural gas scores worse than diesel due to slightly higher purchase and fuel costs—Very Poor to Very Good.



	
Biomethane scores a bit worse than natural gas due to slightly higher fuel costs—Very Poor to Good.



	
Electricity has the largest spectrum due to large cost differences depending on the size of the battery. Electricity has the lowest fuel costs, but the total cost is very sensitive to the battery size and number of battery replacements. The lowest part of the span corresponds to a bus with a small battery (i.e., a large need for infrastructure) and no needed battery replacement; the highest part of the span corresponds to a bus with a large battery with several needed battery replacements. This results in Very Poor to Very Good.








As shown in Table 5, all the results concerning total cost of ownership have been assigned either some uncertainty (**) or high uncertainty (*). This is motivated by diverging costs in the literature for all the technologies and that the costs deal with vehicle models from different years and parts of the world. There were particularly large uncertainties for FAME, ethanol and electricity. For FAME, there were few sources that described the cost of 100% FAME. In contrast to HVO and diesel, FAME requires adjusted maintenance. Regarding ethanol, the added uncertainty is because there are very few studies on ethanol use in heavy vehicles. For electricity, the added uncertainty is especially due to the unknown number of battery replacements needed. Accordingly, the results regarding total cost of ownership can give some indications, but in an actual case the procurer can use more specific and accurate costs. A few studies were excluded since their reported purchase costs differed dramatically and were judged unrealistic.



To consider longer lifetimes of the buses (and extended total distances) would be influential. Electric buses would probably gain from this, due to high initial costs and lower costs related to the use. However, batteries are expensive, and there seem to be significant uncertainties related to their lifetime—an extended time-period might require an extra battery replacement. Several studies have used 12 years of depreciation time [32,40,44], and Dyr et al. [46] used a 14-year lifetime. Policies can also influence the costs for certain actors. For example, Sweden currently has a grant for electric buses to reduce the purchaser’s costs [51].




3.2.2. Need for Investments in Infrastructure


The indicator of need for investments in infrastructure is used to consider and assess infrastructure-related costs using a three-step scale.



Diesel, HVO, FAME and ethanol all need refueling infrastructure for liquid fuels. Börjesson et al. [52], focusing on a Swedish context, found diesel-fuels to have a cost for distribution and refueling stations of around 0.1–0.15 euro/liter, and the corresponding figures to be 20–30% higher for ethanol. There is a different type of refueling infrastructure for the gaseous fuels, a pressurized system to reduce the volumes. There are two different methods to refuel methane-powered buses: the first is a fast-filling dispenser similar to that used with liquid fuels with a refuel time of a few minutes; the second a slow-filling system where each bus is connected to an individual fuel hose during the night [34]. Börjesson et al. [52] found the costs for methane refueling to be around 0.2 euro/liter, but also that the cost can be much lower if there are gas pipelines. Others report methane refueling infrastructure costs around 10,000–77,000 euro/bus [34,49,53]. The cost difference between fast and slow refueling systems is marginal [34]. Regarding electric buses, there are two main methods used in different combinations: slow overnight charging at the bus depot or charging during the route/at end stations [32,41]. Previous studies have estimated infrastructure costs for electric buses to be somewhere between 24,000 euro/bus and 240,000 euro/bus [49,54,55]—depending on different scenarios (number of vehicles, charging techniques, etc.). Some find the fast-charging infrastructure much more expensive than that for overnight charging [41,42], while one study reports smaller differences [49]. Chen et al. [54] compared charging stations, charging lanes and a swapping station (Instead of charging the batteries that are in the bus, swapping stations replace the empty batteries with charged batteries) and found charging lanes to be almost 4–5 times as expensive (per bus) as the other options.



If there is no existing infrastructure, all alternatives require significant investments (i.e., Very Poor). However, such a rough and generic assessment is not that relevant, which is why we have not provided any results in Table 6. In real cases, the specific needed investments in infrastructure can be estimated and compared in a more meaningful way.




3.2.3. Cost Stability


The indicator of cost stability is essential as it is important for the procurer to avoid unexpected increased costs of a significant magnitude. A five-step scale has been used, where Very Poor represents a situation with risks for significantly increased costs, in relation to the budget, during the contracted time, while Very Good oppositely indicates opportunities for significantly lowered costs. The assessment has focused on three different areas based on a 10-year contract time: resources/production, demand and policies. Costs due to unplanned maintenance and repairs could also have a significant influence, but this is covered by the indicator technical maturity.



There are relatively large reserves of oil, but there is also an agreed physical scarcity in the long term (cf. [56]). There is a high demand [57], and the extraction is moving towards less-accessible petroleum reserves with lower energy return on energy investment [58] and/or ecologically sensitive areas [59,60]. Haugom et al. [58] have modelled future oil prices and predict yearly increases ranging from 1.4–12.5% in the coming decades. Diesel and other oil products have also been historically strongly affected by the global market in which they are sold, and there have been periods with unexpected rapid price changes in fossil fuels [61]. Commonly, there are smaller fluctuations, but even in the last ten years, there have been some larger fluctuations like the doubled price between 2016 and 2018 on the Swedish market or the almost 20% decreased price in the first months of 2020 [62]. Diesel can become significantly affected by national and international efforts to mitigate climate change (e.g., [63,64]). Studies that take expected policy measures into account (e.g., [65]) indicate that it is likely that fossil fuel prices will increase continuously. This implies higher costs for diesel-based public transport. Thus, diesel is judged as either Very Poor or Poor (Table 7), and the many contingencies motivate high uncertainty.



Regarding HVO, the current global production is smaller than for the other liquid biofuels [66]. In 2018, about 30% of the global production was used for the Swedish transport fleet [66] after a rapid increase in demand since 2016 due to a competitive price and the possibility of using it directly in old diesel vehicles. An increased demand risks causing significantly higher prices, and this risk is particularly large for HVO. This has already started to happen in Sweden due to changed regulations that demand HVO for low blends [67,68,69]. Prices might also be affected by the recent requirements for PFAD-based HVO to be traceable and fulfill the RED sustainability criteria in order to be granted tax exemption. There are also uncertainties regarding future costs due to the time-limited exemption from EU rules [70] regarding the current tax exemption in Sweden [71]. Combining this information, HVO was assessed as Very Poor, but with medium uncertainty.



The available resource basis for producing FAME and ethanol in Sweden is also relatively small, but there have been no rapid changes in the demand [16]. Both the FAME and ethanol used in Sweden are primarily produced from crops (rapeseed, maize and wheat) [16]. Recent EU policy on fuels from cultivated crops limits the possibilities to subsidize such fuels [72,73], which may bring higher prices. There are also price fluctuations depending upon the harvest: for example, the dry summer of 2018 brought an increase in the FAME price [66]. FAME and ethanol are assessed to be in the range of Very Poor to Satisfactory, with a medium level of uncertainty.



Natural gas is a finite resource, but advances in drilling technology have made the shale gas extraction economically viable and huge additional amounts of ”cheap” gas accessible [74]. In parallel, the gas demand has increased considerably [75]. The share of natural gas in the fuel mix has become larger in many countries, and in the near future, it will overtake oil as the dominant fuel [76]. There is commonly a geographical separation between supply and demand, where liquefaction plays an important role as the higher energy content of the liquefied gas makes export more viable [76]. Natural gas is often promoted as a better environmental alternative than other fossil fuels due to lower emissions of both greenhouse gases and air pollutants (e.g., [46,77,78,79]). However, shale gas extraction is associated with a significant negative environmental impact [80,81]. Environmental policy may limit access to natural gas, but this depends on the extent to which decision-makers regard natural gas as a favorable or acceptable option. The introduction of natural gas technology is sometimes defended by the argument that it can be substituted by biomethane in the future [46]. Like diesel, it is difficult to predict future price levels [82], but future climate change policies will likely not affect natural gas as strongly. Natural gas is judged as Poor or Satisfactory, with a high level of uncertainty.



Biomethane can be produced from a wide array of organic resources. When focusing on wastes, the resource base is limited but far from fully utilized in many countries [83], which is also the case in Sweden [84]. Since there is no gas grid in most parts of Sweden, the gas is used relatively close to the production [85], which is often dependent upon nearby organic waste resources. The biomethane used for bus transports in Sweden has commonly been in gaseous form. However, recently, liquefaction has been introduced, which provides increased opportunities. This may transform the system from mainly being local/regional toward national and international levels, that is, a transformation towards a “real market” [86]. The local character, within a relatively steady system influenced by a low number of actors and commonly involving public organizations (cf. [87]), can provide good opportunities for stable prices. Public actors in Sweden are, for example, responsible for wastewater treatment facilities and can assign biomethane produced there to public transport [88] and thus enable long-term contracts on feedstock for biogas production. It is also possible for other types of biogas production to have fixed prices, such as agricultural-based [89]. However, a lack of competition among regional actors can also lead to higher prices. The development towards larger markets can bring increased supply and demand, and the demand for biogas in the world is commonly increasing [90]. Globally, there is a large increase in natural gas vehicles [91]. If just a small part of the shipping sector that currently uses natural gas would shift to biomethane, the demand could rapidly exceed the current biomethane production [92]. Regarding policies, it should be mentioned that imports of large amounts of double subsidized biomethane from Denmark have significantly decreased the biogas prices in Sweden and led to increased demand. There seems to be a consensus among leading Swedish politicians to support biomethane for transport, indicating that the support systems will be strengthened, including prolonged tax exemptions. Biomethane is considered to be in the range from Poor to Satisfactory, with a high level of uncertainty.



Electricity can be produced from several resources. The Swedish electricity production is dominated by nuclear power and hydropower, complemented by combined heat and power plants, wind power, and other sources [17]. As the system partly uses flow resources like wind and water, it is not that limited from a natural resource perspective. The challenges in Sweden are more of a technical character, involving the amount of energy that can be used but especially related to the supply and demand of electric power [93]. Some electric grid companies have already started to change towards a price on power rather than energy (e.g., [94,95,96]). However, with the transfer links to neighboring countries in all directions, the electricity system is international [97]. Regarding electricity prices, Rydén et al. [98] state that two factors strongly influence future price volatility: (1) the shift to intermittent renewable sources in combination with the phase-out of more controllable thermal electricity production such as nuclear power [99,100], and (2) expanded connections to other production areas with higher volatility, as in Germany. With increasing shares of intermittent sources that are weather dependent, the production side has a growing influence on the prices. A large-scale introduction of electric vehicles (in parallel with other anticipated developments expected to increase the demand) may risk increasing variations in the power demand unless these effects are compensated by smart and well-functioning solutions for recharging (ibid.) or planned charging according to when the power demand is not as high. Clearly, different regions have different possibilities regarding the power situation, but a significant expansion of electric vehicles will (in general) require measures on many different levels [93]. Based on an analysis of future scenarios, the Swedish Energy Agency [97] concludes that the electricity prices in Sweden will be significantly influenced by the future price of carbon dioxide emissions despite the large share of renewables. The prices are expected to vary a lot daily, but the greater weather dependency brings other challenges, for example, during cold and dry years [97]. Looking at the daily price variations, it will be important when, during the day, the electricity used for buses is bought. However, the electricity costs are expected only to represent a small part of the total costs of ownership (TCO, Figure 1). Regarding electric buses, there is also a risk of needing unplanned battery replacements [101], and the costs of future batteries are difficult to estimate. More efficient production may reduce the battery production costs [102], but this may be compensated by a limited total production capacity in relation to the demand and the price of scarce resources that are used in the batteries. In conclusion, there are many uncertainties, but it is possible that some electric bus solutions can be run on budgets lower than expected. However, this depends on how well-working and well-designed societal electricity systems are and if it will be possible to buy cheaper electricity than budgeted (or other options). However, there can also be cases with unexpected cost increases related to high electricity prices or costs due to the extra replacement of expensive batteries. Thus, the assessment ranged from Poor to Good, with high uncertainty.





3.3. Environmental Performance


Five indicators were selected to compare the environmental performance: non-renewable primary energy efficiency, greenhouse gas savings, air pollution, noise and local/regional impact on land and aquatic environments.



3.3.1. Non-Renewable Primary Energy Efficiency


Non-renewable primary energy efficiency comprises the amount of well-to-wheel primary energy use. The scale focuses on the amount of primary energy (kWh) per vehicle kilometer, based on the work of Gustafsson et al. [103]. However, the available data was too limited to make complete life-cycle estimations that also included the production of vehicles and infrastructure. The estimations thus deal with the energy efficiency in the fuel production and use of vehicles.



For diesel, the fuel production efficiency is in the range of 1.1–1.2 kWh primary energy/kWh fuel [104,105], while the vehicle efficiency (Vehicle efficiency in this section is the same as the fuel efficiency used in, for example, Section 3.2.1 Total cost of ownership and Section 3.3.2 Greenhouse gas emissions savings) corresponds to 3.2–4.1 kWh/km [28,46,50]. The combined result is Very Poor (Figure 3, Table 8).



HVO, FAME and ethanol all have the same vehicle efficiency as diesel buses. HVO, with a fuel production efficiency of 0.3 kWh primary energy/kWh from the mix of slaughterhouse waste and palm oil [104], could be either Good or Very Good. For FAME, there are fuel production efficiencies from 0.5 [104] to 1.3 kWh/kWh fuel [105], giving results ranging from Very Poor to Satisfactory. Ethanol is Very Poor due to a fuel production efficiency of between 0.9 and 1.3 kWh/kWh fuel based on a 50/50 mix of wheat [104,105] and maize [104].



Methane buses have a vehicle efficiency of 3.8–5.5 kWh/km [28,38,46,50]. Using natural gas gives a fuel production efficiency of 1.1–1.2 kWh/kWh fuel, corresponding to Very Poor. The fuel production efficiency, using biomethane from a mix of wastewater treatment sludge, manure and food waste, is 0.2–0.3 kWh/kWh fuel [104,105,106] and the resulting energy efficiency ranges from Satisfactory to Very Good.



Electric vehicles have the best vehicle efficiency of between 1.1 and 1.6 kWh/km [28,49,50]. But their performance is also influenced by the electricity production efficiency based on a mix of 40% nuclear power, 40% hydropower and 20% wind power, which is around 1.4 kWh/kWh fuel [105]. Apart from the efficiency of the vehicle, electric vehicles also need extra heating since the engine does not in itself generate heat that can be used. Previous experience of heating electric buses in Sweden [107] and temperature data from 1960–1990 [108] suggests that the yearly average of heating will be between 0.54 kWh/km in the warmest parts of Sweden and 1.1 kWh/km in its coldest parts. These heaters can use all the different diesel fuels, but it is assumed that HVO is used (which was also used in the buses that Jerksjö studied). Based on the fuel production efficiency of HVO, the heating adds from 0.17 to 0.35 kWh primary energy/km. In summary, this gives the result Very Poor or Poor.



There are both uncertainties regarding vehicle efficiency and fuel production efficiency. The vehicle efficiency differs depending upon the driving conditions: more hilly landscapes and more starts and stops require, for example, more energy. Different bus models also have slightly different energy efficiencies depending on, for example, the construction of the vehicle and the motor. For electric buses, there will also be added uncertainties of the vehicle efficiency due to the lack of maturity. Regarding fuel production efficiency, there will be differences in the production efficiency depending on, for example, the scale of the production plants, the technologies used in the production plants and so forth. Due to these uncertainties, all alternatives except diesel are assessed as **.



Other assumptions, or regional conditions, could yield significantly different results. If electricity production were only based on wind power (less than 0.1 kWh/kWh), electric buses would be lifted to the level Very Good, while 100% nuclear power (above 3 kWh/kWh) would mean Very Poor. For specific cases, it is recommended to use specific data/assessments.




3.3.2. Greenhouse Gas Emission Savings


The indicator of greenhouse gas emission savings is based on the total life cycle greenhouse gas emissions for each technology, which are compared to the corresponding emissions for diesel. The scale focuses on the emission savings in percent, with even steps in the range of 0–100%.



Diesel, estimated to emit 1241 g CO2-eq/vehicle km (based on emissions from [109]), is assessed as Very Poor (Table 9) since it, by definition, has 0% savings. HVO was estimated to have GHG emissions between 170 and 720 g/km (i.e., a savings of 29–84%), which corresponds to a range from Satisfactory to Very Good (Figure 4). These estimates include emissions from production (50% tallow oil and 50% palm oil) and use according to Börjesson et al. [52], Edwards et al. [104] and Prussi et al. [109] with the same fuel efficiencies as in Section 3.2.1. Similarly, FAME (based on rapeseed) was estimated to have emissions of around 200–900 g/km [52,104,105], corresponding to a savings of 29–84%, ranging from Poor to Very Good. Based on 50% maize and 50%, wheat ethanol was estimated to have GHG emissions of 540–1120 g/vehicle km [52,104,105,109], meaning savings of 9–56% and thus Very Poor to Satisfactory. Natural gas use emits 760–1460 g/km [104,105,109,110,111], giving up to 39% savings and thus is Very Poor to Poor. Biomethane, with 33% wastewater treatment sludge, 33% manure and 33% food waste, was estimated from 240–500 g/km [52,104,105,106,109], corresponding to savings from 81% up to above 100%, which is Very Good. Electric buses, based on 40% nuclear power, 40% hydropower and 20% wind power, were estimated to have emissions between 5 and 40 g/km [105,112,113], as well as 29–190 g/km (Based on the need for heating found by Jerksjö [107], temperature data from the Swedish Meteorological and Hydrological Institute [108] and on the emission data found for HVO [52,104,109]) of added emissions due to the use of HVO in heaters, corresponding to Very Good.



These literature-based estimations of GHG emissions vary considerably, especially for renewable fuels, and are therefore assessed to have medium certainty (**). The GHG emissions differ depending on the resource mix, characteristics of the production plants, transport distances, distribution and so forth. The assessment is based on assumptions corresponding to a Swedish context. Like the other indicators, the results would be different with other assumptions. For example, ethanol production only based on wheat straw would mean 90% lower GHG emissions [104], and there is ethanol produced in Sweden that is claimed to perform on this level [114]. On the contrary, ethanol based on 100% maize can have worse performance than fossil fuels [104]. Likewise, an EU or international electricity mix would lead to significantly worse results for electric buses [115].




3.3.3. Air Pollution


The indicator of air pollution regards emissions to air with a negative impact on health and the environment. The scale is primarily based on the definitions of low emission zones in Sweden and the Euro classifications for buses.



As the focus is on new buses, all alternatives should comply with the Euro VI requirements. However, for earlier versions of the Euro guidelines (Euro V and older), the emissions have been found to significantly exceed the standards’ limits in real-world driving [116,117]. The emissions have been especially high in connection with urban driving when the after-treatment needs to operate at lower engine temperatures [116,117,118,119], and during periods with cold outdoor temperatures [120]. Similar problems have been noted for Euro VI diesel buses [121,122,123], and these problems increase during periods with cold outdoor temperatures [120]. However, Euro VI vehicles seem to have significantly reduced overall emissions in contrast to older vehicles, also at lower road speeds, that is, in central city environments [121,123,124]. Thus, it seems like Euro VI diesel buses can range from Poor to Satisfactory (Table 10).



FAME appears to have lower emissions than diesel of, for example, particulate matter (PM), hydrocarbons and CO, while emissions of NOx are higher [125,126,127] (based on studies and modelling on Euro III-Euro VI buses). Liu et al. [125] found similar results for HVO—although the NOx emissions were above the level for diesel, they were not as high as for FAME. Buses that run on FAME and HVO may, similar to diesel, live up to Euro VI, but can sometimes have emissions at the Euro V level. They are thus assessed as either Poor or Satisfactory.



Regarding ethanol, no studies have been found on real-world driving emissions that focus on ED95 buses. However, a previous study on E85 Euro V-Euro VI buses found NOx and PM emissions to be lower than the emissions from diesel buses [126]. Since a major part of the fuel is the same (i.e., ethanol), ethanol is assessed as Satisfactory.



For methane-powered buses, that is, natural gas and biomethane, two previous studies found that NOx emissions are lower than for diesel buses ([119] (Euro V), [126] (Euro V-Euro VI)) and that the emissions did not increase as much when the average speed was less than 20 km/h [119]. PM emissions were also found to be lower than for diesel [118,126,128] as well as HC emissions [126]. For CO emissions, Chen et al. [118] found reduced emissions, while Moldanova et al. [126] found that emissions increased. Napolitano et al. [129] found that the emissions of particulate matter in SI Euro VI engines were within the prescribed limits. According to the scale of the indicator, both natural gas and biomethane are assessed as Good since they are driven by gas engines fulfilling the Euro VI requirements.



Due to the lack of studies on air pollution from real driving with new buses, and the sometimes-mixed results of different studies or with some pollutants having higher emissions and other lower emissions, all combustion engine alternatives have a high uncertainty (*).



Electric buses have no tailpipe emissions, but the electricity is assumed to be produced by 40% nuclear power, so they are thus assessed as Good.




3.3.4. Noise


The scale for the indicator of noise is based on the noise limits for new buses according to EU regulation 540/2014, which sets limits (in dBA) related to the engine power. This regulation, which became valid in 2016, included a stepwise sharpening with decreased limits in 2020 and 2024. The Satisfactory in the assessment scale corresponds to the 2016 limits, while Good and Very Good match the levels for 2020 and 2024, respectively. Very Poor and Poor were chosen with the same interval of dBA as the levels for Satisfactory and above.



As new buses (in EU) must comply with EU regulation 540/2014, all alternatives should reach the level of Good. The Swedish Transport Agency provided registered noise values for different bus models (Euro VI buses), including models for all the studied fuels with the exception of ethanol (no Euro VI 12-m ethanol bus was found) and electricity. Some models had noise levels just below the limit at the time, while others had registered noise levels that were several decibels quieter (Appendix B). The registered noise levels seemed more connected to the specific bus model than the type of fuel used.



However, previous research has found differences between some of the technologies. Noise differences are most obvious at lower speeds, as tire, road and wind noise even out the differences at higher speeds, and at bus stops [130,131,132]. Differences in noise between the alternatives are thus primarily affecting urban areas or the areas where buses start and stop. Laib et al. [130] found that buses have to represent at least 2% of the traffic flow in order for electric buses to make an impact on overall noise level on roads with heavy traffic. Thus, more silent buses may have a very limited impact on the overall noise levels on most roads, where other vehicles dominate.



In an older test with three buses (from 2012–2014), diesel-powered buses had an average acceleration noise corresponding from Satisfactory to Very Good [133] (Table 11). No studies were found on differences between the alternative fuels used in a diesel motor. HVO, FAME and ethanol are assumed to have the same noise levels as fossil diesel (i.e., Satisfactory to Very Good). Due to the lack of data found on tests of the real-world noise level of new buses, the uncertainty is assessed as high (*).



For methane-powered buses, previous studies provide a mixed picture. Several state that methane-powered heavy vehicles have lower noise levels than corresponding diesel vehicles [134,135,136,137], but some studies claim the opposite [131,133,138]. However, several of the studies are limited in that they use older buses than Euro VI and/or base the results on only a small number of vehicles. Natural gas and biomethane are both assessed as Satisfactory to Very Good, with a high uncertainty due to the mixed picture and to the lack of data on the real-world noise level of new buses.



For electric-powered buses, it is commonly found that they make much less noise than diesel at slower speeds [132,133,135,136,138,139,140]. Electric buses are assessed as Very Good.




3.3.5. Local/Regional Impact on Land and Aquatic Environments


The indicator of local/regional impact on land and aquatic environments deals with environmental impacts not covered by the other indicators by considering whether the total local/regional environmental impacts are positive or negative.



Diesel has negative local/regional impacts in that the production, and oil spills, can contaminate water and land [141,142] and negatively impact wildlife [143]. Diesel is linked to several significant negative local and/or regional environmental effects and is thus judged as Very Poor (Table 12).



The HVO used in Sweden 2018 was based on slaughterhouse waste, but also a significant share of PFAD [16], which since a few years back is re-classified by the Swedish Government as a co-product (not as waste anymore). Since PFAD comes from palm oil production, it is associated with effects such as deforestation of rainforests and biodiversity loss [144]. No environmental effects have been allocated from the animal production to the slaughterhouse waste (standard procedure, for wastes). HVO was found to be associated with a significantly negative local and/or regional environmental impact, with no significant positive effects, and is therefore judged as Very Poor. However, if the HVO was only based on slaughterhouse waste, the result would be Satisfactory. The governmental reclassification will likely lead to lowered use of PFAD in the coming years. All HVO made from PFAD must be traceable and meet biofuel sustainability criteria in order to be able to qualify for tax exemptions [144].



In line with our assumptions, FAME and ethanol are both based on cultivated crops—maize, wheat or rapeseed. Cultivated crops for energy purposes, such as ethanol and RME from conventional farming, often have negative impacts (such as eutrophication and acidification) on the local environments [145,146,147,148,149]. Common fertilization practices with mineral phosphorous can also cause increased levels of heavy metals in the soils [150]. Common agricultural practices also have negative effects on the land used, with a degradation of the land [150] as well as negative effects on biodiversity [148]. However, the by-products from both ethanol and FAME production can be used as protein-rich fodder for cattle, which can reduce the need for imported soy protein [151,152,153]. Soy products can negatively impact the local land where the soy is produced [154,155]. Thus, both ethanol and FAME are associated with significantly negative local and/or regional environmental impact associated with conventional farming, but the reduced impact linked to soy production leads to both FAME and ethanol being assessed as Poor.



Like diesel, natural gas production can be associated with significant negative local/regional impacts, such as the contamination of water [141,142]. As no positive environmental effects were found, it was judged as Very Poor.



Biogas is based on wastewater treatment sludge, manure and food waste according to the assumptions. When food waste or sewage sludge is digested and the digestate used as a fertilizer, nutrients are recycled [156,157,158,159]. This improves the local and regional nutrient supply and can reduce nutrient leakage in comparison with conventional fertilization practices [158,160]. Assuming that the manure would have been recycled anyway, biogas production does not increase the recirculation for that source. However, the digestion process positively influences the nutrient plant availability for manure and food waste [161], which is positive. Furthermore, anaerobic digestion of manure reduces problems of bad odors [162,163,164]—although the biogas plants themselves can have difficulties with bad odors [156]. The digestate returned to the fields has a lower amount of carbon [165], which may lead to relatively lower soil organic carbon levels in comparison with recycling without anaerobic digestion. However, studies have shown that the negative effects of using digested materials on soil fertility are low [165,166] or can even be positive due to more stabilized organic matter after the digestion [165]. To use digested wastewater treatment sludge as a fertilizer is politically contested in Sweden due to the risk of spreading substances that can have a negative impact [167]. Although there are, for example, metals, antibiotic-resistant genes and organic substances in the digested sludge that could have a negative effect, the same elements and compounds are found in fertilizers such as manure or in food waste [167]. Studies made on plants fertilized with digested sludge have not shown higher concentrations of those substances than for plants from other agricultural lands [167]. In summary, biogas solutions are associated with several positive local and regional environmental effects, with some negative (but still acceptable) effects, and is thus assessed as Good.



Three different energy sources were considered for electricity production—water, wind and nuclear power. Wind power development has negative local effects on both animals and humans via noise, visual impacts [168] and collisions [169]. Regarding hydropower (water), it has also been found that flora and fauna are negatively affected (e.g., [170]). Nuclear power is associated with potential risks for significant negative local, regional and international environmental effects [171]. It also uses radioactive materials that, like materials used in batteries in the vehicles, are mined in different ways—which causes a number of different negative local/regional environmental effects [171]. Nuclear power also produces radioactive waste [172], which has to be very carefully stored for thousands of years. Electric vehicles can also have negative local and regional impacts from battery production since there are often negative impacts from mining [173] (Although the battery production for electric buses is included, the production of the rest of the buses (including the production of the electric buses themselves) is not included since it is supposed to be the same for all of the alternatives). The management of used batteries from electric buses will likely also have local environmental effects. However, as no commercial scales of battery management exist yet, it is not clear what the effects will be. Electric buses are associated with significant negative local/regional environmental effects but no significant positive effects; they are thus judged as Very Poor.



The assessments for all biobased fuels and electricity have been assigned some uncertainty (**) due to the complexity of the production systems, making it difficult to correctly consider all local/regional environmental effects.



The results concerning local/regional impact on land and aquatic environments are very dependent on specific conditions. For example, biogas produced from energy crops, which is not common in Sweden, have similar negative impacts as those stressed for ethanol or FAME. On the other hand, all fuels based on energy crops would have better assessment results if the crops were produced by ecological farming, which is more favorable regarding biodiversity than conventional farming [174]. Thus, case-specific assessments are needed to provide an accurate picture for a particular context.





3.4. Social Performance


The indicators of energy security and employment and sociotechnical systems services were assessed to also cover some social performance.



3.4.1. Energy Security


The indicator of energy security focuses on where the production of the fuel or electricity takes place and the origin of the resources (such as feedstock for biofuels), considering geographical proximity.



No extraction of fossil fuels takes place in Sweden; they are imported [16]. During 2018, oil was primarily imported from Russia, Norway and Nigeria [16]. The refining of the oil to diesel is done almost exclusively in the EU—only 1–2% of the oil is refined outside the EU [16]. However, since the resources originate from outside of the EU, the assessment of diesel is Very Poor (Table 13).



Only 5% of the resources for HVO production originated from Sweden in 2018 [16]; the majority was imported from countries outside the EU. Indonesia, Malaysia and the USA accounted for more than 50% of the total production, while around 30% came from a number of other countries—including, for example, Russia, Uruguay, El Salvador, Gabon, Thailand and Vietnam [16]. Like diesel, HVO is thus assessed as Very Poor.



A majority of the resources for FAME used in Sweden in 2018 came from EU countries [16]. However, 10% came from Australia and 25% from other non-EU countries, including Russia, Bahrain, Taiwan and Kazakhstan [16]. FAME is thus also assessed as Very Poor.



For ethanol, all resources originated from within the EU during 2018, with 16% from Sweden [16]. Ethanol is assessed as Satisfactory.



Natural gas used in Sweden primarily comes from Denmark [175,176], but some gas is also imported as LNG from Norway [175]. No specific numbers could be found of exactly how much natural gas is imported from each country, but it is assumed that the share of the two neighboring countries is above 90% of the total imports. Natural gas is thus assessed as Satisfactory, but the uncertainty is judged as high due to the missing information (*).



The biogas sold in Sweden during 2018 came from both Sweden (71%) and Denmark (24%) [16], which provides the basis for the assessment Satisfactory.



According to the assumptions, 60% of the electricity is produced from renewable national wind and hydropower sources. However, the rest (40%) is assumed to be based on nuclear power, and the radioactive material used in nuclear plants is imported. No newly updated source could be found on where the nuclear fuel used in Sweden is mined, but older sources have stated countries like Australia, Canada, Namibia, Russia and Kazakhstan [177,178]. Electricity is thus assessed as Very Poor. Due to the age of the sources, the uncertainty is high (*).



The results regarding energy security are generic, applying a Swedish perspective. More specific considerations could give very different outcomes. For example, a large share of the biogas used in Sweden is based on local/regional sources and is locally produced and used [16]. There are more local/regional solutions for other technologies, such as electric solutions only based on local wind or solar power.




3.4.2. Sociotechnical System Services


The indicator of sociotechnical system services accounts for the public bus transport system’s impact on other sociotechnical systems, like the energy, water and waste management systems. It is considered whether each bus technology affects other sociotechnical systems positively or negatively.



Most of the bus technologies do not have any significant effects on any regional or municipal sociotechnical systems services, disregarding what has been covered by the other indicators (such as water pollution, etc.). This goes for diesel, FAME, HVO, ethanol and natural gas, all assessed as Satisfactory (Table 14).



For the included biogas solutions, there are, however, several positive links to sociotechnical systems [87]. For example, anaerobic digestion is an important treatment method for different types of waste that reduces waste volumes [151,179,180], stabilizes sewage sludge and reduces the amount of volatile compounds [180,181]. Biogas production can thus significantly facilitate the waste and wastewater management in a region/municipality and is thus assessed as Very Good.



Regarding electricity, battery electric vehicles can have some effect on the local grid via how the vehicles are used. If a large number of buses in a city need fast recharging during the day, there can be significant problems with effect peaks and the infrastructure for the electricity system. However, if the vehicles charge when there is low demand, for example, overnight, it can reduce the peak needed in the system [182] and thus the impact on the system. It can even be beneficial to the system to have plug-in vehicles charging at hours with otherwise low electricity consumption as it can even out the peaks that already exist and thus enable a more even production [183], as well as using a surplus of renewable electricity generation [184]. Electricity is assessed as Very Poor to Good.






4. Concluding Discussion


Researchers within the field of sustainability assessment emphasize the need to better integrate sustainability into central decision-making processes [185,186]. Well-managed GoSPP constitutes a great opportunity [187,188], but there is a need for guidelines and supportive tools [188,189,190,191]. We have established an MCA method for broad assessments of bus technologies’ sustainability, focusing on a regional public procurement context. The ongoing development of transport technologies demands regular sustainability assessments (including the development of suitable methods). As exemplified by this study, the introduction of electric vehicles, new gas engines, the rapid shift to HVO and the relatively novel use of ethanol are all examples that motivate continuous work with assessments.



In the first article (Part I), the MCA method is established and discussed in relation to criteria regarding effective and efficient sustainability assessments. In this concluding discussion, we start by discussing the overarching results from having applied the MCA method on the selected bus technologies, focusing on Swedish conditions but also, to some extent, local/regional and international perspectives. We also continue the discussion in Part I by then problematizing the MCA method’s usefulness for practitioners and its accuracy from a scientific perspective.



4.1. Discussion of the Assessment Results


Table 15 provides an overview of the assessment results. Generally, the alternatives using diesel engines have the best technical scores. The gas engines also perform well, while the electric vehicles have a lower technical maturity. For all the technical indicators, the level of uncertainty was low (***).



The picture is relatively scattered concerning the economic performance, and the level of certainty significantly lower. Starting with TCO, the literature contained data ranging over 3–5 levels for most of the alternatives due to, for example, different possible fuel efficiencies and purchase costs. For all the diesel fuels and electricity, there were reported costs on the level of Very Good, but HVO and electricity could also be Very Poor. Biomethane and natural gas vehicles may be Good, but data that would bring them down to the lowest level were also found. For ethanol, the little data found only reached the two lower scores, mainly due to relatively high costs for fuel and maintenance. Even though it is difficult to draw definite conclusions regarding the cost stability, the expected high demand and limited raw material base indicate especially high risks of increased costs for HVO. Regarding the need for investments in infrastructure, all the alternatives require significant investments (Very Poor). However, this is not indicated in Table 15, as the main point is to make case-specific assessments and then consider existing infrastructure (that new alternatives may be more expensive). It should be noted that the economic indicators are focused on the “procurement budget” and costs related to infrastructure, that is, a relatively narrow scope. To better understand the socioeconomic implications, one also needs to consider the environmental and social performance.



When considering the environmental dimension, fossil fuels are, as expected (and for some indicators directly based on their definition) and supported by many other studies (e.g., [192,193]), clearly non-sustainable alternatives. They are linked to many negative impacts, although natural gas sometimes performs a bit less poorly than diesel. All the renewable alternatives can contribute importantly towards improved sustainability if they are smartly produced, used and combined [194,195]. Among the renewable alternatives, HVO and biomethane have the highest non-renewable primary energy efficiencies. Biomethane outperforms the others from a generic environmental perspective, and more specifically, being the only option able to provide negative GHG emission levels. However, electric vehicles can be favorable in central city areas due to their low noise levels and as there are no local exhausts emissions, and given the technology’s energy efficiency benefits are most relevant in city areas. It should be emphasized that environmental performance is very dependent on the underlying sociotechnical and agricultural systems. Renewable and waste-based systems commonly perform very well [15,196]. Applying a marginal perspective on electricity, which may be reasonable in Northern Europe, would lead to far worse results for electric buses [197]. Ecological farming would strengthen the results for the crop-based fuels, as they are pulled down by conventional farming with non-sustainable links to mineral fertilizers and pesticides [174,198,199]. The level of certainty varied substantially for the environmental indicators.



Regarding social performance, biomethane comes out best due to positive links to other sociotechnical systems and energy supply services. Electric buses can both bring positive and negative effects. Regarding energy security, biogas, natural gas and ethanol all scored on the Satisfactory level, with the rest being considered Very Poor. Generally, there was a low level of uncertainty (***), with the exception of natural gas and electricity in the indicator Energy security, due to lack of recent data.




4.2. Usability and Accuracy


In addition to the assessment results, testing the MCA method on seven bus technologies brought interesting observations and questions. On an overarching level, a majority of the indicators worked relatively well, meaning that they provided usable questions and scales for assessment, and we found matching data. For those indicators, the assessment was fairly straightforward.



However, data from many different studies and the focus on the Swedish market, in general, led to a wide range of values for several indicators and technologies. This largely explains the scattered picture in Table 15, which makes it difficult to conclude what alternative is best, although much interesting information is provided. If the MCA method, as intended, is used for a particular public procurement, it would be possible to use specific data for each technology (or tender for each actor), which would provide more clear-cut answers with a higher level of certainty. This is not only true for more quantitative indicators like total cost of ownership, but also for more qualitative indicators like cost stability—for example, due to fixed price agreements or insurances.



While some indicators seemed fairly well defined, it was challenging to find trustworthy data. For both the indicators noise and air pollution, there seems to be a lack of studies looking at real-life conditions of new Euro VI buses. Thus, it is uncertain to what extent registered values on noise and air pollution are actually correct, not least as the transport sector historically has used many test values with significantly underestimated impacts [200,201].



In addition, a few indicators were more difficult to assess, both related to their definition and information availability. Cost stability has the inherent challenge of estimating future costs, which is very complicated. Furthermore, the indicator local/regional impact on land and aquatic environments includes a wide range of different impacts that commonly vary due to local conditions, for example, where and how a fuel is produced, making it more difficult to conduct well-based assessments. The qualitative character of these two indicators also complicates the assessment. However, the assessment was not experienced as difficult for all qualitative indicators. To include qualitative indicators is imperative for focusing on essential issues rather than only on what can be easily measured or quantified [186,202]. Documentation and references are essential for all the assessment results to ensure transparency, but the qualitative indicators may require extra careful motivations in relation to the terms of the scales. Our ambition has been to establish scales that are easy to understand, but linguistic imprecisions leave room for interpretations to assessors—for example, in specific cases to decide what is considered to be “minor” or “significant” investments.



For quantitative scales, using numbers may indicate a higher certainty than is the case. To reduce this problem, we have used intervals when relevant, instead of answering with a single number, and indicated the level of uncertainty.



Despite all the challenges and opportunities to provide more specific results, we have established an MCA tool that could be used to support public procurement processes. It is challenging to establish a sustainability assessment method that is both broad and simple, as requested [14]. The MCA method is based on 12 sustainability indicators of relevance for all technologies, selected based on literature reviews and stakeholder input, to balance these diverging needs. Although several other studies using MCA have included a similar number of indicators, or even more [203], this is a broad stance from the perspective of GoSPP [15]—the MCA method can contribute towards broadened GoSPP. The developed MCA method can importantly contribute to improved knowledge on the sustainability of different bus technologies, as it helps in structuring relevant information, thereby facilitating overview and more informed decision making.




4.3. Future Research


It would be fruitful to study actual cases where the method is used to support public procurement in different ways (improved knowledge, formulation of requirements, etc.) to learn more about the MCA method’s usability and how to further develop it. As the method has been developed and applied in a Swedish context, it would be interesting to learn from adaptions to other contexts and assessments there, for example in other countries outside EU. Another opportunity would be to study a certain bus model to be used in different parts of the world to see how the sustainability of a certain technology varies between different geographical regions. The method can also be used to study different versions of a fuel, for example, to indicate the importance of different types of biomass/feedstock, underlying farming systems and local versus international production. There are also other bus technologies that could be studied, such as buses using hydrogen or hybrid buses. The MCA method can also be developed to address similar decision-making challenges. For example, heavy-duty trucks have many similarities with buses, and only minor changes to the method might be needed to assess such vehicles.
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Table A1. Actors that have been involved in the MCA method development process, more actively as participants (P) in research projects, and stakeholders (S) that have been given the opportunity to provide input at meetings and conferences.
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	Project Participants (P, p (a Capital Letter Indicates Participation through the Whole MCA Method Establishment Process or a Large Contribution in Any Stage, while a Lowercase Letter Indicates a Smaller Contribution, Often in the Later Stages)) and Involved Stakeholders (S)
	Relevance, Competences
	Comment





	Region Östergötland (P), part in BRC
	Environmental strategist with long term experience regarding bus technologies, sustainability issues and public procurement processes
	Has participated in the whole MCA establishment process and has been part of several workshops to establish what indicators and scales can be relevant for assessing bus technologies. The region is the case of study



	Other regions (p)
	Long-term experience regarding public bus transports and other relevant issues
	The regions of Gotland, Kalmar and Jönköping participated in later stages of the process (the last two years). They, e.g., provided input at a dedicated workshop



	Gasum (P), part in BRC
	Represented by a business development specialist and a civil engineer specialized in environmental and energy management. Also represented by a business development manager
	Participated in the whole MCA establishment process and has been part of several workshops to establish what indicators and scales can be relevant for assessing bus technologies



	Linköping University (P, p), part in BRC
	Experts in:

-environmental systems analysis and biofuels (P)

-business administration (p)

-socio-technical systems (p)
	Four researchers participated through the whole MCA establishment process, the authors and two other colleagues. Researchers with expertise in business administration and socio-technical systems provided input in later stages



	Municipalities (p), part in BRC
	Long term experience regarding public bus transports and other relevant issues
	The municipalities of Linköping and Norrköping participated in later stages of the MCA establishment process (the last year) They, e.g., provided input at a dedicated workshop



	Tekniska Verken (p), part in BRC
	A municipally owned utility company, e.g., with expertise in energy and waste management. Long-term experience in biogas production and use for public bus transports
	Provided input at the later stages of the MCA establishment process (the last year)



	Scania (p), part in BRC
	This company provides transport solutions. Manufacturer of buses and trucks, with expertise regarding all the studied vehicle types and fuels
	Provided input at the later stages of the MCA establishment process (the last year). They, e.g., provided input at a dedicated workshop



	Borlänge energi (p), part in BRC
	A municipally owned utility company, e.g., with expertise in energy and waste management. Experience in biogas production and use for public bus transports
	They provided input at a dedicated workshop



	JES (S)
	A management consultancy firm that has been working with, e.g., biogas and public transport
	They provided input at a dedicated workshop



	Vattenfall (S)
	A state-owned energy utility company operating in Europe. E.g. expertise in electrification
	Took part in a research project called “Miljöbuss”, in which the authors participated. Provided input in relation to two presentations of the MCA method



	Other partners of BRC (S)
	Other than the already listed organizations taking part in this transdisciplinary research center. Expertise within many areas related to socio-technical systems, fuels, transport, etc.
	The project and MCA method were presented at large BRC meetings during poster sessions, which resulted in relevant input from people with different backgrounds and competences
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Table A2. Competences of actors involved in reviewing the articles in the final stages of the process.
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	Competence Areas of Actors





	Sustainability systems analysis

	-

	
Multi-Criteria Assessment




	-

	
Life Cycle Analysis




	-

	
Life Cycle Costing




	-

	
Energy Analysis









	Transportation

	-

	
Especially regarding other fuels than biomethane to complement the competency profile of the authors









	Sociotechnical systems

	-

	
Especially in connection to the indicator sociotechnical system services









	Environmental innovations

	-

	
Especially in connection to the indicators of technical maturity and cost stability
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Table A3. The Swedish Transportation Agency database on registered vehicles was used to check examples of registered values of 12-m Euro VI buses. The buses found were all registered between 2017 and 2019.
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	Brand
	Model
	Technology
	Motor
	Noise





	BYD
	Ebus
	Electricity
	250 kW
	71 dB



	MAN
	Lion’s City
	Methane
	228 kW
	77 dB



	Mercedes-Benz
	Citaro
	Methane
	222 kW
	73 dB



	Mercedes-Benz
	Ecitaro
	Electricity
	252 kW
	72 dB



	Scania
	Citywide
	Diesel
	235 kW
	77 dB



	Scania
	Citywide
	Methane
	235 kW
	77 dB



	Scania
	Citywide
	Electricity
	210/290 kW
	77 dB



	Volvo
	7900
	Electricity
	186 kW
	67 dB



	Volvo
	8900
	Diesel/Biodiesel
	240 kW
	73 dB



	Volvo
	9700
	Diesel
	285 kW
	76 dB
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Figure 1. The total cost of ownership divided into costs for purchasing, maintenance and fuel/electricity. The numbers are mean values between the lowest and highest found costs for each part. 
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Figure 2. The total cost of ownership during the 10 years of use. The colors indicate how the costs relate to the scale of the indicator (dark green = Very Good, dark red = Very Poor). 
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Figure 3. The non-renewable primary energy efficiency of the alternatives. The colors indicate how the energy efficiencies relate to the scale of the indicator (dark green = Very Good, dark red = Very Poor). 
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Figure 4. Greenhouse gas emissions for the bus technologies, calculated as the savings in comparison to fossil diesel based on g CO2-eq/vehicle kilometer. 






Figure 4. Greenhouse gas emissions for the bus technologies, calculated as the savings in comparison to fossil diesel based on g CO2-eq/vehicle kilometer.



[image: Sustainability 13 01273 g004]







[image: Table] 





Table 1. Key areas, key questions, and indicators of the multi-criteria assessment (MCA) methodology for assessment of the sustainability of different bus technologies.
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	Key Areas and Key Questions
	Indicators





	Technical performance

Is the technology robust and convenient to use?
	Technical maturity

Daily operational availability



	Economic performance

Is the technology cost-efficient with a stable cost development?
	Total cost of ownership

Need for investments in infrastructure

Cost stability



	Environmental performance

Is the technology favorable concerning environmental impacts and management of natural resources?
	Non-renewable primary energy efficiency

Greenhouse gas emission savings

Local/regional impact on land and aquatic environments

Air pollution

Noise



	Social performance

Is the technology favorable concerning societal and social issues?
	Energy security

Sociotechnical system services
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Table 2. Basic assumptions for each bus technology, based on typical Swedish conditions [16,17].
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	Technology
	Basic Assumptions





	Diesel
	100% fossil



	HVO
	50% slaughterhouse waste (tallow oil) and 50% PFAD (palm oil)



	FAME
	100% rapeseed



	Ethanol (ED95)
	50% maize and 50% wheat



	Natural gas
	100% fossil



	Biomethane
	33% wastewater treatment sludge, 33% manure, and 33% food waste



	Electricity
	40% nuclear, 40% hydropower, and 20% wind power
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Table 3. Assessment results for the indicator “technical maturity”.
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	Diesel
	HVO
	FAME
	Ethanol
	Natural Gas
	Biomethane
	Electricity





	Assessment of indicator
	VG
	VG
	VG
	G
	VG
	VG
	S



	Certainty of assessment
	***
	***
	***
	***
	***
	***
	***
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Table 4. Assessment results for the indicator “daily operational availability”.
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Diesel

	
HVO

	
FAME

	
Ethanol

	
Natural Gas

	
Biomethane

	
Electricity






	
Assessment of indicator

	
VG

	
VG

	
VG

	
VG

	
S

	
-

	
VG

	
S

	
-

	
VG

	
VP

	
-

	
VG




	
Certainty of assessment

	
***

	
***

	
***

	
***

	
***

	
***

	
***
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Table 5. Assessment results for the indicator “total cost of ownership”.






Table 5. Assessment results for the indicator “total cost of ownership”.





	

	
Diesel

	
HVO

	
FAME

	
Ethanol

	
Natural Gas

	
Biomethane

	
Electricity






	
Assessment of indicator

	
P

	
-

	
VG

	
VP

	
-

	
VG

	
S

	
-

	
VG

	
VP

	
-

	
P

	
VP

	
-

	
G

	
VP

	
-

	
G

	
VP

	
-

	
VG




	
Certainty of assessment

	
**

	
**

	
*

	
*

	
**

	
**

	
*
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Table 6. Assessment results for indicator “need for investments in infrastructure”.






Table 6. Assessment results for indicator “need for investments in infrastructure”.





	

	
Diesel

	
HVO

	
FAME

	
Ethanol

	
Natural Gas

	
Biomethane

	
Electricity






	
Assessment of indicator

	
If there is no existing infrastructure, all alternatives require significant investments (i.e., Very Poor). In real cases, the specific needed infrastructure investments can be estimated and compared in a more meaningful way.




	
Certainty of assessment
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Table 7. Assessment results for the indicator “cost stability”.






Table 7. Assessment results for the indicator “cost stability”.





	

	
Diesel

	
HVO

	
FAME

	
Ethanol

	
Natural Gas

	
Biomethane

	
Electricity






	
Assessment of indicator

	
VP

	
-

	
P

	
VP

	
VP

	
-

	
S

	
VP

	
-

	
S

	
P

	
-

	
S

	
P

	
-

	
S

	
P

	
-

	
G




	
Certainty of assessment

	
*

	
**

	
**

	
**

	
*

	
*

	
*
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Table 8. Assessment results for the indicator “non-renewable primary energy efficiency”.






Table 8. Assessment results for the indicator “non-renewable primary energy efficiency”.





	

	
Diesel

	
HVO

	
FAME

	
Ethanol

	
Natural Gas

	
Biomethane

	
Electricity






	
Assessment of indicator

	
VP

	
G

	
-

	
VG

	
VP

	
-

	
S

	
VP

	
VP

	
S

	
-

	
VG

	
VP

	
-

	
P




	
Certainty of assessment

	
**

	
**

	
**

	
**

	
**

	
**

	
**
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Table 9. Assessment results for the indicator “greenhouse gas emission savings”.
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Diesel

	
HVO

	
FAME

	
Ethanol

	
Natural Gas

	
Biomethane

	
Electricity






	
Assessment of indicator

	
VP

	
S

	
-

	
VG

	
P

	
-

	
VG

	
VP

	
-

	
S

	
VP

	
-

	
P

	
VG

	
VG




	
Certainty of assessment

	
**

	
**

	
**

	
**

	
**

	
**

	
**
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Table 10. Assessment results for the indicator “air pollution”.






Table 10. Assessment results for the indicator “air pollution”.





	

	
Diesel.

	
HVO

	
FAME

	
Ethanol

	
Natural Gas

	
Biomethane

	
Electricity






	
Assessment of indicator

	
P

	
-

	
S

	
P

	
-

	
S

	
P

	
-

	
S

	
S

	
G

	
G

	
G




	
Certainty of assessment

	
*

	
*

	
*

	
*

	
*

	
*

	
***
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Table 11. Assessment results for the indicator “noise”.






Table 11. Assessment results for the indicator “noise”.





	

	
Diesel

	
HVO

	
FAME

	
Ethanol

	
Natural Gas

	
Biomethane

	
Electricity






	
Assessment of indicator

	
S

	
-

	
VG

	
S

	
-

	
VG

	
S

	
-

	
VG

	
S

	
-

	
VG

	
S

	
-

	
VG

	
S

	
-

	
VG

	
VG




	
Certainty of assessment

	
*

	
*

	
*

	
*

	
*

	
*

	
***
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Table 12. Assessment results for the indicator “local/regional impact on land and aquatic environments”.






Table 12. Assessment results for the indicator “local/regional impact on land and aquatic environments”.















	
	Diesel
	HVO
	FAME
	Ethanol
	Natural Gas
	Biomethane
	Electricity





	Assessment of indicator
	VP
	VP
	P
	P
	VP
	G
	VP



	Certainty of assessment
	***
	**
	**
	**
	***
	**
	**
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Table 13. Assessment results for the indicator “energy security”.






Table 13. Assessment results for the indicator “energy security”.















	
	Diesel
	HVO
	FAME
	Ethanol
	Natural Gas
	Biomethane
	Electricity





	Assessment of indicator
	VP
	VP
	VP
	S
	S
	S
	VP



	Certainty of assessment
	***
	***
	***
	***
	*
	***
	*
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Table 14. Assessment results for the indicator “sociotechnical systems services”.
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Diesel

	
HVO

	
FAME

	
Ethanol

	
Natural Gas

	
Biomethane

	
Electricity






	
Assessment of indicator

	
S

	
S

	
S

	
S

	
S

	
VG

	
VP

	
-

	
G




	
Certainty of assessment

	
***

	
***

	
***

	
***

	
***

	
***

	
***
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Table 15. Overview of the assessment results.
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Diesel

	
HVO

	
FAME

	
Ethanol

	
Natural Gas

	
Biomethane

	
Electricity






	
Technical maturity

	
VG

	
VG

	
VG

	
G

	
VG

	
VG

	
S




	
***

	
***

	
***

	
***

	
***

	
***

	
***




	
Daily operational availability

	
VG

	
VG

	
VG

	
VG

	
S

	
-

	
VG

	
S

	
-

	
VG

	
VP

	
-

	
VG




	
***

	
***

	
***

	
***

	
***

	
***

	
***




	
Total cost of ownership

	
P

	
-

	
VG

	
VP

	
-

	
VG

	
S

	
-

	
VG

	
VP

	
-

	
P

	
VP

	
-

	
G

	
VP

	
-

	
G

	
VP

	
-

	
VG




	
**

	
**

	
*

	
*

	
**

	
**

	
*




	
Need for investment in infrastructure

	
If there is no existing infrastructure, all alternatives require significant investments (i.e., Very Poor). In real cases, the specific needed infrastructure investments can be estimated and compared in a more meaningful way.




	
Cost stability

	
VP

	
-

	
P

	
VP

	
VP

	
-

	
S

	
VP

	
-

	
S

	
P

	
-

	
S

	
P

	
-

	
S

	
P

	
-

	
G




	
*

	
**

	
**

	
**

	
*

	
*

	
*




	
Non-renewable primary energy efficiency

	
VP

	
G

	
-

	
VG

	
VP

	
-

	
S

	
VP

	
VP

	
S

	
-

	
VG

	
VP

	
-

	
P




	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Greenhouse gas emission savings

	
VP

	
S

	
-

	
VG

	
P

	
-

	
VG

	
VP

	
-

	
S

	
VP

	
-

	
P

	
VG

	
VG




	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Air pollution

	
P

	
-

	
S

	
P

	
-

	
S

	
P

	
-

	
S

	
S

	
G

	
G

	
G




	
*

	
*

	
*

	
*

	
*

	
*

	
***




	
Noise

	
S

	
-

	
VG

	
S

	
-

	
VG

	
S

	
-

	
VG

	
S

	
-

	
VG

	
S

	
-

	
VG

	
S

	
-

	
VG

	
VG




	
*

	
*

	
*

	
*

	
*

	
*

	
***




	
Local/regional impact on land and aquatic environments

	
VP

	
VP

	
P

	
P

	
VP

	
G

	
VP




	
***

	
**

	
**

	
**

	
***

	
**

	
**




	
Energy security

	
VP

	
VP

	
VP

	
S

	
S

	
S

	
VP




	
***

	
***

	
***

	
***

	
*

	
***

	
*




	
Sociotechnical system services

	
S

	
S

	
S

	
S

	
S

	
VG

	
VP

	
-

	
G




	
***

	
***

	
***

	
***

	
***

	
***

	
***
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