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Abstract

:

Electric vehicles are a leading candidate in the clean energy market. This paper aims to analyse the feasibility of the deployment of electric buses (EB) based on the existing bus routes in Brunei, by the use of life cycle cost analysis and the analysis of the parameters that influence the overall life cycle cost. The findings from the study revealed that EB are significantly more expensive than diesel buses (DB), with their acquisition and maintenance costs contributing substantially to their overall life cycle cost. In order to promote EB deployment, the government needs to look simultaneously into providing subsidies for EB and imposing taxes on DB, the provision of charging infrastructure, and ensuring maintenance capability, as well as increasing the current subsidised diesel price. It was also shown that increasing the cost of diesel to the average US diesel price of USD$3.101/L, an initial subsidy of USD$67,586 towards the purchase of EB, and a tax of USD$67,586 for the purchase of DB would allow EB to compete in the market, with the amount of tax and subsidy being gradually reducible over time, as EB and battery technology becomes more mature. From an environmental perspective, the emissions from EB come out higher than the emissions from DB. The efficiency of electric power generation needs to be enhanced, and renewable energy sources and the adoption of carbon capture technology need to be explored in order to exploit the full benefit of EB and ensure more environmentally sustainable bus operation.






Keywords:


Brunei; electric bus; environmental impact; feasibility; life cycle cost; techno-economic












1. Introduction


Demographic expansion around the world has drastically increased the number of private and public vehicles on the road, escalating various issues—from traffic problems to environmental concerns and climate change—to the extent that it is affecting human health [1,2,3]. According to a study across the US, UK, France and Germany, road congestions have not only cost about one percent of the gross domestic product, but recent data have also indicated that about 4.5 million premature deaths per year have resulted from polluted air, due in part to traffic congestions [3].



Governments and researchers have put in a lot of effort to mitigate the environmental effect due to the increase in the number of vehicles. Many countries have adopted fuel standards and labelling [4] to restrict only vehicles above a certain level of efficiency to be sold in the market. Other researchers have suggested the use of cleaner alternative sources of fuel, such as biodiesel [5], solar energy [6] and hydrogen [7], thereby reducing greenhouse gas (GHG) emissions from the transportation sector, as well as reducing the dependence on scarce fossil fuels. However, the technologies associated with these alternative energy sources are relatively new, are not without challenges, and hence have seen very limited adoption rates [8]. Alternatively, electric vehicles have also been suggested due to their environmentally-friendly zero tailpipe emissions [9,10]; at the moment, they are receiving a lot of interest.



Other than tackling the problem from the technological perspective, researchers have also proposed non-technological initiatives and policies to encourage the use of public transport, and hence to reduce the number of private vehicles on the road [11,12]. Directly, this would reduce traffic congestion, and its effect can be compounded by additionally introducing other technical measures to limit GHG emissions from public transport. One such measure is the introduction of electric mobility for public transportation. Combined, the benefit of using public transportation can compound the advantages from EB: zero tailpipe emissions, higher efficiency through braking energy recovery, an absence of idling energy loss [13], and the potential of energy recovery through vibrational energy harvesters [14,15].



To date, China is the largest manufacturer, greatest user, and current leader in the deployment of EB [16]. In 2017, about 99% of the 385,000 EBs deployed worldwide were in China [17]. Within Europe, Sweden executed actions to decarbonize its local bus system as early as 2007, with fossil-free fuel buses noticeably increasing from 8% in 2008 to almost 60% in 2014 [18].



Several authors [19,20,21] have attempted to evaluate the economic competitiveness of EBs compared to conventional DBs in different states in the US. Reference [19] uses a probabilistic approach to assess the Life Cycle Cost (LCC) of the transit system in California by comparing diesel, diesel-hybrid, compressed natural gas (CNG), CNG low-NOx, and electric buses. High purchase and infrastructure costs, including charging systems and depot facilities upgrades, mainly contribute to the high LCC of EB. In [22], the purchase cost has also been used to explain the high LCC of EB in Slovakia, with the authors recommending financial support in the form of self-governance, government, and European standards for funding to promote the competitiveness of EB. Similarly, comparisons between hybrid EB, battery EB, fuel cell EB and DB [23] have shown that EBs have a higher LCC as compared to DB, with fuel cell EB being the most expensive. Again, these are mostly due to the higher purchase and infrastructure costs of EBs, with the additionally higher LCC of fuel cell-EB being attributed to the maintenance and operating costs of the new technology.



Conversely, reference [20] reveals that, although the initial purchase cost of EB is significantly higher than DB, the lower operation and maintenance costs of EB largely offset the initial cost differential, and—with the addition of healthcare costs reduction from benefits derived by using a more environmentally-friendly means of transportation—further leads to more attractive investments in EBs. The author highlighted that the low costs of electricity, combined with the bus drive train and low maintenance costs, collectively contribute to the lower lifetime costs of EBs. Similarly, a study in India showed that the LCC of EB are lower than DB [24], with the fuel, operating and maintenance costs of DBs mainly contributing to the higher overall LCC of DB. These, coupled with the anticipated increase in future diesel prices in the country, have made EB a more attractive alternative. A similar conclusion was derived in [25], with the LCC of EB being largely influenced by electricity costs, battery consumption, operating conditions, and the charging facility.



The LCC analysis of conventional buses fueled by diesel or a biodiesel blend, hybrid-EB, compressed natural gas buses or liquefied natural gas buses, and battery-EB using fast or slow charging were given in [21], by considering two scenarios: when external funding is available to cover 80% of the purchase cost, and when no external funding is available. When combined with the low operational costs of EB, the ability to tap into external funding results in battery-EBs and hybrid-EBs becoming more cost-effective compared to conventional buses. On the other hand, the absence of funding results in conventional DBs having among the cheapest LCC.



Similarly, [26] performed an LCC analysis for European cities by comparing DB and two types of EBs, each utilizing overnight and opportunity charging, while incorporating external costs on health due to environmental pollution and noise, and also the climate cost of GHG. The study concludes that omitting external costs leads to the slightly higher LCC of EBs than DBs, and vice versa. It has been shown that lower mileage leads to more expensive EBs. Also, lower electricity costs and the reduction in battery prices lower the LCC of EB, especially for overnight charging EB, since their battery size is larger than EB employing opportunity charging.



The discussions above indicate that the main obstacle to widespread EB adoption is the evidently high investment cost required to purchase the EB. Despite this, mixed results have been demonstrated on the economic-viability of EB to compete in the market, with overall competitiveness of EB highly dependent on other cost components respective to the market considered. As such, this paper aims to use LCC to analyse the feasibility of EB in Brunei, with the use of local market data, and to analyse the influence of changes in different cost components to its feasibility. The methodology developed in this paper is transferable, and can also be used to analyse the feasibility of EB in other market.



Geographically, Brunei is an oil- and gas-exporting country in Southeast Asia. Albeit a small country, Brunei has one of the highest rates of vehicle ownership worldwide, with two vehicles per capita [27], and was also ranked as the eleventh highest transport per capita emissions of CO2 in 2012 [28]. In line with the country’s target to lower its energy intensity to 45% by the year 2035, Brunei has put in place plans to increase the adoption of hybrid and electric vehicles as one of the action plans to enhance the energy efficiency performance in the transport sector [29], and to address the issue of private car dependency [30] by promoting public bus usage. An LCC analysis of EB is beneficial in this case, to identify focus areas in order to make the target more achievable. Additionally, its environmental impact was also assessed, in order to reap maximum environmental benefit from EB.




2. Methodology


2.1. Bus Selection


The objective of this study is to analyse the feasibility of EB in Brunei by comparing their LCC against the existing DB commonly used in the Brunei–Muara district, the smallest and most populous district in Brunei. Additionally, the environmental impact of the EB was also analysed.



There are 21 intra-district routes in Brunei–Muara district, serviced by a total of 105 DBs, with each bus being expected to provide service for up to three times a day, operating every hour from 06:00–20:00 h daily [31,32], starting and ending at the main bus terminal in the capital. The distances for the routes range from 64.2 km to 140 km.



The most common DB in Brunei is the Toyota Coaster, which has a 22-seated passenger capacity. In order to analyse the feasibility of EB in Brunei, the EB needs to be chosen such that it allows a realistic comparison with the existing DB used. Considering an EB with larger dimensions would increase the passenger capacity; however, the EB would have heavier curb and gross weight, resulting in a generally-higher fuel consumption per distance travelled, and higher fuel costs. For a fairer comparison, the EB was chosen based on its passenger capacity, as this would allow the replacement of DBs without actually changing the current bus schedules, as well as ensuring social acceptance. To this effect, the Urbino 8.9LE was chosen as the corresponding EB to be analysed. Figure 1 depicts the two buses, with the technical specifications illustrated in Table 1.



Two types of charging facilities are considered for the EB: plug-in chargers at the bus terminal, and pantograph chargers for en-route charging. Plug-in chargers are the most economical and commonly-used options for charging EB; however, they require a longer time period to fully charge large capacity batteries, and hence are more commonly used for overnight charging. On the other hand, pantograph charging is an automated, albeit more expensive, charger, which works by producing high conductive energy capable of charging within shorter time period. A pantograph charger is needed to compensate for the short driving range limitations of the selected EB. Figure 2 gives a depiction of the plug-in and pantograph chargers considered.




2.2. Techno-Economic Analysis


Life Cycle Cost (LCC) [33] estimates the cost of technology throughout its useful lifespan by taking into account the time value of money, and may be used to appraise the economic feasibility of the deployment of new technology against currently used technology. In this study, it is used to analyse the feasibility of the deployment of EB, which is touted as a more environmentally-friendly option, against the widely-used DBs. Furthermore, LCC is also used to identify the dominant cost components that affect its feasibility, allowing manufacturers and researchers to focus on significant areas to improve feasibility, as well as allowing the government to roll out efficient policy to encourage its usage.



LCC constitutes four main components: acquisition, operating, maintenance, and disposal costs. Discounting, the process of converting the costs and benefits encountered at different points in time into a single time dimension by employing a discount rate that denotes the change in the money value per time period, may be employed. Given interest rate r, the relationship between Present Value (PV) and Future Value (FVi) in year i is given by:


  P V =   F  V i        1 + r    i     



(1)







The Cumulative Present Value over the vehicle’s life-time of n years is given by:


  C P V =   ∑   i = 1  n    F  V i        1 + r    i     



(2)







2.2.1. Acquisition Cost


The Acquisition Cost (AC) corresponds to the cost of acquiring the bus, as well as the associated equipment required for its operation at the initial stage. Also included are the different taxes levied during the initial purchase. It is assumed that the buses are purchased through a private lump sum payment without external financing, freeing ACs from the effect of varying interest rates.



For DB, the AC is taken to be the average retail value of the Coaster, approximated from interviews with local bus owners and companies. The additional infrastructure cost needed for the operation of EB—particularly the plug-in and pantograph chargers—are excluded from the AC of the Urbino, and are accounted for separately.




2.2.2. Operating Cost


The Operating cost (OC) is constituted of all of the costs required for the operations of the vehicles, including fuel costs, i.e., annual diesel fuel cost (  F  C  d , i    ) for DB and annual electricity cost (  F  C  e , i    ) for EB; annual vehicle license (  V  L i   ); and annual insurance cover (  I  C i   ).



To quantify the fuel costs for both EB and DB, two existing bus routes with a minimum distance of 64.2 km and maximum distance of 140 km, are considered, in order to derive annual distance travelled      D i     . The annual fuel cost (  F  C  d , i    ) for DB in year i is calculated based on the average fuel consumption of the DB   (  η d  )   [34],    D i  ,   and the local subsidized diesel price      C d      [24].


  F  C  d , i   =  η d  ×  D i  ×  C d   



(3)







It is evident from Equation (3), above, that the cost of fuel increases with the increase in distance travelled, the diesel price    C d   , and the average fuel consumption of the DB or fuel efficiency    η d   . Generally, the more efficient the DB is, the lower the fuel cost, although high-efficiency vehicles usually do come with an increased acquisition cost. Fuel efficiency is dependent on driving patterns, quality of fuel, and the use of auxiliary systems such as air-conditioning systems, with more aggressive driving (with plenty of accelerations, stopping and going, etc.) and usage of auxiliary systems reducing fuel efficiency. The use of low grade fuel may also reduce fuel efficiency, but on the other hand, low grade fuel generally has a lower    C d   . The average fuel consumption, as specified by the manufacturer, is used for this feasibility study in order to ensure a realistic comparison between DB and EB, as the average fuel consumption from the manufacturer commonly uses set testing criteria to determine its value [35].



In the case of EB, the fuel costs are calculated based on electrical energy consumption during each charging activity of the battery, the frequency of charging required for its operation, and the type of charger used. Given a charger with power    P c    and efficiency    η c   , the time required    t c    to charge the EB, with capacity Eb from the initial state of charge (SOC) value of   S O  C  i n i t     to the final SOC value of   S O  C  f i n a l    , is given by:


   t c  =     S O  C  f i n a l   − S O  C  i n i t     ×  E b     P c  ×  η c     



(4)







The amount of energy required    E  A C     from the grid for a one-time charge of the Eb-capacity battery, from   S O  C  i n i t     to   S O  C  f i n a l    , can then be determined:


   E  A C   =     S O  C  f i n a l   − S O  C  i n i t     ×  E b     η c     



(5)







The battery capacity    E b    of the EB is a fixed constant determined primarily by the EB manufacturer. From Equation (4), the time needed to charge the battery is dependent on the power    P c    and efficiency    η c    of the charger used, with higher powered and more efficient chargers being capable of reducing the charging time. The amount of energy for a one-time charge of the battery is, however, only dependent on the efficiency of the charger, as can be seen from Equation (5). Generally, a high-powered and highly-efficient charger is more expensive than others. A pantograph charger has a higher power than a plug-in charger, and is thus capable of fast charging the EB in a shorter period of time. However, it is more expensive than a plug-in charger.



Given that    E  A C ,   f a s t     and    E  A C ,   s l o w     are the energy required for one-time charging, and    n  f a s t     and    n  s l o w     are the annual number of charges required to service a particular route, using the pantograph and plug-in chargers, respectively, the annual electricity cost (  F  C  e , i    ) for the EB in year i using the local subsidized per unit electric of    C e    is given by:


  F  C  e , i   =    E  A C , f a s t   .  n  f a s t   +  E  A C , s l o w   .  n  s l o w      C e   



(6)







Annual vehicle licensing is imposed on EBs in Brunei for road usage, whilst insurance costs cover accidental damage for the EB, which is dependent on cover type. These fees are assumed to be identically imposed on both DB and EB. OC can then be obtained as:


  O C =   ∑   i = 1  n    F  C i  + V  L i  + I  C i        1 + r    i     



(7)




where   F  C i    is either   F  C  e , i     or   F  C  d , i    , depending on the bus type considered.




2.2.3. Maintenance Cost


The maintenance cost (MC) covers the cost of maintaining the bus throughout its lifetime, which includes battery replacement (BRi), tyre replacement (TRi), oil replacement (ORi), scheduled maintenance (SMCi), and unscheduled maintenance (UMCi) costs. SMCi is expected at a set interval, and accounts for costs such as exhaust system and cooling system repairs [36], whilst UMCi accounts for the costs of unplanned repair and servicing.



Battery, tyre and oil replacement costs are incurred as required, with ORi only being applicable for DB. Due to the larger battery capacity of the EB, it is expected to contribute more to the LCC of the EB, as compared to DB. However, this can be expected to be reduced as battery technology becomes more mature, consequently reducing the MC of the EB [37,38].



TRi is calculated based on the tyre count (TC), tyre price (TP), tyre change fee (TCF), and average annual number of tyre changes (TCI).


  T  R i  = T C × T P × T C F × T C I  



(8)







For DB only, ORi is determined by the oil tank volume (OV), oil price (OP), and annual number of oil changes (OCI).


  O  R i  = O V × O P × O C I  



(9)







SMCi and UMCi are normally estimated by the manufacturer, and are given in cost per distance travelled. Given that SMR and UMR are the scheduled and unscheduled maintenance rate, respectively, then,


  S M  C i  = S M R ×  D i   



(10)






  U M  C i  = U M R ×  D i   



(11)







Overall, the maintenance cost is then given by:


  M C =   ∑   i = 1  n    B  R i  + O  R i  + T  R i  + S M  C i  + U M  C i        1 + r    i     



(12)








2.2.4. Disposal Cost


Batteries and old buses may be recycled, with costs recovered from their recycling, which is accounted for under Disposal cost (DC):


  D C =   ∑   i = 1  n    S  B i        1 + r    i    +   S V       1 + r    n     



(13)




where   S  B i    is the salvage value of the battery at year i, whilst   S V   is the salvage value of the bus at the end of its lifetime. The battery for DB needs more regular replacement compared to EB. However, due to its lower battery capacity, its salvage value may be lower.




2.2.5. Life Cycle Cost


The Overall Life Cycle Cost (LCC) is simply the summation of the acquisition, operation and maintenance costs, less the disposal cost obtained from the recycling of the batteries and buses at the end of their lifetime. The LCC value of EB can be used to determine the feasibility of EB in the market by comparing it with the LCC value of the currently available DB. A lower LCC indicates a more affordable bus.


  L C C = A C + O C + M C − D C  



(14)









2.3. Sensitivity Analysis


The LCCs of both DB and EB form the basis for the determination of feasibility of EB to enter and compete in the market. However, these calculations are performed based on market values and assumptions. Whilst extreme efforts have been made to provide information that is as accurate as possible, assumption errors may still creep in. Furthermore, these market values and assumptions are also susceptible to changes from time to time, due to different factors such as supply and demand, technological advancement, policies, public perceptions, and many others, which may alter the outcomes.



Sensitivity analysis can be utilized to assess the influence of varying different cost parameters on the LCC calculations. It can also be used to identify influential parameters which may significantly improve the feasibility of EB, and as such, provide insights to manufacturers, policy-makers and others to efficiently focus their efforts to make EB more affordable. The analyzed parameters are the acquisition cost, battery prices, maintenance costs, and fuel costs.



The acquisition cost is composed of the up-front purchase cost of the Urbino or Coaster, the only component in the LCC calculations that is not affected by interest rates. Of course, tax and subsidy can be, and have been, used by the government to influence the marketability of a product. The provision of a subsidy for EB and the imposition of a tax on DB would, theoretically, improve the feasibility of EB. As such, an analysis on the changes in acquisition costs of both EB and DB would be interesting, especially for the policy maker. Furthermore, as EB is a relatively new technology with limited market penetration, there is limited information available. Most of the information used to estimate its purchase cost is based on publications and news articles, which in turn, may also base their information from other estimates as well. Being a new technology in the developmental stage, it is also evolving very quickly to adapt to demands.



Another important parameter related to new technology is its maintenance rate. Whilst the maintenance rate (MR) of DB is very much established, with the actual rates borne by the local bus operator being used as our basis, the MR of EB is less certain, and is based on estimates from the manufacturer, which may not be familiar with the local market conditions. As such, a sensitivity analysis of the MR of this new technology is crucial.



OC is composed mostly of fuel costs, with both electricity and diesel being subsidized commodities in Brunei, making the analysis of these two commodities particularly interesting. Although the current local electricity price is already low, such that further reduction may be improbable, increasing diesel fuel costs would increase the LCC of DB, making its substitute—i.e., EB—more attractive, and vice versa.



Finally, previous studies [37,38] have indicated that battery price is an important factor that may influence the feasibility of EB. Not only does the reduction in battery price affects battery replacement cost, it will also affect the purchase cost of EB. It would be interesting to see the effect of the battery price dropping to USD$147/kWh, the threshold price at which electric vehicles in general are expected to become mainstream in the US and Europe. An analysis on battery price would provide a clearer picture on the extent of the influence of battery price on the feasibility of EB in Brunei.




2.4. Environmental Impact Analysis


The overall GHG emissions (as defined in the Kyoto Protocol [39]) during the service life of each bus are also investigated. Emissions during other stages, such as during extraction, manufacturing, and end-of-life, are however not considered, as Brunei is primarily a user—rather than a manufacturer—of technology, with no extraction of minerals nor end-of-life processing performed locally. Furthermore, the emissions from the distribution of the fossil fuels are not considered, in order to limit the assumptions of this study. This study is limited only to emissions during the conversion of the fossil fuels into other forms of energy.



Carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) emissions are considered, which are aggregated in terms of carbon dioxide equivalence, using weighted-factors of 1, 21 and 310, respectively, to give their greenhouse intensity. The emission of other compounds are omitted due to their minimal contribution during the combustion process [39].



For DB, direct tailpipe emissions are considered during the operation phase, with the emissions being estimated based on the amount of diesel fuel consumed. This is given by:


   F  D B   =  η d  ×  D i   



(15)







Despite the fact that EB produces zero tailpipe emissions, GHG are still emitted during electrical generation. For electricity obtained from renewable energies—such as from solar, wind, hydro, etc.—no GHG may be produced, resulting in a fully-zero emission. However, as most countries still rely on some forms of hydrocarbon energy supplies, the GHG emitted at the electricity generation plants need to be taken into consideration.



Given that    E  A C     is the amount of energy required for a one-time charge of the EB, the effective energy requirement    E  P P ,   E l e c t r i c     that needs to be produced by the power plant must take into account the energy lost during transmission and distribution [40]. For the transmission and distribution system efficiency given by    η  t x    , the effective energy requirement    E  P P , E B     is


   E  P P , E l e c t r i c   =    E  A C      η  t x      



(16)







Then, the amount of fuel required for the charging of the EB    F  E B     can be calculated as follows:


   F  E B   =    E  P P , E l e c t r i c      η  p p   × H  V  f u e l      



(17)




where    η  P P     and   H  V  f u e l     are the power plant efficiency and heating value of the fuel used in the power plant, respectively.



The GHG emissions for EB and DB during the operational stage may then be derived using Equations (15) and (17), respectively, by considering the emission factors of their respective fuels. Diesel fossil fuels are considered in the case of DB, whilst the respective fuel used by the electrical power plant is considered in the case of EB. In order to minimise GHG emissions, the efficiencies—such as power plant efficiency    n  P P    , distribution efficiency    n  t x     and charger efficiency    η c   —need to be kept as high as possible.





3. Results and Discussions


The feasibility of EB was determined using the methodologies given above. The data for the calculations were obtained from interviews with local bus companies, research papers, technical notes and specifications from manufacturers, government publications, and subject matter experts, as well as current market prices obtained from various sources. As much as possible, local data were used.



3.1. Data Requirement


The economic feasibility of the EB, specifically the Urbino, was assessed using LCC in Equation (14), and compared to that of DB, specifically the Coaster. Table 2 shows the important parameters that were used to determine the LCC of both DB and EB, with a comparison made in USD$. Where required, the currency conversion was performed with the prevailing exchange rate as of 2019, which was USD$1.00 = B$1.37, with the effect of currency fluctuations being excluded from the calculations. The lifetime n of both buses was taken to be 10 years.



In terms of distance travelled, two extremes were taken: for bus servicing, the route with the minimum distance of 64.2 km and the route with the maximum distance of 140 km from the current intra-district route were considered. According to the scheduling information, each bus was expected to service its assigned route three times a day for the whole year, giving minimum and maximum annual distances of 70,263 km/year and 153,300 km/year, respectively. Plug-in charging at the depot and pantograph charging en-route were considered. For EB on the minimum distance route, only one-time charging was required for each trip, with a plug-in charger being used after the completion of the route. On the other hand, for the EB on the maximum distance route, additional recharging was required during each trip due to the long distance of the full route. In this regard, en-route charging using the pantograph charger was then necessary during the route, on top of the plug-in charging. Table 3 depicts the important parameters of the two chargers.



The EB employs a high-power Lithium Iron Phosphate (LFP) battery with a capacity of 160 kWh and an average battery consumption of 0.8km/kWh [41]. The suggested state of charge (SOC) usage for LFP batteries is between 10–90% [42]. It was noted that many countries adopted a peak and non-peak electricity charging system. In such a case, the annual electricity fuel cost   F  C  e , i     may vary between the lower off-peak electricity cost and the higher peak electricity cost [43]. However, electricity charges for non-residential buildings in Brunei follow a tiered-tariff system, with the electricity cost for charging being fixed at USD$0.04/kWh, which is the common tier for most non-residential buildings in Brunei. The annual road tax and insurance fees for both buses were approximated to be USD$204.38 and USD$1459.85, respectively. These costs are incurred at the beginning of the year.



The scheduled and unscheduled maintenance rates for DB were estimated at rates of USD$0.14/km and USD$0.56/km, respectively, whilst for EB, the rates were USD$0.13/km and USD$0.50/km, respectively. These values were obtained from the manufacturers, as well as local distributors. The scheduled and unscheduled maintenance rates for EB were around 8% and 11%, respectively, which are lower than those for DB due to the EB having fewer movable parts, and consequently less wear and tear. These maintenance costs exclude tyre and oil replacements for DB, which were accounted separately, based on local market information. Also excluded was the battery replacement cost, which represents one of the major costs for EB. It was assumed that the battery replacement occurs every 5 years [44], with battery degradation causing annual capacity loss in the battery [45].




3.2. Techno-Economic Analysis


The overall LCCs of Coaster and Urbino for the two distance scenarios, the minimum and maximum distance travelled, are shown in Table 4 and Figure 3.



For both scenarios, the LCC of EB is comparatively higher than the LCC of DB. For buses on the minimum distance route, the LCCs of EB and DB are USD$932,760 and USD$558,547, respectively, showing that EB is 67% more expensive than DB. For buses on the maximum distance route, the difference is less, with EB only 31.6% more expensive than DB. LCCs of EB and DB for maximum distance route are USD$1,347,343 and USD$1,023,993, respectively. These indicate that EB is still economically infeasible in Brunei. Different parameters, for instance tax and subsidy structures, as well as fuel prices, may affect the feasibility of EB to penetrate the market. Countries such as France, China and many others, have already started to adopt EBs as replacements for their diesel public buses by putting in various efforts for their promotion. As such, it is very important, at this stage, to identify the dominant factors that influence the feasibility of EB in a particular market.



It can be observed that MC represents a large proportion of the total LCCs, for both buses. In fact, with the exception of Urbino on the minimum distance route, MCs contribute the largest proportion to their LCCs, with 79.9%, 86.9%, and 61.8% of the LCCs for the Coaster on the minimum and maximum distance route, and the Urbino on the maximum distance route, respectively. Even for the Urbino on the minimum distance route, MC still accounts for 47.1% of its LCC. MC includes scheduled and unscheduled maintenance costs, and battery, tyre and engine oil replacement costs; and the high mileage requirement of the buses requires regular maintenance and upkeep, and hence, the high MC.



MC is followed by AC, and then, OC, with the exception of the Urbino on the minimum distance route. Both electricity and diesel fuel are highly subsidized items in Brunei, with the government setting consistently low purchase prices of USD$0.04/kWh and USD$0.23/L, respectively. As such, OC, which is constituted only of fuel cost, represents only a small proportion of the total LCCs.



It is observed that the MC for Urbino is slightly lower than for the Coaster (in terms of both discounted values as well as percentages of LCCs) for both scenarios. For the buses on the minimum distance route, the MCs are USD$439,291 (47.1%) and USD$446,329 (79.9%) for the Urbino and Coaster, respectively, for a small difference in discounted value of USD$7,038. The difference is larger for the buses on the maximum distance route, with MCs of USD$832,136 (61.8%) and USD$989,538 (86.9%) for the Urbino and Coaster, respectively, giving a difference of USD$157,402. The reason for these differences may be the fact that DBs have more moving parts than EBs, and thus regular maintenance of the different moving parts of a DB is required, with higher distances travelled and other factors—such as driving style and road conditions—making the MC for diesel even higher. This is despite the fact of the high battery replacement cost of the EB’s 160 kWh LPF battery during the fifth year of its operation.



In terms of OC, the Urbino costs slightly more than the Coaster. For buses on the minimum distance route, the OCs are USD$33,308 and USD$32,050 for the Urbino and Coaster, respectively, whilst for the buses on the maximum distance route, the OCs are USD$55,047 and USD$54,285 for the Urbino and Coaster, respectively. These slight differences may be due to the fact that more frequent recharging is required for EB to compensate for the limitations in their short driving range capacity. OCs represent only between 3.6–5.7% of the total LCC. These low percentages are due to the highly-subsidized nature of both diesel and electricity in Brunei.



Another very notable difference between the Urbino and Coaster is in their ACs, with the AC for the Coaster being significantly lower than for the Urbino. ACs represent the initial cost incurred for the purchase of the buses. The Urbino costs USD$460,650, i.e., USD$380,358 more—approximately 475% more—than the Coaster. EB is a relatively new technology in its ascent phase, with limited early adopters, compared to DB technology, which has already matured. Some of the huge price difference may be attributed to the generally-high battery prices, especially for EB, which requires a high capacity LPF battery, resulting in an overall increase in its AC. The exclusion of the high cost of the LPF battery would significantly reduce the purchase cost of the Urbino from USD$460,650 to USD$384,282; however, this is still a far cry from the low cost of the Coaster, at USD$80,292. Additionally, the adoption of EB would definitely require new charging infrastructure to be put in place, which was excluded from the LCC calculations. EBs on the minimum distance route would only require the relatively cheaper plug-in charger, with a purchase cost of USD$110,000, which can then be shared among 8–14 EBs, depending on the scheduling. This would necessitate additional costs of between USD$7,900-USD$13,750 per EB. On the other hand, EBs on the maximum distance route would require at least the pantograph charger. With a purchase cost of USD$230,000, this would necessitate additional costs of between USD$5,750 and USD$23,000 per EB, assuming scheduling among 10–40 EBs.



The DCs are only able to offset a small amount from the total cost, due to the meagre amount offered for scrapped batteries and buses. The Urbino is, however, able to offer slightly more DC, due to its higher capacity battery and heavier weight.



This shows that, despite the fact that the MC for EB is lower than DB, and with almost similar OCs for both buses, the high initial AC of EB represents the most significant barrier to the adoption of EB in Brunei. This is similar to other works in the literature [19,22,23].



Looking specifically at the cost breakdown for the Urbino, it can be seen that, for EB on the minimum distance route, AC contributes the most to its LCC with USD$460,650, or 49.4% of the overall LCC. This is followed by MC with USD$439,291, or 47.1% of its LCC. Approximately 12.7% of the MC is due to the battery replacement cost. OC only represents 3.6% of the LCC, with DC recouping 0.05% from the overall cost. It is noted that the exclusion of the high cost of battery during acquisition and replacement reduces the LCC value from USD$932,760 to USD$801,006, or 15% from the total LCC.



On the other hand, for EB on the maximum distance route, MC contributes the most to its LCC with USD$832,136, or 61.81% of the overall LCC, followed by AC with USD$460,650, or 34.2% of its LCC. OC only represents 4.1% of the LCC, with DC recouping 0.04% from the overall cost. It is noted that the exclusion of the high cost of battery during acquisition and replacement reduces the LCC value from USD$1,347,343 to USD$1,215,589, or 10% from the total LCC.




3.3. Sensitivity Analysis


A sensitivity analysis was then performed to investigate the effect of varying the six selected parameters: the acquisition costs (AC) for both buses, maintenance rate of EB (both the scheduled and unscheduled maintenance rates), electricity fuel cost (  F  C  e , i    ), diesel fuel cost (  F  C  d , i    ), and battery price. Varying the AC and maintenance rate of EB, electricity fuel cost and battery price affect LCC of EB. On the other hand, varying AC of DB and diesel fuel cost, directly affect the LCC of DB only, however, it indirectly influence the feasibility of EB.



It was previously shown that EB has a higher LCC than DB. The effect of increasing the AC of DB on the competitiveness of EB, for buses on the minimum and maximum routes, is shown in Figure 4. It can be seen that EB can be made more attractive by increasing the AC of DB. For buses on the minimum distance route, the AC of DB would have to be increased by approximately 467%—i.e., from USD$80,292 to USD$455,255—for EB to be cheaper than DB, whilst for buses on the maximum distance route, the AC would have to be increased by approximately 403%, i.e., from USD$80,292 to USD$403,868. The AC of DB can be increased by imposing taxes, thereby discouraging the purchase of new DB over EB.



An alternative would be the reduction of the AC of EB directly via subsidy. Figure 5 shows the LCCs of both buses for different percentage reductions of the AC of EB. It can be seen from the figure that, even with the current low price of DB, there is a possibility of making EB more competitive in the local market through adjustments to its AC. Reducing it by approximately 81.5% and 70.5% for buses on the minimum and maximum distances routes, respectively, would make EB cheaper. These equate to reductions of USD$324,758 and USD$375,430, respectively, from its current price of USD$460,650.



Obviously, relying on subsidy alone to improve the feasibility of EB would be very expensive. On the other hand, imposing more than a 400% tax over the price of DB would be a very risky endeavor, and potentially a policy suicide. A more realistic approach would be to implement both taxes and subsidies in differing amounts.



The effect of varying the ACs of both buses on their LCCs is shown in Figure 6, with the changing AC also changing its respective LCC. It can be observed that the combination of an increase in the AC of DB through tax, and a decrease in the AC of EB through subsidy would actually make the LCC of EB lower than that of DB, and hence make it economically feasible. In fact, for a given adjustment in the AC of EB through subsidy, there is a corresponding adjustment in the AC of DB that would make the LCC of EB lower than the LCC of DB. For instance, the combined introduction of a 230% tax on the cost of DB and subsidy of 40.5% on the cost of EB would make EB more competitive to DB, with equal costs of approximately USD$186,000 tax and subsidy. Thus, the ACs of both buses play important roles in promoting the use of EB, with both ACs being controllable through tax and subsidy.



The results from the previous section indicate that MCs represent substantial contributions to the LCCs of both buses. Whilst the MC for DB was estimated based on local market information, and hence is very much reflective of its real MC, the MC for EB was made based on estimates from the manufacturer, which may have very limited knowledge of the local market conditions. This makes the MC for EB somewhat more prone to error. Furthermore, being a relatively new technology, its maintenance may also be subject to changes according to the progress of the technology. As such, a sensitivity analysis on maintenance rate of EB is necessary, which is given in Figure 7. It can be seen that, for buses on the minimum distance route, no reduction in the maintenance rate of the scheduled and unscheduled maintenance would make the LCC of EB lower than that of DB. This is because AC, rather than MC, is the dominant factor in the high LCC of EB on the minimum distance route. On the other hand, for buses on the maximum distance route, the reduction of the maintenance rate by approximately 44% is able to make EB more competitive in terms of LCC.



A sensitivity analysis on the effect of changing the battery price on LCCs is shown in Figure 8, with a reduction in the battery price reducing both the acquisition and battery replacement costs, especially for EB due to its larger battery capacity. It was reported that electric vehicles, generally, would be expected to be mainstream with the dropping of battery price to USD$147/kWh [37,48]. Whilst the LCC of EB does reduce with a reduction in battery prices, it just does not reduce enough for EB to be competitive with DB. This is rather expected. Although MC contributes a large proportion to the LCC of EB, battery replacement only contributes around 13% and 7% of the MC for the minimum and maximum distance route, respectively, with other types of maintenance contributing more to the LCC of the high mileage bus.



The relationship between the LCCs of both buses with diesel cost   F  C  d , i     and electric price   F  C  e , i     is shown in Figure 9. Due to the different fuel requirements of EB and DB, increasing electric price   F  C  e , i     only increases the LCC of EB, with the LCC of DB remaining constant. On the other hand, increasing diesel cost   F  C  d , i     increases the LCC of DB, with the LCC of EB remaining constant. It can be observed that for every electricity price, there exists a corresponding diesel price that would make the LCC of EB reach a parity to the LCC of DB. Increasing the diesel price beyond this parity diesel price would make EB cheaper in terms of LCC. Similarly, it can also be said that, for a given diesel price, there exists a corresponding parity electricity price, with the lowering the electricity price below this parity electricity price being capable of making EB more affordable. Both electricity and diesel are highly-subsidized commodities in Brunei, and can be used by policy makers to promote EB through the manipulation of their prices.



An electricity cost of USD$0.036/kWh was used as a basis for the LCC calculations, whilst the subsidized price for diesel fuel was fixed at USD$0.23/L. The effect of changing the price of either electricity or diesel, whilst keeping the other price at the current subsidized costs, may be analyzed by dissecting the 3D plot of Figure 9 at the subsidized prices of diesel and electricity, in order to produce Figure 10 and Figure 11, respectively.



The effect of varying the electricity price from the current USD$0.036/kWh on the LCCs of both EB and DB at the current subsidized diesel rate of USD$0.23/L is shown in Figure 10. Due to the already low electricity price, lowering the electricity price further to USD$0.01/kWh does lower the LCC of EB; however, it just does not lower it enough to make EB more attractive than DB. As such, lowering the electricity price of what is already one of the cheapest electricity prices in the world [49] may not be a feasible option to encourage EB usage.



The effect of varying diesel cost on LCCs, with the electricity price fixed at USD$0.036/kWh, is given Figure 11. It can be seen that diesel price would need to be increased to USD$4.70/L and USD$2.00/L for EB to be cheaper than DB for buses on the minimum and maximum distances route, respectively. These are huge 800% and 2000% increases from the current subsidized price of USD$0.23/L. However, to put it in a bigger picture, these prices are reasonable given the one-year average diesel price in the US—as per 2019—of USD$3.101/L, and still lower than the highest recorded average diesel price in the US of USD$4.845/L [50]. Indeed, a direct correlation exists between EB adoption and diesel price, as was reported in [51].



Our previous analysis has shown that AC and MC are the two dominant components which contribute significantly to the LCC of EB. The manufacturers of EB need focus their efforts on reducing these two components, in order to ensure that EB becomes competitive.



In the meantime, in order to encourage the adoption of EB in Brunei, the government needs to look into introducing strong incentives. Indeed, previous studies have indicated that interventions from governments are necessary [52,53], at least in the initial stage, during the adoption of a new technology. It is incumbent that infrastructures, including chargers, are in place for the use of EB to take off, as well as for the maintenance rate to be kept as low as possible, by ensuring the maintenance capabilities of workshops, especially for the basic and preventive maintenance of EB. Combinations of direct subsidies to reduce the AC of EB, and tax for DB, may be necessary, as our results have indicated that subsidies alone may be a very expensive exercise to be borne by the government alone. Additionally, the price of diesel fuel may need to be revised by reducing the amount of subsidies, in order to make it more in line with other countries which have successfully adopted EB, such as US and France.



By increasing diesel costs to USD$3.101/L (similar to the one year average diesel price in the US, as per 2019), EB already turns out cheaper than DB for buses on the maximum distance route. However, for buses on the minimum distance route, a subsidy of USD$67,586 towards the purchase of EB, and tax of USD$67,586 for the purchase of DB are necessary for EB to be on par with DB. With the expected decline in battery prices of between 6–9% annually until 2030 [37], the amount of tax and subsidy can be tapered gradually whilst continuously encouraging the use of EB. Figure 12 shows the amount of subsidy and tax required for EB to be at least at a par or cheaper than DB, between 2019 and 2030, for buses on the minimum distance route, with diesel prices set to USD$3.101/L. Although, initially, a large tax and subsidy of USD$67,586 are required, the amount gradually reduces. However, even in the year 2030, when battery prices are expected to stabilize, a tax and subsidy of USD$35,062 and USD$25,054 for assumed annual battery reductions of 6% and 9%, respectively, are still required.



The disposal cost of batteries may also affect the LCC of both buses, but specifically EB, due to its larger battery size. At the moment, the salvage value of batteries actually reduces LCCs. If the disposal cost of batteries is increased, the salvage value of batteries may reduce or even worse, the users may need to pay to dispose of their batteries. In such cases, the LCCs of both DB and EB would increase, with the LCC of EB having a larger increase due to its larger battery size. In order to properly analyze the effect of changes in the cost of battery disposal, a sensitivity analysis may be performed. However, it is noted that, in the current circumstances, the disposal cost contributes minimally (only 0.04% and 0.01% for the maximum distance considered for EB and DB, respectively) towards reducing LCC, and hence is not considered for sensitivity analysis.




3.4. Environmental Impact Analysis


The estimations of the GHG emissions during the operational stage of both buses were calculated using the combustion emission factors of their respective fuel types. Mobile diesel fuel combustion data were used for DB. Since natural gas is the main energy source of electrical generation plants in Brunei, stationary combustion data for natural gas were used for EB. The parameters for the mobile combustion of diesel fuel and the stationary combustion emission factors for natural gas are shown in Table 5 [54]. The efficiency of the power plant    η  P P     and the average efficiency of transmission    η  t x     are assumed to be 28.4% and 93.586% [55], respectively.



Figure 13 and Table 6 show the annual GHG emissions for EB and DB, for both the minimum and maximum distance routes. In both cases, it can be observed that the GHG emissions from EB are notably higher than those of DB. In total, 39,482 kgCO2 equivalent and 86,142 kgCO2 equivalent of emissions are produced annually by EB, not at its tailpipe but at the electricity generation power plant, for the minimum and maximum distance routes, respectively. These are in contrast to DB, with emissions of 29,823 kgCO2 equivalent and 65,069 kgCO2 equivalent. The emissions from EB represent approximately 75.5% and 32.4% more emissions over the emissions from DB for the minimum and maximum distance routes, respectively. These results are, indeed, disconcerting, as EB was touted as a cleaner substitute of DB, with zero tailpipe emissions. In fact, in order to take full advantage of the environmental advantages of using EB, considerations need to be taken to the whole power supply chain, from generation to distribution, by improving the efficiency of the charger    η c   , the efficiency of the distribution    η  t x    , the efficiency of the power plant    η  p p    , and, importantly, using environmentally-cleaner fuel sources for electricity generation.



For the case under consideration, the efficiency    η  p p     of the power plant is relatively low, at 28.4%, with more efficient power plants (as high as 42%) having been reported in the literature utilizing multi-fuel generation [56]. Figure 14 shows the GHG emissions from EB for different power plant efficiencies,    η  p p    . It can be seen that both buses emitted the same GHG amount at 37.6% power plant efficiency.



Another way of taking advantage of EB is by using renewable energy sources, such as solar power [57,58], in which Brunei has an edge in this regard due to its equatorial location [59]. Brunei sourced 99% of its electricity generation from natural gas, which is a relatively cleaner source of energy than other fossil sources, such as coal and diesel. The emissions from these natural gas plant can be curbed further by adopting carbon capture technology, in order to minimize the amount of CO2 released by the power plant into the environment [60].





4. Conclusions


This paper has presented a method of quantifying the LCC and environmental impact of buses, and used it to analyze the feasibility of EB to enter and compete in a given market against established diesel technology. It was also used to determine the main cost components that influence the feasibility of EB, by considering the minimum and maximum distance scenarios from the existing bus routes in Brunei.



The LCC of the Urbino (as a representative model for EB) was calculated to be USD$932,760 and USD$1,347,343 for the minimum and maximum distance routes, respectively, which was more expensive than the LCC of the diesel Coaster by 67% and 31.6%, respectively. The analysis showed that AC and MC dominate the LCC of the Urbino, with OC representing only a small proportion of its LCC, due to the low subsidized electricity price.



The manufacturers of EB need to focus their efforts on the reduction of AC and MC in order to allow EB to economically compete in the market. Unlike electric vehicles [55] in general, the reduction of battery prices does not significantly affect the feasibility of EB.



It is proposed that the government needs to look into introducing a combination of strong incentives, subsidies for the purchase of EB, and infrastructure support; ensuring that maintenance supports are available; and introducing taxes on the purchase of DB and diesel fuel, in order to make EB economically more sensible, at least at the initial stage. By increasing the cost of diesel to USD$3.101/L, it was shown that a subsidy of USD$67,586 towards the purchase of EB and a tax of USD$67,586 for the purchase of DB are required. With the natural reduction of the price of batteries of around 9% per annum, the amount of tax and subsidy needed are expected to be reduced to only USD$25,054 tax and subsidy required in the year 2030. In order to ensure the success of these drives, appropriate government regulations are required, both to regulate and monitor these different drives, as well as support by various government and non-governmental agencies.



The study has also analyzed the environmental impact of EB operation using the local natural-gas power plant. Despite the fact that EB produces zero tailpipe emissions, the emissions at the electricity generation plant produce significantly higher GHG than from DB. In order to maximize the benefit from EB, improvement in the efficiency of electric power generation is required, with power plant efficiencies over 37.6% leading to a more environmentally sustainable EB. Renewable energy sources for the electric power generation also need to be considered, in addition to the adoption of carbon capture technology to enable the control of CO2 released from power plant.



The findings from the study showed that the promotion of EB adoption in Brunei would require extensive supports from the government in terms of the provision of financial incentives such as tax and subsidies on ACs and diesel prices, in addition to ensuring the availability of suitable infrastructures such as chargers, and also in recruiting competent maintenance capabilities at workshops for EB, in order to assure low maintenance rates. Additionally, the enhancement of power generation efficiency is necessary to take full advantage of the environmental benefit of EB.
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Figure 1. (a) Coaster Diesel, and (b) Urbino Electric Buses. 
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Figure 2. Illustration of (a) plug-in, and (b) pantograph chargers for electric buses. 
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Figure 3. LCCs of diesel and electric buses, with breakdown of their ACs, MCs, OCs and DCs. 
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Figure 4. LCCs of the electric and diesel buses, against the percentage change of the AC of diesel buses. 
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Figure 5. LCCs of the electric and diesel buses, against the percentage change of the AC of EB. 
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Figure 6. Relationship between the LCCs of electric and diesel buses, with different percentage changes in their acquisition costs. 
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Figure 7. LCCs of the electric and diesel buses, against the percentage change of the scheduled and unscheduled maintenance rate of electric buses. 
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Figure 8. Effect of the reduction in battery prices on the life-cycle costs of electric and diesel buses. 
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Figure 9. LCCs of electric and diesel buses, against diesel cost and electric price. 
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Figure 10. LCCs of electric and diesel buses, against the varying electricity cost for diesel prices at the current subsidized rate of USD$0.23/L. 
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Figure 11. LCCs of electric and diesel buses, against the varying diesel cost for electric prices at current subsidized rate of USD$0.036/kWh. 
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Figure 12. The amount of tax and subsidy required for electric buses to be at least on a par or cheaper than diesel buses between 2019 and 2030, with diesel costs of USD$3.101/L, for buses on the minimum distance route. 
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Figure 13. Diesel and electric bus emissions during the operational phase for the minimum distance and maximum distance routes. 
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Figure 14. GHG emissions of electric and diesel buses, against power plant efficiency. 
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Table 1. Specifications of the buses considered.
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	Mechanical

Specifications
	Diesel Bus

(Coaster)
	Electric Bus

(Urbino)





	Maximum Speed
	60–80 km/h

(local bus speed limits)
	50 km/h



	Passenger capacity
	22
	21–29



	Length
	6990 mm
	8950 mm



	Width
	2080 mm
	2400 mm



	Height
	2635 mm
	3400 mm



	Traction batteries
	-
	LiFePO4 Lithium ion (LFP)



	Charging system
	-
	Plug-in and Pantograph (optional)
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Table 2. Important parameters used for the calculations [17,36,44,46,47].
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Input Data

	
Urbino

	
Coaster






	
Purchase cost

	
USD$

	
460,650

	
80,291.97




	
BND$

	
631,090.50

	
110,000




	
Electricity Price

	
USD$/kWh

	
0.036

	
-




	
BND$/kWh

	
0.05

	
-




	
Fuel Efficiency

	
L/km

	
-

	
0.157




	
Diesel Price

	
USD$/L

	
-

	
0.23




	
BND$/L

	
-

	
0.31




	
Ann. road tax fee

	
USD$

	
204.38

	
204.38




	
BND$

	
280

	
280




	
Ann. Insurance fee

	
USD$

	
1459.85

	
1459.85




	
BND$

	
2000

	
2000




	
Ann. battery Replacement

	
USD$

	
-

	
175.18




	
BND$

	
-

	
240




	
LFP Battery Price

	
USD$/kWh

	
477.30

	
-




	
BND$/kWh

	
653.90

	
-




	
LFP Battery Capacity

	
kWh

	
160

	
-




	
LFP Battery Lifetime

	

	
3300 Cycles within 5 years

	
-




	
Oil tank volume

	
L

	
-

	
10




	
Motor oil price

	
USD$/L

	
-

	
10.22




	
BND$/L

	
-

	
14




	
Oil change freq

	
Times/yr

	
-

	
24




	
Price per tyre

	
USD$

	
131.39

	
131.39




	
BND$

	
180

	
180




	
Tyre count

	

	
6

	
6




	
Tyre change freq.

	
Times/yr

	
9

	
9




	
Scheduled maintenance rate

	
USD$/km

	
0.13

	
0.14




	
BND$/km

	
0.18

	
0.20




	
Unscheduled maintenance rate

	
USD$/km

	
0.50

	
0.56




	
BND$/km

	
0.68

	
0.77




	
Scrap value for battery

	
USD$/kg

	
0.29

	
0.29




	
BND$/kg

	
0.4

	
0.4




	
Scrap value for bus

	
USD$/kg

	
0.04

	
0.04




	
BND$/kg

	
0.05

	
0.05











[image: Table] 





Table 3. Chargers considered for the electric bus.
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	Plug-in Fast Charger
	Pantograph





	Charger price (USD$)
	110,000
	230,000



	Charger power (kW)
	80
	240



	Charger Efficiency (%)
	0.97
	0.97
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Table 4. Life cycle cost of electric and diesel buses, for the minimum and maximum routes.
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Min Dist

	
Max Dist




	
Urbino 8.9

	
Coaster

	
Urbino 8.9

	
Coaster






	
AC

	
USD$

	
460,650

	
80,292

	
460,650

	
80,292




	
% LCC

	
49.4%

	
14.4%

	
34.2%

	
7.8%




	
OC

	
USD$

	
33,308

	
32,050

	
55,047

	
54,285




	
% LCC

	
3.6%

	
5.7%

	
4.1%

	
5.3%




	
MC

	
USD$

	
439,291

	
446,329

	
832,136

	
989,538




	
% LCC

	
47.1%

	
79.9%

	
61.8%

	
86.9%




	
DC

	
USD$

	
489

	
123

	
489

	
123




	
% LCC

	
−0.05%

	
−0.02%

	
−0.04%

	
−0.01%




	
LCC

	
USD$

	
932,760

	
558,547

	
1,347,343

	
1,023,993
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Table 5. Stationary combustion emission factors for natural gas.






Table 5. Stationary combustion emission factors for natural gas.












	
	Heating Value
	CO2 Factor
	CH4 Factor
	N2O Factor





	Natural Gas
	0.001026 mmBtu/scf
	53.06 kg CO2/mmbtu
	1 g CH4/mmbtu
	0.1 g N2O/mmbtu



	Diesel Fuel
	
	2.697 kg CO2 per unit
	0.0051 g/mile
	0.0048 g/mile
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Table 6. C02, CH4 and N20 emissions of electric and diesel buses during the operational stage.
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Min Dist Route

	
Max Dist Route




	

	
Urbino

	
Coaster

	
Urbino

	
Coaster






	
Annual Fuel Consumption

	
724,532 scf of natural gas

	
11,031 L of diesel fuel

	
1,580,796 scf of natural gas

	
24,068 L of diesel fuel




	
Annual CO2 emission (kg/yr)

	
39,444

	
29,753

	
86,059

	
64,916




	
Annual CH4 emission (kg/yr)

	
0.746

	
0.223

	
1.628

	
0.486




	
Annual N20 emission (kg/yr)

	
0.0725

	
0.210

	
0.158

	
0.457




	
Annual CO2 equi. (kg/yr)

	
39,482

	
29,823

	
86,142

	
65,069
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