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S1. Background Information

51.1. Background Information of Life Cycle Assessment and Alternative Fuel Applications

Frey et al.’s [1] article compared the life cycle assessment (LCA) results for diesel and hydrogen
fuel cell transit buses. Hess [2] evaluated the environmental emissions of alternative fuel transit
buses. Using process-LCA tool GABI and fuel cycle models, Ally and Pryor [3] likewise compared
diesel, natural gas, and fuel cell bus options. Chester and Horvath’s [4] research is particularly
crucial for literature since it defines and quantifies all of the public transportation modes’” LCA
analysis results, but although it is an important study in terms of methods and data, the study itself
is beyond the scope of this research which will assume that the infrastructure of BE and diesel buses
will be the same except for the charging infrastructure of each bus type, as will be further explained
in later sections. Ou et al. [5] investigated alternative fuel use level scenarios for future years under
various scenarios related to the adoption of alternative fuels for transit buses. Moreover, their study
was followed by another crucial research study that served as an extension to the first study,
evaluating different policy recommendations for reducing GHG emissions and fossil fuel
consumption in China by using alternative fuels for transit buses [6]. Cooney et al. [7] advanced
literature with a study using a hybrid-LCA approach to evaluate the environmental emission
impacts of BE and diesel transit buses, taking the different state-based electricity grid mixes into
account. Garcia Sanchez et al. [8] published a similar study comparing the GHG emissions and
energy consumption rates of BE, hybrid, and diesel buses for Spain’s current and future electricity
generation mixes. Lajunen [9] presented crucial research for the lifetime energy consumption rates
and cost-benefit analysis results of BE and hybrid transit buses. More recently, Xu et al. [10]
investigated the environmental emission performance of various alternative fuel options for transit
buses in different U.S. cities under different operational conditions. Finally, Ercan and Tatari [11]
studied diesel, hybrid, BE, biodiesel, Compressed Natural Gas (CNG), and Liquefied Natural Gas
(LNG) fuel options of transit buses in terms of their lifetime environmental emissions and water
withdrawal impacts. Ercan and Tatari’s study also considered the electricity grid mixes of the
different North American Electric Reliability Corporation (NERC) regions for analysis of emissions
and water withdrawal impacts, and also presents the significant differences of using BE buses in
different regions much like Cooney et al.’s study did.

51.2. Background Information of Vehicle-to-Grid Technology

Electricity is a unique commodity, which has to be generated and consumed at the same time.
However, apart from the predictable peak hour electricity demand (which is commonly estimated
based on historical data), the random turning on/off of millions of appliances in any given period of
time would also affect the balance of the system; any additional power demand from these
fluctuations is currently provided by ramping up/down gas turbine generators [12]. In addition, the
frequency of the electric grid is supposed to be maintained as close to 60 Hz as possible, which
requires a fast responding mechanism. Electricity storage means have proven to be more efficient for
this purpose from both an environmental perspective and an economic perspective [12,13].
However, current electric systems lack usable storage methods other than a few hydropower storage
stations and/or stationary battery sets. Kempton et al. studied the feasibility and potential benefits of
electricity ancillary services provided by electric vehicles and found that “the vehicle-to-grid (V2G)
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system as a grid storage means, stores the excessive electricity and release it back to the grid when
the demand is high, and allows the electric system operator to precisely control the timing of the
electricity flow” [14]. Hence, the V2G provider can store the “cheap” electricity during non-peak
hours and then sell back the stored electricity at a higher price as needed during peak hours.

Kempton and Tomic [15] performed a study researching the actual availability of EV power, in
which they also compared V2G ancillary service revenues as well as the costs incurred due to battery
degradation. In addition, the integration of V2G technologies and highly fluctuated renewable
energy sources has also been studied [16]. The power capacity provided by a single EV is merely a
“noise” to the grid, so aggregators are needed for the real-life adoption of V2G technologies.
Furthermore, Kempton and Tomic [12] have also discussed possible business models for the
incorporation of V2G and fluctuated renewable energy.

The main drives for the implementation of EVs in tandem with the V2G system in a fleet are the
wide range of economic and environmental benefits, and so Noel and McCormack [17] studied the
potential revenue of the V2G system for school buses. The State of Charge (SOC) variation in vehicle
batteries during responses to Pennsylvania-New Jersey-Maryland (PJM) interconnection regulation
requests have tested by Kempton et al.’s study. The random signal patterns of the regulation requests
are recorded, and the shallow charge/discharge of the battery is also revealed [14].

In addition to the above mentioned studies with respect to the potential benefits of V2G
systems, an energy-system model has been used to project the future changes of both energy and
transportation systems, as well as the possible emission savings from implementing a V2G system [18].
Kudoh et al. [19] studied Vehicle to Home (V2H) systems, which are a parallel concept of V2G
technologies, from a LCA perspective, and the result of this study shows significant emission savings.

51.3. Background Information of Air Pollution Externalities

In addition to GHG emissions’ harmful impacts on the environment and on public health, other
seriously harmful emissions emitted from vehicles include emissions of CO, SOz, NOx, PM1, and
PMzs. All of these pollutants, including GHG, have damage impacts on public health at different
levels, and furthermore, their harmful affects are quantified with the consideration of each emission
type’s impact on human health and the setting (e.g., urban or rural) in which the emissions occur. In
2006, Muller and Mendelsohn developed the Air Pollution Emission Experiments and Policy
(APEEP) analysis model to quantify these air emissions” human health impacts [20,21]. The harmful
effects covered in the APEEP model include mortality, morbidity, crop loss, timber loss, etc., as well
as impacts on human health caused by the aforementioned air emissions. Likewise, Michalek et al. [22]
enhanced this analysis model and presented air emission externalities for vehicle manufacturing,
fuel production, electricity generation, and tailpipe emissions, quantifying emission externalities
based on the assumption that, excluding tailpipe emissions, all other activities occur most likely in
rural areas. Michalek et al.’s results have since guided several studies for life-cycle analyses of buses
in literature. Gouge et al. [23] utilized these analysis methods to present an optimal transit bus
operation for reducing environmental impacts. Ercan ef al. [24] also presented an optimal bus fleet in
terms of life cycle cost, CO2 emissions, and air emission externalities with different alternative fuel
choices for transit buses under different driving conditions. Finally, Noel and McCormack [17] also
presented diesel and BE school bus results for air emission externalities.
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S2. Methods and Materials

52.1. Life Cycle Assessment Method

The LCA approach was first developed in the early 1990s, and is defined by the International
Standards Organization (ISO) as a method that considers all of the stages of forming a product or
process (i.e., life-cycle phases) on a cumulative and quantitative basis [25]. This widely utilized
powerful assessment tool considers all of the impacts connected to a given product or process over
the course of its entire life cycle, starting with the raw material extraction phase, followed by the
production phase, use/operation phase, transportation phase, and finally the end-of-life phase [26].

Downstream emissions are gathered from the emission data for diesel transit and school buses
from Environmental Protection Agency’s (EPA) widely utilized MOVES tool [27]. It is important to
highlight that MOVES provides on-site emission data for model years 2010 and 2015, and that the
emissions (in grams per mile) from these model years are adjusted using deterioration factors based
on vehicle age. In other words, the emissions reported for the model year of 2015 will not remain at
the same rate for the lifetime of vehicle. For instance, PMio emissions reach up to 151% of the
reported emissions for a diesel school bus in 5 years for the model year 2010, whereas the
corresponding CO emissions reduce to average 94% of reported emissions (please see Tables S7 and
S8 for each year’s g/mile emissions). Moreover, the MOVES tool only reports tailpipe emissions for
some conventional air pollutants: CO, NO:, PMi, PM:25, and VOCs. Therefore, on-site activity
related GHG emissions are gathered from another source, also in units of grams per mile. M.J.
Bradley’s report on transit buses presented the tailpipe GHG emissions for different driving cycles
with different engines, whereas electric buses have no downstream impacts [28].

Upstream impacts involve many different activities, as opposed to downstream impacts, which
can be calculated using a simple quantification of tailpipe and TBW emissions. For example, an
analysis of emissions pertaining to diesel production must consider the impacts of crude oil
extraction, petroleum refinery production, and transportation activities. As part of a WTW analysis,
the results of a separate Well-to-Pump (WTP) analysis are gathered from the tool GREET 2015 [29].
The WTW analysis can then be concluded with the summation of downstream and WTP emissions
for each bus and fuel type.

Like those of diesel production, the total emissions from electricity generation also consist of
emissions from many different activities. Furthermore, there are many types of power generation
plants in the U.S. for electricity generation, and all of these power plant types have different
emissions rates per kWh of electricity generated. The costs and environmental emission impacts of
consumed electricity vary significantly throughout the U.S. due to each region’s variations in terms
of electricity generation source mixes. In other words, generalized nationwide electricity generation
related impacts would not present sufficient information on the efficiency of operating electric
vehicles. Besides, due to power trade between states in order to supply demand, electricity
consumption (grid) mix differs in the same state than electricity generation mix. The impacts of this
difference for electric vehicle use is studied in literature for the U.S. and Italy [7,11,30-32].

52.2. Regional Selection of Analysis

The electricity markets in the states is divided into two parts: regulated markets and deregulated
markets. Regulated markets (for example Florida, Colorado, Idaho, and Kentucky) feature
vertically-integrated utilities that own or control the entire flow of electricity from generation to
meter. Deregulated markets (the five ISO/RTO regions studied in this paper) (regional transmission
organizations (RTO)) feature grid operators that administer wholesale markets to ensure reliability
on the grid and prevent blackouts. Only in these ISO/RTO regions can the flow of electricity
controlled or coordinated by the grid operators, and in the regulated states, data such as regulation
service price is not available. In other words, since fleet/vehicle owners will not be able bid/sale
electricity back to the grid so regulated market regions of the U.S. are selected for analysis.
Following Figure S1 presents the regions that suitable for V2G service analysis on the U.S. map.
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ISONE

Figure S1. International standards organization/regional transmission organizations ISO/RTO
regions for the scope of this study.

S3. Data Collection

53.1. Transit and School Bus Specifications

The analysis and data collection steps used in this research are performed for 40’ long diesel and
BE transit buses and for Type C diesel and BE school buses. These are most commonly used bus
types for transit and school bus fleets and they are identical for their gross vehicle weights (GVW:
33,000-40,000 1b for 40’ transit bus and GVW is required to be greater than 25,000 1b for Type C
school buses where it is found mostly 33,000 Ib [33,34]). However, transit buses are designed as low
floor for ADA regulations with less seating availability and front door is front of tire, where type C
school buses are designed to have maximum seating availability and front door is located behind tire.

Initial cost values are also important to calculate another cash flow parameter: the resale value.
This study utilizes the assumptions from the Argonne National Laboratory’s Alternative Fuel
Life-Cycle Environmental and Economic Transportation (AFLEET) tool for the depreciation effects
of lifetime usage [35]. Based on these assumptions, a vehicle loses 23% of its value after the first year,
and then 15% for subsequent years.

The maintenance costs of each bus type (Csmain), excluding battery replacement, are also
gathered from AFLEET tool data. In addition, Noel and McCormack’s [17] study is used to present a
maintenance-related range for BE buses. It is commonly accepted in literature that BE buses require
less maintenance than internal combustion engine powertrains, but the precise maintenance cost
reduction is not clear, as noted by the range presented in Table 3 (please see the manuscript).
Furthermore, diesel transit and school buses are assumed to have the same per-mile maintenance
cost rate of 1.00 $/mile [36].

The fuel consumption rates of transit and school diesel buses have been tested in many different
aspects, and the resulting data is available from multiple sources. In particular, the fuel economy of
transit diesel buses varies significantly as shown in Ercan and Tatari’s study, due to different driving
cycle conditions such as those corresponding to Manhattan (low average speed with frequent stops),
the Central Business District (a theoretically designed drive cycle with equally distributed stops),
and the Orange County Transit Authority (high average speed with less frequent stops) Based on
these driving cycles and Ercan and Tatari’s [11] study information, the fuel economy of diesel transit
buses is assumed to vary between 2.82 to 4.14 MPDGE (miles per diesel gallon equivalent). In
contrast, the fuel consumption of diesel school buses does not indicate any significant variety
according to Noel and McCormack’s study and the NREL's report, so the diesel school bus fuel
economy is assumed to be 7 MPDGE [17,37]. Similar to their electricity price projections, the Energy
Information Administration’s (EIA) Annual Energy Outlook 2015 presents low, medium, and high
oil price projections for the U.S. in different regions [38], and so the diesel prices per gallon for the
study regions are assumed based on these oil price projections (Study period regional diesel price
projections are presented in Table S6).
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Charging facility cost is another important requirement for BE vehicle operations, and requires
more consideration from fleet owners. Even though school buses are assumed to be charged after
each driving cycle (depot charging), transit buses can also have different charging options such as
on-route charging with overhead or wireless technologies, battery swapping, opportunity charging,
overnight depot charging, efc., each of which could be more widely studied in order to optimize
revenues and operation efficiency. There are three levels of chargers that are mostly used for EV
charging: level 1 charger is simply a special cord that connect the EV and the traditional plug seat,
level 2 charger is usually a charging station which has a higher voltage and level 3 charger is
specialized for fast charging [39]. Since the charging strategy is beyond the scope of this study, it is
assumed that transit buses are operated with opportunity charging, which allow buses to quickly
charge at their depot stops and then charge overnight after hours. Hence, it is assumed that charging
facilities should have Level 3 charging for convenient service.

53.2. Vehicle-to-Grid System Specifications

The V2G system, as defined in this study, is a service that can supply electricity to the grid from
the energy stored in a vehicle’s battery. As such, this service is only available when the vehicle is
plugged into its charger. As discussed in manuscript’s Section 1, transit buses are expected to
operate all day long to gather revenue for the transit authorities that employ them, while school
buses are mostly used two times a day for picking up and dropping off students, which could take a
total of five to six hours per day and available during school holidays.
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Table S1. Regional electricity generation mix projections from 2014 to 2027. (Energy Information Administration provides electricity generation mixes as FERC

regions where this study use ISO regions. The states that are considered in FERC regions are not consistent with ISO regions, therefore below table only present

approximate location of ISO regions in FERC regions [38].)

ISO/RTO Region Region 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
Texas Regional Entity
Coal 37% 38% 35% 35% 35% 35% 34% 34% 33% 33% 33% 32% 32% 32%
Residual oil 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Natural Gas 41% 40% 43% 43% 44% 44% 45% 45% 46% 47% 47% 48% 48% 49%
ERCOT Nuclear 12% 12% 12% 12% 12% 12% 11% 11% 11% 11% 11% 11% 11% 11%
Biomass 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Renewables 2/ 10% 10% 10% 10% 10% 9% 9% 9% 9% 9% 9% 9% 9% 9%
Distributed Generation 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Northeast Power Coordinating o oo, g0, 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Council/Northeast
Coal 3% 3% 0% 2% 3% 4% 4% 4% 4% 4% 4% 4% 4% 7%
Petroleum 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Natural Gas 52% 53% 53% 53% 53% 52% 52% 51% 50% 50% 49% 49% 48% 46%
Nuclear 31% 27% 27% 26% 26% 26% 26% 26% 26% 27% 27% 27% 27% 27%
Pumped Storage/Other 1/ 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1%
Renewables 2/ 12% 15% 18% 17% 17% 17% 17% 18% 18% 18% 18% 18% 19% 19%
Distributed Generation 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Northeast Power Coordinating o o o o Y . . o o o o o o o
Council/NYC-Westchester 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Coal 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
ISONE & NY-ISO Petroleum 2% 2% 2% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1%
Natural Gas 61% 60% 60% 53% 55% 56% 56% 56% 57% 58% 59% 60% 59% 58%
Nuclear 36% 36% 37% 44% 43% 41% 41% 42% 41% 40% 39% 38% 39% 40%
Pumped Storage/Other 1/ 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1%
Renewables 2/ 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1%
Distributed Generation 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Northeast Power Coordinating ,, 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Council/Long Island
Coal 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Petroleum 5% 5% 5% 4% 4% 2% 2% 2% 2% 2% 1% 1% 1% 1%
Natural Gas 82% 81% 81% 83% 83% 79% 77% 78% 80% 82% 83% 83% 82% 82%
Nuclear 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Pumped Storage/Other 1/ 2% 2% 2% 2% 2% 3% 3% 3% 3% 2% 2% 2% 2% 2%
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Renewables 2/ 11% 12% 12% 11% 11% 17% 18% 17% 16% 14% 14% 14% 14% 15%
Distributed Generation 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
g;’z;h:i;‘fltjlf:t‘:sIS:;rf{L‘;;tmg 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Coal 7% 8% 8% 8% 8% 9% 9% 12% 14% 14% 14% 14% 14% 15%
Petroleum 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Natural Gas 28% 29% 26% 28% 28% 29% 28% 25% 22% 20% 20% 19% 19% 18%
Nuclear 28% 25% 26% 25% 24% 24% 24% 24% 25% 25% 25% 25% 25% 26%
Pumped Storage/Other 1/ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Renewables 2/ 37% 38% 40% 39% 38% 38% 38% 38% 40% 40% 40% 40% 40% 41%
Distributed Generation 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Western Electricity Coordinating o, 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Council/California
Coal 6% 6% 6% 6% 6% 6% 6% 6% 5% 5% 5% 5% 5% 5%
Petroleum 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
CAISO Natural Gas 51% 52% 50% 50% 51% 51% 51% 52% 53% 53% 53% 53% 53% 53%
Nuclear 9% 9% 9% 9% 8% 8% 8% 8% 7% 7% 7% 7% 7% 7%
Pumped Storage/Other 1/ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Renewables 2/ 34% 33% 35% 36% 35% 35% 35% 35% 35% 34% 35% 35% 35% 35%
Distributed Generation 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Reliability First Corporation/East 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Coal 30% 30% 28% 27% 28% 28% 29% 30% 30% 30% 30% 31% 31% 31%
Petroleum 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Natural Gas 26% 25% 28% 29% 29% 29% 29% 28% 27% 27% 26% 26% 25% 23%
Nuclear 40% 41% 40% 38% 38% 37% 37% 37% 38% 37% 38% 38% 38% 39%
Pumped Storage/Other 1/ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Renewables 2/ 4% 4% 4% 5% 5% 5% 5% 5% 5% 5% 5% 6% 6% 6%
Distributed Generation 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
FIM Reliability First 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Corporation/Michigan
Coal 60% 59% 42% 39% 40% 40% 40% 39% 39% 39% 40% 41% 40% 40%
Petroleum 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Natural Gas 21% 20% 35% 36% 36% 36% 36% 36% 37% 37% 36% 36% 36% 37%
Nuclear 14% 14% 14% 15% 15% 15% 15% 15% 15% 15% 14% 14% 14% 14%
Pumped Storage/Other 1/ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Renewables 2/ 5% 8% 10% 10% 10% 10% 10% 10% 10% 10% 10% 10% 9% 9%
Distributed Generation 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
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Reliability First 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Corporation/West
Coal 65% 62% 61% 62% 63% 64% 63% 63% 63% 62% 62% 61% 60% 59%
Petroleum 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Natural Gas 7% 9% 10% 10% 10% 10% 11% 11% 12% 13% 13% 13% 15% 16%
Nuclear 24% 24% 24% 23% 22% 21% 21% 21% 20% 20% 20% 20% 19% 19%
Pumped Storage/Other 1/ 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Renewables 2/ 4% 4% 4% 4% 5% 5% 5% 5% 5% 5% 5% 5% 5% 5%
Distributed Generation 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

Table S2. Combustion (inefficient) power plant emissions for regulation services in study regions (emissions/kWh) [29]. (It should be noted that Table S3 presents
the average regional electricity generation emissions for per kWh where this table only presents the electricity generation related emissions from traditional

power plants.)

Regional Emissions 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
GHG (CO2 eq. g/kWh) 1513.81 1513.81 1513.81 1513.81 1513.81 1513.81 1513.81 1513.81 1513.81 1513.81 1513.81 1513.81 1513.81
CO (g/kWh) 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81
PJM NOrx (g/kWh) 1.39 1.39 1.39 1.39 1.39 1.39 1.39 1.39 1.39 1.40 1.40 1.40 1.40
PMuo (g/kWh) 0.39 0.38 0.37 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38
VOC (g/kWh) 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11
GHG (CO2 eq. g/kWh) 1558.29 155829 1558.29 155829 1558.29 1558.29 1558.29 1558.29 1558.29 1558.29 1558.29 1558.29 1558.29
CO (g/kWh) 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76
ISO-NE NOrx (g/kWh) 1.50 1.51 1.51 1.51 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
PMuo (g/kWh) 0.27 0.28 0.27 0.28 0.28 0.28 0.28 0.28 0.29 0.29 0.29 0.29 0.29
VOC (g/kWh) 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
GHG (CO2 eq. g/kWh) 121741 1217.41 121741 121741 121741 121741 1217.41 121741 1217.41 121741 121741 121741 121741
CO (g/kWh) 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
NYISO NOrx (g/kWh) 1.51 1.51 1.51 1.50 1.50 1.52 1.52 1.52 1.51 1.51 1.51 1.51 1.51
PMuio (g/kWh) 0.27 0.28 0.28 0.27 0.27 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29
VOC (g/kWh) 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
GHG (CO2 eq. g/kWh) 1515.28 151528 1515.28 151528 1515.28 151528 1515.28 151528 1515.28 151528 1515.28 1515.28 1515.28
CO (g/kWh) 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62
ERCOT NOrx (g/kWh) 1.45 1.45 1.45 1.45 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46
PMuio (g/kWh) 0.36 0.36 0.35 0.35 0.35 0.35 0.35 0.34 0.34 0.34 0.34 0.34 0.34
VOC (g/kWh) 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
GHG (CO2 eq. g/kWh) 1330.97 1330.97 1330.97 1330.97 1330.97 1330.97 1330.97 1330.97 1330.97 1330.97 1330.97 1330.97 1330.97
CAISO CO (g/kWh) 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81

NO:x (g/kWh) 1.47 1.47 1.46 1.46 1.47 1.47 1.47 1.47 1.47 1.47 1.47 1.47 1.47




Energies 2016, 9, 230; doi:10.3390/en9040230

PMuo (g/kWh)
VOC (g/kWh)

0.28
0.11

0.29
0.11

0.29
0.11

0.29
0.11

0.29
0.11

0.29
0.11

0.29
0.11

0.28
0.11

0.28
0.11

0.28
0.11

0.28
0.11

0.28
0.11
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0.28
0.11

Table S3. Electricity price (Cetect) and emission projections for study period based on EVRO tool’s results (Reference: [40]) (It should be also noted that, for the
electricity prices, it is assumed the commercial electricity rate is equal to levelized cost of electricity reported by following projections. Electricity prices and power

generation related emissions are presented for each study regions.)

Regional price and emissions 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
0.1057 0.1053 0.1051  0.1065 0.1034 0.1027 0.1022 0.1018 0.1012  0.1008  0.1003  0.0998  0.0994
Electricity price ($/kWh)  0.1152 0.1151 0.1154  0.1165 0.1119 0.1112 0.1107 0.1102 0.1095 0.1091 0.1086  0.1080  0.1075
0.1303 0.1300 0.1316  0.1319 0.1266  0.1259  0.1254 0.1248 0.1242 0.1237 0.1231  0.1224  0.1218
GHG (CO2 eq. g/kWh) 113499 1,116.56 1122.03 1128.33 113042 1129.10 1129.10 1129.78 1127.21 1128.64 1129.24 112756 1127.29
PIM CO (g/kWh) 0.61 0.59 0.60 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61
NOx (g/kWh) 1.05 1.02 1.03 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04
PMuio (g/kWh) 0.24 0.22 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23
VOC (g/kWh) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
PM2s (g/kWh) 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
SOx (g/kWh) 1.05 0.99 1.01 1.03 1.04 1.03 1.03 1.03 1.02 1.02 1.02 1.02 1.01
0.0904 0.0909 0.0878 0.0914 0.0885 0.0887 0.0888 0.0890 0.0891 0.0893 0.0894 0.0895  0.0900
Electricity price ($/kWh)  0.1026 0.1039 0.1035 0.1036  0.0982  0.0983 0.0984 0.0985 0.0985 0.0985 0.0986 0.0986  0.0990
0.1201 0.1221 0.1240 0.1212 0.1146 0.1146 0.1146 0.1145 0.1144 0.1143 0.1141 0.1139  0.1142
GHG (CO2 eq. g/kWh) 918.87  892.37 902.64 91339 916.89 91558 914.05 911.87 909.46 908.70 90858 905.70 917.74
ISO-NE CO (g/kWh) 0.40 0.37 0.38 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.40
NOx (g/kWh) 0.70 0.67 0.68 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.70
PMuio (g/kWh) 0.10 0.09 0.10 0.10 0.10 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.12
VOC (g/kWh) 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
PM2s (g/kWh) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SOx (g/kWh) 0.08 0.02 0.04 0.07 0.08 0.09 0.09 0.09 0.09 0.10 0.10 0.10 0.15
0.0881 0.0893 0.0869 0.0903 0.0876  0.0878 0.0883 0.0886  0.0888 0.0891 0.0893  0.0895  0.0896
Electricity price ($/kWh)  0.1011 0.1028 0.1028 0.1027 0.0977 0.0978  0.0982 0.0984 0.0985 0.0987 0.0988  0.0989  0.0989
0.1195 0.1213 0.1234  0.1204 0.1147 0.1147 0.1149 0.1150 0.1149 0.1149 0.1148 0.1148 0.1147
GHG (CO2 eq. g/kWh) 609.40 600.51 591.88 596.82 585.57 58339 589.64 593.35 59559 59850 599.79 597.11 594.16
NYISO CO (g/kWh) 0.40 0.40 0.39 0.39 0.41 0.41 0.41 041 041 0.41 0.41 0.41 0.41
NOx (g/kWh) 0.46 0.46 0.45 0.45 0.44 0.44 0.45 0.45 0.45 0.45 0.45 0.45 0.45
PMuio (g/kWh) 0.10 0.10 0.10 0.10 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11
VOC (g/kWh) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
PM2s (g/kWh) 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SOx (g/kWh) 0.12 0.11 0.10 0.10 0.08 0.08 0.11 0.12 0.12 0.12 0.12 0.12 0.12
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0.0995 0.0978 0.0966  0.1002 0.0994 0.0992 0.0991 0.0989 0.0987 0.0986 0.0986  0.0985  0.0985
Electricity price ($/kWh)  0.1118  0.1103  0.1110 0.1126  0.1096  0.1094 0.1092 0.1089  0.1087 0.1086 0.1085 0.1084  0.1083
0.1301 0.1279  0.1311  0.1305 0.1269  0.1265 0.1262  0.1258  0.1255  0.1253  0.1251  0.1249  0.1247
GHG (CO2 eq. g/kWh)  1155.92 1141.79 1143.35 1142.89 1142.28 1141.14 1139.97 1138.64 1137.31 1136.32 113555 1134.63 1133.70

ERCOT CO (g/kWh) 0.64 0.62 0.62 0.62 0.62 0.62 0.61 0.61 0.61 0.61 0.61 0.61 0.61
NOx (g/kWh) 0.85 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.82 0.82 0.82 0.82 0.82
PMuo (g/kWh) 0.21 0.20 0.20 0.20 0.20 0.19 0.19 0.19 0.19 0.19 0.18 0.18 0.18
VOC (g/kWh) 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
PM2s (g/kWh) 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
SOx (g/kWh) 0.85 0.79 0.79 0.79 0.78 0.77 0.76 0.75 0.74 0.73 0.73 0.72 0.71
0.0870  0.0881 0.0845 0.0877 0.0867  0.0869  0.0872  0.0875  0.0877  0.0879  0.0882  0.0885  0.0887
Electricity price ($/kWh)  0.1033  0.1054  0.1044 0.1040 0.0993  0.0993 0.0993 0.0994 0.0995 0.0995 0.0996 0.0997  0.0997
0.1278  0.1314 0.1318 0.1283  0.1217 0.1213  0.1209 0.1206  0.1203  0.1201  0.1198  0.1195 0.1193
GHG (CO2 eq. g/kWh) 71330  704.25 70297 705.14 704.07 70491 706.61 708.39 709.61 707.03 706.52 707.26  706.07
CAISO CO (g/kWh) 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36
NOx (g/kWh) 0.74 0.74 0.73 0.74 0.73 0.73 0.74 0.74 0.74 0.74 0.73 0.74 0.73
PMuo (g/kWh) 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.10 0.10 0.10 0.11 0.10 0.10
VOC (g/kWh) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
PM2s (g/kWh) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SOx (g/kWh) 0.15 0.15 0.14 0.14 0.13 0.13 0.13 0.12 0.12 0.12 0.12 0.12 0.11

Table S4. Air externality cost rates by emission source and types. (All of the cost values presents 2015 dollars (Reference: [21,22]).)

Air externality type Low  Median High
GHG $8.75  $26.26 $87.54

NOx $1.50 $1.50 $1.50

Downstream Emissions PM10 $0.08 $0.08 $0.08

PM25  $1.31 $1.31 $1.31
S0O2 $16.94  $16.94 $16.94
GHG $0.47 $1.41 $4.71
Cco $0.00 $0.00 $0.00
NOx $0.08 $0.08 $0.08
PM10 $0.73 $0.73 $0.73
PM25  $0.71 $0.71 $0.71
502 $0.11 $0.11 $0.11

Power generation related health damage cost per
megawatt hour electricity [$/MWHh]

Upstream Emissions

GHG $15 $46 $153
cO $326 $968 $2595
Tailpipe emissions related health damage cost [$/ton] Downstream NOx $1268 $3765 $10,090

PM10 $859 $12,726  $28,210
VOC $398 $7824 $17,607
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Air externality type Low  Median High
PM2.5 $4075  $82,897  $187,115
502 $2375  $27,882  $44,653
GHG $15 $46 $153
cO $49 $708 $4183
Diesel production related emissions’ health damage Upstream Il’\]MOl)E) $$16003:°>9 :; 29326 $EZ/ 22955
cost [$/ton] VOC  $298  $4520  $23,891
PM2.5 $3068  $47,918  $257,691
SO2 $1917  $19,690  $158,234

Table S5. Ranges for capacity price (Ceap) in each study region. (These price information are gathered from each regions” websites [41-45].)

Table S6. Regional diesel price projections for study regions based on Energy Information Administration’s Energy Outlook forecast for 2040 (Reference: [46]).

Region Minimum ($/MWh) Maximum ($/MWh)
PIM 16.43 49.73

ISO-NE 9.3 30.22

NYISO 11.8 59.5

ERCOT 11.04 38.07

CAISO 10.6 41.06

ISO/RTO Region Oil Price 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
. . High 485 509 530 548 565 586 607 629 657 686 7.16 746

PJM (Méjili;rst‘l’l“ét Iﬁiﬁ’)}g” Reference 3.5 318 321 328 335 343 353 362 371 380 390 400
Low 262 268 276 287 298 308 318 326 335 347 357 3.67

High 481 505 526 544 561 581 602 623 652 681 710 7.40

CAISO Pacific Reference 3.06 307 308 312 317 322 330 336 343 349 356 3.63
Low 258 264 272 283 294 303 313 322 331 342 352 3.62

High 477 501 521 539 556 576 597 618 647 675 7.04 7.35

ERCOT West South Central Reference 3.02 303 304 308 313 318 327 333 339 346 352 359
Low 253 260 268 278 290 300 310 318 326 338 348 357

High 500 524 546 564 581 602 623 645 674 703 733 7.64

ISONE New England Reference 326 325 326 331 335 341 349 355 361 368 375 3.82
Low 277 284 292 303 315 325 335 344 353 365 375 385

High 494 517 539 557 574 594 616 637 666 695 725 755

NYISO Middle Atlantic Reference 3.6 319 320 324 329 334 342 348 355 361 368 375
Low 270 277 285 296 308 317 327 336 345 357 367 377
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Table S7. Diesel-Transit Bus Tailpipe Emission Rates for Each Year [gram/mile]. (This table could be generated with the consideration of deterioration rate for each
year of vehicle use. MOVES tool provides this information, however, for this study, AFLEET tools” background information is used [27,35].)

Emission type 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

GHG Uniform (1257-2836)
cOo 0.9386 0.9780 0.9997 1.0435 1.0700 1.1122 1.1458 1.1815 1.2150 1.2481 1.2811 1.3155 1.3508
NOx 1.1131 1.2771 1.2795 1.4440 1.4470 15714 15752 1.5792 1.5829 1.5866 1.5903 1.5942 1.5981
PM10 Total  0.0672 0.0703 0.0703 0.0736 0.0736 0.0759 0.0759 0.0759 0.0759 0.0759 0.0759 0.0759 0.0759
vVOC 0.0826 0.0852 0.0857 0.0884 0.0890 0.0912 0.0919 0.0927 0.0934 0.0941 0.0949 0.0956 0.0964

PM2.5 Total 0.0308 0.0338 0.0338 0.0370 0.0370 0.0392 0.0392 0.0392 0.0392 0.0392 0.0392 0.0392 0.0392

Table S8. Diesel-School Bus Tailpipe Emission Rates for Each Year [gram/mile]. (Similar to Table S7, diesel-school bus emission changes over the lifetime is

gathered from AFLEET.)
Emission type 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
GHG Uniform (1257-1714)
co 2.8830 2.8775 2.8722 28723 2.8773 2.8872 29082 29332 29498 29585 29667 29727 2.9809
NOx 12401 1.2642 1.2635 1.2635 1.2641 1.2653 12678 12708 1.2728 1.2738 1.2748 12755 1.2765
PM10 Total ~ 0.0971 0.0975 0.0975 0.0975 0.0975 0.0975 0.0975 0.0975 0.0975 0.0975 0.0975 0.0975 0.0975
vocC 0.1134 0.1137 0.1136 0.1136 0.1137 0.1139 0.1144 0.1149 0.1152 0.1154 0.1155 0.1157 0.1158

PM2.5 Total 0.0381 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385

S.4. Additional Results

In addition to the results that are presented in manuscript following results are presented in this document in order to limit wording and space of
manuscript. There is interesting findings is following table that should be highlighted; NYISO regions’ V2G revenue payments lead to provide profit for BE
school bus operator as oppose to all costs throughout the lifetime for operating school bus such as purchase, maintenance, fuel, charging station, V2G
equipment, and battery replacement/degradation costs.
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Table S9. Life cycle cost analysis results for each bus types in five ISO regions.

Bus type Cost/Revenue items PJM ISO-NE NYISO ERCOT CAISO
Purchase Price $230,000 $230,000 $230,000 $230,000 $230,000
Lifetime Fuel Cost (Electricity) $23,715 $21,626 $21,404 $23,790 $21,915
Maintenance Cost $66,821 $66,586 $66,739 $67,185 $66,814
Charging Station Purchase Cost $23,446 $23,446 $23,446 $23,446 $23,446
Charging Station Maintenance Cost $8,971 $9,004 $9,014 $9,000 $8,971
School Bus—BE Battery Replacement Cost (due to operation) $29,716 $30,200 $30,183 $29,898 $29,819
V2G Capacity Payment Revenue —$292,347 -$174,783 -$314,618 -$216,253 —$229,498
V2G Energy Payment Revenue (Exchanged Electricity) — -$61,510 -$55,204 -$55,082 -$60,471 -$56,329
V2G Cost (V2G equipment + Battery degradation) $85,385 $77,901 $77,803 $84,181 $79,285
Resale Value -$32,658 -$32,658 -$32,658 —$32,658 -$32,658
Government Incentives (if applicable) $0 $0 -$60,000 $0 -$84,876
Net Value $81,540 $196,116 -$3,770 $158,117 $56,888
Purchase Price $110,000 $110,000 $110,000 $110,000 $110,000
Lifetime Fuel Cost (Diesel) $84,651 $86,573 $85,092 $81,753 $82,494
Maintenance Cost $140,470 $140,508 $140,473 $140,502 $140,461
Charging Station Purchase Cost $0 $0 $0 $0 $0
Charging Station Maintenance Cost $0 $0 $0 $0 $0
. Battery Replacement Cost (due to operation $0 $0 $0 $0 $0
School Bus—Diesel V2G gapafity Payment Reizenue ’ ! $0 $0 $0 $0 $0
V2G Energy Payment Revenue (Exchanged Electricity) $0 $0 $0 $0 $0
V2G Cost (V2G equipment + Battery degradation) $0 $0 $0 $0 $0
Resale Value -$17,199 -$17,199 -$17,199 -$17,199 —$17,199
Government Incentives (if applicable) $0 $0 $0 $0 $0
Net Value $317,921 $319,882 $318,366 $315,056 $315,756
Purchase Price $800,000 $800,000 $800,000 $800,000 $800,000
Lifetime Fuel Cost (Electricity) $94,994 $85,631 $85,376 $93,762 $87,181
Maintenance Cost $311,909 $311,976 $311,864 $311,854 $311,892
Charging Station Purchase Cost $23,587 $23,587 $23,587 $23,587 $23,587
Charging Station Maintenance Cost $8996 $8988 $9000 $8990 $8979
Transit Bus—BE Battery Replacement Cost (due to operation) $75,226 $74,979 $75,213 $75,641 $76,073
V2G Capacity Payment Revenue -$122,610 -$73,295 -$131,950 -$90,706 -$96,261
V2G Energy Payment Revenue (Exchanged Electricity)  -$61,881 -$55,386 —$55,004 -$60,546 —$56,469
V2G Cost (V2G equipment + Battery degradation) $85,838 $78,105 $77,636 $84,228 $79,423
Resale Value -$106,123 -$106,123 -$106,123 -$106,123 -$106,123
Government Incentives (if applicable) $0 $0 -$60,000 $0 -$106,146
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Bus type Cost/Revenue items PJM ISO-NE NYISO ERCOT CAISO
Net Value $1,109,936 $1,148,462 $1,029,599 $1,140,687 $1,022,135
Purchase Price $340,000 $340,000 $340,000 $340,000 $340,000
Lifetime Fuel Cost (Diesel) $513,809  $525,622  $516,279  $495,502  $500,113
Maintenance Cost $415,878 $415,968 $415,818 $415,806 $415,856
Charging Station Purchase Cost $0 $0 $0 $0 $0
Charging Station Maintenance Cost $0 $0 $0 $0 $0
. . Battery Replacement Cost (due to operation) $0 $0 $0 $0 $0
Transit Bus—Diesel V2G Capacity Payment Revenue $0 $0 $0 $0 $0
V2G Energy Payment Revenue (Exchanged Electricity) $0 $0 $0 $0 $0
V2G Cost (V2G equipment + Battery degradation) $0 $0 $0 $0 $0
Resale Value -$43,810 -$43,810 -$43,810 -$43,810 -$43,810
Government Incentives (if applicable) $0 $0 $0 $0 $0

Net Value $1,225,877 $1,237,780

$1,228,287 $1,207,497 $1,212,158
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