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ABSTRACT

In the Greater Houston Area, mobile sources contribute to the highest share of NO, emissions and
the second-highest share of VOC emissions. The Houston METRO system that operates public buses is
a key element of Houston'’s infrastructures that could reduce the emissions of criteria air pollutants (CAPs)
and greenhouse gases (GHGs), thus improving the regional air quality. We used life-cycle assessment
(LCA) and life-cycle cost analysis (LCCA) to evaluate the environmental sustainability of electric buses and
compared it to diesel buses. The LCA simulations demonstrate that life-cycle emissions of GHGs, VOCs,
NO,, and black carbon associated with electric buses are lower than conventional diesel and diesel hybrid
buses. These lower emissions are mainly attributed to the fact that natural gas currently makes up about
50% of the fuel used to generate electricity in Texas. However, other emissions such as PM;o, PM, 5, SO,,
N,O, and primary organic carbon are higher and would lead to the higher environmental cost of electric
buses than diesel buses. The environmental cost analysis estimates that the annual cost savings of electric
buses in 2040 would significantly support the long-term goal of environmental sustainability in the
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Greater Houston area.

1. Introduction

Urban mass transit systems are a valuable infrastructure com-
ponent that alleviates road traffic congestion and reduces envir-
onmental impacts from passenger transportation. The Greater
Houston area comprising 9 counties has a population of about
7 million in 2020 and is served by the Metropolitan Transit
Authority of Harris County (stylised as METRO). Public trans-
portation systems reduce greenhouse gas emissions (GHGs) and
criteria air pollutants (CAPs) in urban centres and form an
integral part of environmental strategies to combat climate
change. However, a comprehensive energy and environmental
life-cycle assessment (LCA) study is vital to quantify these
improvements and identify any potential systemic modifica-
tions that could lower the environmental impacts of transporta-
tion infrastructure. As per the 2014 National Emission
Inventory of the United States Environmental Protection
Agency (USEPA), mobile sources (on- and off-road vehicles)
contributed to the highest share (67%) of nitrogen oxide (NO,)
emissions and the second-highest share (23%) of volatile
organic (VOC) emissions in the Houston-Galveston-Brazoria
(HGB) Area (TCEQ n.d.). This region has historically been
affected by severe summer ozone episodes that impact public
health and welfare. Currently, the HGB Area is classified as
a marginal nonattainment region according to the 2015 ozone
standard of 0.07 ppm, as of 3 August 2018 (TCEQ n.d.).
Vehicles using diesel and gasoline fossil fuels are the second
largest contributor of GHG emissions in the USA, contributing
to 27% of the total GHGs. Not only the GHG emissions but

vehicles also significantly emit other air pollutants from their
tailpipes, such as VOCs, CO, NO,, PM;o, PM, s, etc. To reduce
and control air pollution in metropolitan areas, many cities
worldwide have promoted or planned to replace conventional
public transportation diesel buses with electric or fuel cell
buses. However, the long-term replacement is complex, and
it is needed to comprehensively evaluate the environmental
impacts of alternative transport modes, indirect effects, and
even supply chains, in addition to tailpipe emissions. The
Houston METRO bus system is a critical element of
Houston’s infrastructures that can lower CAPs and GHGs
and improve regional air quality. However, any expansion of
the METRO system, which includes upfront infrastructures
and supply chain processes, needs to be considered when
evaluating the environmental impacts.

Life-cycle assessment (LCA) is a valuable tool that can
provide decision-makers with information needed to evaluate
transportation systems’ direct and indirect impacts. Chester
et al. (2013) conducted near-term and long-term life-cycle
impact assessments for the new bus rapid transit and light
rail lines in Los Angeles. Their study considered the reduced
automobile travel as a case scenario and estimated reductions
in energy and emissions of GHGs and CAPs. They also con-
ducted assessments for potential smog and respiratory
impacts. Their results indicate that both infrastructure con-
struction and energy production stages significantly increase
the environmental footprint of transit systems in energy and
GHG emissions by 48-100%. The most likely scenarios for
reducing impacts from transit systems were identified as
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adopting emerging technologies and renewable sources for
electricity production. The minimum migration ratios of pas-
sengers from existing transport modes to new mass transit
systems to achieve environmental equivalence were 20-30%
of total capacity. Although the study indicates a significant
GHG emission reduction from the transit system, PM, 5 emis-
sions can increase, thereby increasing the stress on achieving
air quality compliance. The same research group also issued
a report that would guide researchers and decision-makers by
identifying sources, inventorying impacts, and interpreting the
LCA results for transportation projects (Chester et al. 2014).
The report identified the primary effects of the reductions in
fuel consumption and auto-ownership, and the secondary
effects of ridership time increased densification, and ancillary
modes of transport such as biking. Following the report,
Correa, Munoz, and Rodriguez (2019) compared energy
demands and environmental impacts of diesel, diesel hybrid,
hydrogen, and electric urban buses in Argentina, Chile, and
Brazil. They found that electric buses are markedly superior in
the tank-to-wheel step and that the focus should be on the
production of clean energy within the electricity mix. In
a recent case study of public electric buses in Macau, it was
shown that electric buses in Macau hardly reduced the GHG
emissions with the current electricity mix. The emissions could
be improved using more natural gas and solar power in the
future (Song et al. 2018).

Life-cycle cost analysis (LCCA) estimates the total purchas-
ing, operating, maintenance, and salvage costs of an alternative
over the life span. The environmental impacts and life-cycle
cost of electric buses have widely been investigated, including
technology exploration (Chester et al. 2013; Zheng et al. 2014;
Rothgang et al. 2015; Xu et al. 2015; Mahmoud et al. 2016;
Lajunen 2018; Chang et al., 2019a; Clairand et al. 2019; Correa,
Muinoz, and Rodriguez 2019; Nordelof, Romare, and Tivander
2019), case studies in both developed and developing counties
(Chester, Horvath, and Madanat 2010; Nurhadi, Borén, and
Ny 2014; Ke, Chung, and Chen 2016; Dong et al. 2018; Li,
Castellanos, and Maassen 2018; Song et al. 2018; Chang et al,,
2019b; Sheth and Sarkar 2019; Xylia et al. 2019), and its cost
analysis and replacement strategies (Ke, Chung, and Chen
2016; Bi, De Kleine, and Keoleian 2017; Tong et al. 2017;
Lajunen 2018; Li, Castellanos, and Maassen 2018; Borén
2019; Islam and Lownes 2019; Sheth and Sarkar 2019). Bi
et al. (2015) firstly studied the life-cycle GHG emissions of
plug-in electric buses versus wireless-charged electric buses in
the Ann Arbor-Ypsilanti metro area in Michigan, USA, and
then integrated LCCA with the previous LCA for both types of
electric buses later (Bi, De Kleine, and Keoleian 2017). They
found that wireless-charged buses have the lowest cost of US
$0.99/km among the four bus systems of conventional diesel,
diesel hybrid, plug-in electric, and wireless-charged electric
bus systems.

Some researchers have conducted LCA and LCCA that
compare the competing fuel technologies of diesel, biodiesel,
natural gas, electricity, hydrogen, and fuel cell applied to
public bus systems (Sdnchez et al. 2013; Lajunen and
Lipman 2016; Sengupta and Cohan 2017; Breetz and Salon
2018; Chang et al., 2019a; Correa, Muiioz, and Rodriguez
2019; Nordelof, Romare, and Tivander 2019). However,
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there are still some gaps within the existing studies on quan-
tifying GHG and other air pollutant emissions in some
American megacities. The Greater Houston area is the
fourth-biggest metropolitan region in the USA. Houston
METRO tested Proterra’s 40’ electric buses equipped with
a plug-in lithium-titanate battery for three months starting
from December 2016 (METRO, n.d.). Currently, there is no
electric bus operated by Houston METRO. There is also
a lack of quality data on the comprehensive energy and
environmental impacts of the METRO system.

Additionally, comparative studies for relative emissions
and environmental impacts between passenger automobiles
and METRO routes in Houston are non-existent. Our
research addresses these gaps. It is essential to study and
quantify the reductions in the life-cycle emissions of GHGs
and other air pollutants from electric busses in comparison
to diesel buses. Additionally, evaluating the life-cycle cost,
and environmental cost of electric buses for a Megacity like
Houston can help policymakers. We developed environ-
mental LCA and LCCA for the buses operated by
Houston METRO and provided quantitative estimates for
GHG and CAP emissions when considering the fleet mod-
ification to electric vehicles. The results would serve as
a guiding framework to evaluate the METRO system’s
expansion and estimate METRO system’s contribution in
realising the environmental objectives of the HGB Area.

2. Data and simulation methods

This study evaluates the environmental impacts and life-cycle
cost resulting from replacing conventional diesel buses with
electric buses in the Houston METRO system. The geographic
scope of this study is limited to 9 counties comprising the Greater
Houston metropolitan statistical area. The environmental scope
incorporates air pollutants emitted from bus tailpipes and other
significant pollutants to air and water associated with diesel
production, electricity generation, bus fabrication, and mainte-
nance. Three typical buses applicable to Houston METRO are
conventional diesel, diesel hybrid, and plug-in electric buses.

2.1 System boundary and functional units

The system boundary for the diesel bus and electric bus covers
the three major components: manufacture of vehicles, fuel use
(including diesel production, electricity generation, and charging
infrastructure), and vehicle maintenance. The integrated life-
cycle environmental and cost analysis is applied to both diesel
and electric bus systems. The functional units for environmental
impacts are various life-cycle emissions per km, e.g. CO, in kg/
km, NOy in g/km, PM,o, and PM, 5 in mg/km. The life-cycle
costs of conventional diesel buses, diesel hybrid buses, and
electric buses are calculated for 24 years, i.e. two life-cycles of
vehicles or three life-cycles of electric bus batteries, in US dollars.

2.2 Life-cycle inventories

The initial life-cycle inventories of low-sulphur diesel and
electric transit bus operations were built from the GREET®
2019.net model, which covers fuel cycle simulations from
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well to wheel and includes vehicle materials and vehicle com-
ponents. Since the first version of GREET was released in 1996,
it has widely been used to conduct LCA of various vehicles,
including passenger cars, trucks and buses all over the world
(Lewis, Kelly, and Keoleian 2012; Ding et al. 2013; Peterson
and Michalek 2013; Choi and Song 2014; Huo et al. 2015;
Noori, Gardner, and Tatari 2015; Tamayao et al. 2015;
Hanbury and Vasquez 2018; Wu et al. 2018; Benajes et al.
2020). Specifically, it was also used to evaluate different bus
systems, including conventional buses, plug-in electric buses,
and fuel-cell buses (Cooney, Hawkins, and Marriott 2013;
Lajunen and Lipman 2016; Tong et al. 2017; Banoo et al.
2020; Mao, Li, and Zhang 2020). Before conducting LCA,
a specific model of the electric bus needs to be determined.
In our study, the electric bus was defined as BYD K9 40’
electric transit bus.

In the GREET 2019 model, municipal buses are modelled as
a transit bus, typically 40-45 feet long. When low sulphur diesel
is used for a conventional transit bus, the fuel efficiency is
1.8684 km/litre, and the efficiency of a diesel hybrid transit
bus is 2.2505 km/litre. The simulation model for electric transit
buses was built from the baseline of conventional diesel buses
with the fuel-equivalent conversion from electricity, i.e. miles
per gallon diesel equivalent (MPGDE). The total LCA covers the
simulations at all the stages of diesel production, electricity
generation, battery production, bus fabrication, operation and
maintenance, and the recycling of batteries and vehicle compo-
nents. The electricity energy source is set up as TRE-distributed,
which means the electricity mix of Texas at the user’s terminal.
According to the LCA research of electric buses conducted for
the Ann Arbor and Ypsilanti area in Michigan, reasonable
battery weight is selected as 3525 kg, with an equivalent battery
capacity of 458 kWh. This is calculated from the daily electricity
requirement and state-of-charge range (Bi et al. 2015). The
battery-to-wheel energy consumption rate of a plug-in electric
bus is 1.46 kWh/km per statistical investigation (Bi et al. 2015).
The input parameters of the electric bus system are presented in
Table 1. In the table, SOC (state of charge) is the charge level of
an electric battery relative to its capacity.

Table 1. Life-cycle input parameters of plug-in electric buses (per bus).

Life-cycle input parameter Value Unit
Life of bus 12 years
Life of plug-in charger 24 years
Days of operation/year 365 days/
year
Curb weight of plug-in charged bus 14,000 kg
Average weight of passengers, driver, and cargo 1,000 kg
Battery-to-wheel energy consumption rate of plug-in 146  kWh/
bus km
-State-of-charge range 60% percent
Lithium iron phosphate battery specific energy 0.13  kWh/
kg
Plug-in charging efficiency 90% percent
Plug-in charging power 60 kw
Lightweighting correlation: % energy reduction/10% 4.50% percent
electric bus mass reduction
Battery cycle life 3000 cycles
Battery charge cycle 1 cycle/
day
Battery charge/discharge efficiency 90% percent

2.3 Method of life-cycle cost analysis

LCCA of electric buses, conventional diesel buses, and diesel
hybrid buses used in Houston were conducted by Integrating
with LCA. The integration is demonstrated in Figure 1. The
time horizon for the LCCA is 24 years, which is twice the life of
a bus and the same as the techno-economic life of chargers.
Common cost parameters shared by the three systems are
listed in Table 2, and specific cost parameters for each system
are listed in Table 3 and classified as capital and operating costs
(Bi, De Kleine, and Keoleian 2017). The night electricity rate of
$0.0773 is used in the cost calculations, and we assume that it is
enough to charge electric buses for one time at night. In Table
2, a negative inflation rate means the price is deflating.
Capital costs include bus and battery procurement, charger
procurement, and charger installation in the bus night-parking
areas of Houston METRO. Batteries were assumed to be
replaced every 8 years, and buses (excluding the batteries)
were assumed to be replaced every 12 years. Operation costs,
including energy costs and maintenance costs, were assumed to
be paid at the end of each year. Other use-phase costs, including

Life Cycle Assessment Model

Input parameters
Charging efficiencies
Battery to wheel energy
consumption rate

Bus system simulation
Bus fleet
Fleet lifetime travel
distance

Energy and emission factors
Batteries
Chargers
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Figure 1. Integration of life-cycle assessment and life-cycle cost analysis of three bus systems in Houston.



Table 2. General cost parameters for the life-cycle cost analysis.

Name Value Unit
Unit price of a battery pack 500 $/kWh
Average Houston commercial electricity rate 0.0766  $/kWh
Diesel price 0.8285 $/litre
Specific fuel consumption of a conventional diesel bus 1.8684  km/litre
Specific fuel consumption of a hybrid bus 2.2505 km/litre
Discount rate (20-year, nominal) 3.60% percent
Annual inflation rate of lithium-ion battery -9% percent
Annual inflation rate of electricity rate 2% percent
Annual inflation rate of diesel 5.84% percent

Table 3. Cost parameters and intermediate calculated values for life-cycle cost
analysis.

Name Unit Electric  Conventional  Hybrid
Capital costs
Procurement of a bus S 500,000 455,298 615,763
Procurement of a battery S 229125 - 35,000
pack (average)
Procurement of a plug-in $ 8,000 - -
charger (60 kW)
Installation of a charger $ 1,000 - -
Operating costs
Energy: electricity $/fleet/ 6,245,410 - -
(overnight) year
Energy: diesel $/leet/ - 14,345,925 11,639,149
year
Maintenance of facility & $/fleet/ 500,000 856,313 725,067
infrastructure year
Maintenance of propulsion  $/fleet/ 2,631,627 2,703,239 2,631,627
year

driver wages and vehicle insurance/warranty, were assumed to
be the same for the three bus systems, thus not included in the
comparison. Annual maintenance costs cover the maintenance
of facilities, infrastructure, vehicle propulsion, and powertrain
systems. Subsidies provided by the Federal, the state of Texas,
and the Houston council for purchasing electric buses were not
considered. About 1,200 diesel buses operate in Houston
METRO, and 40% of conventional diesel buses have been
updated to diesel hybrid buses. Houston METRO can not
replace all the diesel buses with electric buses at one time. In
our cost analysis, we assumed that 500 electric buses would be
purchased in 2020, and the calculations were compared with the
same number of conventional and diesel hybrid buses.

For the plug-in electric bus system, use-phase electricity
consumption E was calculated by using Equation (1).
Similarly, diesel consumption was calculated for conventional
diesel and diesel hybrid buses by dividing fleet travel distance
by specific fuel consumption. The electric and hybrid power-
trains have better energy efficiencies compared to conventional
diesel powertrains.

E=kx*D/n,/1, (1)

Where k is battery-to-wheel energy consumption rate in kWh/km,
Y. is charging efficiency of the charger (%), #,, is charge/discharge
efficiency of battery (%), and D is fleet travel distance in km.

2.4 Calculations of environmental cost

The environmental cost is calculated based on the Pollution
Prevention (P2) program developed by the Pacific Northwest
Pollution Prevention Research Center (PPRC) and is available
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through (USEPA, n.d.a). The cost is estimated through the
conversion of various pollutants to financial values. The P2
program originally covered a broad scope of cost savings
related to water use, fuel use, soil waste, and air emissions.
We investigated the environmental cost associated with air
emissions to define the environmental cost impacts of alter-
native transportation. The calculated rate is an average of
Texas state rates from a compilation of sources provided to
Abt Associates by USEPA.

3. Results and discussion

3.1 Life-cycle assessment of electric buses, conventional
diesel buses, and diesel hybrid buses in Houston

The resource share distribution of electricity in Texas is gen-
erated for the years 2020 and 2040 and is available from the
United State Energy Information Administration (USEIA n.
d.). The predicted trend of resource changes was integrated
into the GREET 2019 model. From 2020 to 2040, natural gas in
the resource share of electricity generation in Texas would
increase from 49.66% to 59.70%, and the coal use will decrease
from 19.54% to 12.83%. During the production of fuel, elec-
tricity, batteries, and vehicles, water is another important nat-
ural resource. In the simulations with the GREET model, the
water use can be categorised as water reservoir evaporation,
water used for cooling, water used for mining, and water used
for material/product processes. The different buses simulated
in Houston, electric bus, conventional diesel bus, and diesel
hybrid bus take the total water use of 8358.3, 1712.8, and
1422.0 cm’/km, respectively. It means that the water footprint
of electric buses is 3.8-4.9 times than those of the other two
types of buses because of a high water footprint for electricity
generation in Texas. The percentage distribution of cate-
gorised water use for the three types of buses is shown in
Figure 2. For the buses simulated for 2020, the water reservoir
evaporation takes the major part of the water consumption for
electric buses. The water used in mining, specific to crude oil
production, is the primary for both types of diesel buses.

In the LCA simulations with the GREET model, the life-
cycle emissions are categorised as WTP, WTW, and total life
cycle. WTP represents the well-to-pump stage; WTW, namely
well-to-wheels, covers both stages of WTP and pump-to-
wheels where fuel is consumed to power the vehicle wheels.
The total life cycle means that the simulations include all the
stages of fuel, vehicles, and necessary facilities and infrastruc-
ture, such as crude oil exploration and diesel production,
electricity generation, electric battery packs, plug-in chargers
used for electric buses, vehicle fabrication, vehicle mainte-
nance, etc. The air pollutant emissions of total LCA between
the three types of buses in 2020 are presented in Figure 3. The
electricity consumption and fuel use in the use phase, i.e.
vehicle operation, was computed in LCA based on the fleet
travel distance, similar to the proposed evaluation method in
a previous LCA study for diesel and electric buses (Cooney,
Hawkins, and Marriott 2013).

Our simulations show a significant reduction in life-cycle
GHG emissions of electric buses in Houston related to both
WTW and total life cycle, relative to conventional diesel and
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Figure 2. Percentage distribution of water use in categories for three types of buses in 2020.
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diesel hybrid buses. The real-world performance and life-cycle
GHG emissions of electric buses were comprehensively dis-
cussed in recent literature (; Zhou et al. 2016; Dreier et al.
2018; Mao, Li, and Zhang 2020). Most of the studies demon-
strated the benefits of lower GHG emissions led by the transfer
from diesel buses to electric buses at different degrees world-
wide. However, the bus electrification in Macau, China, could
cause higher GHG emissions than the conventional diesel buses,
with the current electricity mix primarily relying on the local
coal power plant (Song et al. 2018). In our study, plug-in battery-
electric buses in Houston could low down 35% of GHG emis-
sions compared to the conventional diesel buses in 2020.
Distinct from most previous studies focusing only on the
life-cycle GHG emissions, we evaluated other air emissions
such as CAP pollutants, N,O, methane, black carbon, and
primary organic carbon. As shown in Figure 3, the life-cycle
emissions of VOCs and NO, associated with electric buses are
lower than the conventional diesel and diesel hybrid buses.
However, other emissions PM;, PM,; SO, and N,
O associated with electric buses are higher than the traditional
diesel and diesel hybrid buses. Regarding CO emissions, the
life-cycle emissions of electric buses are lower than conven-
tional diesel buses and are slightly higher than the diesel hybrid
buses. It is well-known that the significant emissions of con-
ventional diesel and diesel hybrid buses are from vehicle
operation. For electric buses, although it is zero-emission dur-
ing bus operation except for TBW (tire & brake wear) emis-
sions, the life-cycle emissions are mostly associated with
electricity production. When conventional fossil fuels such as
coal and natural gas are dominant in electricity supply, e.g.
Texas, it is not easy to reduce all the air pollutant emissions. In
2020, natural gas takes almost 50% of the resource share in the
power generation, coal is about 20%, and nuclear power has
about 10% in Texas. It looks like that the use of electric buses
will transfer conventional bus emissions in the urban areas to

Mcthane (g/km) in 2020 (a)

2.00
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the point-source emissions of power plants. If power plants are
located in rural areas, bus electrification will dramatically
reduce air pollution in cities. For the megacity Houston,
most electricity is provided by the biggest US power plant,
i.e. the W.A. Parish power plant, which is on the border of
Houston. Coal and natural gas are used as power fuels, and
either is 50% in the power plant. When considering electricity
in Houston only provided by the W.A. Parish power plant, the
life-cycle emissions of electric buses would be even worse than
the Texas electricity mix scenario. In the future, electric buses
would benefit the entire environment if more clean electricity
is produced from wind and solar power in Texas.

Methane is estimated to have a global warming potential of
28-36 times that of CO, over 100 years (USEPA, n.d.b). Black
carbon forms through the incomplete combustion of fossil
fuel, biofuel, and biomass, and it can cause human morbidity
and premature mortality. Primary organic carbon refers spe-
cifically to the mass of carbon in particulate matter. Black
carbon and primary organic carbon are two major organic
species in the composition of PM. The life-cycle emissions of
methane, black carbon, and primary organic carbon in 2020
are shown in Figure 4. Similar to the analysis of GHG emis-
sions, electric buses would lead to fewer emissions of methane
and black carbon than the conventional diesel buses, almost
equal to or slightly lower than the diesel hybrid buses. The
emission trend of primary organic carbon is similar to the life-
cycle PM;, emissions for the three types of buses since primary
organic carbon is mostly present in PM;, (Banoo et al. 2020).

We also aim to evaluate the future environmental impacts
of electric buses and support future development plans of
public transportation in Houston. Then, LCA simulations for
the three types of buses were also conducted for 2040. The
categorised distribution of water use for the three types of
buses in 2040 is presented in Figure 5. Similar to the analysis
for 2020, water reservoir evaporation will take the primary in
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Figure 4. Life-cycle emissions of methane, black carbon, and primary organic carbon in 2020.
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Figure 5. Percentage distribution of water use in categories for three types of buses in 2040.

the categorised water use for electric buses, and water used in
mining will be the most for diesel buses in 2040. Compared to
water use in 2020, electric buses will save 13.0% water, and
both types of diesel buses will save 3.3% water in 2040.

Figure 6 shows various life-cycle emissions of buses in
2040. Compared to the emissions in 2020, all the emissions
would keep similar trends except for CO emissions. The
life-cycle emissions of GHGs, VOCs, and NO, associated
with electric buses would be significantly lower than those
of both types of diesel buses in 2040. The life-cycle emis-
sions of PM,,, PM, 5, SO, and N,O associated with electric
buses would still be higher than the conventional diesel and
diesel hybrid buses. Compared to 2020, electric buses’ life-
cycle CO emissions in 2040 would be lower than both
diesel buses. These emission reductions would primarily
be led by almost 10% more natural gas used in electricity
generation in Texas in the 2040s and the decreasing trend
of coal use for electricity generation. Furthermore, the life-
cycle emissions of GHGs, VOCs, NO, CO, PM,o, PM, s,
SO, and N,0 associated with electric buses would decrease
by 7.7%-17.6% with the continuous technology improve-
ment on electric vehicle efficiency and electricity generation
in the future.

Figure 7 shows the life-cycle emissions of methane,
black carbon, and primary organic carbon for the three
types of buses in 2040. Compared to the corresponding
emissions of electric buses in 2020, the life-cycle emissions
of methane, black carbon, and primary organic carbon in
2040 would decrease by 13.4%, 14.5%, and 14.8%, respec-
tively. With the technological improvement of diesel buses
in the future, the emissions of methane, black carbon, and
primary organic carbon of both diesel buses would
decrease by 1.8%, 4.4%, and 8.9% in 2040 because current
diesel buses are using more mature technologies than elec-
tric buses.

3.2 Life-cycle cost analysis of electric buses, conventional
diesel buses, and diesel hybrid buses used in Houston

Figure 8 shows the cumulative costs of plug-in electric, conven-
tional diesel, and hybrid bus systems. In 2020 (Year O, the
beginning of the time horizon), the electric bus system has the
highest capital cost, and the conventional pure diesel system has
the lowest capital cost. We can see that the cost of a bus battery
pack is almost half the price of an electric bus without a battery,
and the annual inflation rate of lithium-ion batteries is —9%. It is
worth noting that at the end of the 24th year, the electric bus
system has the lowest costs over the period with an entire life-
cycle cost of US$714.2 million, and that the diesel hybrid bus has
the highest costs of US$889.9 million, and the second is the
conventional diesel bus system at US$852.3 million. The differ-
ences in the fuel economy and annual inflation of electricity and
diesel result in different fuelling cost increases per year, reflected
in the slopes of the curves. In the 8" and 16™ years, battery
replacements with battery installation costs occur for electric
and hybrid buses, and in the 12th year, bus replacement is
scheduled for all three types of buses by keeping the same
batteries for electric and hybrid buses.

The costs of electricity and diesel take the top priority in the
LCCA. The final results are sensitive to the starting prices of diesel
and electricity. In the past several decades, the price of electricity
has steadily increased at an annual rate of about 2%. However, gas
and diesel prices are more influenced by global economic condi-
tions and some severe international events. Under the co-
occurrence of the COVID-19 pandemic and the reduction of oil
price prompted by the Organization of the Petroleum Exporting
Countries (OPEC) in March 2020, gas and diesel prices have been
running at a historic low price. Although the diesel price has
climbed up since the end of March 2020, the average diesel price is
about $0.5541/litre in Houston, and it is about 33% lower than the
pre-built model (Bi, De Kleine, and Keoleian 2017). When
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Figure 6. Life-cycle emissions of conventional diesel, diesel hybrid, and electric buses of Houston in 2040.

$0.5541/litre is used in the LCCA by keeping other input para-
meters, the final life-cycle cost of the conventional diesel bus
system changes to the lowest. Figure 9 shows the cumulative
costs of plug-in electric, conventional diesel, and diesel hybrid
bus systems with the starting diesel price of $0.5541/litre. The
electric and conventional diesel bus systems have lower final costs
than the diesel hybrid bus system similarly.

In the previous two cost evaluations, electricity and diesel
have annual inflation rates of 2% and 5.84%, which also signifi-
cantly influence the three bus systems’ final costs. Although
USEIA provides the annual inflation rates of electricity and diesel
based on the statistical data in the past decades, it is still very
difficult to predict the annual inflation rate of diesel if the crude
oil price drop happens again like March 2020 in the future. To
remove the influence of both annual inflation rates, we also
calculated the final costs by setting both as zero. We can see
that there is no change in the order of the cumulative costs for
the three bus systems starting from 2020 (Figure 10). From the
beginning to the end, the conventional diesel bus system has the
lowest cost, and the diesel hybrid bus system is the second lower.

3.3 Environmental cost analysis

We estimated the annual net environmental cost realised from
emitting regulated air emissions for three different transporta-
tion options. The environmental cost is calculated based on the
total amount of Clean Air Act Title V air pollutants as described
in the P2 program (Waxman 1991). This includes NO,, SO,
PM,, and VOCs. The environmental cost can also be calculated
based on hazardous air pollutants (HAPs) per P2; however, they
are out of the scope of this research. The costs of the three types
of buses in 2020 and 2040 are displayed in Figure 11. They are
calculated based on the annual distances per driver of 21,687 km
and the assumption of 22 passengers per bus. The premise of
transportation population is about 7 million in 2020, as dis-
cussed in Section 1, and 9.6 million in 2040.

For example, the annual total emission of Clean Air Act
Title V air pollutants in 2020 for the electric bus is evaluated as
2.70 g/vehicle-km for the electric bus option based on Figure 5.
The total emission per commuter is calculated as
21,687 kmx7 millionx2.70 g/vehicle-km/22 (passenger per
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Figure 8. Cumulative costs of plug-in electric, conventional diesel, and diesel hybrid bus systems.

bus) = 18,631.1 tonnes. Based on the annual emission amounts
of 18631.1 tonnes, the environmental cost is calculated as US
$889,281.27 for the electric buses, as shown in Figure 11.
Similarly, the environmental costs of conventional diesel
buses and diesel hybrid buses are calculated in 2020 and
2040, as displayed in Figure 11 also.

Figure 12 shows the annual environmental cost savings of
electric buses in both 2020 and 2040 compared to the conven-
tional diesel and diesel hybrid buses. In 2020, Houston’s electric
bus would produce more CAPs than the conventional diesel and
diesel hybrid buses, thus hurting the annual environmental cost
savings. Surprisingly, the yearly environmental cost savings of
electric buses in 2040 would reach $253,610.1454 and
$128,451.79, respectively. The savings would be attributed to

the fact that the life-cycle CAP emissions of electric buses would
decrease from 2.7 g/km in 2020 to 1.47 g/km in 2040 and that
the life-cycle CAP emissions of conventional diesel and diesel
hybrid buses would only decrease by 12.5% in 2040. The savings
would also provide a piece of evidence for the future environ-
mental sustainability of the Greater Houston area contributed
from the electrification of a public fleet.

4. Conclusions

We evaluated life-cycle environmental impact and economic
analysis for switching diesel buses to electric buses in the
Greater Houston area. The environmental impacts are assessed
as comparative life-cycle emissions of conventional diesel bus,



INTERNATIONAL JOURNAL OF SUSTAINABLE ENGINEERING 1867

900,000,000
800,000,000
700,000,000
600,000,000

500,000,000

400,000,000

B

—eo—Electric bus system

Cumulative cost (US ,2020)

S00;000,000 —e—Conventional diesel bus system
200,000,000 | —e—Hybrid diesel bus system
100,000,000

0

0123456 7 8 91011121314151617 18 192021222324
Year

Figure 9. Cumulative costs of plug-in electric, conventional diesel, and diesel hybrid bus systems with the starting diesel price of $0.5541/litre.
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Figure 10. Cumulative costs of plug-in electric, conventional diesel, and diesel hybrid bus systems with the starting diesel price of $0.5541/litre without considering the
annual inflation of electricity and diesel.
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Figure 12. Annual environmental cost savings of electric buses in (a) 2020 and (b) 2040.

diesel hybrid bus, and electric bus. The economic analysis was
conducted as life-cycle cost for three bus types by integrating
with LCA of fuel and vehicles. The life-cycle emissions of
GHGs, VOCs, NOx, and black carbon associated with electric
buses are lower than conventional diesel and diesel hybrid
buses in 2020. The lower GHG emissions are mainly attributed
to the primary use of natural gas. Other emissions such as
PM,y, PM,s, SO, N,O, and primary organic carbon are
higher, thus causing the higher environmental cost of electric
buses than diesel buses. These emissions are primarily deter-
mined by the resource share of electricity generation in Texas,
where natural gas, coal, and nuclear power take about 50%,
20%, and 10%, respectively, with other renewable energies. All
the life-cycle emissions would be improved in 2040 since more
natural gas and less coal will be used in the electricity genera-
tion in Texas in the future.

With the application assumption of electric buses starting
from 2020, our base-case study demonstrated that the life-
cycle cost of electric buses would be the lowest at the end of
24 years. In the starting year, the capital cost of electric buses,
including batteries and charging station installation, is the
highest. The cumulative costs of the three types of buses are
mainly determined by the costs of diesel and electricity con-
sumption during vehicle operation. However, the life-cycle
costs of buses are very sensitive to the prices of diesel and
electricity in the future. Different annual inflation rates applied
to electricity and diesel in the 24 years would cause

significantly different trends in the estimate of life-cycle
costs. The oil price drop or fluctuation induced by some world-
wide events, such as the COVID-19 pandemic and the reduc-
tion of oil price prompted by OPEC, would put uncertainties
onto LCCA to some degree. The comparative environmental
cost analysis in 2020 and 2040 shows that electric buses would
reach positive environmental cost savings in 2040, mainly due
to the significant reduction in the life-cycle CAP emissions of
electric buses in 2040.
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