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EXECUTIVE SUMMARY 

The Los Angeles County Metropolitan Transportation Authority (LACMTA) currently operates an active 
fleet of 2,194 urban transit buses in fixed-route service throughout the Los Angeles metropolitan area. 
All of LACMTA’s buses are compressed natural gas (CNG) buses which operate on standard natural gas 
procured from the local natural gas utility. LACMTA fuels these buses at eleven CNG fuel stations 
located on LACMTA property at various locations throughout the city. 

LACMTA continually renews their bus fleet by purchasing new buses and retiring their oldest buses. 
Their general policy is to keep buses in service for 14 years; as such approximately 7% of the fleet is 
replaced each year with new buses. 

This report summarizes the results of modeling to estimate capital and operating costs, as well as 
exhaust emissions, for the LACMTA bus fleet over the period 2015 – 2055 under five different future 
bus technology/fuel purchase scenarios:  

1) BASELINE:  Continue to purchase standard CNG buses to replace retiring buses, and continue 
to purchase conventional natural gas. 

2) RENEWABLE NATURAL GAS:  Beginning in 2016 start to phase in the purchase of renewable 
natural gas (RNG), with 100% of natural gas use by the bus fleet renewable gas after 2017. 
Continue to purchase standard CNG buses to replace retiring buses. 

3) RENEWABLE NATURAL GAS PLUS LOW NOx BUSES:  In addition to phasing in the use of 
renewable natural gas, in 2019 begin to purchase new CNG buses with “Low NOx” engines 
(LNOx), certified to have NOx, CH4, and PM emissions 92%, 72% and 50% lower, respectively, 
than emissions from “standard” natural gas engines that meet California Air Recourses Board 
new engine standards. In addition, beginning in 2018 begin to repower old buses with new Low 
NOx engines during their mid-life overhaul. Under this scenario the entire fleet will turn over to 
Low NOx natural gas engines by 2028. 

4) ELECTRIC BUSES:  Starting in 2025 replace all retiring buses with battery-electric buses. 
Under this scenario the entire bus fleet will turn over to electric buses by 2039. There are two 
options for battery charging under this scenario: 1) charging at the bus depot only, and 
2) charging at the bus depot and in-route throughout the day. 

5) FUEL CELL BUSES:  Starting in 2025 replace all retiring buses with hydrogen fuel cell buses. 
Under this scenario the entire bus fleet will turn over to fuel cell buses by 2039. There are two 
options for producing the necessary hydrogen fuel under this scenario: 1) produce hydrogen 
on-site at LACMTA depots using steam reformation of natural gas (SMR), and 2) produce 
hydrogen on-site at LACMTA depots using electrolysis of water.  

Scenarios four and five represent current options available to transit agencies under the California Air 
Resources Board’s (CARB) proposed Zero Emission Bus (ZEB) rule. Scenario three is an alternative 
approach to reducing both GHG and NOx emissions that could be considered as an alternative method 
to meet the intent of CARB’s ZEB rule. 

This September 2016 updated draft report is a revision to a Draft report released by LACMTA/ATVC in 
February 2016 (“draft analysis”). It incorporates updated assumptions based on newly available 
information. The major differences between this revised analysis and the draft analysis include: 

 Fuel costs for electricity used to power battery buses, and hydrogen used to power fuel cell 
buses, presented in this revised analysis, are net of credits that LACMTA could generate under 
California’s Low Carbon Fuel Standard (LCFS). LCFS credits for electricity and hydrogen were 
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not included in the draft analysis. Commercial providers of Renewable Natural Gas can also 
generate credits under LCFS, and these credits were implicitly included in LACMTA’s projected 
cost of RNG in the draft analysis, as well as in this revised analysis. 

 Projected purchase and overhaul costs for battery-electric and fuel cell buses were revised 
downward based on feedback from bus manufacturers. The revised prices reflect recent, 
significant reductions in near-term battery prices (2017 – 2020) as well as recent projections 
of continued, significant battery cost reductions through 2030.  

 Revised assumptions for projected average energy use (kWh/mi) for electric buses in LACMTA 
service. The revised assumptions are based on the average energy use from a fleet of five 
40-ft electric buses recently put into service by LACMTA, which has accumulated 
approximately 30,000 in-service miles to date. In this revised analysis, electric buses are 
projected to use approximately 20% more energy per mile than was assumed in the draft 
analysis. 

 Revised assumptions for projected average range per charge for electric buses, based on the 
revised assumptions for average energy use, as well as revised assumptions about the battery 
capacity of commercially available electric buses after 2025. Based on feedback from bus 
manufacturers, and recent developments, this analysis assumes that future electric buses will 
have approximately 20% larger battery packs than was assumed in the draft analysis, thus 
increasing their expected range per charge. The effect of the larger projected battery packs on 
range is, however, offset by projected greater energy use per mile.  

 Revised assumptions about the practical replacement ratio of in-service CNG buses with 
battery-electric buses. The revised assumptions are based on an analysis of all of LACMTA’s 
week-day scheduled bus assignments (time and mileage in-service), compared to the revised 
assumptions for practical battery bus range per charge. This analysis is summarized in Section 
2.1 and 2.2. This analysis determined that lower replacement ratios would be required in the 
2025 – 2035 time frame than was assumed in the draft analysis (i.e. fewer electric buses 
would be required to replace CNG buses). 

Note that on 9/12/16 one electric bus manufacturer (Proterra) released preliminary information about 
an extended range version of their 40-ft transit bus, which can carry up to 660 kWh of batteries, 
potentially extending practical electric bus range beyond that estimated in this analysis. Significant 
questions remain unanswered about this bus, including its purchase cost, its in-use energy use in 
LACMTA service, its passenger capacity, and the manufacturer’s production capability and timing. As 
such, this updated draft report does not incorporate the potential effect of this bus on future electric 
bus costs. 

LACMTA currently has an active solicitation for purchase of 40-ft and 60-ft buses, including electric 
buses, with bids due in January 2017. It is expected that this solicitation will yield better information 
about the near-term purchase costs and technical capabilities of electric buses from several 
manufacturers, including the Proterra extended range bus. 

When this information is available, this analysis will be updated again, with revised assumptions that 
reflect the new information. It is expected that this next update will be available in late January 2017. 
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SUMMARY OF RESULTS 
Table 1 summarizes the net present value of total estimated fleet costs from 2015 – 2055 under each 
scenario in 2015 dollars. As shown, the use of RNG by itself is not projected to increase total fleet 
costs. The use of RNG and the transition to LNOx buses is projected to increase total fleets costs by 
$173 million over the next 40 years, an increase of $0.001 per revenue seat-mile, which is 1.1% 
greater than projected baseline costs. 

The transition to electric buses is projected to increase total fleets costs by $376 - $768 million over 
the next 40 years, an increase of $0.003 - $0.006 per revenue seat-mile, which is 2.3% - 4.7% 
greater than projected baseline costs. Exclusive depot charging is projected to be more expensive 
than depot and in-route charging. 

The transition to fuel cell buses is projected to increase total fleets costs by $1.4 - $1.7 billion over the 
next 40 years, an increase of $0.012 - $0.014 per revenue seat-mile, which is 8.5% - 10.3% greater 
than projected baseline costs. Production of hydrogen fuel for fuel cell buses using electrolysis is 
projected to be more expensive than hydrogen production using SMR. 

Table 1. LACMTA Zero Emission Bus NPV Estimated Total Fleet Costs 2015 - 2055  
(2015 $ million) 

 

Table 2 summarizes total estimated fleet emissions from 2015 – 2055 under each scenario. This data 
is also shown in Figure 1. 

As shown, compared to the baseline the use of RNG is estimated to increase NOx emitted within the 
South Coast Air Basin1 over the next 40 years by 1% and reduce PM emitted within the basin by 
128%. The use of RNG will also reduce NOx and PM emitted outside of the South Coast Air Basin over 

                                               
1 The South Coast Air basin encompasses Orange County and parts of Los Angeles, San Bernardino, and Riverside counties in southern 
California, including the entire city of Los Angeles. 

BASELINE RENEW NG

Std CNG Bus Std CNG Bus LNOx Bus LNOx Bus

Conv NG RNG Conv NG RNG

Bus Purchase $2,299.1 $2,299.1 $2,332.0 $2,332.0 $3,031.6 $2,931.4 $3,133.2 $3,133.2

Bus Repower $100.3 $100.3

Bus mid‐life OH $164.2 $164.2 $173.2  $173.2  $307.3 $280.8 $609.1 $609.1

Depot Mods $61.1 $36.0 $49.8 $49.8

Fuel Infra $0.0 $0.0 $0.0  $0.0  $49.3 $63.6 $165.2 $165.2

sub‐total $2,463.3 $2,463.3 $2,605.5 $2,605.5 $3,449.3 $3,311.7 $3,957.4 $3,957.4

BO Labor $10,441.4 $10,441.4 $10,441.4 $10,441.4 $10,663.5 $10,441.4 $10,441.4 $10,441.4

Fuel  $1,244.4 $1,244.4 $1,248.3 $1,248.3 $862.5 $844.9 $1,071.4 $1,372.3

Maintenance $2,128.6 $2,128.6 $2,155.6 $2,155.6 $2,070.3 $2,055.9 $2,186.9 $2,186.9

sub‐total $13,814.4 $13,814.4 $13,845.3 $13,845.3 $13,596.3 $13,342.2 $13,699.7 $14,000.5

$16,277.7 $16,277.7 $16,450.8 $16,450.8 $17,045.6 $16,653.9 $17,657.1 $17,957.9

NA $0.00 $173.03 $173.03 $767.85 $376.14 $1,379.33 $1,680.15

$4.18 $4.18 $4.22 $4.22 $4.27 $4.28 $4.53 $4.61

Value $0.138 $0.138 $0.139 $0.139 $0.144 $0.141 $0.150 $0.152

% diff to baseline NA 100.0% 101.1% 101.1% 104.7% 102.3% 108.5% 110.3%

AVG $/mile

AVG 

$/revenue 

seat‐mile

INCREASE

Cost Element

Capital

Operating

TOTAL

LOW NOx CNG BUS & 

REPOWER
ELECTRIC BUS FUEL CELL BUS

Depot 

Charging

Depot & In‐

Route 

Charging

H2 by SMR
H2  by 

Electrolysis



UPDATED DRAFT  
 

Zero Emission Bus Options: 
Analysis of 2015 – 2055 Costs and Emissions 

4 

Executive Summary Ramboll Environ 

the next 40 years by 82% and 600% respectively. PM emissions decrease by more than 100% 
because both in-basin and out-of-basin upstream PM emissions from production of RNG are negative 
due to credits, more than offsetting all tailpipe PM emissions from CNG buses. 

The use of RNG will reduce CH4 emissions by 2%, reduce CO2 emissions by 81% and reduce total 
CO2-equivalent GHG emissions by 70%. 

Table 2. LACMTA Zero Emission Bus Estimated Total Fleet Emissions (tons) 2015 - 2055 

 

Compared to the baseline the use of RNG and the transition to LNOx buses is projected to reduce NOx 
and PM emitted within the South Coast Air Basin over the next 40 years by 43% and 131%, 
respectively, and to reduce NOx and PM emitted outside of the South Coast Air Basin over the next 
40 years by 82% and 602%, respectively. PM emissions decrease by more than 100% because 
upstream PM emissions from production of RNG are negative due to credits, more than offsetting all 
tailpipe PM emissions from LNOx CNG buses. The use of RNG and LNOx CNG buses will reduce  CH4 
emissions by 17%, will reduce CO2 emissions by 81% and will reduce total CO2-equivalent GHG 
emissions by 72%. 

Compared to the baseline the transition to electric buses is projected to reduce NOx emitted within the 
South Coast Air Basin over the next 40 years by 45% -46%, and to reduce NOx emitted outside of the 
South Coast Air Basin over the next 40 years by 51% - 52%. It will also reduce PM emitted within the 
South Coast Air Basin over the next 40 years by 51%, and reduce PM emitted outside of the South 
Coast Air Basin over the next 40 years by 51% -52%. The transition to electric buses will reduce CH4 
emissions by 54%, reduce CO2 emissions by 52%, and reduce total CO2-equivalent GHG emissions by 
52% - 53%. The use of depot and in-route charging will reduce emissions slightly more than the use 
of depot charging only, due to fewer in-service bus miles. 

Compared to the baseline, the transition to fuel cell buses is projected to reduce NOx emitted within 
the South Coast Air Basin over the next 40 years by 1% - 40%, and to reduce NOx emitted outside of 
the South Coast Air Basin over the next 40 years by 37% - 39%. The transition to fuel cell buses will 
also reduce CH4 emissions by 34% - 39%, reduce CO2 emissions by 19% - 41%, and reduce total 
CO2-equivalent GHG emissions by 21% - 42%.  

Production of hydrogen using electrolysis will reduce NOx and GHG emissions significantly more than 
production of hydrogen using SMR. In addition, compared to the baseline, production of hydrogen 
using electrolysis will reduce PM emitted within the South Coast Air basin by 39%, but will increase PM 
emitted outside of the South Coast Air Basin by 6%. Production of hydrogen using SMR will increase 

BASELINE RENEW NG

Std CNG Bus Std CNG Bus LNOx Bus LNOx Bus

Conv NG Renew NG Conv NG Renew NG

NOx (in‐basin) 6,296 6,385 3,483 3,573 3,444 3,431 6,228 3,792

PM (in‐basin) 81.1 ‐22.8 79.0 ‐25.4 40.0 39.7 723.5 49.1

CH4 89,590 87,421 76,590 74,414 41,124 40,965 59,292 45,651

CO2 13,637,506 2,618,086 13,681,149 2,624,750 6,537,416 6,486,030 11,106,350 8,011,017

GHG (CO2‐e) 15,877,260 4,803,609 15,595,906 4,485,096 7,565,519 7,510,164 12,588,639 9,152,286

NOx (Out‐of‐basin) 10,157 1,785 10,190 1,789 4,954 4,910 6,410 6,228

PM (out‐of‐basin) 110.4 ‐551.7 110.7 ‐553.5 70.1 68.3 73.0 117.5

Pollutant

LOW NOx CNG BUS & 

REPOWER
ELECTRIC BUS FUEL CELL BUS

Depot 

Charging

Depot & In‐

Route 

Charging

H2 by SMR
H2 by 

Electrolysis
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PM emitted within the South Coast Air Basin by 792% while reducing PM emitted outside of the South 
Coast Air Basin by 34%. 

Figure 1. LACMTA Zero Emission Bus Estimated Total Fleet Emissions 2015 – 2055 

 

The modeling summarized here indicates that Scenario 3, the use of RNG and transition to LNOx 
buses, will be more effective at reducing in-basin PM, total CO2, total GHGs, and total NOx from the 
LACMTA fleet over the next 40 years than transition to either electric or fuel cell buses, but will be 
slightly less effective at reducing in-basin NOx.  

This approach will also be less expensive than transition to either electric or fuel cell buses. Table 3 
presents a summary of the cost-effectiveness of emission reductions under each scenario. 

If all incremental costs (above baseline) are attributed to GHG reduction, the use of RNG and 
transition to LNOx buses will cost $15/ton of GHG reduced over the next 40 years. The transition to 
electric buses will cost $46 - $94/ton of GHG reduced, and the transition to fuel cell buses will cost 
$250 – $419/ton of GHG reduced. 

If all incremental costs (above baseline) are attributed to NOx reduction, the use of RNG and 
transition to LNOx buses will cost $64 thousand/ton of in-basin NOx reduced over the next 40 years. 
The transition to electric buses will cost $133 - $272 thousand/ton of in-basin NOx reduced, and the 
transition to fuel cell buses will cost $0.67 – $20 million/ton of in-basin NOx reduced. 
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Table 3. Zero Emission Bus Options Cost Effectiveness of Emission Reductions ($/ton) 

 

 

  

Depot 

Charging

Depot &       

In‐route 

Charging

SMR Electrolysis

Increased Cost (NPV $ million) $173.0 $767.8 $376.1 $1,379.3 $1,680.2

GHG Reduction (million ton) 11.4 8.2 8.2 3.3 6.7

In‐basin NOx Reduction (ton x000) 2.72 2.83 2.84 0.07 2.50

$/ton GHG $15.19 $93.71 $45.69 $419.43 $249.84

$/ton IB NOx $63,530 $271,638 $132,667 $20,247,155 $670,849

Electric Bus Fuel Cell Bus

Compared 

to Baseline

Cost effectiveness of Emission 

Reductions

LNOx Bus & 

RNG
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1. FLEET COST & EMISSIONS MODEL DESCRIPTION 

Both the fleet cost model and the fleet emissions model are based on a fleet assignment of 
2,500 40-ft buses, which provides equivalent total passenger capacity (seat-miles) to LACMTA’s 
current mixed fleet of 1,212 40-ft, 626 45-ft, and 356 60-ft buses. This fleet assignment is held 
constant throughout the analysis period; the models assume no growth (or reduction) in LACMTA 
service during the 40-year analysis period. 

The starting fleet in calendar year 2015 is assumed to be composed of 625 buses with engines built 
prior to model year 2007, and 1,875 buses with model year 2007 – 2014 engines, consistent with 
LACMTA’s current fleet2. The model assumes that 178 older buses will be retired each year and 
replaced by new buses, to maintain 7% annual fleet turnover. For all scenarios other than electric 
buses charged exclusively at the depot, the model assumes that old buses will be replaced one-for one 
with new buses, so that total fleet size and total annual fleet miles will stay constant from 
year-to-year.  

Due to daily range restrictions the model assumes that one retiring bus will need to be replaced with 
more than one electric bus, if the electric buses are charged only at the depot; the replacement ratio 
is based on assumed daily range between charging events relative to the minimum required daily 
range for current buses based on actual week-day bus assignments (see section 2.2). For this scenario 
this results in a slight increase in fleet size over time, as well as an increase in annual fleet miles, 
because dead-head mileage is also assumed to increase due to the need to make more daily 
bus-swaps in service. 

For electric buses charged both at the depot and in-route using route-based chargers, the model 
assumes that the in-route charging will increase daily bus range above the minimum requirement, so 
that retiring buses can be replaced one-for one with new electric buses, and fleet size and annual fleet 
mileage will stay constant over time. 

As the fleet composition changes over time, the model calculates for each scenario total mileage and 
fuel use each year by all buses of each type (CNG, Low NOx CNG, Electric, Fuel Cell) in each of the 
following model year bins: Pre-MY2007, MY2007 - MY2014, MY2015 - MY2024, MY2025 – MY2034, 
MY2035 – MY2044, MY2045 – MY2054. The model then applies cost and emission factors to calculate 
total costs and emissions associated with the buses of each type in each model year bin that year, and 
sums the costs and emissions across the bins to get the calendar year annual fleet totals. 

The cost and emission factors used by the model are specific to each bus type and each model year 
bin. In that way, the model accounts for changes in technical capability and purchase and operating 
costs, as well as changes in emissions performance, for the different technologies as they mature over 
time. For example, range between charging events is assumed to be greater for MY2035 – MY2044 
electric buses than for MY2025 – MY2034 buses, resulting in a smaller replacement ratio. Similarly, 
purchase and maintenance costs for electric and fuel cell buses (in 2015$) are assumed to be lower 
for MY2035 – MY2044 buses than they are for MY2025 – MY2034 buses.  

                                               
2 The current fleet has a larger number of older buses, but for the past few years LACMTA has been repowering older buses with new 
engines during mid-life overhauls. Engines built in model year 2007 and later have significantly lower nitrogen oxide (NOx) emissions than 
earlier model year engines. 
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1.1 Fleet Cost Model 

The fleet cost model includes capital and operating costs associated with each bus and fuel purchasing 
scenario. The included capital cost elements are: bus purchase, bus repower (Low NOx CNG scenario 
only), bus mid-life overhaul, depot upgrades and expansion, and new fueling infrastructure.  

Fueling infrastructure costs include purchase of battery chargers (electric bus scenarios), and 
purchase of hydrogen production and fueling stations (fuel cell bus scenarios). The model does not 
directly include any future costs associated with renewal or replacement of existing LACMTA CNG 
fueling stations. These stations are currently operated under contract by a third party, and the 
contract requires that the operator maintain these stations in full working order at all times. In effect, 
the future cost of upgrade and overhaul for these stations is included in the contract price of natural 
gas (dollars per therm3) and is therefore captured indirectly in the model for all scenarios as part of 
natural gas fuel costs. 

Depot expansion is only required for the electric bus scenarios. For the depot-only charging scenario, 
in which fleet size increases, expansion of existing depots or construction of new depots is required to 
accommodate the larger fleet. Expansion of depot parking areas is also required for both electric bus 
scenarios to accommodate the installation of depot-based chargers in bus parking areas. 

Other depot upgrades include investments related to high voltage safety and diagnostic equipment 
(electric bus and fuel cell scenarios) and investments in hydrogen sensors and improved ventilations 
systems (fuel cell scenario). Neither the baseline nor Low NOx CNG bus scenarios require any depot 
upgrades.  

The included operating cost elements are: bus operator labor (including direct fringe benefits), bus 
maintenance (labor and material), and fuel purchase (including commodity costs and operating costs 
for fueling infrastructure). For all bus technologies, the fuel costs used in the model are net of 
projected financial credits that could be generated under California’s Low Carbon Fuel Standard 
(LCFS). For natural gas (baseline) and renewable natural gas these LCFS credits would accrue to the 
fuel provider under LCFS rules; they are implicitly included in the model based on projected LACMTA 
costs to purchase natural gas or RNG. For electricity used to power battery-electric buses, and for 
hydrogen produced on-site at LACMTA depots to power fuel cell buses, LCFS credits would accrue 
directly to LACMTA. The model explicitly calculates these credits and deducts them from projected 
electricity purchase and hydrogen production costs.  

The fleet cost model does not include original purchase costs associated with any existing LACMTA 
fueling, maintenance, or bus storage facilities; operating costs associated with maintenance and bus 
storage facilities; overhead costs for maintenance and transportation supervision or management; or 
overhead costs associated with operations planning, marketing, and revenue collection activities. All of 
these costs are assumed to be substantially similar regardless of which future bus technology and fuel 
purchase scenario is followed. 

1.2 Fleet Emissions Model 

The fleet emissions model estimates, for each future bus technology/fuel purchase scenario, total 
annual emissions of carbon dioxide (CO2), nitrogen oxides (NOx), particulate matter (PM), and 
methane (CH4). Using the global warming potential of methane over a 100-year period (GWP100) the 
model also uses estimated CO2 and CH4 emissions to estimate total annual greenhouse gas (GHG) 
emissions in terms of CO2-equivalent emissions (CO2-e). For both NOx and PM emissions the model 
                                               
3 A therm is an amount of natural gas with 100,000 British thermal units (BTU) heat content 
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estimates separately the amount emitted under each scenario within the South Coast Air Basin, as 
well as the amount emitted outside of this air basin. The South Coast Air Basin encompasses Orange 
County and parts of Los Angeles, San Bernardino, and Riverside counties in southern California. 

The fleet emissions model estimates total emissions associated with each bus technology/fuel 
purchase scenario on a “wells-to-wheels” life cycle basis. In addition to direct tail-pipe emissions from 
the engine of each in-service bus, the model estimates “upstream” emissions associated with the 
production and delivery of the fuel used by the buses each year.  

For CNG buses upstream emissions include those associated with natural gas production, processing, 
pipeline transport, and compression. For electric buses upstream emissions include stack emissions 
from electricity generation, as well as emissions associated with production, processing, and transport 
of the hydrocarbon fuel(s) (i.e. coal and natural gas) used for electricity generation. For fuel cell buses 
upstream emissions include emissions generated directly during production, storage, transport, and 
compression of hydrogen; these emission come mostly from generating the electricity used for both 
water electrolysis and SMR. For the SMR production path upstream emissions also include emissions 
associated with production, processing, and transport of the natural gas used to produce the 
hydrogen.  

All tailpipe NOx and PM emissions are assumed to be emitted within the South Coast Air Basin, as are 
upstream emissions from facilities and processes conducted within the basin (i.e. emissions from 
power plants located within the basin and from fuel production and transport activities that occur 
within the basin). Other upstream emissions (i.e. from natural gas extraction and processing, and 
from power plants located outside of the basin) are assumed to be out-of-basin emissions.  

Emission factors used for upstream emissions vary by calendar year, to account for expected changes 
in the energy mix over time. For example, it is assumed that over the next 40 years average emission 
rates for electricity generation in California will fall significantly, reflecting greater use of zero-emission 
and renewable generating sources, in response to both government policy and market forces.  
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2. MAJOR ASSUMPTIONS AND DATA SOURCES 

2.1 Electric Bus Range 

To estimate the range per charge for current and future electric buses used in LACMTA service, the 
authors conducted a literature review, interviewed technical and sales staff from three transit bus 
manufacturers that currently offer 35-ft to 42-ft electric transit buses commercially4, and evaluated 
the results of an on-going in-service test of battery buses at LACMTA.  

For an electric bus, range per charge (miles) is a function of two primary variables: 1) the energy 
capacity of the installed battery pack (kWh), and 2) actual energy use in service (kWh/mi). For any 
given bus the size of the battery pack is fixed, but energy use can vary based on a number of 
variables, including driver behavior, bus loading, and route characteristics (i.e. average speed and 
topography).  

In addition, batteries lose capacity over time, as they are charged and dis-charged on a daily basis. 
This loss of capacity must be factored in to establish a practical range that can be relied on over the 
expected service life of a bus. Capacity loss is not solely a function of charge/discharge cycles; 
however, it can also be affected by the “depth” of discharge. Most battery manufacturers do not 
recommend depleting the battery fully (to zero percent state of charge) on a daily basis, as this can 
increase the rate at which batteries lose capacity. Over the past 20 years the general rule of thumb 
has been to use 80% depth of discharge as a planning factor when calculating practical electric vehicle 
range, to maximize in-service battery life.  

Each of these variables is discussed further below, along with the author’s projections of practical 
electric bus range based on these variables. 

2.1.1 Electric Bus Battery Capacity 

Virtually all commercially available 40-ft electric transit buses sold today (MY2016) have installed 
batteries with 300 – 330 kWh of energy storage capacity. In practical terms the size of the battery 
pack is constrained primarily by available packaging volume on the vehicle, but may also be 
constrained by axle weight limits. As such, increasing the energy storage capacity of electric buses will 
require further improvements in battery technology, to increase energy density (kWh/kg; kWh/ft3). 

All bus manufacturers interviewed indicated that their battery suppliers are promising significant 
improvements in energy density over the next 5 – 15 years, though estimates vary as to when these 
improvement will be available, and how large they will be. One bus manufacturer indicated that 
battery packs larger than 400 kWh would be available within two years; others were more cautious, 
indicating that battery packs with 33% greater capacity than current packs “might” be available by 
2025, with further increases in later years. 

For this analysis the authors used conservative estimates for the energy storage capacity of battery 
packs on future electric buses, as follows: Model Year 2025 – 2034, 420 kWh; model year 
2035 – 2044, 450 kWh; model year 2045+ 482 kWh. 

                                               
4 BYD, Proterra, and New Flyer. 
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2.1.2 Electric Bus Energy Use 

LACMTA operated a pilot fleet of 5 40-ft battery buses in regular Metro service between June 2015 and 
April 2016. These buses are used on a route with average speed of approximately 9 MPH. Since 
entering service they have accumulated more than 30,000 in-service miles. Weekly average energy 
use for all 5 buses has ranged from 2.3 kWh/mi to 3.5 kWh/mi; the over-all average since the 
beginning of the test is 3.2 kWh/mi. The route on which these buses operate has a slower average 
speed (9 MPH) than the LACMTA fleet average speed (12 MPH). Prior modeling conducted by the 
authors indicates that projected average energy use for these buses on a 12 MPH route would be 
2.8kWh/mi. 

Electric bus energy economy testing conducted by the Federal Transit Authority’s New Model Bus 
Testing program indicates that there is a significant range in average energy use (kWh/mi) for 
different commercially available buses today5. One of the tested buses averaged 15% less energy per 
mile on the test routes than the bus model which LACMTA is currently operating in service. 

In addition, all bus manufacturers interviewed indicated that electric buses will become more efficient 
over time, as the technology continues to mature. 

Based on all of the above information, this analysis assumes that MY2025 – MY2034 electric buses will 
use an average of 2.5_kWh/mi in LACMTA service, MY2035 – MY2044 electric buses will use an 
average of 2.4 kWh/mi, and MY2045+ electric buses will use an average of 2.3 kWh/mi. These values 
reflect a 5% reduction in “industry average” energy usage per decade, compared to current buses.  

The above values were used to calculate electricity use and cost. To calculate expected range per 
charge 10% was added to these figures, to account for driver and route variability.  

2.1.3 Battery Life & Depth of Discharge 

One electric bus manufacturer currently offers a 12-year warranty on their batteries, which guarantees 
that after 12 years in service the battery pack will retain at least 70% of its original name plate 
capacity (kWh). This implies 2.5% loss of capacity per year. This manufacturer also indicated that 
there is no restriction on daily depth of discharge. 

The other manufacturers are less aggressive with respect to claims of battery life, offering only a 
standard 5-year warranty which guarantees no less than 80% of initial name plate capacity after that 
time, and recommending 80% depth of discharge as a planning factor in order to maximize effective 
battery life. One manufacturer indicated that actual capacity loss after 6 years in service indicates the 
possibility of a 10-year life, but they are not ready to guarantee that level of performance. This 
manufacturer also indicated that their battery management system limits depth of discharge to no 
more than 80% in the first few years of bus life, but opens that up over time, to allow 95% depth of 
discharge after year 5. In this way, buses are able to achieve consistent daily range even though the 
pack is losing effective capacity over time. 

LACMTA currently keeps their buses in service for 14 years. For electric buses to be reliably usable 
over their entire life, the expected capacity loss must be included in calculations of the practical range 

                                               
5 Bus Testing and Research Center, Pennsylvania Transportation Institute; Federal Transit Bus Test; Report Number LTI-BT-R1307, June 

2014; Report Number LTI-BT-R1405, July 2015; Report Number LTI-BT-R1406, May 2015. 
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per charge. One option is to assume that batteries will last 14 years without replacement, but the 
range calculation would then need to assume a usable capacity of only 65% - 70% of battery 
nameplate capacity. The other option would be to assume that batteries will be replaced at bus 
mid-life (7 years). Under this scenario LACMTA will incur additional costs for battery replacement, but 
they will need fewer buses because range per charge can be based on approximately 80% of battery 
nameplate capacity.  

Analysis indicates that buying fewer buses, but planning to replace the battery packs at 7 years, will 
be the least costly option for LACMTA. Thus, this is the scenario on which projected range per charge 
was calculated for this analysis. 

2.1.4 Electric Bus Range per Charge 

Based on projected nameplate battery capacity, protected in-service energy use, and expected battery 
degradation, as discussed above, this analysis assumes that the practical, reliable electric bus range 
per charge for buses used in LACMTA service will be 126 miles for MY2025-MY2034 buses, 142 miles 
for MY2035 -2044 buses, and 161 miles for buses purchased after MY2045. These values represent 
expected range per charge at the end of year 7 with 95% depth of discharge. 

2.2 LACMTA Bus Assignments & Electric Bus Replacement Ratio 

Figures 2 and 3 show a summary of LACMTA’s week-day scheduled bus assignments. An “assignment” 
is a piece of work encompassing the time and mileage from when a bus first leaves a depot and enters 
service to when that bus returns to the depot. Figure 2 plots the weekday bus assignments based on 
accumulated mileage (miles) before the bus returns to the depot, and Figure 3 plots the assignments 
based on the accumulated time (hours) before the bus returns to the depot. 

There are 2,878 daily bus assignments handled by 1,908 peak buses. That means that approximately 
938 buses (49%) do one assignment per day, and 970 buses (51%) do two assignments per day. In 
general buses that do two assignments per day go out early in the morning to cover the morning peak 
period, return to the depot in late morning, and then leave the depot again in mid-afternoon to cover 
the afternoon peak. These buses generally spend three to six hours parked at the depot during mid-
day and most will also be parked at the depot for three to six hours again in the late evening/early 
morning. 

As shown on Figures 2 and 3, about 30% of all assignments are longer than 12 hours and 125 miles, 
and these are the assignments that are typically handled by buses that do only one assignment per 
day. These assignments average 165 miles and 15 hours per day in service. The remaining 70% of 
assignments, which are typically handled by buses that do two assignments per day, average 62 miles 
and 4.7 hours per day in service. That means that the buses that handle these assignments (two per 
day) generally average 124 miles and 9.4 hours per day in service. 
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Figure 2. LACMTA Weekday Bus Assignments, Percent versus Accumulated Miles in Service 
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Figure 3. LACMTA Weekday Bus Assignments, Percent versus Accumulated Time in Service 

 

When at the depot, LACMTA buses are parked nose-to-tail in adjacent parking lanes. As such, bus 
pull-outs for service are based on first-in, first-out; i.e. when a bus operator leaves for his or her 
assignment they take the first bus in line. When they return from service they park the bus in 
whatever spot is available. Given this, it is difficult, if not impossible, to dedicate specific buses to 
specific routes or assignments, except on a limited basis. Every bus of a given size assigned to a depot 
must be usable for every assignment operated from the depot on which that size bus is used. This 
means that in practical terms: 1) electric buses must have sufficient range per charge to handle every 
daily assignment, or 2) long assignments (miles) must be broken up into shorter assignments to 
accommodate actual electric bus range, or 3) depot charging of electric buses must be supplemented 
by in-route charging. Option 2, the break-up of long bus assignments into shorter assignments will 
increase the number of peak buses required compared to the current fleet of CNG buses (i.e. the 
electric bus replacement ratio will be greater than 1). 

As discussed above in Section 2.1, this analysis assumes that model year 2025 – 2034 electric buses 
will have a practical, reliable range of 124 miles/charge in LACMTA service throughout their service 
life. This is a 34% increase from the current generation of electric buses (model year 2016) which are 
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estimated to have a reliable range of 85 – 100 miles per charge in LACMTA service6. The analysis 
assumes that battery technology will continue to improve in future years, such that model year 
2035 – 2044 electric buses will have a reliable range of 142 miles/charge and model year 2045 – 2055 
electric buses will have a reliable range of 161 miles/charge. 

Electric buses can replace current CNG buses one-for-one on daily bus assignments, or combinations 
of assignments, with shorter accumulated mileage than the assumed range per charge. Daily bus 
assignments longer than the assumed range per charge will need to be reconfigured to create more, 
shorter assignments, thus increasing the total number of peak buses required, if only depot charging 
is used. 

To determine the number of electric buses required to replace CNG buses in the depot-charging only 
scenario, the authors calculated the percentage of current daily bus assignments shorter than the 
assumed range per charge, and then calculated the percentage of peak buses that would be used for 
these assignments. The percentage of peak buses is smaller than the percentage of assignments, 
because most if not all buses used for these short assignments do two assignments per day. Next the 
authors calculated the average daily mileage for all assignments longer than the assumed 
miles/charge, and the electric bus replacement ratio that would be required to accommodate these 
longer assignments. Finally the authors calculated a fleet average electric bus replacement ratio, 
which is a weighted average of peak buses needed to accommodate short assignments (1:1 
replacement) and buses needed to accommodate the current long assignments (greater than 1:1 
replacement ratio). The results of this analysis are shown in Table 4. 

Table 4. Estimated Electric Bus Replacement Ration for Depot charging-only Scenario 

 
Model Year  

2016 

Model Year  

2025 - 2034 

Model Year  

2035 - 2044 

Model Year  

2045 - 2054 

Projected Electric Bus range/charge 
[miles] 

93 mi 126 mi 142 mi 161 mi 

% of Bus Assignments 
<range/charge 

55% 68% 75% 84% 

% of Peak Buses with daily mileage 
< range per charge 

42% 51% 55% 59% 

Average Daily Mileage for Bus 
Assignments > range/charge 

152 mi 168 mi 177 mi 190 mi 

Replacement Ratio for Assignments 
> range/charge 

1.70 1.34 1.27 1.19 

FLEET AVERAGE  

REPLACEMENT RATIO 
1.41 1.17 1.12 1.08 

 

                                               
6 Projected range varies by bus manufacturer based on differences in installed battery capacity (kWh) and projected average energy use 

(kWh/mi). 
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As shown in Table 4, in the 2025 – 2034 time frame 1.17 electric buses would be required to replace 
one CNG bus if charging is done only at the depot. In the 2035 – 2044 time frame this electric bus 
replacement ratio drops to 1.12, and it drops further to 1.08 after 2045.  

2.3 Other Assumptions 

Table 5 lists the major assumptions used in the fleet cost and emissions models, as well as the source 
of these assumptions. 

All costs in Table 5 are shown in 2015$. For each year the model escalates these values based on 
assumed annual inflation, to calculate yearly total costs in nominal dollars. For net present value 
calculations these annual nominal dollar totals are then discounted back to 2015$ based on an 
assumed discount rate. 

Table 5a. Major Assumptions and Data Sources Used in Fleet Cost & Emissions Model – 
LACMTA System Characteristics 

5A: LACMTA SYSTEM CHARACTERISTICS 

Metric Data Sources Values/Notes 

Average Annual Total Miles per 
bus 

LACMTA, National Transit 
database, 2013 

38,000 miles 

Average Annual Revenue Miles 
per bus 

LACMTA, National Transit 
database, 2013 

32,000 miles 

Fleet Spare Factor LACMTA policy 20% 

Average Daily Total Miles per 
Bus 

MJB&A analysis 
130 miles;  (annual miles/bus ÷ 
(365 day/yr x (1-spare factor)) 

Average In-service Bus Speed 
(MPH) 

LACMTA, National Transit 
database, 2013 

12.1 MPH;  total bus miles ÷ total 
bus hours  

Average Daily in-Service Hours 
per bus 

LACMTA, National Transit 
database, 2013; MJB&A 
analysis 

10.8 hours; average daily miles ÷ 
average in-service speed 

Bus Retirement age LACMTA policy 14 years 

In-service Bus Lay-over Time LACMTA Service Planning 10 minutes per hour of driving 

Total Lay-over (Terminal) 
Locations, System-wide 

LACMTA Service Planning 
280 = 140 bus lines x 2 
Terminal/line (one at each end)  

2015 Bus Operator Labor Cost 
($/hr) 

LACMTA Service Planning 
$33.50/hour; includes direct fringe 
benefits 

Bus Operator Availability (%) LACMTA Service Planning 80% 

Bus Operator % of shift time 
driving 

LACMTA Service Planning 83% 
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Table 5b. Major Assumptions and Data Sources Used in Fleet Cost & Emissions Model – Fuel 
Costs 

5B: FUEL COSTS 

Metric Data Sources Values/Notes 

Natural Gas (2015) LACMTA Fuel report 

Actual average cost for 2015, $0.780/therm, 
includes cost of fuel station maintenance and 
operation.  

This price implicitly includes California Low 
Carbon Fuel Standard (LCFS) credits that can be 
earned by the natural gas supplier, and which 
are wholly or partially passed on to LACMTA via 
commercial market pricing. 

Renewable Natural Gas 
(2015) 

LACMTA Procurement 

Assume that purchase cost of renewable natural 
gas will be the same as standard natural gas, at 
$0.780/therm in 2015. This is based on LACMTA 
market research showing that there are multiple 
providers willing to provide renewable gas at 
this rate today.  

This price implicitly includes California Low 
Carbon Fuel Standard (LCFS) credits that can be 
earned by the RNG fuel supplier, and which are 
wholly or partially passed on to LACMTA via 
commercial market pricing. 

Electricity (2015) 

Southern California 
Edison, Schedule TOU-
8, Time-of-Use 
General-Service Large; 
Cal. PUC Sheet No. 
53221-E 

California Air 
Resources Board, Final 
Regulation Order, 
Subchapter 10 Climate 
Change, Article 4 
Regulations to Achieve 
Greenhouse Gas 
Emission Reductions, 
Subchapter 7 Low 
Carbon Fuel Standard 

 

MJB&A Analysis 

TOU-8 is the electric rate applicable to large 
commercial customers in Los Angeles with 
expected usage greater than 500 kW. The rate is 
composed of delivery and generation energy 
charges ($/KWh) which vary by time of day 
(off-peak, mid-peak, and high-peak) and season 
(summer, winter). There are also monthly 
facility demand charges ($/kW) based on over-
all peak demand within the month and monthly 
time-based demand charges ($/kW) based on 
monthly peak demand within each daily rate 
period (off-peak, mid-peak, and high-peak) over 
the month.  

Based on an analysis of scheduled daily LACMTA 
service (% of buses in service and at the depot 
by time of day), MJB&A determined that 
approximately 64%, 32%, and 5% of electric 
bus depot charging would occur during off-peak, 
mid-peak, and high-peak periods, and that 
approximately 24%, 65%, and 11% of in-route 
charging would occur during off-peak, mid-peak, 
and high-peak periods.  
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5B: FUEL COSTS 

Metric Data Sources Values/Notes 

Based on this charging distribution the average 
annual cost of electricity in 2015 under Southern 
California Edison’s TOU-8 rate would be 
$0.172/kWh for depot charging and $0.143/kWh 
for in-route charging. 

Based on an assumption of constant daily 
production during only off-peak and mid-peak 
hours the average annual cost of electricity for 
hydrogen production in 2015 would be 
$0.1061/kWh under the TOU-8 rate.  

LACMTA can earn credits under California’s low 
carbon Fuel Standard (LCFS) for battery electric 
bus charging. Available credits in each year were 
calculated using the procedures outlined in the 
LCFS Final Regulation Order, and assuming a 
credit value of $100 per metric ton of CO2 
reduction, which is the current market value of 
LCFS credits. These credits were then deducted 
from LACMTA’s projected cost of purchasing 
electricity, to yield their net cost of electricity for 
battery bus charging. Projected LCFS credits are 
$0.118/kWh in 2015, increasing to $0.127/kWh 
in 2055 as the projected carbon intensity of 
electricity production falls over time. LACMTA’s 
net electricity costs for battery bus charging are 
projected to be $0.053/kWh for depot charging 
and $0.025/kWh for in-route charging in 2015. 

Hydrogen (2015) 

National Renewable 
Energy Laboratory, 
H2FAST: Hydrogen 
Financial Analysis 
Scenario Tool, April, 
2015, Version 1.0 

 

California Air 
Resources Board, Final 
Regulation Order, 
Subchapter 10 Climate 
Change, Article 4 
Regulations to Achieve 
Greenhouse Gas 
Emission Reductions, 

Hydrogen production via steam reforming (SMR) 
assumes 1.7 therms NG and 10 kWh electricity 
input per kg or hydrogen produced. The model 
also assumes $0.25/kg maintenance and 
operating cost, which equates to approximately 
$300,000 per station/year with one station per 
depot. 

Hydrogen production via electrolysis assumes 50 
kWh electricity input per kg hydrogen produced 
in 2015, falling to 44.7 kWh/kg in 2025 and later 
years. The 2025 value is consistent with US 
Department of Energy research and 
development targets and equates to 75% net 
efficiency (the theoretical minimum energy 
requirement is 33 kWh/kg). The model also 
assumes $0.35/kg maintenance and operating 
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5B: FUEL COSTS 

Metric Data Sources Values/Notes 

Subchapter 7 Low 
Carbon Fuel Standard 

 

MJB&A Analysis 

cost, which equates to approximately $420,000 
per station/year with one station per depot. 

Using these assumptions LACMTA’s cost of 
hydrogen production is projected to be $2.64/kg 
using SMR and $5.65/kg using electrolysis in 
2015, not including amortized capital costs for 
the production equipment, which is calculated 
separately and included in capital costs. 

LACMTA can earn credits under California’s low 
carbon Fuel Standard (LCFS) for fuel cell bus 
hydrogen production. Available credits in each 
year were calculated using the procedures 
outlined in the LCFS Final Regulation Order, and 
assuming a credit value of $100 per metric ton 
of CO2 reduction, which is the current market 
value of LCFS credits. These credits were then 
deducted from LACMTA’s projected cost of 
producing hydrogen, to yield their net cost of 
producing hydrogen. Projected LCFS credits are 
$1.03/kg in 2015, resulting in net hydrogen 
production costs in 2015 of $1.60/kg for SMR 
and $4.62/kg for electrolysis. 

Annual Fuel Cost 
Inflation 

Energy Information 
Administration, Annual 
Energy Outlook 2016 
early release, Table 
3.9, Energy Prices by 
Sector & Source, 
Pacific region, 
May 2016 

Projections for % change in annual nominal price 
of natural gas and electricity used for 
transportation (reference case), through 2040; 
for 2041 – 2055 assumed average rate for 
2031 – 2040. 
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Table 5c. Major Assumptions and Data Sources Used in Fleet Cost & Emissions Model – 
Emissions Factors 

5C: EMISSIONS FACTORS 

Metric Data Sources Values/Notes 

CNG bus tailpipe NOx, 
PM, CH4 (g/mi) 

California Air Resources 
Board, EMFAC2014 

Season - annual; Sub area - Los Angeles 
(SC); vehicle class – UBUS; Fuel – NG; 
Process – RUNEX; Speed Time - Weighted 
average of bins 5 through 30 to simulate 
urban bus duty cycle with 12.5 MPH 
average speed. Values calculated for each 
model year in each calendar year. 

Low NOx CNG bus 
tailpipe NOx, PM, CH4 

(g/mi) 

California Air Resources 
Board Executive Orders 
A-021-0631 and A-021-0629 

NOx, PM, and CH4 g/mi emissions 
assumed to be proportionally lower than 
emissions from standard CNG buses of the 
same model year based on model year 
2016 certified engine emissions for 
Low NOx and standard CNG engines. NOx 
emissions assumed to be 92% lower 
(0.01 g/bhp-hr vs 0.13 g/bhp-hr), 
CH4 g/mi emissions assumed to be 72% 
lower (0.56 g/bhp-hr vs 1.97 g/bhp-hr) 
and PM emissions assumed to be 50% 
lower (0.001 g/bhp-hr vs 0.002 g/bhp-hr). 

CNG and Low NOx 
CNG bus tailpipe CO2 

(g/mi) 

U.S. Department of Energy, 
Alternative Fuels & Advanced 
Vehicles Data Center 
(www.afdc.energy.gov/afdc/f
uels/properties.html) 

5,593 g CO2/therm, assuming NG with 
22,453 btu/lb (high heating value) and 
75.5% carbon by weight (90% methane 
and 10% ethane by volume). 

Gram/mile emissions = Fuel use 
(therm/mi) x g CO2/therm. 

Natural Gas Upstream 
CO2, NOx, PM, CH4 

(g/therm) 

Argonne national Laboratory, 
The Greenhouse Gases, 
Regulated Emissions, and 
Energy Use in Transportation 
(GREET) Model, as modified 
by California Air Resources 
Board to reflect California 
conditions (CAGREET) 

 

G. Saur and A. Milbrandt, 
National Renewable Energy 
Laboratory, Renewable 
Hydrogen Potential from 
Biogas in the United States, 

CA GREET was used to calculate upstream 
emission rates (g/mmbtu, g/therm) for 
pipeline natural gas and renewable natural 
gas. The emission rates for renewable 
natural gas assume the following mixture 
of production sources: 100% landfill, 0% 
animal waste, and 0% wastewater 
treatment plant. These assumptions are 
conservative; LACMTA has not yet 
determined actual production sources for 
commercially available RNG. Inclusion of 
gas produced from wastewater treatment 
plants and/or food waste would further 
reduce emissions of both GHG and NOx 
compared to current assumptions. 

Renewable Natural Gas 
Upstream CO2, NOx, 
PM, CH4 (g/therm) 

Hydrogen Production 
CO2, NOx, PM, CH4 

(g/kg) 
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5C: EMISSIONS FACTORS 

Metric Data Sources Values/Notes 

NREL/TP-5400-60283, July 
2014 

 

CA GREET was used to calculate upstream 
emission rates (g/mmbtu, g/kg) for 
production of hydrogen using SMR. 

All upstream emission rates for natural 
gas, renewable natural gas and SMR 
hydrogen are assumed to be constant 
throughout the analysis period. 

For production of hydrogen using 
electrolysis, emission rates (g/kg) were 
determined by multiplying the electrical 
energy required for production (kWh/kg) 
by emission rates for electricity generation 
(g/kWh). 

For standard natural gas, including the 
natural gas used for production of 
hydrogen via SMR, the following 
components of upstream NOx and PM 
emissions are assumed to be emitted 
within the South Coast Air Basin: 7.4% of 
emissions from “natural gas transmission 
to fueling station” (50 out of 680 pipeline 
miles) and 100% of emissions from 
compression. The following components of 
natural gas upstream NOx and PM 
emissions are assumed to be emitted 
outside of the South Coast Air Basin: 
100% of emissions from natural gas 
recovery and processing; and 92.6% of 
emissions from natural gas transmission to 
fueling station (630 out of 680 pipeline 
miles). 

For RNG, 25% of NOx and PM emissions 
from “natural gas transmission to fueling 
station” (50 out of 200 pipeline miles) are 
assumed to be in-basin, as well as 100% 
of emissions from RNG compression. 
Emissions from production and processing 
of RNG are attributed as in-basin or out-
of-basin depending on the location of the 
RNG sources. The model assumes that in 
2018 100% of RNG will be from out-of-
basin sources, but that over time a greater 
percentage of RNG will be from in-basin 
sources, rising to 30% by 2055. NREL’s 
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5C: EMISSIONS FACTORS 

Metric Data Sources Values/Notes 

projections of bio-methane potential from 
all sources shows that approximately 30% 
of potential bio-methane in California is 
attributed to sources located within the 
South Coast Air basin. 

All emissions from production and 
compression of hydrogen produced via 
SMR are assumed to be in-basin.  

Electricity Generation 
CO2, NOx, PM, CH4 

(g/kWh) 

 

Argonne national Laboratory, 
The Greenhouse Gases, 
Regulated Emissions, and 
Energy Use in Transportation 
(GREET) Model, as modified 
by California Air Resources 
Board to reflect California 
conditions (CAGREET) 

ARB targets for renewable 
generation through 2050 

ABB Velocity Suite™ 
database of electric 
generating units within 
CAISO 

CA GREET was used to calculate 2015 and 
2020 emission rates (g/kWh) for each 
discrete electric generating source type 
used in California: wind, solar, 
geothermal, hydroelectric, nuclear, 
biomass, natural gas, and coal. For each 
pollutant in each calendar year the model 
uses source-weighted average emissions 
factors calculated by multiplying the 
emission factor for each source type by 
the assumed percentage of electricity 
produced by that source type in California 
that year. The assumptions for percentage 
of generation by source type match the 
California Air Resources Board’s published 
targets for increases in zero-emitting and 
renewable resources through 2050. For 
example, the model assumes that there 
will be no electricity generation using coal 
after 2027, and that zero-emitting sources 
will increase from 46% of total generation 
in 2015 to 78% in 2050. At the same time, 
generation with natural gas will fall from 
53% of total generation in 2015 to 22% in 
2050. 

CA Greet indicates that emission rates 
(g/kWh) of NOx, PM, CO2, and CH4 will fall 
between 2015 and 2020 for nuclear, 
natural gas, biomass, and coal generating 
sources, presumably based on 
improvements in efficiency and/or addition 
of emission controls in response to 
regulation. The difference in emission 
rates between 2015 and 2020 were used 
to calculate an annual adjustment factor 
for each pollutant and generating source, 
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5C: EMISSIONS FACTORS 

Metric Data Sources Values/Notes 

which was applied in each year of the 
analysis – i.e. emission rates were 
assumed to continue to improve at the 
same annual rate through 2055, which is a 
conservative assumption. 

To determine the percentage of NOx and 
PM emissions emitted within the South 
Coast Air Basin from electricity generation 
under each scenario, the ABB Velocity 
Suite™ database was used to determine 
the percentage of current generation 
(MWh) within the California Independent 
System Operator (CAISO) territory 
produced by generating plants located in 
the South Coast Air Basin. In 2013 
approximately 22.2% of total CAISO 
generation by natural gas-fired plants was 
from plants within the basin, while O% of 
coal generation was from plants within the 
basin and 9.4% of biomass generation was 
from plants within the basin. These 
percentages were applied separately to 
the emission factors for each type of 
generation to calculate weighted average 
NOx and PM emission factors (g/kWH) 
within and outside the basin. The analysis 
assumes that total gas generation will fall 
each year through 2050, while total 
biomass generation will increase; however 
the percentage of total generation from 
plants of each type within the basin is 
assumed to stay constant. 
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Table 5d. Major Assumptions and Data Sources Used in Fleet Cost & Emissions Model – CNG 
Buses 

5D: CNG BUSES 

Metric Data Sources Values/Notes 

Purchase Cost  

(2015 $) 
LACMTA Maintenance 
Department 

$490,000 per bus. This is the actual price paid 
by LACMTA for 40-ft CNG bus purchases in 
2013.  

Mid-Life Overhaul Cost 
(2015 $) 

LACMTA Maintenance 
Department 

$35,000 per bus. This is the actual average cost 
for overhauls completed in 2014. 

Maintenance Cost 
($/mi) 

LACMTA maintenance 
records for 2013 - 
2014 

Average cost of $0.850/mile for buses near 
mid-life (7 years old). 35% of costs ($0.30/mi) 
attributed to propulsion system (engine, 
transmission, brakes) and 65% attributed to all 
other bus systems ($0.55/mi). 

Fuel Use (therm/mi) 
LACMTA fueling 
records 

Average of 0.476 therm/mi. 
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Table 5e. Major Assumptions and Data Sources Used in Fleet Cost & Emissions Model – 
Low NOx CNG Buses 

5E: LOW NOx CNG BUSES 

Metric Data Sources Values/Notes 

Purchase Cost  

(2015 $) 
Environ discussion with 
Cummins, Inc. 

Incremental cost of Low NOx CNG bus compared 
to standard CNG bus $10,000 through MY2035, 
falling to $5,000 after MY2045 due to technology 
maturity. 

Repower Cost  

(2015 $) 
LACMTA Maintenance 
Department 

Assume $112,000/bus for repowers in 2015 – 
2034, falling to $102,000/bus for repowers in 
2045 – 2054. Current cost of repowering 
LACMTA CNG buses averages $100,000/bus. 
Low NOx repowers assumed to be more 
expensive due to incremental cost of Low NOx 
engine ($10,000) and $2,000/bus for up-front 
engineering and design work ($200,000 spread 
over 1,000 buses). Incremental cost of Low NOx 
engine assumed to decline over time as 
technology matures. 

Mid-Life Overhaul Cost 
(2015 $) 

LACMTA Maintenance 
Department 

Assume that mid-life overhauls for Low NOx 
engine buses will be $38,000/bus, which is 
$3,000/bus greater than current mid-life 
overhaul costs for standard CNG buses. Costs 
assumed to be higher due to higher cost for re-
building Low NOx engine. 

Maintenance Cost 
($/mi) 

LACMTA Maintenance 
Department 

Assume that non-propulsion  maintenance costs 
will be the same as current CNG buses 
($0.553/mi) and that propulsion related 
maintenance costs will be 10% higher 
($0.327/mi) for Low NOx engines purchased 
2015 – 2024, due to technology immaturity. 
Assumes that by MY2035 propulsion related 
maintenance costs for Low NOx engines will be 
the same as for current buses.  

Fuel Use (therm/mi) 

California Air 
Resources Board 
Executive Orders A-
021-0631 and A-021-
0629 

Assume that fuel use for Low NOx engines will 
be 0.4% higher than fuel use of current NG 
engines, based on certified CO2 emissions of 
model year 2016 Low NOx engines compared to 
standard engines (465 g/bhp-hr vs 463 
g/bhp-hr). 
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Table 5f. Major Assumptions and Data Sources Used in Fleet Cost & Emissions Model – 
Electric Buses 

5F: ELECTRIC BUSES 

Metric Data Sources Values/Notes 

Purchase Cost  

(2015 $) 

Air Resources Board, 
Mobile Source Control 
Division, Advanced 
Clean Transit, May 
2015  

BYD bus purchase 
quote to LACMTA 

 

Discussion with battery 
electric bus 
manufacturers, BYD, 
Proterra, and New 
Flyer 

Current costs (MY2016) are estimated to be 
$760,000 per bus for depot-only charging and 
$810,000 per bus for depot and in-route 
charging. The increased cost for in-route 
charging is for inductive charge receiver on the 
bus. 

Based on discussion with bus manufacturers, 
industry average battery bus purchase costs 
(depot charging, 2015$) are projected to fall to 
$657,000 in MY2025, $632,000 in MY2035, and 
$631,000 in MY2045. These costs reflect 
significant projected reductions in battery pack 
costs ($/kWh, 2015$), but also significant 
increases in battery pack size (kW) over time, 
based on increased energy density. 

The model assumes no reduction in costs 
(2015$) over time for bus systems other than 
the battery pack; the majority of the cost of a 
bus is in items and systems (steel structure, 
doors, windows, suspension system, etc.) that 
will be common between electric and CNG 
buses, which are not expected to change. 

Increases in battery energy density are 
projected based on current research efforts by 
battery manufacturers. Reductions in battery 
costs are projected based on research efforts as 
well as projected increases in manufacturing 
volume, primarily based on increased sales of 
light-duty electric vehicles. 

Cell level battery costs are projected to fall from 
an industry average of $417/kWh (2015$) today 
to $150/kWh in 2025 and $100/kWh in 2035 
and later years (2015$). Total battery pack 
costs (including physical structure, battery 
management system, and manufacturing labor 
and overhead) are projected to fall from an 
industry average of $740/kWh today to 
$358/kWh in 2025, $275/kWh in 2035, and 
$258/kWh in 2045 (all in 2015$). 
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5F: ELECTRIC BUSES 

Metric Data Sources Values/Notes 

Installed battery pack size is projected to 
increase from an industry average of 330 kWh 
today to 420 kWh in 2025, 450 kWh in 2035, 
and 482 kWh in 2045. 

The above values represent a conservative, but 
realistic assessment of industry average costs. 
There was a significant range of values provided 
by different bus manufacturers, with some 
stated projections significantly more optimistic 
than others (lower battery cost and higher 
energy density). 

Mid-Life Overhaul Cost 
(2015 $) 

BYD purchase quote to 
LACMTA 

Discussion with battery 
electric bus 
manufacturers, BYD, 
Proterra, and New 
Flyer 

Based on discussion with bus manufacturers, 
this analysis assumes that the drive motor and 
inverter on electric buses will need to be 
replaced/overhauled at mid-life at a cost of 
$30,000. This analysis also assumes that all 
electric buses will have their battery packs 
overhauled at mid-life by replacing the battery 
cells (but not the physical structure). See 
discussion of battery life in section 2.1.3. 
Mid-life battery overhaul costs are based on 
pack size (kW) and assumed cell costs ($/kWh) 
discussed above under electric bus Purchase 
Cost, plus 30% for labor.  

This results in total mid-life overhaul costs of 
$84,600 for MY2025-MY2034 electric buses, 
$88,500 for MY2035 – MY2044 electric buses, 
and $92,700 for MY2045 – MY2054 electric 
buses. 

Maintenance Cost 
($/mi) 

MJB&A analysis 

Non-propulsion related costs assumed to be 
same as CNG, $0.553/mi.  

Propulsion-related costs (drive motor, inverter, 
brakes) assumed to be half the cost of CNG 
buses ($0.149/mi). 

Fuel Use (kWh/mi) 

40-ft electric bus in-
service test at LACMTA 

Bus Testing and 
Research Center, 
Pennsylvania 
Transportation 
Institute; Federal 
Transit Bus Test; 

MY 2025 electric buses used in LACMTA service 
are projected to average 2.5 kWh/mi energy 
use; this fleet average is projected to fall to 
2.4 kWh/mi for MY2035 buses and 2.3 kWh/mi 
for MY2045 buses.  

See section 2.1.2 for discussion of how these 
values were derived. 
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5F: ELECTRIC BUSES 

Metric Data Sources Values/Notes 

Report Number LTI-
BT-R1307, June 2014; 
Report Number LTI-
BT-R1405, July 2015; 
Report Number LTI-
BT-R1406, May 2015 

Discussion with electric 
bus manufacturers 
BYD, Proterra, and 
New Flyer 

MJB&A Analysis 

Range (mi/charge) 

Discussion with battery 
electric bus 
manufacturers, BYD, 
Proterra, and New 
Flyer 

MJB&A Analysis 

MY 2025 electric buses are assumed to have 
range per charge of 126 miles, increasing to 
142 miles for MY2035 and 161 miles for 
MY2045. 

These values represent industry average, 
reliable daily range at bus mid-life. See Section 
2.1 for a full discussion of how these values 
were derived. 
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Table 5g. Major Assumptions and Data Sources Used in Fleet Cost & Emissions Model – Fuel 
Cell Buses 

5G: FUEL CELL BUSES 

Metric Data Sources Values/Notes 

Purchase Cost  

(2015 $) 

 

 

 

 

 

Letter from New Flyer 
to Air Resources Board 

Air Resources Board, 
Mobile Source Control 
Division, Advanced 
Clean Transit, May 
2015 

E. den Boer, et al,  CE 
Delft, Zero emissions 
trucks: An overview of 
state-of-the-art 
technologies and their 
potential, Report Delft, 
July 2013   

Current cost (MY 2016) is $1,300,000 per bus.  

Per a letter from New Flyer to Air Resource 
Board the cost for MY2025 buses (2015$) is 
assumed to be $920,000, falling to $690,000 in 
MY2035 (-25%) and $598,000 in MY2045 
(-35%).  

Assumed cost reductions for MY2035 and 
MY2045 are per estimates by CE Delft.  

 

 

Mid-Life Overhaul Cost 
(2015 $) 

LACMTA Maintenance 
Department 

E. den Boer, et al,  CE 
Delft, Zero emissions 
trucks: An overview of 
state-of-the-art 
technologies and their 
potential, Report Delft, 
July 2013   

MJB&A Analysis 

Mid-life overhaul costs assumed to be the same 
as for CNG bus mid-life plus the cost of replacing 
the fuel cell stack. Fuel cell stack replacement 
assumed to be $300,000 for MY2025 – MY2034 
buses, $125,000 for MY2035 – MY2044 buses, 
and $50,000 for MY2045 – MY2054 buses, based 
on projected future cost differential between 
CNG and fuel cell buses at time of overhaul. 

Maintenance Cost 
($/mi) 

L. Eudy and M. Post, 
National Renewable 
Energy Laboratory, 
Zero Emission Bay 
Area (ZEBA) Fuel Cell 
Bus Demonstration 
Results: Fourth Report, 
July 2015 

Non-propulsion related costs assumed to be 
same as CNG, $0.553/mi.  

Current generation fuel cell buses have 
propulsion related costs at least 33% higher 
than diesel buses.  

For this analysis propulsion related costs 
assumed to be 20% higher than CNG buses for 
MY2025 – MY2034 buses, falling to only 10% 
higher for MY2045-MY2054 buses due to 
technology maturity. 
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5G: FUEL CELL BUSES 

Metric Data Sources Values/Notes 

H2 Fuel Use (kg/mi) 

L. Eudy and M. Post, 
National Renewable 
Energy Laboratory, 
Zero Emission Bay 
Area (ZEBA) Fuel Cell 
Bus Demonstration 
Results: Fourth Report, 
July 2015 

Average H2 fuel use for current generation buses 
is 0.156 kg/mi. This value used for MY2025 – 
MY2034 buses. Assumed 5% reduction for 
MY2035-MY2044 buses, and 10% reduction for 
MY2045 -MY2054 buses due to technology 
maturity. 
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Table 5h. Major Assumptions and Data Sources Used in Fleet Cost & Emissions Model – 
Fueling Infrastructure – Electric Buses 

5H: FUELING INFRASTRUCTURE – ELECTRIC BUSES 

Metric Data Sources Values/Notes 

Depot Chargers 
($/kW) J. Agenbroad, Rocky 

Mountain Institute, 
Pulling Back the Veil 
on EV Charging Station 
Costs, April 29, 2014 
http://blog.rmi.org/blo
g_2014_04_29_pulling
_back_the_veil_on_ev
_charging_station_cost
s 

Recent LACMTA 
experience installing 
chargers for BYD 
electric buses 

 

LACMTA facilities department estimates a cost of 
$500/kW to upgrade depot electrical 
infrastructure, plus $10,000 per bus for the 
charge adapter, based on a full depot roll-out of 
electric buses. This equates to $30,000/bus for 
required 40 kW chargers. 

Model assumes 2,000 depot chargers will be 
required, one for each daily in-service bus. Daily 
in-service buses = Fleet assignment x (1-spare 
factor %). 

Annual maintenance costs for depot chargers are 
assumed to be 10% of installed capital cost. 

In-route Chargers 
($/kW) 

 

Installed cost of $4,000/kW, based on $80,000 
for public, 20 kW DC inductive fast-charger. In-
route chargers assumed to be more expensive 
than depot-based chargers due to need to 
secure right-of-way, longer feeder runs, and 
installation of inductive charging pad. 

Model assumes that 308 in-route chargers will 
be required, which is one at each terminal point 
of 140 bus routes, plus 10%; some existing 
terminal locations routinely hold more than one 
bus at a time and would require more than one 
charger. 

Annual maintenance costs for in-route chargers 
are assumed to be 10% of installed capital cost. 

Size (kW) MJB&A analysis 

Charger size (depot and in-route) based on 
average daily energy requirement (kWh) and 
available charging time (hr). Average daily 
energy requirement based on average daily 
miles times average energy use (kWh/mi). 

Depot charger size is 40 kW; In-route charger 
size is 20 kW. 
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Table 5i. Major Assumptions and Data Sources Used in Fleet Cost & Emissions Model – 
Fueling Infrastructure – Fuel Cell Buses 

5I: FUELING INFRASTRUCTURE – FUEL CELL BUSES 

Metric Data Sources Values/Notes 

SMR Cost ($/kg/day) 

M. Melaina and M. 
Penev, National 
Renewable Energy 
Laboratory, Hydrogen 
Station Cost 
Estimates, Comparing 
Hydrogen Station 
Cost Calculator 
Results with other 
Recent Estimates, 
Technical Report 
NREL/TP-5400-56412, 
September 2013 

$5,150/kg/day for stations built 2025 – 2034, 
and $3,370/day for stations built after 2034. 
These values represent a 70% and 80% 
reduction in costs, respectively, compared to 
recently built hydrogen fuel stations. Electrolyzer Cost 

($/kg/day) 

Required Capacity 
(kg/day) 

MJB&A analysis 

Required hydrogen production/dispensing 
capacity based on number of buses, daily 
mileage (mi/day), and average fuel use 
(kg/mi). 

Early buses will require 20 kg/bus/day and 
later buses will require only 18 kg/bus/day 
based on improved fuel economy due to 
technology maturity.  
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Table 5j. Major Assumptions and Data Sources Used in Fleet Cost & Emissions Model – 
Depot Expansion and Modifications 

5J: DEPOT EXPANSION AND  MODIFICATIONS 

Metric Data Sources Values/Notes 

Depot Expansion 
($/incremental bus) 

 

LACMTA Engineering 
Department 

 

$67,500/bus, applicable only to fleet 
expansion for electric buses with depot-only 
charging. Fleet expansion is required because 
electric buses cannot replace current buses 
one-for one due to limited range. This cost is 
based on $500/sf for depot maintenance bays 
and $100/sf for bus parking areas, but is 
discounted by 50% due to potential excess 
capacity within the system based on future 
operational changes. 

Depot Parking 
Expansion 

($/charger) 

LACMTA Engineering 
Department 

Assumes that each depot-based electric 
charger will require 200 square feet of space 
for installation in depot parking areas. This will 
require expansion of parking areas to maintain 
bus parking capacity. Cost of new bus parking 
areas assumed to be $100/sf. Total cost of 
additional bus parking space is $20,000 per 
charger. 

 

Maintenance & 
Diagnostic Equipment 

($/bus) 

BYD electric bus 
quote to LACMTA for 
electric bus diagnostic 
equipment 

 

Average cost of $200/bus, applicable to all 
new Electric and Fuel Cell buses, based on 
recent BYD quote. 

H2 Detection and 
Ventilation Upgrade 

Cost ($/bus) 

L. Eudy and M. Post, 
National Renewable 
Energy Laboratory, 
Zero Emission Bay 
Area (ZEBA) Fuel Cell 
Bus Demonstration 
Results: Fourth 
Report, July 2015 

Average costs of $28,000/bus, applicable to all 
new Fuel Cell buses. This is based on costs of 
$350,000 per maintenance bay incurred by AC 
Transit, and an average of one maintenance 
bay per 12.6 buses. 
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Table 5k. Major Assumptions and Data Sources Used in Fleet Cost & Emissions Model – 
Global Economic Assumptions 

5K: GLOBAL ECONOMIC ASSUMPTIONS 

Metric Data Sources Values/Notes 

Annual Inflation, Bus 
and Infrastructure 

Purchase and 
Maintenance and Bus 

Operator Labor 

Energy Information 
Administration, 
Annual Energy 
Outlook 2016, early 
release, Table 20 
Macroeconomic 
Indicators 

Projections for average annual % change in 
annual Wholesale Price Index, Industrial 
Commodities Excluding Energy (reference 
case), through 2040; value used is 1.8%. 

Discount Rate for Net 
Present Value 
Calculations 

LACMTA Policy 

Value of 4% intended to represent average 
borrowing cost for LACMTA capital bonds. Note 
that this rate is generally consistent with the 
Energy Information Administration’s projection 
of interest rates for 10-year treasury notes 
over the next 25 years (AEO2016 reference 
case).  

Methane Global 
Warming Potential 

(GWP100) 

Intergovernmental 
Panel on Climate 
Change, Fifth 
Assessment Report, 
2013 

Global warming potential of methane over 
100 years relative to CO2. Value is 25. 
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3. RESULTS 

This section summarizes the detailed results of the fleet cost and emissions analysis for each modeled 
bus technology/fuel purchase scenario. 

3.1 Fleet Costs 2015 - 2055 

Table 6 summarizes the total estimated fleet costs from 2015 – 2055 under each scenario in nominal 
dollars, during the transition to the different bus and fuel technologies. Incremental costs for each 
scenario compared to baseline are also plotted in Figure 4. See the Executive Summary for the net 
present value of estimated fleet costs in current dollars (2015). 

As shown, the use of RNG by itself is not projected to increase total fleet costs. The use of RNG and 
the transition to LNOx buses is projected to increase total fleet costs over the next 40 years by 
$297 million, an increase of 0.8% over projected baseline costs. The increased costs are due to 
slightly higher fuel and maintenance costs, as well as slightly higher bus purchase and overhaul costs.  

The transition to electric buses is projected to increase total fleets costs by $764 million - $1.82 billion 
over the next 40 years, an increase of 2.1% - 4.9% over projected baseline costs. Exclusive depot 
charging is projected to be more expensive than depot and in-route charging during the transition.  

The electric bus scenarios have increased costs relative to the baseline projection primarily due to 
increased capital costs for bus purchase and overhaul and for required depot modifications and 
installation of required fueling infrastructure.  

For electric buses total operating costs are projected to be lower than baseline operating costs due to 
reduced fuel and maintenance costs. For depot-only charging these operating cost reductions are 
offset by higher bus operator labor costs due to the need to operate a greater number of buses 
because of electric bus operating range restrictions. Depot-only charging is projected to be more 
expensive than depot and in-route charging due to this increase in operator labor, as well as increased 
costs for purchasing a greater number of buses, which more than offsets higher infrastructure costs 
for route-based chargers. 
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Table 6. LACMTA Zero Emission Bus Estimated Total Fleet Costs 2015 - 2055 
(nominal $ million) 

 

The transition to fuel cell buses is projected to increase total fleets costs by $3.2 - $4.1 billion over the 
next 40 years, an increase of 8.7% - 11.2% over projected baseline costs.  

Fuel cell buses are projected to have slightly higher maintenance costs and significantly higher capital 
costs than the baseline. Fuel costs are projected to be either lower or higher than the baseline, 
depending on the method of hydrogen production; making hydrogen using electrolysis is projected to 
be significantly more expensive than making hydrogen using SMR. 

Capital costs are higher due to the projected cost of fueling infrastructure, as well as significantly 
higher bus purchase and overhaul costs.  

 

BASELINE RENEW NG

Std CNG Bus Std CNG Bus LNOx Bus LNOx Bus

Conv NG RNG Conv NG RNG

Bus Purchase $5,177.9 $5,177.9 $5,250.0 $5,250.0 $7,094.2 $6,889.2 $7,101.5 $7,101.5

Bus Repower $135.7 $135.7

Bus mid‐life OH $369.9 $369.9 $395.1  $395.1  $823.4 $744.1 $1,603.6 $1,603.6

Depot Mods $118.7 $72.8 $100.8 $100.8

Fuel Infra $0.0 $0.0 $0.0  $0.0  $99.4 $127.7 $324.9 $324.9

sub‐total $5,547.8 $5,547.8 $5,780.9 $5,780.9 $8,135.7 $7,833.7 $9,130.7 $9,130.7

BO Labor $23,515.6 $23,515.6 $23,515.6 $23,515.6 $24,174.3 $23,515.6 $23,515.6 $23,515.6

Fuel  $2,958.4 $2,958.4 $2,968.8 $2,968.8 $1,733.3 $1,680.5 $2,396.6 $3,317.9

Maintenance $4,793.8 $4,793.8 $4,846.9 $4,846.9 $4,591.7 $4,549.5 $4,968.8 $4,968.8

sub‐total $31,267.8 $31,267.8 $31,331.3 $31,331.3 $30,499.3 $29,745.6 $30,881.0 $31,802.2

$36,815.6 $36,815.6 $37,112.2 $37,112.2 $38,635.0 $37,579.3 $40,011.7 $40,933.0

NA $0.00 $296.59 $296.59 $1,819.44 $763.73 $3,196.17 $4,117.40
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Figure 4. LACMTA Zero Emission Bus Estimated Incremental Fleet Costs 2015 - 2055 
(nominal $) 

 

 

3.2 Annual Fleet Costs After 2055 

Table 7 summarizes the total estimated fleet costs in 2055 under each scenario in nominal dollars. 
Incremental costs for each scenario compared to baseline are also plotted in Figure 5. This data 
represents projected on-going annual costs for each bus/fuel technology after fully transitioning the 
fleet. 

As shown, the use of RNG by itself is not projected to increase on-going annual fleet costs. The use of 
RNG and LNOx buses is projected to increase on-going annual fleet costs by $3.3 million (2055 $), an 
increase of 0.3% over projected baseline annual costs. The increased costs are due to slightly higher 
annual fuel costs, as well as slightly higher annual bus purchase and overhaul costs.  

The use of electric buses with depot-only charging is projected to increase on-going annual fleet costs 
by $31 million, an increase of 2.5% over projected baseline costs. The use of electric buses with depot 
and in-route charging is projected to increase on-going annual fleet costs by $2.7 million, an increase 
of 0.2% over projected baseline costs. 

The electric bus scenarios have increased on-going annual costs relative to the baseline projection 
primarily due to continuing higher annual capital costs for bus purchase and overhaul. These scenarios 
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have significantly lower annual operating costs for fuel and maintenance, but these savings do not 
outweigh the increase in amortized capital costs.  

Table 7. LACMTA Zero Emission Bus Estimated Annual Fleet Costs in 2055 
(nominal $ million) 

 

 

BASELINE RENEW NG

Std CNG Bus Std CNG Bus LNOx Bus LNOx Bus

Conv NG RNG Conv NG RNG

Bus Purchase $175.3 $175.3 $177.1 $177.1 $243.6 $243.7 $213.9 $213.9

Bus Repower $0.0 $0.0

Bus mid‐life OH $12.5 $12.5 $13.6  $13.6  $35.8 $33.1 $30.4 $30.4

Depot Mods $0.0 $0.0 $0.0 $0.0

Fuel Infra $0.0 $0.0 $0.0  $0.0  $0.0 $0.0 $0.0 $0.0

sub‐total $187.8 $187.8 $190.6 $190.6 $279.3 $276.9 $244.3 $244.3

BO Labor $796.0 $796.0 $796.0 $796.0 $818.9 $796.0 $796.0 $796.0

Fuel  $114.6 $114.6 $115.1 $115.1 $45.8 $43.8 $80.8 $121.5

Maintenance $162.3 $162.3 $162.3 $162.3 $147.7 $146.6 $168.8 $168.8

sub‐total $1,072.9 $1,072.9 $1,073.3 $1,073.3 $1,012.4 $986.5 $1,045.5 $1,086.2

$1,260.7 $1,260.7 $1,264.0 $1,264.0 $1,291.7 $1,263.3 $1,289.8 $1,330.5

NA $0.00 $3.32 $3.32 $31.08 $2.67 $29.13 $69.88
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Figure 5. LACMTA Zero Emission Bus Estimated Incremental Annual Costs in 2055 
(nominal $) 

 

 

The use of fuel cell buses is projected to increase on-going annual fleet costs by $29 - $70 million, an 
increase of 2.3% - 5.5% over projected baseline costs.  

The fuel cell bus scenarios have increased on-going annual costs relative to the baseline projection 
primarily due to continuing higher annual capital costs for bus purchase and overhaul, as well as 
slightly higher annual maintenance costs. 

On-going annual fuel costs for fuel cell buses are projected to be lower than the baseline projection if 
hydrogen is produced using SMR, but higher than baseline fuel costs if hydrogen is produced using 
electrolysis. 

3.3 Fleet Emissions 2015 - 2055 

Annual estimated fleet emissions of in-basin NOx, out-of-basin NOx, in-basin PM, out-of-basin PM CH4, 
CO2, and GHG between 2015 and 2055 under each bus technology/fuel purchase scenario are shown 
in figures 6 – 12. 

As shown in these figures, under the baseline scenario there is a significant reduction in annual 
in-basin NOx emissions, and a smaller reduction in CH4 and GHG emissions, between 2015 and 2020, 
while CO2, out-of-basin NOx, and in-basin and out-of-basin PM hold steady. This NOx and CH4 
reduction is due to the retirement of LACMTA’s oldest CNG buses, which have significantly higher 
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tailpipe NOx and CH4 emissions than the new CNG buses that will replace them under the baseline 
scenario. After 2020 the baseline scenario shows only minor year-to-year changes in annual emissions 
of all pollutants from the LACMTA bus fleet. 

Figure 6. Estimated Annual Fleet Emissions of in-basin NOx (tons), 2015 – 2055 
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Figure 7. Estimated Annual Fleet Emissions of out-of-basin NOx (tons), 2015 – 2055 
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Figure 8. Estimated Annual Fleet Emissions of in-basin PM (tons), 2015 - 2055 
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Figure 9. Estimated Annual Fleet Emissions of out-of-basin PM (tons), 2015 - 2055 
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Figure 10. Estimated Annual Fleet Emissions of CH4 (tons), 2015 - 2055 
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Figure 11. Estimated Annual Fleet Emissions of CO2 (tons), 2015 - 2055 
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Figure 12. Estimated Annual Fleet Emissions of GHG (tons CO2-e), 2015 - 2055 

 

Under the LNOx Bus + RNG scenario annual estimated out-of-basin NOx and PM, CH4, CO2 and GHG 
emissions fall dramatically between 2016 and 2018 compared to the baseline, as the entire existing 
bus fleet is transitioned to RNG. These reductions are the result of lower upstream emissions from 
RNG production and transport compared to production and transport of standard natural gas. Annual 
out-of-basin PM emissions from this scenario are negative due to upstream PM credits for RNG 
production. Over the time period 2018 – 2028 annual in-basin NOx, in-basin PM, and CH4 emissions 
continue to fall as the bus fleet transitions from standard natural gas engines to Low NOx natural gas 
engines with lower tailpipe emissions of NOx, PM, and CH4. Between 2028 and 2055 in-basin PM and 
NOx under this scenario increase slightly year-to-year, while out-of-basin PM and NOx decrease 
slightly, due to assumed transition to a greater percentage of RNG produced by in-basin sources. 

Under the electric bus and fuel cell bus scenarios annual NOx, CH4, CO2, and total GHG emissions start 
to fall in 2025 compared to the baseline, with significant year-to-year reductions through 2038 as the 
fleet transitions to electric or fuel cell buses. After 2038 annual emissions continue to fall, but at a 
lower rate. These continuing annual reductions after 2038 are due to continuing reductions in 
upstream emission rates (g/kWh) for electricity production, based on greater use of zero-emission 
renewable energy sources (solar, wind). With the exception of the fuel cell scenario with hydrogen fuel 
produced via SMR the electric and fuel cell scenarios produce significant reductions in both in-basin 
and out-of-basin NOx. When hydrogen is produced via SMR, out-of-basin NOx emissions fall 
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year-to-year, but annual in-basin NOx emissions are similar to those under the baseline scenario 
throughout the analysis period.  

With the exception of the fuel cell scenario when hydrogen is produced via SMR the electric and fuel 
cell scenarios also show reduced in-basin and out-of-basin PM emission compared to the baseline. 
When hydrogen production is by SMR out-of-basin PM emissions fall relative to the baseline, but 
in-basin PM emission increase significantly year-to-year through 2039 and then start to fall slightly. 
These increased in-basin PM emissions are due to the upstream emissions from producing hydrogen 
via SMR at the depots, and they outweigh reductions in tailpipe PM emissions from CNG buses. 

Figure 13. LACMTA Zero Emission Bus Total Fleet Emissions (million tons) 2015 -2055  

 

Total fleet emissions from each scenario over the period 2015 – 2055 are summarized in Figure 13. As 
shown, over the next 40 years total estimated fleet emissions of in-basin and out-of-basin PM, 
out-of-basin NOx, CO2, and GHG are projected to be lower from the use of RNG and transition to LNOx 
buses than from transition to electric or fuel cell buses, while total fleet emissions of in-basin NOx are 
projected to be slightly higher and total fleet emissions of CH4 are projected to be moderately higher. 

Note that this analysis assumes that the RNG purchased by LACMTA will be 100% landfill gas, with 
100% sourced from outside of the South Coast Air Basin in the near term, transitioning to 30% 
sourced from within the basin after 2050. According to the California Air Resources Board7 RNG 
produced from wastewater treatment plants or food waste would have lower NOx and lower GHG 

                                               
7  California Low Carbon Fuel Standard 



UPDATED DRAFT  
 

Zero Emission Bus Options: 
Analysis of 2015 – 2055 Costs and Emissions 

48 

Results Ramboll Environ 

emissions than landfill gas. The use of RNG from these sources could further reduce total GHG and 
NOx emissions for the LNOx Bus + RNG scenario, compared to the data shown in Figure 11. The 
proportion of total NOx emitted in-basin and out-of-basin under the LNOx Bus + RNG scenario would 
be affected by both the RNG source type and the RNG source location. 

3.4 Fleet Emissions After 2055 

Table 8 summarizes the total estimated fleet emissions in 2055 under each scenario; this data is also 
plotted in Figure 14. This data represents projected on-going annual LACMTA fleet emissions for each 
bus/fuel technology after fully transitioning the fleet. 

Table 8. Projected LACMTA Annual Fleet Emissions in 2055 (tons) 

 

In 2055 and later years electric buses are projected to have the lowest annual GHG emissions, 
approximately 94% lower than the baseline, and 75% lower than RNG plus LNOx buses. Fuel cell 
buses are projected to have GHG emissions 16% lower than RNG plus LNOx buses if the hydrogen fuel 
is produced by electrolysis, but 148% higher if the hydrogen fuel is produced by SMR.  

Despite higher annual emissions after 2055, total cumulative GHG emissions would be lower from the 
transition to RNG and LNOx buses than from the transition to electric buses through 2099 due to lower 
emissions between 2015 and 2055. After 2099 electric buses would start to accrue net GHG reductions 
relative to RNG and LNOx buses.  

Fuel cell buses would not start to accrue net GHG reductions relative to RNG and LNOx buses until 
2358, even if hydrogen fuel was produced using electrolysis.  

 

BASELINE RENEW NG

Std CNG Bus Std CNG Bus LNOx Bus LNOx Bus

Conv NG Renew NG Conv NG Renew NG

NOx (in‐basin) 128.6 136.6 42.5 50.5 5.1 5.1 119.6 16.9

PM (in‐basin) 1.94 ‐3.13 1.87 ‐3.22 0.13 0.13 27.87 0.42

CH4 2,157.3 2,101.8 1,759.4 1,703.7 67.1 66.3 824.2 220.2

CO2 332,622 50,795 333,958 50,999 22,151 21,896 213,790 72,708

GHG (CO2‐e) 386,554 103,340 377,942 93,591 23,829 23,554 234,395 78,213

NOx (Out‐of‐basin) 247.7 27.9 248.7 28.0 19.3 19.1 83.8 63.4

PM (out‐of‐basin) 2.69 ‐11.83 2.70 ‐11.88 0.63 0.63 1.05 2.08
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Figure 14. Projected LACMTA Fleet Emissions in 2055 (tons x000) 

 

In 2055 and later years electric buses are projected to have the lowest annual in-basin and out-of-
basin NOx emissions, approximately 96% and 92% lower than the baseline respectively. In 2055 in-
basin NOx emissions from electric buses are projected to be 90% lower than from RNG plus LNOx 
buses. Fuel cell buses are projected to have in-basin NOx emissions 66% lower than RNG plus LNOx 
buses if the hydrogen fuel is produced by electrolysis, but 136% higher if the hydrogen fuel is 
produced by SMR.  
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