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This report examines operational, service planning, and zero-emission fuel 
technology choices to optimize the proposed I-680 Express bus service in the East 
San Francisco Bay Area.  By enhancing plans for the I-680 Express, the report aims 
to help the County Connection Transport Authority (CCTA) deliver a successful 
funding application to the California State Transportation Agency (CalSTA), in 
collaboration with the Livermore Amador Valley Transit Authority (LAVTA), to 
support the agencies’ transition to a zero-emission vehicle fleet.   
 
The report examines three main topics, with objectives as described below: 
 

● Operations: Optimize fleet size and depot choice for I-680 Express buses, 
provide best-practice guidance on maintenance facility operations for Fuel 
Cell Electric Buses (FCEBs) and identify FCEBs available in the market.  

● Service Planning: Recommend feeder bus service adjustments and other 
innovative measures to increase ridership on the I-680 Express. Estimate 
likely impacts to greenhouse gas (GHG) emission and traffic safety, 
considering changes in mode choice, vehicle-miles-traveled and fuel mix. 

● Hydrogen Capital and Lifecycle Costs:  Provide an overview of hydrogen 
fuel technologies and required facilities.  Develop a lifecycle cost 
assessment to compare FCEB fueling options to each other and to battery 
electric buses (BEBs). 

 

The report makes the following key recommendations on depot location, fleet size 
and maintenance practices, as well as economical ways to procure FCEBs.  
 

● Depots: Operate the I-680 express bus service from a combination of the 
County Connection depot and new depot operated by the LAVTA.  
Combining the use of depots would require about 33,500 fewer annual 
vehicle-miles, save about $48,000 annually in hydrogen fuel and save 
another $48,000 in operator labor, maintenance labor and materials. 

● Fleet Size: Acquire 6 FCEBs for the service.  We estimate the service could 
be operated with 4 peak vehicles under perfect circumstances, or 5 peak 
vehicles once schedules are developed to account for constraints of vehicle 
range, union agreements, and run cuts. 

● Maintenance Practices: Operate the hydrogen-equipped maintenance 
facility with a keen eye toward safety -- ensuring that escaping hydrogen is 
vented, avoiding sparks, detecting leaks, designing the building with non-
combustible material and without any confined areas where hydrogen 
could gather, turning off buses’ fuel cell system while inside the building, 
keeping vehicle temperatures above freezing at night and training 
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personnel.  In addition, acquire appropriate tools, including a portable 
hydrogen leak detector and sensor calibrator, to safely maintain FCEBs. 

● FCEB vehicles: The availability of FCEBs is quickly expanding while costs 
decrease.  Ascendal highlights several currently available FCEBs in the 
market.  County Connection should keep a close eye on the quickly 
developing supply market.  To achieve the best possible cost, incorporate 
the I-680 FCEB acquisition into a larger statewide procurement. 

 

Ascendal developed a high-level travel demand model to support its analysis of 
feeder bus service adjustments.  In addition, Ascendal developed models to 
estimate impacts on GHG emissions and traffic safety, to evaluate the impact of 
travelers switching from cars to public transport and of County Connection 
implementing Zero-Emission Buses (ZEBs). 
 
Key observations of the travel demand model include: 
  

● Demand Patterns: Two major demand patterns characterize the area: (1) 
east-west commuting into downtown San Francisco; and (2) north-south 
travel along the I-680 corridor, focused on Walnut Creek-Concord.  About 
132,700 people commute between Contra Costa and Alameda Counties. 

● High Driving Mode Share:  Driving alone accounts for the vast majority of 
trips in the corridor, resulting from decades of car-oriented development 
and as a result, a high travel-time disparity with public transit. 

● Good Transit Coverage: Remarkably, a large majority (73%) of local 
residents lives within ¼-mile (about 500 meters) of a bus route.   

 
The team proposed several service adjustments, as outlined below, to better 
connect travelers to and from the I-680 Express.  Considering the high coverage 
today, adjusting current transit services to connect with the I-680 Express is 
favored over introducing new feeder services.  
 

● Adjust Feeder Bus Service: Extend some runs of County Connection Routes 
11, 15 and 18 to Walnut Creek Station.  At Pleasanton ACE Station, include 
short diversions for LAVTA Routes 8 and 10R during commuting periods.  
Conversely, discontinue County Connection Routes 92x, 95x, 96x, 97x and 
98x and LAVTA Route 70x, to be replaced by the I-680 Express.   

● Adjust Bus Schedules: Adjust schedules of County Connection Express 
Routes 93x and 99x to provide peak-direction timed transfers to/from the I-
680 Express at Walnut Creek or Martinez Stations.  Also Adjust LAVTA 
Routes 10R, 20X, 30R, 54 and 580X, which mainly serve commuters, to 
provide peak-direction timed transfers at Dublin / Pleasanton Station.  
Doing so may require constructing or freeing up space for curbside stops 
at both locations.  Ascendal also identified less critical schedule 
adjustments that may be worth considering on 11 other routes. 
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● Restore selected services disrupted by the COVID-19 pandemic: Finally, 
the introduction of I-680 Express bus service could influence the agencies’ 
choices to restore or permanently discontinue some routes that have been 
disrupted or temporarily suspended during the COVID-19 pandemic. 

 
The team also explored several innovative solutions to help further boost I-680 
Express ridership.  These solutions, which would need further study, include: 
 

● Roadside stops:  In this concept, I-680 Express buses would use an offramp 
to access a roadside stop, allow passengers to alight and board, and then 
return to the freeway.  This concept has been implemented internationally, 
expanding access without requiring the express bus to stray far from the 
main route 

● Demand responsive transit:  Ascendal suggests exploring the piloting of 
on-demand, dynamically generated routes, by leveraging the latest 
technology to provide flexible services for areas with dispersed demand.  
Such a pilot would expand the authorities’ robust portfolios of innovative 
flexible service pilots including “RTD Van Go!, GoTri-Valley, and two pilots of 
shared autonomous vehicles. 

● Shared mobility hubs:  Similarly, the agencies are planning new or 
enhanced shared mobility hubs along the I-680 corridor.  These hubs offer 
key opportunities to enhance access to and from the new I-680 Express. 

 
Finally, the team estimated GHG and traffic safety impacts as summarized below. 
 

● GHG emission impacts: The I-680 Express would avoid about 54,200 tons 
of CO2 emissions over the project’s 20-year life, due to travelers shifting 
from personal cars to public transit.  Avoided emissions would start high at 
about 3,770 tons of CO2 emissions in 2022 but lessen over time to about 
1,680 tons in 2041 as the passenger vehicle fleet becomes cleaner due to 
a major shift toward electric vehicles and continued fuel economy 
improvements.  Notably, the introduction of FCEBs would avoid new GHG 
emissions versus diesel buses, but would not avoid emissions versus a 
future No-Build scenario.  Ascendal’s GHG emissions model accounts for 
California policy to eliminate fossil-fuel vehicle sales after 2034, the lagging 
effect of used cars continuing to operate and burn fossil fuels; and 
California’s electric power fuel mix, which features a significant share of 
zero-emission solar, wind, geothermal and nuclear power.  

● Traffic safety: The I-680 Express would avoid about 2 deaths and 8 serious 
injuries over the 20-year life of the project. Traffic injuries and deaths have 
been shown to correlate closely with VMT: more driving leads to more 
injuries and death, while less driving reduces injuries and saves lives.  In 
2019, California reported five-year moving averages of 3,704 annual traffic 
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fatalities and 14,382 annual serious injuries.1  These figures translate to 
rates of 1.084 deaths and 4.202 serious injuries per 100 million VMT on 
California’s roads.  Meanwhile, we estimate the I-680 Express will displace 
about 185 million VMT over 20 years.  By multiplying the observed rates of 
traffic injuries and deaths in California by estimated VMT reductions of the 
I-680 Express, we arrive at the above estimates for avoided traffic injuries 
and deaths attributable to the project.. 

 

This section explores hydrogen fueling technologies, provides guidance on FCEB 
maintenance facility development, and develops a life-cycle cost model to 
compare FCEB options to each other and BEBs. 
 
Hydrogen Fueling Technologies:  Three main hydrogen fueling options exist: (1) 
hydrogen delivery, (2) on-site electrolysis, and (3) on-site steam-methane 
reformulation.  For small operations of fewer than 50 FCEBs, hydrogen delivery is 
the most economical option as it avoids the need for constructing on-site facilities 
for production and storage.   
 

● Hydrogen Delivery:  Over long distances, trucking liquid hydrogen is more 
economical than trucking gaseous hydrogen because a liquid tanker truck 
can hold a much larger mass of hydrogen than a gaseous tube trailer can. 
However, liquid transportation brings the challenge of potential boil-off 
through evaporation.  Compressed hydrogen is delivered in a tube trailer 
containing around 300 g of hydrogen at a pressure of 200 to 250 bar. 

● On-Site Electrolysis:  Electrolysis uses electricity to split water into 
hydrogen and oxygen in an electrolyzer.  On-site electrolysis not only offers 
economies of scale  compared to hydrogen delivery, but also the 
opportunity to use zero-emission renewable energy to produce the 
hydrogen.  Disadvantages include higher capital costs, the need for 
specialized skills and facilities, and directly incurring maintenance and 
energy production costs.   

● Steam-Methane Reformulation:  Most hydrogen produced today in the 
United States is made via steam-methane reforming, a mature production 
process in which high-temperature steam (700°C–1,000°C) is used to 
produce hydrogen from a methane source such as natural gas.  This option 
offers the lowest lifecycle costs for large fleets.  However, the process uses 
fossil fuels to produce the hydrogen. 

 
On-Site Development: Next, the report provides guidance on developing an on-site 
hydrogen fueling station. 

 
1 State Highway Safety Report (2019) - California - State - Reporting - Transportation Performance 
Management - Federal Highway Administration (dot.gov) 
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● Hydrogen Physical Footprint: The total footprint of a hydrogen fueling 

station is similar to a diesel or CNG station. For smaller FCEB deployments 
such as those considered here, the facility would need fueling stations for 
both conventionally fueled vehicles and FCEBs. But if the transit agency 
phases out diesel buses, hydrogen fueling stations could occupy the 
existing footprint dedicated to diesel or CNG fueling. 

● Permitting Process:  Hydrogen fueling station deployment and 
construction can be a fiercely complex process.  Thus, early engagement 
with key stakeholders can be critical.  Ascendal has outlined several key 
steps in the process, which typically entails: (a) stakeholder engagement, 
(b) site selection, (c) design, (d) permitting, (e) construction and (f) 
commissioning.  Ascendal has developed for County Connection a 
“Hydrogen Station Permitting Guidebook”, a useful high-level guide to 
navigate through the permitting process.  We recommend using it in its 
entirety as the process moves forward.   

 
Lifecycle Costs:  Finally, this study delivers an interactive cost comparison model, 
allowing the user to update costs with the most current and local figures.  The 
lifecycle cost analysis shows that for very small fleets, electric buses (BEBs) are 
more economical than hydrogen-fuelled alternatives.  Among hydrogen options, 
acquiring hydrogen via delivery is most economical since this option entails less 
capital investment.  But the economy of FCEBs improves greatly as fleet size 
increases.  For illustrative purposes, a fleet of 50 buses will result in the following 
costs over a 12-year period, using a discount rate of 6% to calculate the Net 
Present Value for each option.  At a 50-vehicle fleet size, FCEBs with on-site 
hydrogen production become more economical than BEBs.  With even larger fleet 
sizes, the economy of FCEB options continues to improve.  The lifecycle cost of 
FCEBs is expected to improve  over time, as manufacturers begin producing them 
at scale and as the market becomes more competitive. 

 
Figure 1 Net Present Value per Alternative (50 buses) Over a 12 Year Period
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Introduction 
  
This report aims to investigate operational, service planning and zero-emission 
fuel technology choices to optimize the proposed I-680 express bus service in the 
East San Francisco Bay Area. 
 
Central Contra Costa Transit Authority (County Connection) and Livermore 
Amador Valley Transit Authority (LAVTA) operate vital public transit services in 
neighboring suburban districts of the East Bay Area.    
 
Both agencies have histories of innovation and cross-agency 
collaboration.  County Connection rolled out major adjustments in March 2019 - 
including optimized services, new weekend service, 10-minute peak frequency on 
popular express routes, piloting free rides on three weekday routes, and free WiFi 
-- that have helped boost ridership by an impressive 11% by early 2020.  LAVTA, 
meanwhile, recently won APTA’s 2020 Outstanding Public Transportation System 
Achievement Award, in recognition of its innovations to pilot shared autonomous 
vehicles from the Pleasanton BART Station, GoDublin on-demand services (Lyft 
and Uber), unlimited student transit passes at Las Positas College, and inter-
agency collaborations that have helped boost ridership by 12% from 2017 to 2019.  
 
State agencies are required to phase out fossil fuels by 2035, and to invest in public 
transit, walking, cycling, and micro-transit.  Linked to the initiative, the California 
State Transportation Agency will issue grants of $200 million annually for five 
years to local agencies to spur electric mobility and inter-agency 
integration.  County Connection and LAVTA could leverage these initiatives to fund 
and accelerate new climate-friendly service innovations, electric buses, and 
integration. 
 
The objective of this review is to support County Connection Transport Authority 
(CCTA) in its endeavors to deliver a successful application for funding, to support 
County Connection’s and LAVTA’s transition to a zero-emission vehicle fleet.  To 
access the CalSTA funding grant the agencies would need to demonstrate the 
following: 
 

● Identify opportunities for service integration between the two agencies, to 
achieve significant cost efficiencies, reduce CO2 emissions,  

● Increase ridership, and 
● Conduct a feasibility study in preparation to operate a zero-emission fleet 

(battery-electric or hydrogen) from a shared facility.  
 



 

 
 

14 
 

GoAscendal  

The proposed I-680 express bus service, highlighted above, would deliver a much 
needed one-seat option on the daily commute between the Tri-Valley area and 
County Connection. 

 

The service would be delivered using 5 hydrogen powered FCEBs for the commute 
along the I-680 expressway. The northern terminus is the Martinez Amtrak station. 
Intermediate stops are at the BART Walnut Creek station, and the Bollinger Canyon 
Park-and-Ride. In 2022, 14 southbound buses will terminate at the BART 
Dublin/Pleasanton station, identified as the Tri-Valley Hub. Three buses will 
continue south to the Pleasanton ACE Station during morning commute hours. 
The reverse would occur during the evening commute. 

The service will provide connections to the San Joaquins at Martinez, and to ACE 
trains at the Pleasanton ACE Station. The stop at the Bollinger Canyon PNR would 
provide access to the nearby Bishop Ranch office park. 

The service will operate on weekdays. At start-up, the service is envisioned to 
operate with hourly frequencies northbound and southbound. In 2027, frequencies 
would be half hourly during the peak commute period and hourly during the off-
peak. By 2040, frequencies would be half hourly through the workday. In 2022, the 
first southbound bus departing Martinez will be at 5:40 AM; and the last 
northbound bus will arrive at Martinez at 11:20 PM. 

 

Figure 2 I-680 Service 
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The I-680 express bus service would serve five stops, listed here from north to 
south: Martinez Amtrak Station; Walnut Creek BART Station; San Ramon (Bollinger 
Canyon Park-and-Ride); Dublin/Pleasanton BART Station (Tri-Valley Hub); and 
Pleasanton ACE Station (during commute periods). 
 
The flowchart below, Figure 1, highlights as an example, the necessary decisions 
required by transit authorities in their pursuit of zero-emission buses. It is 
understood that after modeling the service, the authorities of LAVTA and County 
Connection strongly desire following the hydrogen pathway. This study will build 
on the technology selected to identify the next decisions and questions that need 
asking. The study will review different methods of supply, different methods of 
delivery and different methods of production. 
 
This report investigates operational plans, service plans, and hydrogen fueling 
capital construction needs for the I-680 express service.  
 
First, Section 2: Operations optimizes the fleet size and choice depot location; 
provides guidance on maintenance facility operations and hydrogen Fuel Cell 
Electric Bus (FCEB) upkeep; and provides insights on available FCEB vehicles for 
procurement. 
 
Next, Section 3: Service Planning identifies possible feeder bus service 
adjustments to enhance ridership; and estimates possible impacts on greenhouse 
gas (GHG) emissions and traffic safety. 
 
Section 4: Hydrogen Capital Improvements and Lifecycle Cost Comparison then 
provides an overview of various hydrogen fuel technologies, guidance on how to 
construct and operate a hydrogen fueling facility; and a lifecycle cost comparison 
between various hydrogen fuel options and battery electric buses (BEBs). 
 
Finally, two Annexes provide more detailed information on travel demand 
modeling and BEBs to support the core sections above. 
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Figure 3 Road to zero-emission flowchart
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Operations 
 
E-mobility in urban public transport is undergoing fast technological development 
and market expansion. Therefore, the use of ZEBs is a key aspect to address the 
challenges associated with urban transport for high energy efficiency and low 
greenhouse gas emissions.  
 
There are many experts discussing the pros and cons of procuring e-buses and       
financing them, as well as discussions on the range possibilities, topology, 
consumption and other topics, but very rarely are there discussions on the 
importance of scheduling.  
 
It is only through scheduling that transit authorities will identify the most efficient 
number of vehicles and driver duties to utilize, and to understand the benefits of 
operating from one depot or more. 
 
This section will discuss the importance of effective scheduling and the 
advantages and/or disadvantages of operating from the most efficient depot. Both 
County Connection and LAVTA currently have existing depot options.  Our team 
will analyze the two depots independently, and we will analyze whether the service 
might benefit from being operated from both available depots. The team will 
identify the cost savings offered from the different operational scenarios and this 
section will also offer guidance on maintenance facilities including the “do’s” and 
“don’ts” of this new technology, and the specially designed tools necessary for the 
vehicle upkeep of hydrogen FCEBs. 
 
To summarize, the purpose of this section is to: 

● Choose depot(s): Determine from which depot(s) the new I-680 express 
bus service should be operated, and estimate the associated cost savings 

● Optimize the fleet: Confirm the optimal fleet size  
● Guide maintenance operations: Provide guidance on maintenance facility 

operations and tools necessary to upkeep hydrogen FCEBs. 
● Identify available vehicles: Provide insight on available vehicles for 

procurement. 
 

 
Ascendal is in partnership with Optibus. Optibus understands the planning and 
scheduling requirements such as required time for charging/re-fueling, the effect 
of running vehicles from one or more depots to find the best schedule to reduce 
deadhead mileage.  
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When scheduling is carried out badly, the result is sub-optimal planning that will 
require additional vehicles and drivers, which defeats the object.  The goal in 
transitioning to e-mobility is to match the existing service to that of a diesel fleet, 
that means the same number of vehicles, drivers, duties.  
 
When the industry was going through the pandemic and now, as the industry 
recovers, it is clear what a challenge to constantly reinvent the schedules and 
match the required level of output to manpower, added to the fact that these 
changes are occurring more often than usual. Hard decisions were and will need 
to be made about reducing services and then thoughts move towards rebuilding a 
relationship with riders in the future. 
 
It is therefore useful to be able to try multiple scenarios quickly and accurately. 
Here are some major factors to consider when determining what elements of your 
schedule to change: 
 

● Reduced coverage: Which routes serve important locations or a 
demographic that requires public transportation service that cannot be 
reduced? Experiment with changes to routes that don’t make the cut. 

● Span of service: Which service hours make sense? Perhaps the service 
needs to stop earlier than possible, or perhaps some locations (e.g., 
hospital) require late-night service? Has ridership dropped suddenly, and 
service needs to be changed? 

● Frequency: As with span of service this can go both ways. Lower demand 
or fear of contamination can warrant service cuts, yet, on the other hand, a 
frequency increase can lower bus occupancy, in case the agency is tasked 
with ensuring low bus occupancy as a means of preventing contamination. 

● Type of service: In case of shutdowns, do we keep school service, university 
services etc. 

 
 

 
Neither of the two agencies has their transit depots ideally placed, strategically, to 
run services up and down the I-680. The County Connection depot is located in the 
northern part of the study area at 2477 Arnold Industrial Way, Concord. This means 
the depot is very far from several of the express routes operated by the county, 
which in turn leads to high levels of non-revenue miles, and LAVTA depot is located 
in Livermore, 1362 Rutan Dr #100, CA 94551 which would equally be a challenge 
to get vehicles in place at the most northern point from this depot. 
 
LAVTA is planning to move its depot to a new site located in Livermore to be used 
jointly by both the counties, at 875 Atlantis Ct, CA 94551.  The new facility is just a 
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short hop from the existing one; therefore, this new depot offers the same strategic 
location but with greater benefit from its planned larger space and future 
technology upgrades. 
 
The team worked with the Optibus scheduling system to review the service 
operated in three ways: 

● Services operated using the County facilities only 

● Services operated using the LAVTA facilities only 

● Services operated using both facilities 

Figure 2 identifies the vehicle schedule operated from the County Connection 
facility. From this figure you can identify the number of vehicles required to operate 
the service, 4 in this case. What must be noted, is that the team has not yet 
explored vehicle range, driving elements, union agreements and so on.  As more 
preferences are added to the schedule for each scenario, we will need 5 vehicles 
to deliver the service in the most efficient way.  The estimate of five peak vehicles 
aligns with the future grant request for 6 vehicles including 1 spare.  
 
The service is running at 91% efficiency and will deliver a daily deadhead mileage 
of 220km/138 miles. 
 
 

  
 

 
Figure 4 Service operated from the County Connection facility 

Figure 3 identifies the vehicle schedule operated from the facility in LAVTA. From 
this figure you can identify the number of vehicles required to operate the service, 
4 in this case again. The service is running at 88% efficiency and will deliver a daily 
deadhead mileage of 313km/196 miles.  
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The analysis indicates that the LAVTA depot is farther from the new service than 
the County Connection depot, making the former a less efficient option. With 255 
operational days per annum and a daily deadhead difference of 93 kms/ 58 miles, 
operating out of the LAVTA depot would entail additional deadhead, non-revenue 
mileage of 23,715kms/14,822 miles per annum. By operating from LAVTA only, 
there would be a need to calculate the additional required fuel and labor costs. 
 

 
 

 
Figure 5 Service operated from the facility in LAVTA 

 
The team then identified the cost savings possible to attain through reduced 
deadhead, by operating the service utilizing the two depots. Figure 4 identifies the 
vehicle schedule operated from both of the facilities highlighted above, taking 
advantage of the southbound schedule being commenced from County 
Connection and the Northbound schedule being commenced from the facility in 
LAVTA. From this figure one can identify the number of vehicles required to 
operate the service would remain at 4. The service would now be running at 96% 
efficiency and deliver a daily deadhead mileage of just 103km/64 miles.  
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Figure 6 Service operated from both the facilities jointly 

 
Table 1 below highlights the savings in miles for the I-680 express bus service if it 
integrates use of both the LAVTA and County Connection depots. The table 
provides an overview of the annual deadhead miles required to operate the service, 
firstly from the LAVTA depot (least efficient), then the County Connection depot, 
and finally the saving in deadhead miles if the service is operated jointly from the 
two depots. 
 

Operating Depot Daily Deadhead Annual Deadhead 
Annual Saving in 
Miles 

LAVTA (only) 196 miles 49,884 miles 0 

County Connection 
(only) 

138 miles 35,062 miles 14,822 

Both 64 miles 16,416 miles 33,468 

Table 1 Identified mileage savings operating from two depots 

The Optibus software can assist the team to review the driving schedule elements, 
while accounting for the various rules relating to whether drivers need to start and 
finish at the same depot, whether vehicles can start in one depot but finish in the 
other, and how drivers might return to base after live swap over shifts ends (e.g. 
via taxi or by swapping the vehicle in the depot).  All of these elements can be 
analyzed to find the most efficient schedule to operate the service. The Optibus 
system has been designed to account for all such parameters, and to deliver the 
most efficient service within the confines of such operational parameters. 
 
In this example the I-680 express service could experience an annual saving of 
33,468 deadhead miles. The team identified several examples of current hydrogen 
vehicles, as shown in the table below, to estimate the associated fuel savings. 
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Table 2 Example: Van Hool Fuel Cell Vehicle and operational specification   

The team used 7mpkg for the calculation of hydrogen requirement, based on 
actual fuel economy of hydrogen-electric buses in operation in California, as 
shown above. Therefore, by operating out of both depots, the proposed I-680 
express bus service would save 33,468 miles / 7mpkg = 4,781kg of fuel annually. 
 
The team identified the average price of $10 per kg2 for hydrogen and cibfurned 
uts accuracy for the purposes of this high-level review.  At this price, operating out 
of both depots rather than only the LAVTA depot would save about      $47,810 
annually in fuel savings alone.        
 
Additional savings would accrue in terms of less maintenance cost for the 
vehicles.  The high-level cost review can act as a benchmark to understand the 
expected cost implications for FCEB. 
 
Labor costs would also be reduced in terms of carrying out less non-revenue miles 
and reduced deadhead miles, in the scenario when the service is operated from 
two depots.  
 
Labor cost is a double benefit. Firstly, by operating from a combination of the two 
depots, the authorities would save cost due to less drive time required to cover the 
additional non-revenue miles.  Also drivers would dedicate more of their work time 
productively toward revenue service, rather than spending effort and time to 
deadhead. 
 
The figures below show the deadhead time per vehicle. 
 

 
2 California’s ‘hydrogen highway’ never happened. Could 2020 change that? - CalMatters 
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Figure 7 Deadhead time operating from both depots 

 

Figure 8 Deadhead time operating from LAVTA depot 

 
Figure 9 Deadhead time operating from County Connection depot 

The labor deadhead time results are as follows: 
● 135 minutes operating from both depots 

● 222 minutes operating from the County Connection depot 

● 290 minutes operating from the LAVTA depot 
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The difference in labor time operating with both depots would be reduced driving 
hours of 2 hours 35 minutes per day. That would equate to saving 658.75 hours 
per annum.  We can estimate that these saved revenue-hours should result in 
saving roughly another $47,928 in expenses related to revenue-hours.  We develop 
this estimate based on LAVTA’s most recent 2019 FTA agency profile (National 
Transit Database), while assuming that revenue-hours account for roughly 60% of 
the agency’s operating costs, in a multi-factor model that would include revenue-
hours, revenue-miles and peak vehicles.  
 
The authorities should note that there may be further savings possible throughout 
the working day, due to the way the service is scheduled, from which depots the 
vehicles are allocated and how swapping drivers throughout the day is managed.  
All of these parameters and more can be interrogated in a more in-depth review. 
 
To summarize, this high-level review makes a strong case for operating the service 
from a combination of both depots.  Doing so would yield an annual saving of 
roughly $48,000 in hydrogen fuel, plus another $48,000 in mostly labor cost related 
to fewer vehicle-revenue-hours, in addition to savings from maintenance labor and 
materials.  A more detailed cost model could estimate these savings more 
precisely, as needed to support LAVTA’s and County Connection’s application for 
state funding. 
 

 
In the following section the study focuses on the new maintenance facilities 
planned for the Atlantis Court depot. The authorities at LAVTA are planning to 
move to the new facilities at Atlantis Court, a short distance away. 
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Figure 10 The current and new depot facilities planned by LAVTA 

The existing facilities are over 30 years old, and the authorities are in severe need 
of additional space. The responsibilities and systems involved in maintaining 
vehicles in a roadworthy condition should be monitored closely. Maintaining a fleet 
of vehicles is challenging enough without the authorities being placed under 
further pressure resulting from a lack of space and up to date facilities. Ensuring 
vehicles are maintained to the highest degree is the responsibility of the operator 
and must be the number one priority. 
 
The maintenance facility is an important part of the maintenance system, and with 
the introduction of hydrogen FCEBs, there are new areas that LAVTA needs to 
consider for the new depot.  Often the transit authorities have little or no experience 
with hydrogen fuel and since there are no established standards about hydrogen, 
the transit authorities should consult with a reputable safety consultant and a 
professional building contractor to determine the scope required for the facilities 
to safely operate hydrogen fueled vehicles.3 
 
As the roll-out of hydrogen technology continues, the level of skill and 
familiarization will increase but for the authorities of LAVTA this is very new. 
Hydrogen requires additional safety measures due to its properties and propensity 
to leak. 
 
Properties of Hydrogen  

• 10 times lighter than air  

 
3www.fuelcellbuses.eu/sites/default/files/documents/Safety%20Considerations%20for%20Maint
enance%20Facility_0.pdf 

LAVTA   Current 
Depot 

New Depot at 
Atlantis Ct 
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• Wide flammability range: 4% to 74% in air  
• Explosive when confined  
• Colorless and odorless  
• Hydrogen flame is invisible to human eye in sunlight  
• Due to its small molecular size, hydrogen has a propensity to leak. 

 
 

 
In the new depot where the bus is located for maintenance, the following guidance 
is recommended, this is not an exhaustive list: 
 
1. Ensure that escaping hydrogen is vented 
This can be achieved with roof ventilation or by the use of forced air ventilation. In 
the event that hydrogen is detected, open further access points, i.e. doors to 
ensure supply of fresh air. 
 

 
Figure 11 Possible ventilation plan4 

2. Avoid sparks 
Ideally there should be no electrical installation present above the heights of the 
hydrogen tanks of the bus. If electrical equipment is present, it should be switched 
off when hydrogen is detected, or it should be EX protected electric installation. 
There should be manual electric override switches. Finally, there should be a 
grounding system for the vehicles.  
 
3. Ensure hydrogen leak detection (at a level of 40% lower explosion limit) 

 
4www.fuelcellbuses.eu/sites/default/files/documents/Safety%20Considerations%20for%20Maint
enance%20Facility_0.pdf 
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The building should be equipped with hydrogen leak detectors. Hydrogen leak 
detection in the building should give a visible an audible alarm and the controller 
of the alarm system should not be located in the same room as the bus. 
 
A system should be in place to deactivate other potentially harmful systems if a 
hydrogen leak is discovered. 
 
4. Structural considerations 
The indoor facility should be designed to reduce the level of impact associated 
with hydrogen leaking. Therefore, the building should not have any confined areas 
where hydrogen can gather. The ceiling should ideally be flat with no traps to avoid 
hydrogen gathering. The roof material should be non-combustible, and the walls 
should be fire rated. 
 
5. Do not use the fuel cell system inside a building 
Before entering the depot, the fuel cell should be switched off. This ensures at the 
same time that the magnet valves of the hydrogen tanks are closed. The hydrogen 
maintenance valve, or similar equipment, in the vehicle should be in the closed 
position. 
 
6. Personnel must be trained 
All personnel that might be required to work on the new FCEBs and/or supporting 
equipment, must be trained. If the vehicle is required at another location, the bus 
must be accompanied by a trained person (driver, technician). This point is 
especially important in consideration of whether then new I-680 service is 
operated from one or more depots. 
 
7. Special measures to be foreseen during overnight stay of the buses: 
When not in service, the buses are standing on parking places with facilities to 
charge the batteries. This is important, because the fuel cell needs to be 
permanently kept at temperatures above freezing and the hydrogen warning 
system is permanently on and, therefore, the batteries might be discharged.5 
 
 

 
In order to maintain hydrogen vehicles safely a new suite of specially designed 
tools is advised. The special tools would be required for diagnostics of the 
hydrogen fuel system and might include: 
 

● Portable hydrogen leak detector, to check periodically any leaks from H2 
pipe connections 

 
5 General safety rules in buildings for maintenance, parking or other purposes | Fuel Cell Electric 
Buses (fuelcellbuses.eu) 
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● Calibration adapter, hydrogen sensor, A mandatory preventative 
maintenance activity required to calibrate the H2 sensors. 

● Pin Spanner, green, Special tool for coolant pump removal from motor. 
● USB to CAN interface, to log onto the controller 
● Conductivity Meter, to check the conductivity of the DI water in the WEG 

coolant 
 

 
Currently there is no over-the-road FCEB coach available in the general market.  
However, there are several in development.  Flixbus in the UK is preparing to 
introduce hydrogen over-the-road coaches in a cooperation with Freudenberg.67  
In addition a CoacHyfield consortium of 14 companies is developing a similar 
coach.8  Also Daimler Truck is developing a hydrogen over-the-road coach.9  
Therefore, we understand that there will be a competitive market of suppliers to 
serve CCTA’s needs.  In addition, this project would benefit from the broader order 
of hydrogen buses (e.g. 40 to 60) at the state level, to help manufacturers 
accelerate development of an FCEB over-the-road coach.   
 
The Ascendal team therefore recommends keeping a close eye on the supply 
market and incorporating the FCEB acquisition into a larger state-level 
procurement to bring down costs.

 
6 “FlixBus is Preparing to Introduce Hydrogen Buses. A Cooperation with Freudenberg’s Starting”. 
Sustainable Bus, September 2019.  Last accessed December 9, 2021 at: 
https://www.sustainable-bus.com/news/flixbus-is-preparing-to-introduce-hydrogen-buses-a-
cooperation-with-freudenbergs-starting/ 
7 “Fuel Cell Technology Products from Fruedenburg.” Fruedenburg. Last accessed December 9, 
2021 at:  https://www.fst.com/fuel-cell/ 
8 “Demonstration of Fuel Cell Coaches for Regional Passenger Transport“. CoacHyfied. Last 
accessed December 9, 2021 at: https://coachyfied.eu/ 
9 Daimler Truck Fuel Cell Established. Focus on Hydrogen Systems for Long-Distance Transport.” 
Sustainable Bus, June 8, 2020.  Last accessed December 9, 2021 at: https://www.sustainable-
bus.com/fuel-cell-bus/daimler-truck-fuel-cell-hydrogen-long-distance-transport/ 
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Service Planning
 
In this section the team analyzes the potential for feeder bus service adjustments, 
mobility hubs and other measures to increase ridership on the proposed I-680 
express bus service. It also estimates how the level of greenhouse (GHG) 
emissions and traffic safety would be positively impacted with Zero-Emission 
Buses (ZEBs) and as travelers switch from cars to public transport.   
 
To summarize, the purpose of this section is to: 

● Propose service adjustments: Identify possible feeder bus service 
adjustments, mobility hubs and other approaches to enhance ridership on 
the proposed I-680 express bus service 

● Estimate GHG and traffic impacts: Estimate possible impact on 
greenhouse gas emission and traffic safety (to be evaluated more 
throughout via regional air quality model) 

 
To do so, Section 3.1 first analyzes regional travel patterns to identify potential 
market opportunities to serve more travelers with the premium express bus 
service along I-680.  The analysis is supported by a travel demand model that the 
team developed, which is presented in the Annex, with a few key highlights 
presented in this section.  Section 3.2 then explores service and connectivity 
enhancements to improve first/last-mile connectivity and further increase 
ridership on the proposed I-680 express bus service.  Section 3.3 then assesses 
potential impacts on GHG emissions and traffic safety of switching to ZEBs and 
attracting more travelers to use public transit. 
 

 
The objective of this exercise is to analyze the connectivity between the two 
counties and review the area of the future planned I-680 service to connect them 
to each other.  It analyzes their overlap and establishes which are the most 
demanded stops.  The section conducts a first-level, thorough review of the travel 
market served by the proposed I-680 express bus -- including trip generation rates, 
car ownership rates, other demographics, and access to public transit.   
 
The team developed a high-level travel demand model to understand and assess 
mobility patterns.  The following section presents the model including several 
interesting maps and charts.  Key takeaways of our analysis follow immediately 
below.  
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● Populous, wide catchment area: The corridor serves a large population 
(673,300 people) settled at low- to medium densities (up to about 3,000 
people per square mile) and that continues to grow at a moderate rate.  
Work and education account for well over 70% of trips, suggesting a good 
market for express bus service.   However, the proposed I-680 express bus 
service will require good connectivity via public transit, car and micro-
mobility to serve the wide catchment area.   

 
● Two major demand patterns: Two major demand patterns characterize the 

area: (1) east-west commuting into compact downtown San Francisco; and 
(2) north-south travel along the I-680 corridor, with a large set of trips 
starting or ending in the populous Walnut Creek-Concord  area.  About 
132,700 people (19.7%) commute between the two counties, illustrating the 
large demand for north-south travel.  The proposed I-680 express bus 
service can serve both of these markets, by directly providing fast, premium 
north-south service and connecting to major east-west rail lines that serve 
downtown San Francisco. 

 
● High driving mode share, driven by large transit-car travel time disparity: 

Driving, and specifically driving alone, accounts for the vast majority of 
travel throughout the corridor.  Of course, high incomes and large 
household sizes lead to high car ownership rates and can explain much of 
travelers’ choice of the car mode.  Arguably even more important are the 
corridor’s dispersed and separated land uses, low- to medium densities, 
and the resulting 30-minute average travel time disparity between car and 
public transit.  At higher incomes, people place even greater value on their 
time, making the average 30-minute difference even more critical for this 
market. The travel time disparity suggests that high travel speed via public 
transit is very important to closing the gap.  The proposed I-680 express 
bus service, if well connected to major attractors and feeder services, could 
reduce the gap for key markets and make public transit more competitive. 

 
● Good transit coverage: Remarkably, current bus services already service 

the large majority (73%) of the population in Central Contra Costa and 
Livermore-Pleasanton lives within ¼-mile (about 500 meters) of a bus route.  
Several of the existing bus services also serve commuter markets within 
limited stop or express services.  Considering this high level of existing 
coverage and the modest ridership potential for feeder buses, the service 
plan should ensure good connections between the current public transit 
system and the proposed I-680 express bus service, rather than focus on 
the introduction of new services. 

 
The following figures illustrate the key points above -- showing population 
densities, main origin and destination nodes, major desire lines, household 
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incomes, and public transit service coverage.  Please refer to the Annex for 
additional modeling details and maps that characterize the service area further. 
 
 

 
Figure 12 Contra Costa & Alameda Counties: Current Population Density and Public Transit Network 

   
Figure 13 Main origin and destination nodes concentrate on the Walnut Creek / Concord area 
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Figure 14 Desire lines reveal two major travel patterns: east-west into downtown San Francisco and north-south 
along the I-680 corridor 

 

 
Figure 15 Median household income. High driving mode share is driven by high household income in much of the 
corridor and dispersed land uses.  Transit service is denser in lower-income areas.   



 

 
 

33 
 

GoAscendal  

 
Figure 16 Population served by transit within ¼-mile (500 meters). 73% of the population in Central Contra Costa 
and Livermore-Pleasanton lives within a short walk to a bus route. 

 

 
Table 3 Total population within 500m of a transport offering 

 

 
The team proposes five categories of service enhancements as outlined below.  
The subsequent sections of this report detail each category: 
  

1. Adjust feeder bus service 
2. Restore services disrupted by the COVID-19 pandemic 
3. Roadside stops 
4. Demand responsive transit 
5. Shared mobility hubs 

 

 
Current public transit services already provide excellent coverage, considering the 
73% coverage figure noted above.  Ascendal recommends leveraging this network 
by ensuring good connections between existing routes and the new express bus 
service.  Riders are already familiar with current routes, and a conservative 
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approach to adjusting services along the corridor will minimize the possibility of 
major mistakes or public confusion when the new system opens.10  11 
The proposed I-680 Express may serve not only commuters traveling via the 
connecting rail lines, but also job centers and shopping destinations in the Walnut 
Creek, Dublin and Pleasanton areas.  Feeder bus routes could play an important 
role to ensure good connectivity between residential areas and the I-680 Express, 
as well as from the new express service to commercial activities within the 
corridor. 
 

The bullets immediately below summarize recommended route adjustments.  The 
table far below shows the feeder bus routes that would serve each express bus 
station, while highlighting the same adjustments summarized in the bullets.  
Finally, the following section highlights current service disruptions due to the 
pandemic and how the introduction of I-680 express bus service could influence 
the permanent discontinuance or restoration of certain routes. 
 
Recommended route extensions, diversions or discontinuances: 
 

● County Connection Routes 11, 15 and 18: Extend some runs of these 
routes south to Walnut Creek Station, from nearby Pleasant Hill Station, to 
meet the I-680 express bus service.  Ideally, the extended runs should be 
scheduled to provide a timed transfer to/from the I-680 express service in 
the peak commute direction. 

● LAVTA Routes 8 and 10R: At Pleasanton ACE Station, include short 
diversions for LAVTA Routes 8 and 10R during commuting periods only, to 
connect with the I-680 express bus service at the ACE rail station. 

● County Connection Express Routes 92x, 95x, 96x, 97x and 98x and LAVTA 
Route 70x: Discontinue these routes, which will be replaced by the I-680 
express bus service. 

 
Recommended schedule adjustments: 
 

● County Connection Express Routes 93x and 99x: Adjust schedules of these 
routes to provide time transfers to/from the I-680 express service in the 
peak commute direction, at Walnut Creek Station (93x) and Martinez 
Station (99x). 

● LAVTA Rapid, Express or Commuter Routes 10R, 20X, 30R, 54 and 580X: 
Adjust schedules for these routes to provide timed transfers in the peak 
commute direction with the I-680 express bus service at Dublin / 

 
10 6.3 Basic Service Planning Concepts (itdp.org) 
11In an extreme example, TranSantiago witnessed for months the problems created by the “Big Bang” 

approach when wholesale changes to the route system were implemented overnight.  Doing so led to 
widespread confusion among customers.  Also the main systems controlling the network bus frequency failed 
due to lack of testing.  The transition was so poor that fare evasion increased by 30% in the following months 
as passengers took advantage of the chaos. 
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Pleasanton Station.  Doing so may require constructing or freeing up space 
for additional bus bays or curbside stops -- an implication that should 
receive careful consideration. 

 

Less important schedule adjustments, but also worth considering: 
 

● County Connection Routes 1, 4, 5, 9, 4, 21 and 35: Consider also adjusting 
schedules for these infrequent routes to provide timed transfers to/from 
the I-680 express service in the peak commute direction, at Walnut Creek 
Station (all but Route 35) and San Ramon (Route 35).  Doing so could 
require additional bus bays or space for curbside stops at Walnut Creek 
Station that would need to be considered; but also would enable a “pulsed” 
time transfer system between these and other infrequent routes while 
providing seamless connections to the I-680 express service. 

● LAVTA Routes 1, 3, 8 and 14: Consider also adjusting schedules for these 
infrequent routes to meet the I-680 express service at Dublin/Pleasanton 
BART Station.  Similar to above, doing so could create a space challenge 
that would need careful consideration, but also would enable a “pulsed” 
timed transfer with seamless connections among various bus routes 
including the proposed I-680 Express. 

 
Once the new service is in full operation the transport planning team should look 
again to identify any additional necessary service changes. Modest ridership 
increases are likely on local feeder routes. It would therefore be prudent to monitor 
and react to the possible future ridership growth with service adjustments as and 
when required.  
 
Table: I-680 Express Feeder Bus Connections 
CC = County Connection 
LAVTA = Livermore Amador Valley Transit Authority 
 

Base Plan Adjust Service 
Discontinue Service 

Replaced by I-680 Express 

Martinez Station   

CC Route 16 
CC Route 18 
CC Route 19 
CC Route 28 
CC Route 99x 
CC Weekend Route 316 

Adjust CC Route 99x 
schedule to provide a timed 
transfer in the peak 
commute direction. 
 
 
 

CC Route 98x 
 
 
 
 
 
 

Walnut Creek BART Station   

CC Route 1 
CC Route 4 
CC Route 5 

Extend some runs from 
Pleasant Hill BART to 
Walnut Creek BART to 

CC Route 95x 
CC Route 96x 
CC Route 98x 
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CC Route 9 
CC Route 14 
CC Route 21 
CC Route 93x 
CC Route AC 
CC Weekend Routes 4, 301, 
311, 321 
 
 
 
 
 
 
 
 
 

provide timed transfer in 
peak commute direction: 

Route 11 
Route 15 
Route 18  
 

Adjust CC Route 93x 
schedule to provide a timed 
transfer in the peak 
commute direction. 
 
Consider also adjusting CC 
Route 1, 4, 5, 9, 14 and 21 
schedules to provide a 
timed transfer in the peak 
commute direction. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

San Ramon (Bollinger Canyon 
Park-and-Ride) 

  

CC Route 21 
CC Route 35 
CC Weekend Routes 321, 
335 
 
 

Consider adjusting CC 
Route 35 schedules to 
provide a timed transfer in 
the peak commute 
direction. 

CC Route 92x 
CC Route 95x 
CC Route 96x 
CC Route 97x 
 

Dublin/Pleasanton BART 
Station (Tri-Valley Hub) 

  

CC Route 35 
CC Weekend Route 335 
LAVTA 1 
LAVTA 2 
LAVTA 3 
LAVTA 8 
LAVTA 14 
LAVTA 10R 

LAVTA 20X (currently 
suspended due to pandemic) 

LAVTA 30R 
LAVTA 54 
LAVTA 501 
LAVTA 502 

LAVTA 580X (currently 
suspended due to pandemic) 

Adjust schedules for LAVTA 
rapid, express or commuter 
Routes 10R, 20X, 30R, 54 
and 580X to provide a timed 
transfer in the peak 
commute direction. 
 
Consider also adjusting 
LAVTA Route 1, 3, 8, 14, 
schedules to provide a 
timed transfer in the peak 
commute direction. 

 
 
 
 

CC Route 97x 
LAVTA 70X (currently 
suspended due to pandemic) 
 

 
 
 
 
 
 
 
 
 
 
 
 

Pleasanton ACE Station (during 
commute periods) 

  

LAVTA 53 
LAVTA 54 
 
 
 

Include short diversion to 
ACE Station during 
commute periods: 

LAVTA Route 8 
LAVTA Route 10R 

CC Route 92x 
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During the COVID-19 virus pandemic, public transit has been hugely disrupted, 
services have been reduced, manpower has been severely affected.  Transit 
agencies have gone through periods of reducing staff and then increasing services 
once more at a later stage.  It is a challenge to constantly reinvent the schedules 
and match to the required level of output to manpower, added to the fact that these 
changes are occurring more often than usual.  
 
Current issues listed on the County Connection website (11/2021) include: 

Attention Passengers 
We are experiencing unprecedented levels of service disruptions 
due to our limited workforce. Service may be impacted on the 
following routes 

● Weekdays: 1, 6, 7, 10, 11, 15, 17, 20, 21, 28, 35, 601, 608, 
93X, 95X, 96X   

● Weekends: 4, 301, 311, 315, 316, 321, 335 
 

Current issues highlighted on the LAVTA website (11/2021) include: 
● 20X suspended until further notice 
● 70X suspended until further notice 
● 580X suspended until further notice 

 
For these routes, hard decisions will need to be made about restoring service, with 
an eye toward rebuilding a relationship with riders in the future.   
 
The introduction of I-680 express bus service could influence the agencies’ choices 
to restore or permanently discontinue some of these routes, highlighted above in 
bold.  Among these routes: 
 

● County Connection Routes 93x, 95x and 96x: Ascendal proposes 
permanently discontinuing these routes when the I-680 express bus service 
begins, since the new route will directly replace those services. 

● LAVTA Routes 20X and 580X: Before their temporary suspensions, these 
routes provided quick connections for commuters from Livermore via I-580 
to Dublin/Pleasanton BART Station, where the I-680 express bus route will 
serve.  The introduction of I-680 express bus service would not single-
handedly justify restoring these routes, but could strengthen the case for 
retaining one or both of them to expand connectivity for the commuting 
market.   

● County Connection Route 1, 21, 28 and 35: These routes, which are 
experiencing service disruptions due to the pandemic, would provide 
connections to the proposed I-680 express bus service at Martinez Station 
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(Route 28), Walnut Creek Station (Routes 1, 21), or San Ramon and 
Dublin/Pleasanton Stations Station (Route 35).  Each serves a unique set of 
stops not otherwise connected to the I-680 Express.  The introduction of the 
I-680 Express would strengthen the case for retaining these routes. 

 
Referencing the vision for the bus network and considering ridership and 
budgetary constraints all will be necessary to fully assess these routes.  The I-680 
Express would clearly obviate the need for some express routes that currently 
provide the same connections.  But the I-680 Express also would strengthen the 
case for retaining other services, in the broader context of evaluating these routes. 
 

Another concept worth considering is developing stops on the sides of I-680 where 
the bus would not stray far from the main route.  The vehicle would simply go down 
a ramp, allow passengers to alight and board, and then return to the freeway, as 
illustrated in the example images below.  This concept would expand access and 
encourage faster commute times along the new express service.  But more work 
would be required to properly assess the pros and cons of such a design. 
 

 
 
Figure 17 Conceptual Bus stop idea 

 

 

Stop 
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The authorities could consider expanding demand responsive transit (DRT) to 
provide first-mile/last-mile connections.  
 
The agencies are already operating several flexible DRT-style pilots.  These include: 

● LAVTA operates RTD Van Go!, an on-demand rideshare service that 
customers can book up to two days in advance to ride anywhere in 
SanJoaquin County for $4.90 plus $0.50 per mile after the fifth mile.  

● LAVTA is partnering with Uber and Lyft to offer Go Tri-Valley, whereby 
LAVTA will pay up to 50% of the fare (up to $5) if a customer’s trip begins 
and ends within LAVTA’s service area of Dublin, Livermore or Pleasanton.   

● LAVTA is partnering with Transdev and EasyMile to test shared 
autonomous vehicles (SAV) on public roadways in Dublin.  

● Similarly, County Connection is partnering with EasyMile to test an SAV 
employee shuttle in Bishop Ranch. 

 
A more complex service that might be considered is the implementation of shared 
6- pr 8-seat minibuses to provide flexible-route services.. The on-demand vehicle 
would pick up and drop off passengers using dynamically generated routes and 
usually use common pick-up and drop-off points. The rider would be directed to 
the closest pick-up point and their vehicle would drop them off at the drop-off point 
closest to their final destination. Operators could also offer a curb-to-curb or door-
to-door experience.   
 
The service could be ideal for: 

● Increasing service levels 
● Increasing passenger safety 
● Offering first-/last-mile connectivity 

 
This would be a MaaS (Mobility as a service) type service. There would likely be 
required an application (APP) for reservations and fare payment and a routing 
algorithm that could optimize vehicle routing and schedules to groups of 
passenger origins and destinations. 
 

 
Shared mobility hubs have been proposed to enhance connectivity along the 
corridor.   This section defines in more detail the possible design and service 
features of mobility hubs and proposes locations served by the proposed I-680 
Express to investigate more thoroughly. 
 
Shared mobility hubs along the I-680-corridor could be an effective way to connect 
fixed high-capacity services, including BART, ACE and Amtrak rail services and I-
680 Express bus services, to dispersed residential, job or shopping centers beyond 
an easy walk from the stations.  The hubs would facilitate accessing the I-680 
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Express without driving alone, while making it easier in general for travelers to 
connect to transit, micro-mobility car sharing options.  
 
Recent experience from Pittsburgh’s MovePGH effort, which is implementing 
shared mobility hubs, as well as from Los Angeles’s ongoing efforts to do the 
same, suggest several attractive features that can be incorporated.  These include: 
 

● Design: 
○ Community-centered design, reflecting the cultural and historical 

heritage of the local community. 
○ Public space, seating, greenery, public art and concession amenities 

for spending time while awaiting one’s next ride 
● Services: 

○ Bicycle parking and storage.  
○ Pickup/dropoff and parking space to support a variety of modes, for 

example: bike sharing, scooters, mopeds, car sharing, taxis and ride 
hailing services, and future AV shuttles 

● Information and Fare Payment: 
○ Kiosk providing access to information on available services, where 

they go, and how to access them; as well as payment options 
○ Integrated smart phone app, similar to Pittsburgh's Move PGH 

Transit app, that provides integrated information and fare payment 
opportunities 

 

 
Figure 18 Concept for Pittsburgh Shared Mobility Hubs. Source: MovePGH, 2021. 
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Importantly, shared mobility hubs require sufficient density of demand to justify 
the concentration of services and allocation of space for them.  The I-680 Express 
would provide yet another service that generates demand for shared mobility 
connections.  While all stations could benefit from shared mobility connections, 
the best opportunities for such hubs would be at high-volume stations that are 
also well served by other popular rail and bus routes. 
 
Among I-680 Express stations, the most robust opportunities for shared mobility 
hubs would be at Walnut Creek BART Station and Dublin / Pleasanton BART 
Station.  Dublin / Pleasanton is of course the likely location of the future Tri-Valley 
Hub.  In addition, both stations are served by a large number of connecting local 
bus routes.  They are located within proximity to sizable residential populations 
and significant employment and shopping opportunities.  And their surrounding 
areas feature somewhat dense development and street networks, which can 
support better opportunities for micro-mobility. 
 
 

 
Transportation remains one of the leading contributors to greenhouse gas 
emissions (GHGs) that contribute to global climate change.  Public transit 
agencies have a vital role to play in mitigating climate change, by attracting 
travelers into more efficient shared mobility options, and by transitioning their 
transit fleet to zero-emission buses (ZEBs). 
 
In the section that follows the team examined the impact of the proposed I-680 
Express bus service on GHG emissions, considering both the shift of travelers to 
public transit and the transition to ZEBs.  The team considers the impact in two 
parts: 

1. Shifting trips from cars to public transit  
2. Additionally replacing diesel buses with FCEBs on the I-680 Express 

 

 
We estimate that the I-680 Express bus service would avoid the emissions of about 
54,200 tons of CO2 emissions over a 20-year life of the project, due to travelers 
shifting from personal cars to public transit.  Avoided emissions would start high 
at about 3,770 tons of CO2 emissions in 2022, but lessen gradually over time to 
about 1,680 tons in 2041, as the passenger vehicle fleet becomes cleaner due to 
better fuel economy and a major shift toward electric vehicles. 
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The following sub-sections review the factors driving these reductions and the 
model parameters that Ascendal specified to develop this estimate. 
 

Emission reductions would be driven by daily reductions in vehicle miles traveled 
(VMT) from about 33,300 fewer VMT in 2022, followed by about 35,000 VMT in 
2027 and 37,100 VMT in 2040.12  After annualizing these figures by applying a 
factor of 260x, the new service would displace about 6.61 million vehicle-miles 
cumulatively over a 20-year period from 2022 to 2041. 
 
This reduction in VMT would directly avoid CO2 emissions as travelers burn less 
fuel from driving personal vehicles.  The actual emissions avoided would depend 
on the fleet mix (including electric vehicles), fuels, and fuel economy of the general 
passenger vehicle fleet. 
 

The most significant impact by far on future emissions savings is the broad uptake 
of plug-in electric vehicles expected in future years.  Governor Newsom has signed 
an executive order banning the sale of any gasoline-powered vehicle from 2035 
onward, and the state has set a goal of 5 million electric or emission-free vehicles 
in its real-world fleet by 2030.  Meanwhile supporting these goals, California has 
enacted 132 electric vehicle incentives to encourage consumers to switch from 
gas-powered to plug-in electric vehicles.13   
 
ZEV sales comprised about 8.1% of all passenger vehicles sold in California as of 
202014 and about 5.6% of the on-the-road fleet mix -- the latter including 834,000 
plug-in electric vehicles of 14,895,00015 total passenger vehicles registered in the 
state.  Already, early 2021 sales show strong growth from 2020, with ZEVs 
comprising 10.8% of new vehicle sales in the state. 
 
Plug-in electric vehicles come in two forms: fully electric vehicles (EVs) and plug-
in hybrid electric vehicles (PHEVs).  PHEVs can store enough electric charge to 
propel the vehicle for an initial 14 to 61 miles among currently available vehicles,16 
without burning any gasoline -- far enough for many car owners to commute all-

 
12 AECOM. “I-680 Express Bus and Tri-Valley Hub Study Final Report”.  Livermore Amador Valley 
transit Authority (LAVTA).  May 4, 2021. 
13 Alternative Fuels Data Center. “Electric Vehicle Laws and Incentives by State”.  U.S. Department 
o Energy. Last accessed on December 10, 2021 at https://afdc.energy.gov/data/10373. 
14 Recurrent. “California Electric Vehicle Trends.”  Last accessed December 10, 2021 at 
https://www.recurrentauto.com/research/california-electric-vehicles 
15 Statistica. “U.S. Automobile Registrations in 2019, by State”. Last accessed December 10, 2021 
at https://www.statista.com/statistics/196010/total-number-of-registered-automobiles-in-the-us-
by-state/ 
16 “PHEV Models Currently Available in the U.S.” EVAdoption.  Last accessed December 10, 2021 

at https://evadoption.com/ev-models/available-phevs/ 
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electric to and from work.  The current on-the-road fleet in California includes a 
fairly even mix of 425,300 EVs17 and 408,700 PHEVs as of 2020, but sales of EVs 
are currently outpacing PHEVs by a wide margin, comprising 76% of new plug-in 
vehicle sales in 2020.18 
 
Our model uses EV sales projections from EVAdoption through 2030,19 and 
assumes a stable mix of EV and PHEV sales until then.  After 2030, our model 
linearly increases EV sales to 100% of passenger vehicle sales by 2035, consistent 
with Governor Newsom’s Executive Order, while phasing out PHEV and gasoline-
powered passenger vehicle sales. 
 
The change in fleet mix would lag behind the change in sales mix, due to used cars 
operating on the roads for several years after their initial sale.  The current average 
age of passenger cars in the United States is 12.1 years, a figure that has risen 
slightly in recent years as the cost and quality of vehicles has increased.  As a 
result, new sales would account for only about 1/12 of the current fleet mix in any 
given year, while the oldest used vehicles (the “tail” end of a histogram) continue 
to occupy some road space for decades.20 
 
Although EVs would account for 100% of new passenger vehicles from 2035 
onward, their share of the on-the-road fleet would rise to only about 43.9% in that 
year, and rise further to about 66.7% of vehicles by 2041, the last year in our model.   
 

Our GHG model accounts for emissions from “well to wheel”, including material 
recovery, transport, conversion to electricity where applicable, and use by the 
vehicle.21 
 
The well-to-wheel burning of one gallon of gasoline produces about 23.5 pounds 
of CO2 equivalent.  Of this amount, 18.74 pounds are emitted directly by the 
automobile burning a gallon of gas, while another 4.76 pounds are emitted through 
gasoline production and refining activities. 

 
17 Alternative Fuels Data Center. “Electric Vehicle Registrations by State”.  U.S. Department of 

Energy. Last accessed on December 10, 2021 at https://afdc.energy.gov/data/10962 
18 California Auto Outlook.  Volume 17, Number 2, May 2021.  Last accessed December 10, 2021 
at https://www.cncda.org/wp-content/uploads/Cal-Covering-1Q-21.pdf 
19 “EVSales Forecasts”.  EVAdoption. Last accessed December 10, 2021 at 
https://evadoption.com/ev-sales/ev-sales-forecasts/ 
20 Clin Beresford and Caleb Miller. “Average Age of Vehicles on the Road Rises Above 12 Years”.  
Car and Driver, June 21, 2021. Last accessed on December 10, 2021 at 
https://www.caranddriver.com/news/a33457915/average-age-vehicles-on-road-12-years/ .  
21 Our model does not account for emissions associated with the vehicle materials themselves, 
including material recovery, production, fabrication, assembly and disposal.  Vehicle materials 
comprise an important portion of a vehicle’s overall GHG emissions profile; however, impacts on 
car ownership have not been modeled by AECOM and would be beyond our scope to estimate. 
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Electric vehicles, too, generate emissions through electricity production.  When 
compared to a gasoline-powered vehicle, an EV in California emits about 19.2% as 
much GHGs per mile driven, while a PHEV in California emits about 41.0% as 
much.22 
 
We derive these figures by observing California’s electricity generation mix, which 
is relatively clean as compared to the U.S. as a whole.  Even so, nearly all electricity 
produced in California generates some GHG emissions.   Zero-emission fuel 
sources account for an impressive 48.4% of the state’s electricity generation -- 
including renewable energy sources solar, wind, hydro and geothermal, as well as 
nuclear energy.  (The U.S. national mix is considerably less clean by comparison, 
with zero-emission sources accounting for only 37.9% of electricity generation, 
including California itself.)  Natural gas accounts for the next largest share, or 
48.1% of California’s electricity.  The balance of 2.9% of electricity in California is 
generated from higher-CO2-emitting biomass, coal, oil, and other fossil fuels. The 
following two figures illustrate the electricity fuel mix and ratio of GHG emissions 
among EVs, PHEVs and gasoline-powered vehicles used in our model.23 

 
Figure 19 California Electricity Sources.24 

 
22 Alternative Fuels Data Center. “Emissions from Hybrid and Plug-In Electric Vehicles”.  U.S. 
Department of Energy. Last accessed December 10, 2021, at 
https://afdc.energy.gov/vehicles/electric_emissions.html 
23 Alternative Fuels Data Center. “Emissions from Hybrid and Plug-In Electric Vehicles”.  U.S. 
Department of Energy. Last accessed December 10, 2021, at 
https://afdc.energy.gov/vehicles/electric_emissions.html 
24 Alternative Fuels Data Center. “Emissions from Hybrid and Plug-In Electric Vehicles”.  Last 
accessed December 10, 2021 at https://afdc.energy.gov/vehicles/electric_emissions.html 
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Figure 20 CO2 Emissions of EVs, PHEVs and Gas-Powered Vehicles 

 

Finally, we address the topic of fuel economy among gasoline-powered passenger 
vehicles.  The California Air Resources Board (CARB) enjoys a special status in the 
U.S. regulatory framework, whereby the state agency has the power to regulate 
fuel economy standards for vehicles sold in-state.  Due to California’s large 
population of nearly 40 million people and manufacturers’ preference to 
standardize production, CARB wields significant influence over fuel economy 
regulations.  CARB has set progressively higher annual fuel economy standards 
for manufacturers through 2026.  In addition in 2020, CARB finalized a legal 
settlement with five major manufacturers, comprising 30% of vehicle sales 
nationally -- BMW, Ford, Honda, Volkswagen and Volvo -- to voluntarily increase 
their average fuel economy through 2026, well above levels mandated by the 
Trump administration at the time.  The agreement effectively provided certainty to 
these manufacturers regardless of who won the next presidential election. 
 
CARB’s standards are set higher than the national average. The U.S. Environmental 
Protection Agency (EPA) has observed a nation-wide fuel economy of 25.3 miles 
per gallon (mpg), so far in 2021, the highest ever.  In comparison, our model 
estimates that CARB’s 2021 fuel economy standards currently require 
manufacturers to meet a real-world fuel economy of 28.2 mpg for new sales. 
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For our model, we observe CARB’s standards through 2026, adjust by a factor of 
0.70x for real-world fuel economy, adjust for the mix of trucks or SUVs versus 
sedans (currently 70% versus 30% of new sales), and model the actual on-the-road 
fleet mix which lags behind new vehicle sales due to the aging vehicle fleet as 
described earlier. From 2027 onward, our model holds fuel economy steady for 
new vehicles but continues to adjust the fleet mix as older, less fuel-efficient 
vehicles are retired. 
 
With these parameters, our model estimates real-world fuel economy for gasoline-
powered passenger vehicles rising from about 24.9 mpg in 2021to 28.4 mpg in 
2026, and further to 33.0 mpg in 2041. 
 

During early years of the I-680 Express bus project, avoided CO2 emissions would 
be fairly high as travelers shift from relatively high-polluting gas-powered cars and 
SUVs to public transit.  Modest upticks in electric vehicles and fuel economy would 
slightly outweigh the growth in avoided VMT, such that annual emission 
reductions decline from about 3,770 tons of CO2 in 2022 to about 3,290 tons in 
2027.  
 
Emission reductions would decline more quickly in later years as the pace of EV 
adoption increases in the general passenger fleet and as earlier improvements in 
fuel economy and EV sales begin to make a larger impact on the general fleet mix.  
Avoided CO2 emissions would decline to about 2,630 tons in 2032, to 2,010 tons 
in 2037 and to about 1,680 tons in 2041.   
 
Overall, Ascendal estimates that the I-680 Express bus service would avoid about 
54,200 tons of CO2 emissions due to travelers shifting from cars to transit, over 
the 20-year life of the project. 
 

In this section, we estimate the additional emission impact of transitioning the I-
680 Express bus fleet from diesel-powered to zero-emission vehicles. 
 

The I-680 Express bus fleet would drive about 412,400 miles per year (including 
16,416 deadhead miles).  If the buses were powered by traditional diesel fuel like 
most of LAVTA’s and County Connection’s fleet, the service would consume about 
126,500 gallons of diesel fuel and release about 1,755 tons of CO2 per year -- or 
about 52,650 tons of CO2 over a 20-year period through 2041.  By using zero-
emission buses, the service would avoid adding these emissions. 
 
We base this estimate on two key parameters: fuel economy and emissions per 
gallon of diesel.  Diesel buses average 3.26 mpg, according to the U.S. Department 
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of Energy.25  Meanwhile, burning diesel fuel produces slightly more CO2 emissions 
than burning gasoline.  The well-to-wheel burning of one gallon of diesel fuel 
produces about 27.75 pounds of CO2 equivalent (compared to 23.5 pounds for 
gasoline).  Of this amount about 22.38 pounds26 are emitted directly by the bus 
burning a gallon of diesel, while another 5.37 pounds are emitted through 
production and refining activities. 
 
Note that the model is sensitive to many projections about the future -- including 
the electricity grid’s fuel mix, fuel economies, the proportion of EVs, how long 
people keep used cars operating on the roads, and the amount of VMT shifted to 
public transit.  Reality inevitably will play out differently than how we have modeled 
it.  A sensitivity analysis would reveal a significant range of possible emission 
reductions. 
 

 
The emissions avoided from travelers shifting from car to transit can be 
considered a direct project impact.  Without the project, these emissions would 
occur.  With the project, they would not.   
 
If the project were to use diesel buses, it would create a modest overall increase in 
emissions, as the diesel buses would add 52,650 tons of CO2 emissions, while 
passengers shifting from cars to transit would avoid 54,200 tons -- yielding a net 
increase of 1,550 tons. 
 
However, the choice to use zero-emission FCEBs would effectively mitigate the 
additional emissions that the project would otherwise generate, enabling it to net 
54,200 tons of avoided CO2 emissions. 
 
Finally, it is important to note that other emission changes could be counted in a 
more comprehensive analysis.  These include (1) additional emissions associated 
with producing and delivering hydrogen fuel; and (2) reduced emissions from the 
I-680 Express bus service replacing several incumbent express services, and (3) 
minor additional emissions associated with proposed short extensions of a few 
routes to Walnut Creek Station.  These three aspects of the project are not yet 
defined but could form part of a future update to the analysis of CO2 Emissions 
avoided. 
 
 

 
25 Alternative Fuels Data Center.  “Average Fuel Economy by Major Vehicle Category”.  U.S. 
Department of Energy. Last accessed December 10, 2021 at https://afdc.energy.gov/data/ 
26 U.S. Energy Information Administration.  “Carbon Dioxide Energy Coefficients”.  November 18, 
2021.  Last accessed December 10, 2021 at 
https://www.eia.gov/environment/emissions/co2_vol_mass.php  
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As well as the benefits to health that less CO2 emissions in the atmosphere bring, 
the service should also support safer travel for all.  Implementing the new express 
bus service along the I-680 should contribute to the reduction in traffic crashes 
and fatalities in a few key ways. First, an overall reduction in vehicle miles traveled 
(VMT) would result in fewer drivers on the road and less risk exposure for all 
drivers, pedestrians, and cyclists alike. Second, dedicated bus lanes reduce 
interaction between buses and other vehicles, minimizing the risk for traffic 
crashes. Similarly, a BRT type system, as with the new service, can change bus 
drivers’ behavior by reducing on-the-road competition with other vehicles and 
providing opportunities to improve driver training.27 
 
Our analysis focuses on the reduction in VMT and associated safety benefits. 
Traffic injuries and deaths correlate closely with VMT.  Numerous research studies 
validate that higher levels of driving contribute to more traffic fatalities, and that 
even small reductions in driving can save lives.  One of the most comprehensive 
meta-studies to collect research from several other sources on this topic was 
published in 2021 by Victoria Transport Policy Institute.28  In it, Litman and Fitzroy 
present research from other studies that consistently validates the correlation 
between VMT and traffic deaths -- by U.S. state, by U.S. urban area, by U.S. rural 
area, and by OECD country, as well as longitudinally through economic crises that 
have impacts VMT and traffic fatalities in the same directions.  Even at a small 
scale, panel research reveals that individuals who self-reported driving more also 
self-reported more traffic injuries.   
 
According to Caltrans, travel on the State Highway System resulted in 195 billion 
VMT in 2016. For the same period, FHWA estimates 340 billion VMT on the state’s 
entire roadway network29. Thus, the State Highway System VMT represents about 
57 percent of all VMT in California. This demonstrates the need to focus attention 
on the reduction of VMT on the state highways such as the I-680, where the 
problem is concentrated.   
 
In 2019, California reported five-year moving averages of 3,704 annual traffic 
fatalities and 14,382 annual serious injuries.30  These figures translate to rates of 
1.084 deaths and 4.202 serious injuries per 100 million VMT on California’s roads.   
 

 
27 4 Ways Cities Benefit from Bus Rapid Transit (BRT) | World Resources Institute (wri.org) 
28 Todd Litman and Steven Fitzroy. “Safe Travels: Evaluating Transportation Demand Management 
Traffic Safety Impacts”.  Victoria Transport Policy Institute.  June 14, 2021. 
29 Caltrans Greenhouse Gas Emissions and Mitigation Report Final Report August 2020 
30 State Highway Safety Report (2019) - California - State - Reporting - Transportation Performance 
Management - Federal Highway Administration (dot.gov) 
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Meanwhile, the I-680 Express bus service is projected to reduce VMT by about 185 
million VMT over a 20-year life of the project.  Therefore, the Express bus service, 
if implemented, would likely avoid about 2.0 deaths and 7.8 serious injuries over 
the course of its 20-year life. 
 
 

Hydrogen Capital 
Improvements and Lifecycle 
Costs 
 
The purpose of this section is to provide an overview of various hydrogen fuel 
technologies. A review of the different methods of acquiring hydrogen is included. 
The section explores delivered hydrogen and on-site produced hydrogen. Also 
included in this section is a high-level understanding of the requirements to 
develop a hydrogen fueling facility and finally we have produced a lifecycle cost 
assessment of various hydrogen fueling options versus battery electric bus (BEB). 
 
Three main hydrogen fueling options exist: (1) hydrogen delivery, (2) on-site 
electrolysis, and (3) on-site steam-methane reformulation.  For small operations 
of fewer than 50 FCEBs, hydrogen delivery is the most economical option as it 
avoids the need for constructing on-site facilities for production and storage.   
 
A hydrogen fueling station operates similarly to a CNG fueling station. A hydrogen 
fueling station will typically include a (1) hydrogen delivery system, where 
hydrogen is delivered by a supplier or produced on-site, (2) hydrogen storage 
tank(s), (3) vaporizer (for liquid storage), (4) compressor, (5) chiller, and (6) 
dispensing system that delivers the fuel to the vehicle. 

 
Figure 21 Generalized hydrogen fueling station schematic31 

Gaseous hydrogen storage will require an integrated design with both low-
pressure and high-pressure storage. Liquid hydrogen storage is more common for 

 
31 Guidebook for Deploying Zero-Emission Transit Buses (2021) 
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transit applications, as it allows for higher storage capacity. FCEBs available in the 
U.S. all require hydrogen to be dispensed at 350 bar (H35).  
 
Note that the hydrogen fueling station for your buses will not be compatible with 
most hydrogen fueling stations for light-duty fuel cell vehicles, which require 
hydrogen to be dispensed at 700 bar (H70). Many retail hydrogen stations that 
dispense at 700 bar can also dispense at 350 bar.32 
 
There are early considerations associated with hydrogen technology, which 
involve the type of hydrogen infrastructure the transit authority’s desire. There are 
three types for consideration: 

● Permanent, where the piping equipment is below the ground 

● Semi-Permanent, where the piping is above the ground 

● Temporary, where the equipment is leased or rented 

Next a decision must be made over whether to use liquid or gaseous hydrogen and 
then finally, consideration must be given to having hydrogen delivered (liquid or 
gaseous), or by producing hydrogen on-site through electrolysis or natural gas 
reformation. 
 
 

 
As the team highlighted in the E-mobility Feasibility Study33, the initial investment 
in a hydrogen fueling infrastructure may be significant but scaling up hydrogen 
fueling infrastructure may be less costly and less land-intensive than scaling up 
battery charging infrastructure.  
 
The total footprint of a hydrogen fueling station is similar to a diesel or CNG 
station. For smaller FCEB deployments such as is considered here in county 
connection, the facility will need fueling stations for both conventionally fueled 
vehicles and FCEBs. But if the      transit agency phases out non-ZEBs, hydrogen 
fueling stations could occupy the existing footprint dedicated to diesel or CNG 
fueling. 
 

 
32 Guidebook for Deploying Zero-Emission Transit Buses (2021) 
33 E-mobility Feasibility Study Integrating the Services of County Connection and LAVTA, 2021 
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Figure 22 Hydrogen Supply Decision 

 

 
Currently, hydrogen is transported from the location it is produced, to the point of 
use, the transit depot. This is carried out via pipeline and over the road in cryogenic 
liquid tanker trucks or gaseous tube trailers. Pipelines are deployed in regions with 
substantial demand (hundreds of tons per day) that is expected to remain stable 
for decades. Liquefaction plants, liquid tankers, and tube trailers are deployed in 
regions where demand is at a smaller scale or emerging. 
 
Purchased liquid hydrogen from a supplier would be typically delivered via fuel 
trucks. There would need to be a cryogenic storage area to maintain the correct 
temperature.  Likewise, gaseous hydrogen might be delivered via fuel trucks, but 
delivery is also possible via a pipeline infrastructure. Transporting gaseous 
hydrogen via existing pipelines is a low-cost option for delivering large volumes of 
hydrogen, but the high initial capital costs of new pipeline construction constitute 
a major barrier to hydrogen pipeline delivery infrastructure. On delivery, gaseous 
hydrogen requires storage in pressurized vessels. 
 
The advantages to having hydrogen delivered are that the agency will have less 
equipment to maintain, and the energy costs should be lower.  The process for 
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delivery will not be too foreign, as it is very similar to that of diesel delivery.  The 
County will also benefit from lower costs for the pilot with six vehicles. 
 
The disadvantages to having hydrogen delivered are higher hydrogen unit costs      
than producing hydrogen on-site; plus maintenance fees are still required.  
Furthermore, delivery is dependent on third parties, both manufacturers and 
distributors. 

 
Over long distances, trucking liquid hydrogen is more economical than trucking 
gaseous hydrogen because a liquid tanker truck can hold a much larger mass of 
hydrogen than a gaseous tube trailer can. However, there are challenges with liquid 
transportation, most notably the potential for boil-off during delivery. “Boil-off” is 
when some amount of stored hydrogen will be lost through evaporation      
especially when using small tanks with large surface-to-volume ratios. Research 
to improve liquefaction technology, as well as improved economies of scale, might 
help lower the energy required and the cost.34 
 
Liquefaction of hydrogen requires cooling to a temperature of -253 °C and 
subsequent storage in cryogenic containers. Liquefaction is an energy intensive 
process and can consume up to 35% of the energy in the stored hydrogen. 
 
The authorities must note that, as most current hydrogen vehicles have a 
compressed gas container on board, the liquid hydrogen has to be converted to 
compressed gas before refueling the vehicle.  This process requires complex 
infrastructure, involving controlled vaporization of liquid hydrogen and 
compression into a compressed gas storage facility. 35 
 

 
Large quantities of compressed hydrogen are delivered in a tube trailer. These 
“tube trailers” consist of several tube-shaped pressure vessels in which the 
hydrogen is stored, built onto a trailer. The tube trailer contains around 300 kg of 
hydrogen at a pressure of 200 to 250 bar. As hydrogen is consumed the pressure 
in the trailer will drop and so the tube trailer will be connected via a compressor to 
additional compressed storage vessels installed on the site. Hydrogen to refuel the 
vehicles will be taken from these fixed vessels. 
 
Smaller volumes of hydrogen are supplied in cylinders at 200 bar pressure. 
Typically, the cylinders will be bundled together into packs of between 6 to 15 and 

 
34 Hydrogen Delivery | Department of Energy 
35 Hydrogen supply and storage | Fuel Cell Electric Buses (fuelcellbuses.eu) 
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their outlets manifolded together. These packs are known as manifolded cylinder 
packs (MCPs). A 15-cylinder MCP contains around 10kg of hydrogen. MCPs are 
delivered to site on the back of a truck with appropriate lifting gear.36 
 
 

 

 
Electrolysis is the process of using electricity to split water into hydrogen and 
oxygen. This reaction takes place in a unit called an electrolyzer.  In hydrogen 
fueling stations the hydrogen is captured during the process and stored. 
The advantage of producing hydrogen in your own depot is that you are offered 
the opportunities to utilize renewable energy to produce hydrogen, reducing the 
carbon footprint of operations further, not being reliant on the possibility that the 
electricity has been generated through burning fossil fuels. Advantages include: 
 

• Transit agency controls and manages production 
• Unit cost of hydrogen may be lower than delivery 
• Can use renewable energy to produce hydrogen 

 
The disadvantage in producing hydrogen in this manner is that it requires a lot of 
energy, so increased costs as a result. Due to the additional equipment, there 
would likely be higher capital and maintenance costs.  Such capital cost might not 
be justifiable for a small pilot fleet.  There also would be upskilling required to 
understand how to maintain the new equipment, more so than with delivery. 
 
If there are any leaks identified or other system failures, service may be interrupted 
while the fault is identified, and repairs would need to be carried out before 
hydrogen production could continue. 
 
Finally, the entire process would require more space for significant ground storage. 
 

 
Most hydrogen produced today in the United States is made via steam-methane 
reforming, a mature production process in which high-temperature steam (700°C–
1,000°C) is used to produce hydrogen from a methane source, such as natural gas. 
In steam-methane reforming, methane reacts with steam under 3–25 bar pressure 
(1 bar = 14.5 psi) in the presence of a catalyst to produce hydrogen, carbon 
monoxide, and a relatively small amount of carbon dioxide. Steam reforming is 

 
36 Hydrogen supply and storage | Fuel Cell Electric Buses (fuelcellbuses.eu) 
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endothermic—that is, heat must be supplied to the process for the reaction to 
proceed. 
 
The main reason to produce hydrogen this way is to control the production 
process, which should deliver lower unit costs than having hydrogen delivered.  
 
The disadvantage is firstly the use of fossil fuels, and as with electrolysis, more 
electricity would be expended in the production process. The other disadvantages 
are the same ones, highlighted in the earlier section on the production of hydrogen 
through electrolysis: 
 

• Higher capital and maintenance costs.   
• Upskilling staff required to understand how to maintain the new equipment. 
• Service interruption, if any leaks or other system failures are identified. 
• More space, including significant ground storage. 

 
The agencies of LAVTA and County Connection are planning to launch a service 
with five FCEB vehicles into operation, running a frequency of between 45 to 60 
minutes. For this type of pilot service, the team recommends that the hydrogen is 
acquired through delivery via liquefaction. The authorities will benefit from learning 
and reviewing this new technology during the early stages of this new service, in 
order that they gain a better understanding to inform the future direction they 
ultimately choose to follow. 
 
Liquefaction delivery is the most popular method of acquiring hydrogen in the 
initial stages for transit agencies in the US, this method is more manageable with 
less equipment to maintain, and the authorities should benefit from lower energy 
costs, the system of delivery and storage is also similar to that of CNG so agencies 
should find moving to hydrogen in this way, less challenging. 
 

 
Table 4 Transit Fueling station configurations as of 201637 

 
37 BEST PRACTICES IN HYDROGEN FUELING AND MAINTENANCE FACILITIES FOR TRANSIT AGENCIES, 

2016 
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*AC Transit also produces hydrogen on-site, but only for use in cars for sale to the 
public.  
      

 
Having reached the stage where the county has decided on the fueling 
infrastructure method, it is now the right time to understand the activities involved 
in the design and deployment phase. This phase will likely require an outside 
design or construction firm, which will mean a formal bidding process is needed. 
 
While the complexity of deployments can vary, the process for this phase of 
deployment typically includes:  
 

• Stakeholder engagement, 
• Site selection, 
• Design, 
• Permitting, 
• Construction, and 
• Commissioning.38 

 
 

 
38 Guidebook for Deploying Zero-Emission Transit Buses (2021) 
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Figure 23 Permitting and Construction 

 
Early engagement with the key stakeholders in the process will be necessary for 
resolving issues and accomplishing a successful deployment. Key stakeholders 
might include utilities, permitting authorities, bus OEMs and designers. 
 
It will be important to organize a kick-off meeting with the key stakeholders, both 
internal and external, where roles and responsibilities can be defined.  

 
Transit agency executives will be necessary in supporting the site selection, 
procurement, budget approval, and to assist with coordination across 
departments. 
 
The facility managers and the Operations team should be consulted to evaluate any 
potential operational impacts of possible fueling solutions and ensure the selected 
site(s) allow for easy bus access, maintenance, and scalability. 
 
The procurement team needs to understand what is expected from them. 
 

Local power providers should be consulted, to understand what upgrades might be 
required. 
 
Designers will need to prepare plans and site designs and need to engage with and 
consider the advice from the local power providers. 
 
Bus and charging equipment manufacturers need to be consulted, to identify 
specifications required, designs and possible limitations. 
 
Contractors should be consulted, as it is likely a construction firm will be recruited 
for the depot upgrades. 
 
Facility Permitting Agency should be consulted, to deliver a clear understanding of 
what is required.  Permission will be required to align with the: 

• NEPA - national environmental policy act 
• CEQA - California Environmental Quality act 
• APTA guidelines - American public Transit Authority 
• Fire Services 
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The site should ideally be located to deliver the most advantageous solution to the 
operational side of the business, a location that reduces deadhead mileage which 
would reduce non-revenue hours.  This is not always possible, and the site 
selection needs to further consider the fueling infrastructure, space, rental fees 
and permit requirements to upgrade the depot. 
 
For Hydrogen infrastructure, the authorities need to consider the scalability of the 
site.  Whilst the initial launch of the new service along the I-680 will be served by 6 
new ZEBs, we have shown the scalability of the technology, so it is imperative more 
space is afforded to the infrastructure which ideally should suit a minimum of 50 
hydrogen FCEBs from the launch day.39We have previously identified that the most 
efficient way to operate the new service is utilizing the depots in both County 
Connection and LAVTA, therefore both counties need to consider the following 
section. 
 

 
It is understood that the two counties do not possess extensive experience in 
designing hydrogen fueling stations, therefore it is advised to hire an engineering 
firm to design the fueling station solution, obtain the relevant permits and oversee 
the construction.  
 
This is when the procurement team will be most involved, they will need to ensure 
all regulations are followed and project timelines are adhered to, understanding 
the procurement adds time to a project. The procurement team will need to ensure 
the RFP for the construction, includes a detailed schedule for milestone payments. 
The winning bid must be inspected to ensure correct licenses to practice in the 
correct state. 
 
Once the construction team is procured there will need to be a kick-off meeting. 
All the key stakeholders (internal and external) need to be present at the kick-off 
meeting. The purpose of the meeting will be to understand the current needs of 
the business, in the delivery of daily services, and the future needs and goals, it is 
essential that construction of the depot can proceed safely, whilst the live 
operation continues. 
 
Discussions with local power suppliers are essential to Hydrogen FCEB 
deployments. Hydrogen fueling stations can require significant power for 
compression. 

 
39 E-mobility Feasibility Study Integrating the Services of County Connection and LAVTA, 2021, 
GoAscendal 
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Interim deliverable reviews should be scheduled with the design team (e.g., at 30%, 
60%, and 100% drawings) to ensure that the project is on track. The final design 
drawings will be a required input for permit applications and will be utilized in the 
RFP for construction. 
 

 
There should be early consultation with the permitting authorities to ensure that 
the design team are aligned with the requirements of the permits. Permitting 
requirements will vary depending on the station type and local jurisdictions. It is 
likely that there will need to be a dialogue with the NEPA and the CEQA and also 
the fire department.   
 
The fire department  
 

● Hydrogen station designs need to comply with the California Building Code 
(Part 2) and the California Fire Code (Part 9) of the California Building 
Standards Code (Title 24), the California Code of Regulations and/or the 
local amendment of the California Building and Fire Code. The code 
ensures proper setback distances, equipment and mitigation measures for 
fueling, infrastructure and storage. 

 
● Ultimately, the local fire marshal decides whether or not a site can 

physically host a proposed hydrogen fueling station. This decision is based 
on the fire marshal’s review of proposed plans and interpretation of locally 
recognized fire code. Local interpretation of the code and on-the-ground 
realities can result in different solutions in different locations. However, 
information from NFPA 2, Hydrogen Technologies Code (2020 Edition) can 
and should be used to estimate a site’s ability to host a hydrogen fueling 
station. 

 
It might be that a temporary hydrogen design is decided upon. A temporary or 
mobile hydrogen fueling station may require fewer permits than a permanent 
station; however, it will need to be re-permitted if it is ever moved. 
 
Great importance should be placed on the permitting process element of the 
hydrogen facility as this part of the process can cause lengthy delays if not 
correctly managed.  The team has therefore brought together a useful high-level 
guide to navigate through the permitting process to assist in avoiding unwanted 
pitfalls, in the next section. 
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The design team can support the agency in evaluating the RFP responses from 
construction companies, which might identify solutions or require approval to 
make changes to the design. 
 
The selected contractor will be required to complete the full construction of the 
depot upgrade, which includes any and all installation of the fueling infrastructure. 
Hydrogen stations utilizing gaseous hydrogen will require a compressor, storage, 
a dispenser, and cooling equipment; liquid storage stations will also require a 
vaporizer.  
 
These components are typically delivered as modules. The contractor will provide 
the necessary connections, including piping and electrical, between the modules 
for proper operation of the fueling station.40 
 
The other activities that will fall under the responsibility of the construction team, 
will be obtaining the required permits. As previously highlighted, all these duties 
need to have health and safety as their highest priority. 
 
The authorities need to ensure that the fueling station is fully installed and 
functioning correctly before the delivery of any new buses is received on site. 
 

 
On completion of the construction phase, and final inspections, the new buses will 
need to be commissioned. The buses must be commissioned to the fueling 
equipment, to verify that the equipment functions according to design objectives 
and technical specifications.  
 
 

 
Hydrogen has been used in industry for decades, but its use as a fuel for vehicles 
in the pursuit of zero emissions buses is relatively new. As such, hydrogen and fuel 
cell codes and standards are in various stages of development. Industry, 
manufacturers, the government, and other safety experts are working with codes 
and standards development organizations, in the preparation of technically sound 
codes and standards for hydrogen and fuel cell technologies.  
 

 
40 Guidebook for Deploying Zero-Emission Transit Buses (2021) 
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Codes and standards are being adopted, revised, or developed for vehicles; fuel 
delivery and storage; fueling, service, and parking facilities; and vehicle fueling 
interfaces. Codes and standards are also being adopted, revised, or developed for 
stationary and portable fuel cells and interfaces, as well as hydrogen generators.41 
 
Codes and standards provide the information needed to safely build, maintain, and 
operate equipment and facilities. They help ensure uniformity of safety 
requirements across the sector encouraging fair competition and give local 
inspectors and safety officials the information they need to approve systems and 
installations. 
 

 

 
Codes, used in the US, are requirements for the built environment – buildings and 
facilities. They are generally adopted by local jurisdictions, thereby achieving the 
force of law. Codes often refer to or invoke standards for the equipment used 
within the given built environment. 

 
Standards in the US are rules, guidelines, conditions, or characteristics for 
products or related processes, and generally apply to equipment or components. 
Although they’re not regulations, standards achieve a regulation-like status when 
they are referred to in codes or through other government regulations. 
 
The following is an example list of the key codes and standards to be met in the 
development and operation of a hydrogen refueling station. 

 

Standard  Description  

Station Element: Design  

Local and state fire and building codes  

Fundamental laws that your station will need 

to meet in order to be properly permitted to 

operate by your local government.  

 

NFPA 2 Hydrogen Technologies Code  

This standard contains requirements for all 

things hydrogen  

 

NFPA 70 National Electrical Code  
Basic electrical requirements are included in 

these two standards.  

 
41 Hydrogen Fuel Cell Codes & Standards 
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NFPA 79 Electrical Standard for Industrial 

Machinery  

ASME B31 Pressure Piping  

ASME Boiler & Pressure Vessel Code  

Requirements for high pressure equipment 

and hydrogen storage tanks.  

 

CSA/ANSI HGV 4.X standards for HRS 

components  

Standards for hydrogen components, like 

hoses, valves, compressors, etc.  

 

Station Element: Fueling Protocol  

SAE J2601 (2020) Fueling Protocols for Light 

Duty Gaseous Hydrogen Surface Vehicles  

CSA HGV 4.3 Test methods for hydrogen 

fueling parameter evaluation  

SAE J2601/4 Ambient Temperature Fixed 

Orifice Fueling**  

 

These standards ensure your station fuels a 

(light duty passenger) vehicle properly.  

Station Element: Hydrogen Quality  

SAE J2719 Hydrogen Fuel Quality for Fuel Cell 

Vehicles  

ISO 14687 Hydrogen fuel quality — Product 

specification  

ISO 19880-8 Gaseous hydrogen — Fueling 

stations — Part 8: Fuel quality control  

 

Fuel quality is important to ensure your station 

does not contaminate your vehicle. We 

recommend testing the fuel quality of your 

station when it is installed, periodically, and 

after any major repair.  

Station Element: Other  

Operation and Maintenance*  

Your station should come with a manual that 

includes a maintenance schedule. Consider 

hiring an experienced maintenance/service 

contractor.  

 

Warranty*  

Check the warranty on the station and its 

components.  

 

ISO 9001 Quality Management Systems*  

Companies that are certified to this commonly 

used standard have a plan in place to ensure 

their product meets customer and regulatory 

requirements.  

 

* Recommended, but not required  

**Work in progress  
Table 5 Codes & standards for a hydrogen refueling station 42 

 

 

 
42 Hydrogen Refueling Station Buyer’s Guide, 2021 
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Working within the phased approach to construction43, below the team has 
brought together a useful high-level document/guide to navigate through the 
permitting process.  It is recommended that the “Hydrogen Station Permitting 
Guidebook” is used in its entirety as the process moves forward.   
 
The overall local permitting process and code review can be divided into five main 
phases44:  

● Pre-Application Outreach  
● Planning Review  
● Building Review  
● Construction 
● Commissioning 

 

 
Figure 24 5 Step Permitting Process 

 

 

The strong message continues to be early engagement. Prior to submitting a 
permit application, engagement with the county’s planning agency can be valuable 
for identifying any local requirements and issues upfront, as well as establishing 
channels of communication and a permitting pathway.  
 

 
43 Phased Approach to Construction, GoAscendal, 2021 
44 Hydrogen Station Permitting Guidebook, 2020, Second edition 
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During the pre-application meeting, the plan should be reviewed, describing the 
proposed path forward, learning what permits or approvals will be required to 
complete the project, and gain a clear understanding of the level of detail each 
department would like to see in the permit application submittal package. 

 

This part of the permitting process ensures that a proposed station fits within a 
community’s zoning codes, identifying the necessary zoning approval, General 
Plan and overall aesthetics. It also includes identification of CEQA requirements.  
 
It may also include the fire department’s review of the project. Often gaining 
planning approval can be the most time-consuming portion of the permitting 
process, underscoring the importance of early engagement with the planning 
department.  
 
Timeframe: Typical timeframes for completing this phase range from one day to 
six months, although station developers have reported instances that were 
significantly longer (e.g., greater than a year). Depending on the station location, 
type, and project size, this piece can be very time consuming and has been the 
source of significant project delays. 
 

 

To ensure that the project is compliant with applicable structural, mechanical, and 
electrical codes, and local ordinances, the building departments will review the full 
detailed construction plans. 
 
Ideally as is seen in some jurisdictions, the planning review and building review can 
occur in parallel. In others, planning approval must be received before building 
review can begin. In either case, final construction plans must incorporate the 
planning agency’s conditions of approval. When the project is approved, the 
authority having jurisdiction (AHJ) will issue the approval to build.  
 
Timeframe: Typical timeframes for completing this phase range from one day to 
six months. 
 

 

On receiving the final approval to build from the AHJ, construction can begin. 
During construction and at the completion of construction, the station is subject 
to inspections and final approval by the local authorities to ensure that project 
developers build their projects in compliance with the agreed upon specifications. 
As highlighted in the “Phased Approach to Construction” priority is always given to 
the health and safety of everyone on site, construction staff and the county 
operational team.  
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Timeframe: Typical timeframes for completing this phase range from three to nine 
months, depending on the scale and ease of the construction. 
 

 

Commissioning in the permitting process should not be confused with 
commissioning in the phased approach to construction. In this permitting process 
when construction is complete, the station developer will file a notice of 
completion and begin commissioning the station.  
 
This entails five steps:  

1) station developer fills the system with hydrogen and administers tests to 
ensure the station performs as expected, and final inspection is performed 
by the AHJ;  

 
2) hydrogen fuel quality testing to ensure it complies with SAE J2719;  

 
3) fueling protocol confirmation by the California Air Resources Board’s 

Hydrogen Station Equipment Performance (HyStEP) device to ensure the 
station complies with SAE J2601;  
 

4) If the depot is also considered for commercial use as well as for the 
county’s own transportation needs, commercial testing and certification by 
California Department of Food and Agriculture’s Division of Measurement 
Standards (DMS) may be required, to ensure that a kilogram of hydrogen 
sold is a kilogram of hydrogen received, that the point of sale system 
functions properly, and that hydrogen dispensed meets the purity 
requirements for use in a FCEV;  
 

5) official opening the station.  
 
Timeframe: Typical time frames for this phase range from one to three months.45 
 
 

 

The following section identifies the capital and operating costs of different options, 

for the adoption of Fuel Cell Electric Buses (FCEB) and Battery Electric Buses 

(BEB). The analysis identifies four alternatives, encompassing three alternative 

options for hydrogen due to the differences in cost of hydrogen acquisition, and 

one for BEB: 

- FCEB Acquired Hydrogen 

 
45 Hydrogen Station Permitting Guidebook, 2020, Second edition 
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- FCEB Hydrogen by Electrolysis 

- FCEB Hydrogen by Natural Gas Reformation 

- BEB 

 

Note that this study will be delivered with an interactive cost comparison model, 

allowing the user to update the cost with the most current/local figures, as we 

have seen that hydrogen prices and other costs can and do vary significantly. 

 

 

 
According to the operational requirements, the costing exercise is developed 

initially with five (5) 40ft buses and a further two spares, or seven (7) buses in total 

as of Year 5 after project commencement. The number of vehicles can be adjusted 

to suit changes in schedules and/or the authorities’ desire to have more or less 

spare vehicle capacity. This example serves only as a cost comparison. 
 

Item 
Value 
2022 

Value 2027 

# of peak 
buses 5 7 

Fleet size 6 8 

Miles/year 395,984  791,968 
Miles/day/Vehi
cle 311  443 

 
Table 6 Operational Assumptions 

In the next sections, the calculations include results considering only total mileage 

numbers. 

 

 
CapEx considers investment in fleet and charging/fueling infrastructure. For 

FCEBs the different hydrogen fueling production and procurement methods 

represent different investment requirements and result in varying costs per 

kilogram. Buying directly “at the pump”, electrolysis and natural gas reformation 

were analyzed. Economies of scale would apply as a function of the fleet size and 

could have a significant impact in the results – more information on this point is 
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included further in this section. The base scenario includes an initial investment 

and cost for only 5 buses. 
 

Item Unit FCEB BEB Source 

Base cost with no 
options 

USDk/Bus 959 1,278 
I-680 Express Bus 
and Tri Valley Hub 
Study 

Hydrogen Fueling 
Station Equipment and 
Installation 

USDk 5,000 0 

Guidebook for 
deploying Zero-
Emission Transit 
Buses 

Plug-in depot charger 
capital costs 

USDk/charger 0 100 

Guidebook for 
deploying Zero-
Emission Transit 
Buses 

Plug-in depot charger 
design, build, and 
electrical upgrades 

USDk/charger 0 62.5 

Guidebook for 
deploying Zero-
Emission Transit 
Buses 

Maintenance Facility USDk 1,000 1,000 

Guidebook for 
deploying Zero-
Emission Transit 
Buses 

Table 7 CapEx Assumptions for 5 buses 

The table below shows the associated hydrogen production overhead and 

investment required depending on each method utilized. Namely, electrolysis and 

natural gas reformation. 

Hydrogen production 
System 

Unit FCEB BEB Source 

Electrolysis (100 Kg 
capacity) 

USDk/Kg/Day 10.6 0 

Guidebook for 
deploying Zero-
Emission Transit 
Buses 

Electrolysis (1000 Kg 
capacity) 

USDk/Kg/Day 4.4 0 

Guidebook for 
deploying Zero-
Emission Transit 
Buses 

Natural Gas 
Reformation (100 Kg 
capacity) 

USDk/Kg/Day 11.2 0 

Guidebook for 
deploying Zero-
Emission Transit 
Buses 

Natural Gas 
Reformation (1000 Kg 
capacity) 

USDk/Kg/Day 4.0 0 

Guidebook for 
deploying Zero-
Emission Transit 
Buses 

Table 8 On site Hydrogen production Overhead 

Additionally, the investment cost of route chargers is added as the range required 

by BEB for this exercise is not achievable for BEBs to deliver on only one charger. 
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Hence, it is desirable to add on-route charges with the objective of increasing the 

range to a suitable level considering the analyzed operational plan. 

 

 

 

 

 

Cost of capital year 0, for 5 buses and its associated infrastructure 

Capital Costs (USDx000) 
FCEB 

Acquired 
Hydrogen 

FCEB 
Hydrogen By 
Electrolysis 

FCEB Hydrogen 
By Natural Gas 
Reformation 

BEB 

Fueling Station Equipment and 
Installation 5000.00 5000.00 5,000  -  

Hydrogen Kg Capacity required   216kg 216kg   
Hydrogen Production Overhead -  2121.00 2222.00 -  

Overhead charger capital Costs and 
Installation       425.00 
Inductive capital Costs and 
Installation       350.00 
On route charger design, build, and 
electrical upgrades       

1000.0
0 

Overheads On Route Charging -  -  -  1,775  

Plug-in depot charger capital costs 
(x3) -  -  -  300  
Plug-in depot charger design, build, 
and electrical upgrades -  -  -  188  
Total Charger related costs       488.00 

Maintenance Facility 1000.00 1000.00 1,000  1,000  

Cost of 1 bus 959.00 959.00 959.00 
1278.0
0 

Buses (cost reflects 5 buses) 4793.00 4793.00 4,793  6,390  

Total Capital Costs 10793.00 12914.00 13015.00 9,653  
 

 

Table 9 Capex Estimation Year 0 
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Cost of capital year 4, for 5 buses and its associated (marginal) infrastructure. 

Capital Costs (USDx000) 

FCEB 
Acquire

d 
Hydroge

n 

FCEB 
Hydrogen 

By 
Electrolysi

s 

FCEB 
Hydrogen By 
Natural Gas 
Reformation 

BEB 

Fueling Station Equipment and 
Installation -  -  -  -  

Hydrogen Kg Capacity required   431kg 431kg   

Hydrogen Production Overhead -  1,469 1,467 -  

Overhead charger capital Costs and 
Installation         

Inductive capital Costs and Installation         
On route charger design, build, and 
electrical upgrades         

Overheads On Route Charging -  -  -    

Plug-in depot charger capital costs (x3) -  -  -  100 
Plug-in depot charger design, build, 
and electrical upgrades -  -  -  63 

Total Charger related costs       163 

Maintenance Facility -  -  -  -  

Cost of 1 bus 959 959 959 1,278 

Buses (cost reflects 5 buses) 1,917  1,917  1,917  2,556  

Total Capital Costs 1,917 3,386 3,384 2,719 
Table 10 Capex Estimation Year 4 

Total cost of capital (Constant Prices). 

Capital Costs (USDx000) 

FCEB 
Acquired 
Hydroge

n 

FCEB 
Hydrogen 

By 
Electrolysi

s 

FCEB 
Hydrogen By 
Natural Gas 
Reformation 

BEB 

Fueling Station Equipment and 
Installation 5000.00 5000.00 5000.00   

Hydrogen Production Overhead   3590.00 3689.00   

Overheads On Route Charging       1,775  



 

 
 

69 
 

GoAscendal  

Total Charger related costs       651.00 

Maintenance Facility 1000.00 1000.00 1000.00 
1000.0
0 

Total cost of buses 6710.00 6710.00 6710.00 
9109.0
0 

Total Capital Costs 12710.00 16299.00 16398.00 
12371.
00 

Table 11 Total Capex Estimation 

 

This exercise considers those operational expenditure (OpEx) elements which 

depend exclusively and directly on the bus technology: fuel consumption, 

electricity charges, and maintenance. Other elements such as driver wages, and 

administration costs are not included as these have no relation to the performance 

of the technology itself. Noted, is that if the authorities do fail to replace vehicle 

units on a one-to-one basis, then driver labor is expected to increase to match the 

increase in vehicle units. 

 

We employed a fuel economy of 2.2 Kwh/Mile (0.45 Miles/Kwh) for BEB, and 7.9 

Miles/kg average consumption presented in the Fuel Cell Buses Report 2020 

Produced by ENREL. 

Fuel Consumption Unit FCEB BEB Source 

Fuel Economy FCEB Miles/Kg 8.67  NREL Orange County 

Fuel Economy FCEB 
(Sunline) 

Miles/Kg 6.94  
NREL Fuel Cell Buses in 
U.S. Transit Fleets 2020 

Fuel Economy FCEB (AC 
Transit) 

Miles/Kg 8.12  
NREL Fuel Cell Buses in 
U.S. Transit Fleets 2020 

Fuel Economy FCEB (OCTA) Miles/Kg 8.65  
NREL Fuel Cell Buses in 
U.S. Transit Fleets 2020 

Fuel Economy BEB Miles/Kwh  0.45 
Foothill Transit Agency 
Battery Electric Bus 
Progress Report (2017) 

Table 12 Fuel Consumption 

 

Hydrogen cost, energy 
consumption 

Unit FCEB Source 

0. Energy Charges Station 
(General to 3 alternatives) 

Kwh/Kg 5.0 
Guidebook for deploying Zero-
Emission Transit Buses 

1. Delivered Hydrogen Liquid 
Pumping 

Kwh/Kg 0.4 
Guidebook for deploying Zero-
Emission Transit Buses 

Hydrogen cost (OCTA, 
Sunline, and AC Transit 
Average) 

USD/Kg 8.9 
NREL Sunline Transit Agency jan- jun 
2020 



 

 
 

70 
 

GoAscendal  

2. Delivered Hydrogen Gas 
compression energy 

Kwh/Kg 2.5 
Guidebook for deploying Zero-
Emission Transit Buses 

Hydrogen Cooling Kwh/Kg 0.5 
Guidebook for deploying Zero-
Emission Transit Buses 

Hydrogen Cost conversion USD/Kg 0.9 

IEA, Hydrogen production costs 
using natural gas in selected regions, 
2018, IEA, Paris 
https://www.iea.org/data-and-
statistics/charts/hydrogen-
production-costs-using-natural-gas-
in-selected-regions-2018-2 

Hydrogen cost from 
supplier (Gaseous 
Hydrogen) 

USD/Kg 10.1 
NREL Sunline Transit Agency jan- jun 
2020 

3. On site hydrogen 
generation 

Kwh/Kg 60.0 
Guidebook for deploying Zero-
Emission Transit Buses 

Electrolisys water 
consumption 

Gl/Kg 2.4 
Guidebook for deploying Zero-
Emission Transit Buses 

Hydrogen Cost conversion USD/Kg 5.7 
DOE Hydrogen and Fuel Cells 
Program Record 

Table 13 Hydrogen cost and energy consumption 

For maintenance, a referential cost per mile is employed according to analysis 

conducted by NREL Fuel cell buses 2020, and the Guidebook for deploying Zero-

Emission Transit Buses. Showing a lower cost for BEB. 

 

 
Figure 25 Maintenance Costs per Mile 

For the electricity charges we assumed a cost of USD 10 cents, as transportation 

cost according to the EIA for California46. Additionally, included a fixed cost as 1% 

of the energy charges as general rule. Different charges might apply for demand 

peaks or others; however, this requires a further technical analysis. In any case, 

these inputs can be manipulated in the costings model provided alongside this 

report, which allow the user to explore different cost assumptions where these 

 
46 https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_5_6_a 
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may more accurately reflect local market conditions and commercial offers from 

suppliers. 

 

 

 

 

 

 

 

 

OpEx estimations for each alternative is presented below. 

USD/Year Year 1 Year 5 
Maintenance 160,196.10  319,465.02  

Propulsion related 51,548.25  102,798.15  
Cab, Body, and accessories 55,513.50  110,705.70  
PMI 35,687.25  71,167.95  
Brakes 396.53  790.76  
Frame, Steering, and Suspension 3,965.25  7,907.55  
HVAC 7,930.50  15,815.10  
Lightning 396.53  790.76  
General air system repairs 3,965.25  7,907.55  
Axles, wheels, and drive shaft 396.53  790.76  
Tires 396.53  790.76  

Hydrogen Consumption (Kg) 50,171.87  100,053.35  
Hydrogen Cost 444,522.75  886,472.71  
Electricity (Kw) 270,928.09  540,288.11  
Electricity Cost 27,363.74  54,569.10  

OPEX 632,082.59 
 
1,260,506.83  

Table 14 OpEx Estimation for FCEB Acquiring Hydrogen from suppliers 

 
USD/Year Year 1 Year 5 
Maintenance 160,196.10  319,465.02  

Propulsion related 51,548.25  102,798.15  
Cab, Body, and accessories 55,513.50  110,705.70  
PMI 35,687.25  71,167.95  
Brakes 396.53  790.76  
Frame, Steering, and Suspension 3,965.25  7,907.55  
HVAC 7,930.50  15,815.10  
Lightning 396.53  790.76  
General air system repairs 3,965.25  7,907.55  
Axles, wheels, and drive shaft 396.53  790.76  
Tires 396.53  790.76  

Hydrogen Consumption (Kg) 50,171.87  100,053.35  
Hydrogen Cost (Electrolysis) 285,979.65  570,304.11  
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Electricity (Kw) 270,928.09  540,288.11  
Electricity Cost 27,363.74  54,569.10  
OPEX 473,539.49  944,338.23  

Table 15 OpEx Estimation for FCEB Hydrogen through electrolysis 

 
USD/Year Year 1 Year 5 
Maintenance 160,196.10  319,465.02  

Propulsion related 51,548.25  102,798.15  
Cab, Body, and accessories 55,513.50  110,705.70  
PMI 35,687.25  71,167.95  
Brakes 396.53  790.76  
Frame, Steering, and Suspension 3,965.25  7,907.55  
HVAC 7,930.50  15,815.10  
Lightning 396.53  790.76  
General air system repairs 3,965.25  7,907.55  
Axles, wheels, and drive shaft 396.53  790.76  
Tires 396.53  790.76  

Hydrogen Consumption (Kg) 50,171.87  100,053.35  
Hydrogen Cost (Electrolysis) 45,656.40  91,048.55  
Electricity (Kw) 270,928.09  540,288.11  
Electricity Cost 27,363.74  54,569.10  
OPEX 233,216.24  465,082.67  

Table 16 OpEx Estimation for FCEB Hydrogen through natural gas reformation 

 

USD/Year Year 1 Year 5 

Maintenance 103,889.55 207,177.81 

Propulsion related 19,826.25 39,537.75 

Cab, Body, and accessories 51,548.25 102,798.15 

PMI 11,895.75 23,722.65 

Brakes 3,965.25 7,907.55 

Frame, Steering, and Suspension 396.53 790.76 

HVAC 3,965.25 7,907.55 

Lightning 3,965.25 7,907.55 

General air system repairs 3,965.25 7,907.55 

Axles, wheels, and drive shaft 396.53 790.76 

Tires 3,965.25 7,907.55 

Electricity (Kw) 880,286 1,755,476 

Electricity Cost 88,908.84 177,303.09 

Battery Replacement47   

OPEX 192,798.39 384,480.90 
Table 17 OpEx Estimation for BEB 

 

 
47 Calculated to be applicable in year eight of operation for BEB (5 buses) as per market-standard 
manufacturer recommendation for BEBs. 
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Total Cost of Ownership results are presented below (figures in USD millions). 

Year 
FCEB 
Acquired 
Hydrogen 

FCEB 
Hydrogen by 
Electrolysis 

FCEB Hydrogen 
by Natural Gas 
Transformation 

BEB 

0 10.8 12.9 13.0 9.7 

1 11.4 13.4 13.2 9.8 

2 12.1 13.9 13.5 10.0 

3 12.7 14.3 13.7 10.2 

4 15.2 18.2 17.3 13.1 

5 16.5 19.1 17.8 13.5 

6 17.8 20.1 18.3 13.9 

7 19.0 21.0 18.7 14.3 

8 20.3 22.0 19.2 14.8 

9 21.5 22.9 19.7 15.2 

10 22.8 23.9 20.1 15.6 

11 24.1 24.8 20.6 16.0 

12 25.3 25.7 21.1 16.4 

Table 18 Total Cost of Ownership shown in millions USD 

 

Utilizing a discount rate of 6%48 for a period of 12 years to calculate the Net Present 
Value for each alternative, the result shows the lower cost alternative is the BEB 
under this scenario.  
 

 

 
48 Discount rate values should (and can) be adjusted in the costings model provided to reflect local 
market conditions and accurate project values. The rate used is for indicative purposes.  
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Figure 26 Net Present Value per Alternative (7 buses) Over a 12 Year Period 

However, economies of scale will have a significant impact on the outcome, 
producing a more favorable result for FCEB technology as fleet sizes increase. A 
note on economies of scale is included further in this section. However, and for 
illustration purposes, a fleet of 50 buses (across the full evaluation period) will 
show the following result. 
 

 
Figure 27 Net Present Value per Alternative (50 buses) Over a 12 Year Period 

 

 

As previously mentioned, the costing exercise shows that the financial and 

economic case for FCEB technologies improves considerably as fleet sizes 

increase compared to BEB. The CapEx elements involved in a FCEB bus “scale up” 

more efficiently in economic terms than the different capital investment elements 

for BEBs. Hydrogen storage units, fueling infrastructure and on-site hydrogen 

production equipment have (in their smallest iterations) capacities which exceed 

operational requirements for 5 or even 15 buses. A different phenomenon occurs 

for electric infrastructure and battery chargers as these are more easily adapted 

to fit the size of the desired fleet and typically grow in cost (more or less) 

proportionally as fleet numbers increase.  

 

The outcome, in the exercise, shows a disproportionate bias towards BEB for a 

small-scale fleet where scale economies are not present.  Scenarios with 50 or 100 

buses will reflect the unitary comparison of capital expense per bus more 

accurately. When analyzing the economic case for FCEB and BEB, a user can 

adjust fleet size inputs in the provided cost exercise to illustrate this point. It is also 
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expected that the hydrogen industry will demonstrate reduced costs as technology 

improves, based on historic cost reductions, which have been rapid and constant 

since 2018.49  

 

When considering the operational plan of the specific scenario analyzed, the case 

for FCEB is further reinforced. The required operational mileage will likely need on-

route chargers to meet the needed range for BEBs. As fleet sizes increase, the 

CapEx requirements of the project under a BEB scenario will increase 

proportionally, while initial hydrogen infrastructure capacity will still be sufficient 

for a larger number of FCEBs.  

 

As of early 2020, hydrogen costs between $4 and $9/kg depending on location and 

access to large-scale hydrogen production facilities. This significant variance in 

price is largely due to limited hydrogen distribution infrastructure.  

 

Since distribution is a significant component of hydrogen costs, transit agencies 

located farther from production sources will have higher prices. However, if 

demand for hydrogen in fuel cell applications grows, the prices should decrease. 

Some major energy suppliers in California are predicting pricing between $5 to 

$6/kg in the next few years when demand increases and prices as low as $2.50/kg 

are possible with hydrogen delivered by pipeline.50 

 

A final note to explore on costing, for a liquid hydrogen fueling solution: while the 

transit agency can purchase the equipment outright, the industrial gas provider 

typically installs, maintains, and operates and retains ownership of the fuel storage 

tank and compression, storage and dispensing (CSD) module. This service is 

provided at a defined monthly fee over the life of the installation. By extending this 

fee structure over the typical 12-year lifecycle of a fuel cell bus it can be more 

manageable.51

 
49 ITM POWER POSITIONING, HYDROGEN ENERGY SYSTEMS, 2021 
50 Guidebook for Deploying Zero-Emission Transit Buses (2021) 
51 Hydrogen Fuelling for Fuel Cell Bus Fleets, US Version, 2019, Ballards 
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Annex: Electric Vehicles 
 

 

 
 
Table 19 Most Common Charging Options 

 

 
The ZEB industry is still maturing; therefore, transit agencies should begin each 
deployment by researching the current technology options available. Any bus will 
likely have a service life of at least 12 years; however, the capabilities and 
performance of an older ZEB model may have no bearing on how today’s 
technology will perform in your service area. Each deployment’s success will 
depend on how effectively the county balances operational considerations, capital 
requirements, institutional goals, and changing technology capabilities throughout 
the service life of an individual bus and from the industry at large. 
 
In this section of the study the Ascendal team will review the operational 
considerations, we will review the necessary information to develop route models 
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based on the new schedules proposed for the I-680 express service. Below figure 
43, highlights that we will be reviewing the technology choice, hydrogen or battery 
electric. 
 
 
 

 
Figure 28 Technology Selection to find the best fit for the I-680 Service 

The Ascendal team understand that for the authorities of LAVTA, hydrogen FCEB 
is favored as the zero-emission pathway forward. Having highlighted the desires 
of LAVTA, it is important that some modeling based on robust data is carried out, 
this will inform and convince all possible stakeholders the correct decisions are 
being made which in turn creates buy in.  
 
 

 
The zero-emission bus (ZEB) technology selection should be based on assumed 
performance on your routes, under the service constraints. The efficiency and 
range of ZEBs can vary significantly between different bus models and types of 
routes.  
 
Temperatures also affect ZEB performance, as heating, ventilation, and air 
conditioning (HVAC) systems can consume significant energy, lowering overall 
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efficiencies. The advice is to evaluate bus performance in advance of ZEB 
deployments through modeling and route simulation, operating a test bus, or 
analyzing data from other ZEB deployments.  
 
Some method of bus modeling or data analysis is critical for understanding 
expected bus performance and informing charging schedule requirements for 
BEBs. The bus pilots/trials are a very important element of the process, to inform 
the authorities, to ensure educated decisions are made.52 
 
 

 
Due to length of the route along the I-680 express service BEBs would not be able 
to complete the schedule on overnight depot charging alone. There would be a 
need for opportunity charging, a system of topping up the battery throughout the 
day to extend the battery range.  
 
If opportunity charging along the I-680 route is installed, it will be a semi-
permanent feature along the route, so route flexibility will be difficult. This might 
be a problem for the connecting route between the two counties, careful 
consideration is needed as the placement of pantographs would be crucial, a more 
flexible solution that allows the authority to encompass different end destinations 
throughout the day, or change routes, or have electric buses operate in different 
geographies reducing charging infrastructure costs are likely considerations along 
the I-680. 
 
Sometimes, if the wiring or the equipment gets damaged on the on-route chargers, 
loss of energy discharge may affect charging times. The charging for each battery 
pack option is determined by the amount of output power received during the 
charging process. Based on this information the operator/county can make an 
informed decision of which battery and output power option to select.53 
 

 
A hybrid charging regime would be necessary along the I-680. The hybrid system 
is based on a mix of charging technologies that employs nozzle and pantograph 
charging technology. The nozzle technology would be situated at the depot(s) for 

 
52 E-mobility Feasibility Study Integrating the Services of County Connection and LAVTA, 2021, 
GoAscendal 
53 E-mobility Feasibility Study Integrating the Services of County Connection and LAVTA, 2021, 
GoAscendal 



 

 
 

79 
 

GoAscendal  

the sequential overnight charging element of the plan, and the pantograph 
technology can be situated at both ends of the route for opportunity charging. 
 
At the route end, one or two pantographs would need to be installed to opportunity 
charge buses during their operational hours. The extent of the infrastructure 
requirement is dependent on the peak hour operations, schedule, and battery pack 
size. The image below reflects a possible example. 
 

 
 
Figure 29 Pantograph Charging Option 

 
As the team have identified earlier, matching the technology to operational 
schedules is critical to the success when LAVTA are transitioning their fleets from 
diesel to ZEBs. Below we can see what the route schedule might look like, based 
on the highlighted new express service along the I-680. 
 
The table below demonstrates the various parameters required when identifying 
the best technology option to employ for the service.  These include the total 
mileage, frequency and running time which also allows the team to calculate the 
total peak vehicle requirement. This scenario assumes the battery on board the 
vehicle will deliver a range of 150 miles; it would take 60 minutes to fully recharge 
the battery using opportunity charging.54 
 
 

 
54 E-mobility Feasibility Study Integrating the Services of County Connection and LAVTA, 2021, 
GoAscendal 
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In schedule scenario 1, shown below, the operating hours are shown as 5am to 
1150pm, the peak times are shown as 5am to 9am, and again from 3pm to 6pm, 
these parameters can all be moved to suit the desired schedules. 
 

 
Table 20 Schedule for the 60-minute frequency Express Service South-bound 

The south-bound estimated journey time from Martinez station to Pleasanton ACE 
station is 74 minutes55, after this time there is a layover of 12 minutes. The driver 
will be expected to begin the return journey on the commencement of the next 
hour. 
 
Example 
06:00am depart Martinez station. 
07:14am arrive at Pleasanton ACE station. 
07:26am after 12 minutes layover completed. 
07:26am to 08:00am available recharging time. 
08:00am depart for return duty. 
 
Therefore 34 minutes are available for recharging at the on-route opportunity 
charging point, which would in the scenario highlighted deliver an additional 85.5 
miles range, the layover time might also be available, but it would not be wise to 
rely on this.  
 
By dividing the duty into smaller sections of 2-hour blocks, each time that a driver 
completes a run from Martinez station to Pleasanton ACE station there is 
sufficient time to recharge the vehicle. 
 

 
55 Tri-Valley Hub Network Integration Study, 2021, AECOM 
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Table 21 Schedule for the 60-minute frequency Express Service North-bound 

The north-bound estimated journey time from Pleasanton ACE station to Martinez 
station is 84 minutes56, after this time there is a layover of 13 minutes. The driver 
will be expected to begin the return journey on the commencement of the next 
hour. 
 
Example 
06:00am depart Pleasanton ACE station. 
07:24am arrive at Martinez station. 
07:37am after 13 minutes layover completed. 
07:37am to 08:00am available recharging time. 
08:00am depart for return duty. 
 
Therefore 23 minutes are available for recharging at the on-route opportunity 
charging point, which would in the scenario highlighted deliver an additional 57 
miles range, the layover time might also be available, but it would not be wise to 
rely on this.  
 
Again, by dividing the duty into smaller sections of 2-hour blocks, each time that a 
driver completes a run from Pleasanton ACE station to Martinez station there is 
sufficient time to recharge the vehicle, though less additional miles will be added 
on the north-bound direction. 
 
There are two concerns to on-route charging in this scenario of long routes with 
heavy mileage. Firstly, the operational schedule may wish to terminate the vehicle 
at another location along the route, where there is not a pantograph charging point, 
this is the case with the new I-680 schedule which depicts 14 southbound buses 
will terminate at the BART Dublin/Pleasanton station, three buses will continue 
south to the Pleasanton ACE Station during morning commute hours57. The 
reverse would occur during the evening commute.  
 

 
56 Tri-Valley Hub Network Integration Study, 2021, AECOM 
57 Tri-Valley Hub Network Integration Study, 2021, AECOM 
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Secondly the service is not future proofed to possible change, as the team next 
look to match the schedule/frequency to the schedule explained in the Tri-Valley 
Hub Network Integration Study. 
 

 
The Ascendal team then explored the changing schedule planned, as depicted in 
the Tri-Valley Study, they looked at increasing the frequency from 60, in scenario 
1, to 30 minutes to align with the future changes planned along the I-680 express 
service. 
  
“The service will operate on weekdays. At start-up, the service is envisioned to 
operate with hourly frequencies (60 minutes) northbound and southbound. In 
2027, frequencies would be half hourly (30 minutes) during the peak commute 
period and hourly during the off-peak. By 2040, frequencies would be half hourly 
through the workday. In 2022, the first southbound bus will be at 5:05 AM; and the 
last northbound bus will arrive at 11:50 PM.”58 
 
The change to a 30-minute frequency is observed below: 
 

 
Table 22 Schedule for the 30-minute frequency Express Service South-bound 

The first observation is that the peak vehicle requirement has increased from 4 
vehicles to 7, these are buses A to G in the example below. 
 
The south-bound estimated journey time remains at 74 minutes, after this time 
there is a layover of 12 minutes, the north-bound estimated journey time is 84 
minutes with a 13-minute layover. With 7 vehicles available the schedule dictates, 
that the most efficient service will see the south-bound services departing on the 
hour/half hour, and the north-bound service departing at quarter past/quarter to, 
the hour. 
 

 
58 I-680 Express Bus and Tri-Valley Hub Study Final Report, 2021 
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Table 23 Extract from the operational schedule 

Example 
06:00am Bus (A) depart Martinez station. 
07:14am arrive at Pleasanton ACE station. 
07:26am after 12 minutes layover completed. 
07:26am to 07:45am available recharging time. 
07:45am Bus (A) departs for return duty. 
 
The margin of tolerance has decreased, but there is still 19 minutes of charging 
time available.  
 
The north-bound estimated journey time from Pleasanton ACE station to Martinez 
station is still 84 minutes, and the layover is still 13 minutes, but the following 
schedule highlighted below indicates that there will be less time for charging.   
 

 
Table 24 Schedule for the 30-minute frequency Express Service north-bound 

Example 
06:15am Bus (E) depart Pleasanton ACE station. 
07:39am arrive at Martinez station. 
07:52am after 13 minutes layover completed. 
07:52am to 08:00am available recharging time. 
08:00am Bus (E) depart for return duty. 
 
The team have identified that by increasing the frequency from 60 minutes to 30 
minutes there is now only 8 minutes, at best, available opportunity time, to charge 
the buses on the north-bound duty, and there is only 19 minutes available for 
charging on the south-bound duty.  
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Based on the battery range of 150 miles, as with scenario 1, with each cycle 
southbound and northbound there would be the opportunity to increase the range 
of the BEB by 67.5 miles during the combined time of 27 minutes.   
 
The return journey is 82.6 miles, no positioning mileage has yet been considered 
and we have already seen what the current non-revenue mileage looks like.   
 
Charging at the end of the route means that the buses can have smaller batteries 
than buses charged, only at a bus depot, as they can charge after each trip. This 
can be cost effective if there are many departures per hour, allowing the chargers 
to be frequently used. The chargers in this scenario are used little as the bus route 
has low bus traffic density, and a low utilization of the chargers increases the cost 
per trip kilometer. 
 
The transit authority also needs to consider a scenario where on occasions due to 
traffic or perhaps road incident, that a vehicle might not access the pantograph 
charger, what is the risk mitigation. Finally, there will be a requirement to consider 
the battery state of charge (SOC). The battery is one of the most expensive 
components of the new BEB so prolonging its life is crucial. The manufacturers of 
BEB’s will advise that operators do not deplete the battery below 20% state of 
charge (SOC) or indeed over charge.  
 
There are several scenarios that might be explored but this example highlights the 
need to future proof the service for possible route change, schedule change and 
technology change. 
 
When all these factors are considered, the team would not recommend BEB 
technology for this service with this operational scenario. Short, fixed routes lend 
themselves perfectly to this type of technology, where the transit agency ends up 
with a solution that can effectively deliver unlimited mileage, the vehicles 
constantly receiving enough charge to reach the next charging point throughout 
the day, here we see that with very long commutes the technology is not ideal. 
 
 

 
There are many benefits to introducing FCEBs into public transportation systems. 
We know that FCEBs do not emit any pollutants which is good for air quality in 
already congested cities. 
 
Hydrogen offers higher energy density compared to electrical storage systems 
such as batteries, this enables a longer range compared to systems where the 
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batteries are used as stores of energy. Refueling of the bus takes around 7 minutes 
for typical fill today, with designs being developed to allow less than 5 minutes.59 
 
FCEBs can replace conventional buses one to one – FCEBs have a similar range 
as conventional buses and do not need to be refueled as often as the battery 
electric buses, so there is not a need to alter schedules to fit this technology. 
 
Many of the challenges facing FCEBs will be reduced as technology advances and 
as the purchase price of FCEBs decline.  Other challenges can be tackled with 
proper staff training.  
 
In the various scenarios discussed above, the range is too far for BEBs to manage 
on one full charge received by overnight depot charging alone, this is the case with 
a lot of routes BEB’s operate on, often BEBs are placed on the shorter routes 
available to the transit authority, another method to mitigate against range anxiety 
is to install on-route chargers. On-route chargers are expensive and semi-
permanent, require planning permission and ongoing support, they are better 
geared towards short fixed permanent routes. 
 
The service we are analyzing will be running for 19 hours a day for 255 days a year.  
The single journey running times are expected to be 74 minutes (south-bound) and 
84 minutes (north-bound), covering 41+ miles each time. Based on these 
elements, the team are advising the use of Hydrogen technology for this service 
appears to be the more attractive option. 
  

 
59 About Fuel Cell Electric Buses | Fuel Cell Electric Buses (fuelcellbuses.eu) 
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Table 25 Source: Calculated from Federal Transit Administration 2008 National Transit Database (NTD), U.S. 
Department of Energy carbon dioxide conversion factors, U.S. Environmental Protection Agency eGRID 

Annex: Travel Demand Model

 
In the first place, we will define the spatial scope of the project as the result of the 
area of influence of the entire corridor under study. Related to this and being an 
important input for modelling is the unit of analysis that we will consider. We can 
use a transport zoning or a census zoning that is sufficiently disaggregated so that 
the stops are well defined within this area. Considering that in a model, transport 
centroids are defined as the centers of activity, these are the places that we will 
use to align to the origins and destinations of the trips, it is therefore logical to think 
that the stations in this corridor are such centroids. 
 
As we do not have a special transport zoning, we have used census information 
(census tract) to have all the data disaggregated at that level. 
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In the temporal scope, we have selected a year before the pandemic since it 
seemed to us, the most representative of what may happen from now on, knowing 
however that the pandemic has caused changes in the human behaviour, and in 
the labor force, for example working from home office. From international 
experience, this has resulted in 20% or 30% fewer trips for this reason. 
 
Once the year of modelling and the territory involved had been selected, a 
modelling tool was developed to respond to the challenge posed here. 

 
A mathematical model is an abstraction from reality that uses mathematical 
language to describe and represent the behaviour of a system. 
 
The model organizes data elements and standardizes how the data elements 
relate to one another. Since data elements represent people, choices, places, trips 
and things and the events between them, the data model represents reality. 
 
For this task, an ad-hoc model was developed with a set of variables to investigate 
these questions. The sources for the model can be found in the annex section. 
Below is the main road network of the counties under study. 
 

 
Figure 30 Contra Costa & Alameda Counties 

The two counties under analysis were identified with a total population of: 
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Table 26 Total Population 

The public transport networks of the two counties were loaded, forming the object 
of this analysis figure 11 below. Figure 12 shows Routes 92x operated by County 
Connection and 70x operated by Wheels, for LAVTA, were identified as the routes 
that provide services between both counties. Both routes utilize the I-680 as can 
be seen in the figure following, with wide overlap between both routes.  
 
Noted is that currently, route 70X operated for LAVTA is suspended and route 92X 
operated for County Connection only operates 2 am journeys and 4 pm journeys. 
 

 
Figure 31 Public Transport Network 
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Figure 32 Routes 92x and 70x Wheels 

We proceeded to develop a model that will allow us to elaborate hypotheses and 
conclusions about the area under study working closely with the authorities. It is 
important to clarify that the maps as well as the tables are of our own elaboration 
and that the sources of the data shown here were received from the transportation 
agencies involved, as well as data from the US government, the California 
government, and the transportation agencies, County Connection and LAVTA. 
 
Most important inputs for the model are: 
Population 
Density 
Jobs 
Income 
Land use  
Railway / BART 
Highway 
Surveys 
Public Transport Routes system  
 

 
Demand estimation models have a stage that is characterized by the prediction of 
the trips attracted or generated in a given area. For this to happen, these models 
require territorial information and socioeconomic information. Of these, the 
information that stands out is the information on the population, since the models 
are going to predict trips between a residence and a workplace.  
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To simplify, the higher the population density, the greater the probability of 
generating trips. Together with this, a study is carried out to see in which areas the 
population grew the most and then analyze whether the public transport services 
offering accompanied this demand.  
 

  
Figure 33 Pop density 

The following figure 14 shows in a color gradient from the lightest to the darkest 
which areas have not grown, who have the same population, and which have 
grown above average. 
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Figure 34 Population growth 

Together with the population, a very important value in the trip generation is the 
income per household, the higher the income level, the greater the number of 
individual trips are produced and that are satisfied by car. Even more the greater 
the number of cars available, the less likely to use public transport. 
 
On the other hand, the lower income level, the families are larger, but made fewer 
individual trips, though the trips are more likely made by public transport, bicycle 
or on foot. 
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Figure 35 Income per Household 

Finally, the average size of the household is also the last important characteristic 
in terms of the generation of trips, since a household with many members will 
produce more trips than a single-parent household. 
 

 
Figure 36 Average Family size 
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Next, we note that employment and education account for more than 70% of the 
trips. 
 

 
Figure 37 Total Workers by population 

 
Figure 38 Students > 18+ by pop 
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Another important characterization for this study is the femininity index. This 
indicator shows us that the more women there are per census zone. This value is 
important because it is common in public transport that women use public 
transport more than men. The model will use this data to estimate the potential of 
public transport users. 
 

 
Figure 39 Female Indicator 

With all this information we proceed to estimate the population served by public 
transport. Based on international experiences, a walkable parameter of 500 meters 
(about one-quarter mile) was estimated considering that this is a “walkable” 
distance to access public transport for this region. These values give us a direct 
indicator of the population served by public transport. 
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Figure 40 Pop served by public transport 500 m 

 
Table 27 Percentage of population with access to public transport 

It is important to note that almost 73% of the population has a public transport 
service within 500 meters. With this information we proceeded to calculate the 
population values for the route under consideration. 
 

 
Here we identified that almost 10% of the population is 500 meters from the 
proposed route, table 5 identifies the breakdown of that 10% further. This is the 
potential and direct demand of the route. Data provided by the client was 
processed, in particular an OD survey and an estimate of Raise / Lower and load 
of the route. With these data, we proceeded to generate desire lines and heat 
maps. 
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Table 28 Percentage of population (shown in thousands) with access to public transport further explored 

 

 
Figure 41 Flows along route 

The colors on the map represent an estimation of the intensity of load according 
to the WI-STOP Summary by trip table on the route. 
 
Below are the steps carried out when modeling the data. 
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Figure 42 Main Stops                                                                      Figure 43 Main O/D 

       
Figure 44 Viewing Main OD Survey                                           Figure 45 Main OD Survey with lines between them 

The map above “Main OD Survey” represents all trips in the model area, including through 
trips and that do not have a direct relationship with the corridor. The next map limits these 
lines to the areas of direct influence of the model. 

Please note: The points or endpoints are "TAZ".  Since we did not have information about 
a transport zoning of the area, we proceeded to use the census information, 
understanding that this is a good approximation for the model. If there was a more 
disaggregated zoning to apply to stops it would be much better.  

 

       
Figure 46 Density of O/D survey                                           Figure 47 Clustering OD Survey 
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Figure 48 Main Stops                                                                       Figure 49 Main Stops and Desire Lines 

 
Figure 50 Main Stops and desire lines clean 

The maps above represent a geographic grouping of what the desire lines showed 
on the previous maps. The most important 10/15 desire lines are selected by the 
OD flows. In this way it is possible to quickly visualize the most important OD pairs 
that the routes must satisfy. 
 
 

 
Using an algorithm60 developed in python61 we can estimate the routes, distances 
and travel times using car, public transport (Bus or BART) in this way we obtain 
travel time for a typical business day. The average travel time for public transport 
is approximately 59 minutes, not considering waiting time. In this case a trip from 
Dublin to Walnut Creek was the typical travel time. 
 
 

 
60 This algorithm uses Google api, Waze, Here to estimates travel times 
61  A programming language widely used in data science  
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Figure 51 Travel Time Bus 

The average travel time for a private car from origin to destination is 27 minutes. 
 

 
Figure 52 Travel Time Car 

Another interesting indicator is the proportion of use between the modes of private 
transport (car) and public transport. As can be seen in figure 33, the predominant 
mode is the car. 
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Figure 53 Census information used to identify Mode used to go to work 

 
The model uses clustering and classification algorithms to obtain mobility 
patterns based on distance (k Means) and based on density (DBScan). With these 
groupings based on the surfaces of the areas involved in the zoning, the model 
returns a ranking based on the number of objects observed under the study TAZ 
(Traffic Analysis Zone) as well as the link with the other TAZs on the corridor. 
 
It is important to mention that the TAZs are based on census zones and that in 
some cases, such as Concord and Pleasant Hill, the differentiation between the 
zones does not fully conform a transport model, so considering both a single zone 
may also be valid. 
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Table 29 Station popularity ranking 

The station ranking is the result of a polynomial index composed of the variables that we 
assume in the model and how those variables impact to the stations either geographically 
or spatially. For example, this polynomial indicator is directly related to the number of trips 
originated or destined in the area, the resident population, income per household.  
 

Travel times between public transport (PT) and the private car are around 30 
minutes apart, this does not consider waiting times for PT, widening the gap 
further. It is strongly recommended that measures are considered to reduce the 
travel time gap, to make the PT offering along the I-680 a real attractive alternative 
option to the car.  
 
The next point to consider when assessing the situation is the modal share 
percentage for public transport for the daily commute, identified in each of the 
counties in the recent census: 
 

● Contra Costa County – 10.9% use of Public Transport for the daily 
commute 

● Amador Valley - 15.8% use of Public Transport for the daily commute62 
 
The mode share for the car, single occupancy vehicle (SOV) and carpool can be 
seen below: 
 

● Contra Costa County – 67.5% SOV, 10.9% used carpool, for the daily 
commute. 

● Amador Valley – 60.9% SOV, 9.8% used carpool, for the daily commute.63 
 
These figures help explain the heavy utilization of the I-680, as the main connection 
between the two counties, and the huge percentage of people using the car as 
their preferred choice of transit.  This represents a high catchment area to increase 

 
62 https://data.census.gov 
63 https://data.census.gov 
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public transit ridership. The I-680 has 2 sections listed by the Metropolitan 
Transport Commission (MTC) within the top 10 “Most Congested Segments” of 
highway in the area,64a transition from single car occupancy to the bus should see 
a positive reduction in the levels of congestion.  
 
Public transport operates in the following general environment: 
 

● 92,797 people commute from the County Connection to Tri-Valley areas 
● 39,883 people commute from the Tri-Valley to County Connection areas 
● 10.9% of people commute via public transit in the County Connection area. 
● 15.8% of residents commute via public transit in the Tri-Valley area. 
● Nearly 20,000 new jobs were created in the Tri-Valley area (2007-2017) 
● Nearly 13,000 new jobs were created in County Connection (2007-2017) 

 
In many ways the proposed I-680 express bus service shows similarities to a light 
BRT system (reduced stops and designated lanes) feeding the counties of LAVTA 
and County Connection, even more so if a dedicated bus lane is authorized. Worth 
noting is that when the local transit planning authority is already doing a good job 
in the design of its bus services, it is likely that the routes are well correlated to trip 
origins and destinations. 
 
Ensuring public transport accessibility is an important task for sustainable urban 
development. The model demonstrates that the authorities of LAVTA and County 
Connection have designed their public transport network so that almost 73% of 
the population has a public transport service within 500 meters. The figure below 
shows an example of the percentage of population in cities in North America and 
Europe, with access to public transport with in 500 meters (5-minute walk).  
 

 
Figure 54 Share of population with access to public transport in urban core areas65 

 
64 Time Spent in Congestion | Vital Signs (ca.gov) 
65 Comparable Measures of Accessibility to Public Transport Using the General Transit Feed Specification, 

2014 


