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ABSTRACT

Using a combination of surveys, GIS, and secondary data, | estimated the daily per-passenger
emissions of greenhouse gases and criteria air pollutants attributed to passengers entering five San
Francisco Bay Area Rapid Transit (BART) stations. | found that access emissions generally
increase as station area density decreases and parking availability increases, and that access
emissions differ significantly between most stations. Additionally, | found that access emissions
contribute the majority of volatile organic compound (VOC), carbon monoxide (CO), and nitrogen
oxide (NOx) emissions at each station, as well as the majority of greenhouse gas (GHG) emissions
at two stations. Analyzing potential alternative travel scenarios, | found that GHG, VOC, CO, and
NOx emissions would likely increase without park-and-ride facilities, while particulate matter
(PM) and sulfur oxide (SOx) emissions would likely decrease without park-and-ride. These results
suggest that removing station parking may increase emissions and that improving pedestrian and
bicycle access to BART stations is a more sustainable choice. Further research on BART park-
and-ride is warranted to ensure desirable policy outcomes.
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INTRODUCTION

The rise of fossil-fueled transportation since the Industrial Revolution has resulted in both
widespread economic growth and significant environmental damage (Banister et al. 2011, Andress
et al. 2011). Although the use of low-cost petroleum as a transportation fuel has facilitated the
movement of goods and people around the world (Banister et al. 2011), researchers are alarmed
by the transportation sector’s increasing greenhouse gas emission rate (Dearing 2000, Banister et
al. 2011, Andress et al. 2011). Economists predict that transportation will account for half of the
world’s total carbon dioxide (CO2) emissions by 2050 (Banister et al. 2011), the year by which
emissions must be drastically reduced to prevent a catastrophic global temperature increase (IPCC
2013). Additionally, medical researchers have found a link between other transportation air
pollutants, especially NOy, and respiratory complications such as asthma (Friedman et al. 2001).
These impacts can be reduced in part by lowering the number of vehicles used per-person (Banister
et al. 2011), which occurs when automobile users switch to mass transit modes such as bus and
rail. However, emissions resulting from rail infrastructure construction (Chester and Horvath
2009), coupled with a decreasing trend in transit ridership (Feitelson 1994), have made it difficult
to ensure that a given rail project is environmentally beneficial.

Compared to automobiles, passenger rail generally consumes less energy and emits less
pollution on a per-passenger basis (Fels 1975, Chester and Horvath 2009). This is particularly true
for electric-powered rail, which generally contributes less pollution than diesel-powered rail and
does not emit pollution through vehicle exhaust (Kolpakov and Reich 2013). However, electricity
generation is the primary source of certain pollutants such as SOy, meaning a shift to electric rail
may actually increase total SOx emissions (Chester and Horvath 2010). Passengers may also use
automobiles to access the rail station, increasing the emissions of the overall trip (Cervero 1995).
While the provision of station parking can increase transit ridership (Merriman 1998), it may also
increase automobile traffic if existing transit riders are encouraged to drive to the station (Parkhurst
1995). Although these automobile trips are often very short, they contribute substantial emissions
through cold start and hot soak processes. The cold start process refers to the heating of an
automobile engine after being started, which results in emissions beyond those generated during

normal operation. The hot soak process similarly refers to the emissions that result as the engine
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cools down after being shut off (de Nazelle et al. 2010). The uncertain consequences of such trips
has suggests that researchers should study park-and-ride facilities in greater detail.

Although researchers have examined park-and-ride emissions in other areas (Truong 2013,
Mingardo 2013, Gan and Wang 2013), no study has analyzed park-and-ride emissions resulting
from Bay Area Rapid Transit (BART). Built in the 1970s, BART serves the San Francisco Bay
Area, specifically the counties of Alameda, Contra Costa, San Mateo, and the city and county of
San Francisco. Early BART planners hoped that the system would decrease automobile use by
encouraging higher-density land-use patterns, yet density has only increased significantly along
the Market Street corridor in San Francisco (Cervero and Landis 1997). Reflecting its inconsistent
development patterns, access mode choice varies significantly across the BART system, with the
percentage of those walking to the station in 2008 ranging from 3% to 81% and the percentage of
those driving or carpooling to the station ranging from 2% to 92% (BART 2008). Trip distance
and the availability of a car may predict an individual’s propensity to walk to the station, while
density and parking availability may predict a given station’s proportion of walk trips
(Loutzenheiser 1997). Additionally, the proportion of those biking to the station increased between
1998 and 2008 as bicycle-friendly infrastructure and policies were implemented at several stations
(Cervero et al. 2012). Despite extensive research on BART’s accessibility, no study has explicitly
studied the emissions that result from BART access.

This study aimed to estimate the access mode split at each station, quantify the emissions
resulting from access to various BART stations, compare access and total emissions between
stations, and estimate access and total emissions under various park-and-ride scenarios. | analyzed
emissions of greenhouse gases (GHQG) as well as five of the “criteria air pollutants” regulated under
the Clean Air Act: volatile organic compounds (VOC), carbon monoxide (CO), nitrogen oxides
(NOy), particulate matter less than 10 um in diameter (PM1o), and sulfur oxides (SOx). | predicted
that walking to the station would be most popular at high-density stations with low parking
availability, while driving to the station would be most popular at low-density stations with high
parking availability. | also predicted that access and total emissions would be lowest at high-
density, low-parking stations, as these characteristics would encourage less automobile use and
lower trip distances, and that emissions would be highest at low-density, high-parking stations.

METHODS
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Study sites

To determine how access emissions vary between BART stations, | chose five stations that
represent variation in density and parking availability across the 44-station system: 19th Street,
Lake Merritt, Ashby, Walnut Creek, and Dublin/Pleasanton. 19" Street is at the center of
Downtown Oakland, surrounded by high-density, mixed-use development. Lake Merritt, at the
southern end of downtown Oakland, is in a heavily urbanized but less dense area than the 19"
Street station. Ashby’s south Berkeley location is less dense than the aforementioned station areas,
yet it contains a mix of land uses not found in outlying suburbs. The Walnut Creek station is located
near a commercial district and some high density development, but it is otherwise surrounded by
low-density suburbs. Finally, the Dublin/Pleasanton station, straddling the border of the cities of
Dublin and Pleasanton, is in the least dense area of the six stations, with land uses completely
segregated. Unlike most BART stations, 19" Street lacks on-site parking. Lake Merritt offers 207
parking spaces for BART users, while Ashby offers 715 spaces, Walnut Creek offers 2,089 spaces,
and Dublin/Pleasanton offers 2,973 spaces, each for $1.50 per day.

Data collection

To collect data on mode choice, vehicle choice, vehicle occupancy, and distance traveled,
| surveyed 25 people at each of the five stations. To estimate emissions during commute hours,
when ridership is generally highest (BART 2008), | surveyed each passenger between 7 and 10
am on Wednesdays and Thursdays in February 2014. During each station visit, | stood near the
fare gate and asked those entering the station if they would like to take my survey. | asked each
respondent which mode they used to access the station and proceeded depending on their response.
| asked automobile users for the year, make, and model of their vehicle, how many people occupied
the vehicle, whether they were dropped off or parked at the station, and the nearest major
intersection to the start of their trip. I asked bus and other transit riders which line they rode and
which stop they boarded at, and whether they had access to an automobile. | asked those who
walked or biked to the station for the nearest major intersection to the start of their trip and whether

they had access to an automobile. Finally, | asked each respondent for their destination BART
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station, the purpose and frequency of their trip, and demographic questions on age, education level,
and income (Appendix A).

To obtain information on station and vehicle characteristics, | used data from BART and
the EPA. | used BART data to obtain the average daily ridership at each station in February 2014
and the distance between each study station and each destination station. | used EPA’s
fueleconomy.gov website to obtain the fuel economy and weight class of each automobile reported

in the survey.

Data analysis

Spatial analysis

To determine the distances of each survey respondent’s trip, I used Esri’s ArcMap software
to find and measure the route between their stated trip origin and the station (Esri 2014). | plotted
each trip origin along with the five study stations and all stations reported as destinations in the
survey. Using ArcMap’s “Find Route” feature, I determined the location and distance of the
optimal route from each origin to the study station and the optimal route from each origin to the
destination station. | assumed that the latter represents the route that passengers would use to drive

directly to their destination rather than use BART.

Emissions analysis

To calculate the GHG emissions of each automobile trip, | used fuel economy data for each
vehicle as inputs in the GREET model. Developed by Argonne National Laboratory, GREET uses
hundreds of modifiable parameters to calculate the emissions resulting from the production,
distribution, and use of most automobile fuels. The model’s output is a set of emission factors for
several pollutants in units of mass per unit distance traveled per vehicle (ANL 2013). For this
study, 1 modified the model year and fuel economy parameters with data from fueleconomy.gov
to calculate a uniqgue GHG emission factor for each vehicle in the study. Subsequently, | multiplied
these emission factors by the distance traveled and divided by each vehicle’s occupancy to obtain

the total GHG emissions from the access portion of the trip. GREET did not separate cold start
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and hot soak emissions from operational emissions and thus I did not distinguish between them in
my analysis of GHG emissions.

To calculate the criteria air pollutant emissions of each automobile trip, I used vehicle class
and model year data as inputs in the EMFAC model. The EMFAC model, developed by the
California Air Resources Board, provides emission factors for VOC, CO, NOx, PM1o, and SOx in
units of mass per unit distance traveled. Although EMFAC does not provide unique emission
factors based on fuel economy, they are specific to the vehicle’s model year and weight class.
Because EMFAC’s weight classes were less specific than those provided by the EPA, | assumed
that vehicles within a particular EPA class were in the EMFAC class with the most similar weight
range. | multiplied these emission factors by the distance traveled, added a constant term
representing cold start and hot soak emissions, and divided by each vehicle’s occupancy to obtain
the total emissions from each access trip.

To calculate the emissions of each bus trip, | used the EMFAC model for both greenhouse
gas and criteria air pollutant emissions. For trips made on full-size public buses, I used “Urban
Bus” as the vehicle class and aggregated across all model years. For trips made on private shuttles,
[ used “Medium Duty Truck” as the vehicle class, as most minivans are within that category, and
aggregated across all model years. | multiplied the resulting bus emission factors by the distance
traveled to the station and divided by the reported occupancy to obtain emissions for each access
trip made by bus. To calculate the emissions of each BART trip, | used operational emission factors
derived by Chester (2008). I multiplied the BART emission factor by the distance between each
station to obtain the total emissions of the BART portion of the trip. Finally, I added each trip’s
BART emissions to the previously calculated access emissions to obtain the total emissions of

each trip.

Statistical analysis

To determine if any differences in access emissions are statistically significant, | performed
a Kruskal-Wallis equality-of-populations rank test for each pollutant. For pollutants in which a
significant difference was identified, I followed the Kruskal-Wallis test with a Wilcoxon rank-sum
test to compare emissions between each of the 10 possible station pairs. | performed both the

Kruskal-Wallis and Wilcoxon rank-sum tests in Stata (Statacorp 2013).
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Scenario analysis

To assess the influence of the current park-and-ride system on total emissions, | constructed
four alternative transportation scenarios. The first scenario, “No P&R, 100% Auto Reduction,”
represents total emissions per current passenger if nobody drives to the station, and instead walks
or bikes to BART. | calculated these emissions by including only the on-BART portion of the
emissions calculated in the original analysis. The second scenario, “No P&R, 50% Auto
Reduction,” represents total emissions per current passenger if those who accessed the station by
automobile instead had driven directly to their destination while the other half had walked or biked
to BART. I calculated these emissions by multiplying each trip’s emission factor by the distance
between the trip origin and the BART station reported as the destination, dividing by occupancy,
and dividing by 2 to reflect the 50% reduction. The third scenario, “No P&R, No Auto Reduction,”
represents total emissions per current passenger if all current auto users had driven directly to their
destination. I calculated the emissions of this scenario as described for the “No P&R, 50% Auto
Reduction” scenario without dividing total emissions by 2. The fourth scenario, “No P&R,
Increased Auto Use,” represents total emissions per current passenger if all passengers with access
to an automobile instead had driven directly to their destination. | calculated the emissions of this
scenario by multiplying the average emission factor across the entire sample by the distance
between each origin and each destination station for all respondents that reported having access to

acar.

RESULTS

| received a total of 25 responses at each study site for a total of 125 responses. Four of the
respondents provided incomplete information regarding their trip’s origin, mode, or destination.
An additional six respondents provided unclear information regarding trip origin, mode, or
destination. Twenty respondents chose to withhold some or all of the requested demographic
information.

Demographics
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The average age of respondents was 40.6 years, with a standard deviation of 12.6 years and
little variation from station to station (Table 1). The Lake Merritt sample consisted of the youngest
group of respondents, while the Walnut Creek sample consisted of the oldest group of respondents.
No station’s average age was more than one standard deviation away from the average age of the

entire sample.

Table 1. Age of respondents by station.

Station # of Mean Median Maximum Minimum Standard
responses Deviation
19t Street 24 39.50 37 69 23 1151
Ashby 25 40.16 39 60 23 12.60
Dublin/Pleasanton 19 41.84 39 64 22 10.02
Lake Merritt 25 34.00 33 63 13 11.09
Walnut Creek 21 49.10 48 79 25 13.66
Total 114 40.60 39 79 13 12.63

The majority of respondents (82.2%) reported having a Bachelor’s degree or higher, with
30.5% reporting possession of a Master’s degree or higher and 9.3% reporting possession of a JD,
MD, or PhD (Table 2). Ashby respondents had the highest college graduation rate, while 19" Street
had the highest proportion of Bachelor’s degree holders, and Lake Merritt had the highest
proportion of JD, MD, and PhD recipients.

Table 2. Education level of respondents by station

Station # of High Some Associate’s  Bachelor’s Master’s JD/MD/PhD
responses  School  College

19" Street 23 4.3% 4.3% 0% 47.8% 34.8% 4.3%

Ashby 25 0% 8% 4% 44% 36% 8%

Dublin/Pleasanton 19 5.3% 5.3% 0% 52.6% 26.3% 5.26%

Lake Merritt 24 4.3% 8.7% 0% 43.5% 26.1% 17.4%

Walnut Creek 22 0% 13.6% 0% 36.4% 36.4% 13.6%

Total 118 1.7% 7.6% 1.7% 42.4% 30.5% 9.3%

A preponderance of respondents (34.3%) reported household pre-tax incomes between

$50,000 and $100,000 per year. Walnut Creek respondents reported the highest proportion of
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incomes above $200,000 out of the five stations, while Lake Merritt respondents reported the
highest proportion of incomes below $100,000 and Ashby respondents reported the highest
proportion below $50,000 (Table 3).

Table 3. Income level of respondents by station

Station # of Less than $50,000- $100,000- Above
responses $50,000 $100,000 $200,000 $200,000

19 Street 23 13.0% 52.2% 26.1% 8.7%

Ashby 24 37.5% 16.7% 33.3% 12.5%
Dublin/Pleasanton 16 6.3% 31.3% 43.8% 18.8%
Lake Merritt 24 20.8% 50% 12.5% 16.7%
Walnut Creek 18 16.7% 16.7% 38.9% 27.8%
Total 105 20% 34.3% 29.5% 16.2%

Travel characteristics

In total, 40.8% of respondents arrived at the station on foot, while 37.6% arrived via
automobile, 11.2% arrived via bicycle, and 8.8% arrived via mass transit. 19" Street respondents
overwhelmingly walked to the station, with 72% walking, 12% biking, 8% riding another form of
transit, and only 4% driving to the station. Lake Merritt respondents included a significant portion
of walkers and drivers, with 48% walking, 12% biking, 4% riding transit, and 36% driving to the
station. Ashby respondents primarily walked or biked to the station, with 48% walking, 20%
biking, 8% riding transit, and 24% driving. Walnut Creek residents primarily drove to the station,
with 28% walking, 4% biking, 8% riding transit, and 56% driving. Dublin/Pleasanton respondents
overwhelmingly drove to the station, with 8% walking, 8% biking, 16% riding transit, and 68%

driving to the station (Figure 1).
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Figure 1. Mode choice by station

The majority (85.6%) of respondents were on their way to or from work at the time of the
survey, with little variation from station to station. Walnut Creek had the highest proportion (96%)
of work-bound respondents, while 19" Street had the lowest proportion (75%). A significant
proportion (6.8%) of total respondents were on their way to or from school at the time of the
survey, while smaller proportions of respondents reported social/recreational, shopping, or other
reasons for their trip. Additionally, the majority (77.1%) of respondents claimed to make the same
trip at least four times per week. This proportion was the highest at Lake Merritt, where 92% of
respondents reported making their trip at least four times per week. Ashby had the lowest
proportion of respondents (64%) who took the same trip at least four times a week.

The most popular BART destination among respondents was the Montgomery station in
downtown San Francisco, with 28.9% of respondents traveling there at the time of the survey.
Lake Merritt had the highest proportion of Montgomery-bound trips (44%), while Walnut Creek
had the lowest proportion (20.8%). A significant minority (15.7%) of total respondents reported
Embarcadero, also in downtown San Francisco, as their destination.

A total of 48 respondents arrived to the station via automobile. On average, their
automobiles were roughly 10 years old, with the oldest reported automobile released in 1989 and
the newest in 2013. 17% of the respondents reported arriving in a vehicle using non-conventional
fuel or propulsion, either in the form of diesel fuel or hybrid-electric drive. According to
fueleconomy.gov, the average fuel economy of the respondents’ vehicles was 20.77 miles per
gallon, with a standard deviation of 6.44 miles per gallon. The most efficient vehicle reported, the
2006 Toyota Prius, had a fuel economy of 48 miles per gallon, while the least efficient, the 2004
Lincoln Navigator, had a fuel economy of only 11 miles per gallon.

10
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Greenhouse gas emissions

Per-passenger greenhouse gas emissions were highest at Dublin/Pleasanton and lowest at
19" Street, with access emissions contributing the majority of GHG emissions at
Dublin/Pleasanton and Walnut Creek. The average Dublin/Pleasanton trip emitted 5.7 kg CO»-
equivalent of GHG (kgCO2eq) en route to BART and 3.5 kgCOzeq on BART for a total of 9.2
kgCO2eq during the entire trip. The average 19" Street trip emitted 0.051 kgCO2eq en route to
BART and 0.93 kgCO2eq on BART for a total of 0.98 kgCO2eq during the entire trip. Overall,
greenhouse gas emissions increased as parking availability increased and as station area density

decreased (Figure 2).
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Figure 2. Daily per-passenger GHG emissions by station

Results of the Kruskal-Wallis test indicated a statistically significant difference in access
GHG emissions between stations. For each pollutant, I rejected the null hypothesis that access
emissions were equal at each station with a p-value of 0.0001. As a result, I performed a Wilcoxon
rank-sum test on each station-pair for each pollutant. GHG emissions differed significantly
between all station-pairs with the exception of 19" Street-Ashby, Ashby-Lake Merritt, and
Dublin/Pleasanton-Walnut Creek (Appendix B).

11
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According to the scenario analysis, greenhouse gas emissions among current passengers
would increase as park-and-ride decreases and automobile use increases at each of the five stations
(Figure 3). The “No P&R, 100% Auto Reduction” scenario would result in the lowest emissions
at each station, while the “No P&R, Increased Auto Use” scenario would result in the highest

emissions at each station.

GHG (kgCO2eqg/person/day)
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No P&R, No Auto Reduction  ®m No P&R, Increased Auto Use

Figure 3. GHG emissions by BART riders under constructed scenarios.
Criteria air pollutant emissions

Per-passenger criteria air pollutant emissions were highest at Dublin/Pleasanton and lowest
at 19" Street, with some pollutants primarily emitted during station access and others primarily
emitted on BART. The average Dublin/Pleasanton trip emitted 5.8 g VOC, 34.5 kg CO, 6.9 g NOy,
0.24 g PM1o, and 19.6 g SOx. The average 19" Street trip emitted 0.39 g VOC, 2.4 kg CO, 0.71 g
NOy, 0.057 g PMyo, and 5.2 g SOx. Emissions of VOC, CO, and NOy occurred mainly during
station access, with a substantial proportion resulting from cold start and (in the case of VOC) hot
soak processes (Figure 4, Figure 5, Figure 6). Emissions of PMyo and SOx occurred mainly through
electricity generation for BART operation, with a small proportion of PMzo resulting from station

access (Figure 7, Figure 8).

12
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Figure 4. Daily per-passenger VOC emissions by station
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Figure 5. Daily per-passenger CO emissions by station
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Figure 6. Daily per-passenger NOx emissions by station
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Figure 7. Daily per-passenger PMio emissions by station
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25.0
20.0
15.0
10.0
5.0
0.0
19th Street Lake Merritt Ashby Walnut Creek Dublin/Pleasanton
Cold Start/Hot Soak Accessing Station No P&R, 100% Auto Reduction

Figure 8. Daily per-passenger SOx emissions by station

Results of the Kruskal-Wallis test indicated a statistically significant difference in access
emissions between stations for all five criteria air pollutants. For each pollutant, | rejected the null
hypothesis that access emissions were equal at each station with a p-value of 0.0001. As a result,
| performed a Wilcoxon rank-sum test on each station-pair for each pollutant. VOC emissions
differed significantly between all pairs except 191" Street-Ashby, Ashby-Lake Merritt, and Lake
Merritt-Walnut Creek. CO and PM1o emissions differed significantly between all pairs except 19"
Street-Ashby, Ashby-Lake Merritt, Lake Merritt-Walnut Creek, and Dublin/Pleasanton-Walnut
Creek. NOyx emissions different significantly between all pairs except 19" Street-Ashby, 19
Street-Lake Merritt, Ashby-Lake Merritt, Lake Merritt-Walnut Creek, and Dublin/Pleasanton-
Walnut Creek. SOx emissions differed significantly between all station-pairs with the exception of
19" Street-Ashby, Ashby-Lake Merritt, and Dublin/Pleasanton-Walnut Creek (Appendix B).

According to the scenario analysis, a decrease in park-and-ride and an increase in
automobile use would generally increase emissions of VOC, CO, and NOx while decreasing
emissions of PMyg and SOx among current passengers (Figure 9, Figure 10, Figure 11, Figure 12,
Figure 13). The “No P&R, 100% Auto Reduction” scenario would result in the lowest VOC, CO,
and NOx emissions at each station, while the “No P&R, Increased Auto Use” scenario would result
in the highest VOC, CO, and NOx emissions at each station. The current state results in higher

PM10 and SOx emissions than any of the four alternative scenarios, while the “No P&R, Increased

15
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Auto Use” would result in the lowest SOx emissions at each station and the lowest PM1 emissions
at 19" Street and Ashby. The “No P&R, 50% Auto Reduction” would result in the lowest PM1o
emissions at Lake Merritt, Walnut Creek, and Dublin/Pleasanton.
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Figure 9. VOC emissions by BART riders under constructed scenarios.
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Figure 10. CO emissions by BART riders under constructed scenarios.
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Figure 11. NOx emissions by BART riders under constructed scenarios.
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Figure 12. PM1o emissions by BART riders under constructed scenarios.
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Figure 13. SOx emissions by BART riders under constructed scenarios.

DISCUSSION

The results of this study largely confirmed my prediction that automobile use and access
emissions would increase as density decreased and parking availability increased. However,
deviations from this trend suggest that density and parking are not the sole determinants of
emissions. As per-passenger emissions under scenarios without park-and-ride would increase for
most pollutants in all but the most optimistic scenario, BART’s park-and-ride facilities provide
important emissions reductions. Despite these benefits, the emissions of many park-and-ride
BART trips must be reduced in order to meet climate change mitigation goals. While changes to
BART parking policy should be considered, improvements to pedestrian and bicycle access offer

stronger potential for emissions reductions.
Demographics

At each station, respondents demonstrated a similar age profile, yet reported higher income
levels compared to respondents in the larger 2008 BART Station Profile Study (BART 2008),

suggesting that this study effectively represented the overall population of riders. The 25-44 age
group was the most common at each station except Walnut Creek in both studies, where the most
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common age group was 45-64. A larger discrepancy exists between this study and the 2008 BART
study with regards to income. At each station, respondents reported income levels higher than
those reported by their 2008 counterparts, yet this does not necessarily suggest that this sample
was biased. Respondents in 2008 mailed their survey to the researchers, and a higher perception
of privacy may have encouraged lower and more honest stated income levels. The 2008 survey
was more extensive, and thus may have required more time to complete than this study’s survey,
discouraging those with a higher opportunity cost of time. Additionally, the population’s average
income has increased in nominal terms since 2008 and thus the discrepancy may simply reflect a

combination of inflation and increased wages.

Travel characteristics

Mode choice results generally confirmed my prediction that automobile use would increase
as density decreased and parking availability increased, while the increased bicycle use compared
to previous studies suggested a continuing trend toward bike access. With no available parking
and very dense surroundings, 19" Street had the highest rate of pedestrian access and the lowest
rate of automobile access as expected. Dublin/Pleasanton, with the highest amount of parking and
least dense surroundings, had the lowest rate of pedestrian access and the highest rate of
automobile access as expected. These findings are consistent with those in the 2008 study, in which
the vast majority of 19'" Street passengers walked to the station, while the vast majority of
Dublin/Pleasanton passengers drove to the station (BART 2008). In addition, bicycle access
increased at all five stations compared to 2008 (BART 2008). As bicycle access had also increased
at many stations between 1998 and 2008 (Cervero et al. 2012), this suggests that bicycles continue
to gain popularity as an access mode. It also gives support for continued improvement of bicycle
infrastructure at BART stations, as infrastructure played a key role in the increase between 1998
and 2008 (Cervero et al. 2012).

Greenhouse gas emissions

Greenhouse gas emissions generally confirmed the predicted trends, as access emissions

increased as density decreased and parking availability increased. As expected, access emissions
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were lowest at 19" Street, where density is highest and parking is unavailable, and highest at
Dublin/Pleasanton, where density is lowest and parking availability is highest. As access emissions
contributed the majority of per-trip emissions for the average passenger at Dublin/Pleasanton and
Walnut Creek, this reinforced previous findings that access emissions contribute substantially to
overall trip emissions (Mathez et al. 2013). However, access emissions were higher at Lake Merritt
than Ashby despite Lake Merritt having lower-density surroundings and fewer parking spaces,
suggesting that parking and density do not fully predict a station’s access emissions. This deviation
from expected trends suggests that policies to reduce access GHG emissions should not focus
entirely on increasing density and reducing parking.

The comparison of emissions under different travel scenarios indicates that park-and-ride
contributes to a substantial reduction in per-passenger GHG emissions, although access emissions
must be reduced at some stations to meet climate change mitigation goals. At each station, the
elimination of park-and-ride would increase total GHG emissions for all scenarios except for the
unrealistic “No P&R, 100% Auto Reduction” scenario. This suggests that BART’s park-and-ride
facilities likely contribute to the reduction of GHG emissions, echoing similar findings for other
transportation systems (Truong 2013, Gan and Wang 2013). However, this does not imply that
current park-and-ride trips are sustainable. For instance, California Executive Order S-3-05
established a GHG emissions target of 80% below 1990 levels to be reached by 2050
(Schwarzenegger 2005). As the state emitted 427 MtCO2eq of GHG in 1990 (CARB 2007), this
equates to 6.2 kgCOqeq/person/day if averaged across California’s current population. The average
BART trip originating at Walnut Creek and Dublin/Pleasanton emits more than that amount when

access emissions are included.

Criteria air pollutant emissions

Criteria air pollutant emissions generally followed expected trends, as access emissions
increased as density decreased and parking availability increased. As with GHG emissions, per-
person criteria air pollutant access emissions were lowest at 19" Street and highest at
Dublin/Pleasanton. However, the extent to which access emissions contributed to total trip
emissions varied significantly between pollutants, suggesting access emissions are a greater

concern for some pollutants than others. The scenario analysis reflected this variation, as the
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elimination of park-and-ride facilities would increase emissions of VOC, CO, and NOx and
decrease emissions of SOx and PM3o for most scenarios. The finding that SOx emissions decrease
as passengers switch from BART to automobile-only trips is consistent with research on other
electric rail systems (Chester and Horvath 2010) and suggests a tradeoff between SOx and PM1o
emissions and emissions of other pollutants. However, as the majority of SOx and PMz1o emissions
resulted from BART operation and thus electricity generation, these emissions do not occur locally
but instead at the site of power generation. As such, SOx and PM1oemissions due to BART are not
likely to have the same human health impacts as VOC, CO, and NOx emissions, which are
particularly harmful when emitted along busy roads (Kim et al. 2004). However, SO in particular
is known to have harmful ecological impacts, specifically through the formation of acid rain (Smith

et al. 2011), and thus SOx emissions at power plants should not be ignored.

Limitations and future directions

A variety of issues limited the effectiveness and reach of my study. The relatively small
sample size of 25 passengers per station likely resulted in higher variability than would exist with
a larger sample. Additionally, the small sample size made each station’s sample more susceptible
to outliers and other sources of bias. The ability for potential respondents to decline to take the
survey likely contributed to some bias as well. As each survey began with a brief description of its
purpose, younger and more educated people may have been more willing to respond upon learning
that the survey was for an undergraduate research project. Indeed, passengers at stations with a
lower average age and higher average education level than the overall sample participated at a
higher rate than passengers at stations with a higher average age and lower average education level.
Additionally, the selection of stations limited the external validity of the results for the BART
system as a whole. As each study site is located in either Alameda or Contra Costa County, the
trends found in this study may not apply to BART stations in San Mateo county or San Francisco,
or to other Bay Area rail systems such as CalTrain.

This study could be improved and expanded upon in a variety of ways. More samples at
each station would alleviate the issue of small per-station sample size. Specifically, a sample size
of 100 at each station would decrease variability and vulnerability to outliers while increasing the

study’s statistical power. The inherent bias embedded in the response rate could be decreased by
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deploying more people to perform surveys at a given time and location, a modification which
would also increase the practicality of obtaining more samples. The study’s external validity could
be enhanced by expanding the number of study sites to include a larger proportion of the overall
BART system, including at least one station in each Bay Area sub-region served by BART.
External validity with regards to other transit systems could be enhanced through a comparative
study of access emissions between systems. In addition, behavioral or economic studies of BART

park-and-ride would provide greater insight into how policy changes would affect emissions.

Broader implications

This study has strong implications for sustainable BART policy, including support for an
altered fee structure and improved pedestrian and bicycle infrastructure. Given the unclear
relationship between station parking and emissions, simply reducing the number of parking
spaces at each station is not likely to reduce emissions. Moreover, such an action would likely
reduce BART ridership and thus would cause economic harm (Merriman 1998). Replacing some
station parking with transit-oriented development may counteract the loss in ridership (Willson
and Menotti 2007), but such action would not necessarily reduce emissions. An increase in the
parking fee could cause passengers to walk, bike, or ride a bus to the station (Habib et al. 2013),
but it may also cause drivers to abandon BART and drive directly to their destination. One
potential solution to this issue would be to increase the parking fee while decreasing BART fares
such that the average park-and-ride trip would stay the same in price.

Aside from adjustments to station parking, improvements to pedestrian and bicycle
infrastructure are likely to reduce access emissions. Policies such as improved sidewalks and
greater pedestrian connectivity between roads are likely to encourage higher rates of pedestrian
access (Cervero 2001). Additionally, bicycle access rates are likely to continue increasing if
bike-friendly design and infrastructure is expanded (Cervero et al. 2012). For passengers that are
too far from the station to walk or bike, feeder buses are a potential alternative to automobiles
(Chandra et al. 2013). However, research has shown that less-occupied buses can produce higher
per-passenger emissions than automobiles (Chester and Horvath 2009), suggesting that feeder
buses would only reduce emissions if riders are clustered along corridors. As such, pedestrian

and bicycle improvements appear to be the strongest choice for reducing access emissions,
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although any such policy must be implemented in a way that ensures economic and social

sustainability in addition to its environmental benefits (Jeon et al. 2013).
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Station:

Survey #:

Date:

Time:

Trip Information

How did you arrive to the station today? (continue in column below answer)

o Walk/Bike

o Automobile

0 Bus/Train/Trolley

o Other

Did you walk or
bike?

o Walk

o Bike

What is the nearest
major intersection to
the start of today’s
trip?

Did you park nearby?
O Yes, at station
O Yes, not at station
0 No, dropped off

What is the nearest
major intersection to
the start of today’s
trip?

&

Do you own or have
access to a car?

O Yes

o No

Are you walking or
biking because
parking is limited?
O Yes
o No

What year is the car?

How large was the
bus?
0 Smaller than most
O Average
o Larger than most

Was it a hydrogen
fuel cell bus?

O Yes

o No
Which route did you
take to the station?

Which stop did you
originally board at?

What make is the car
(eg. Toyota)?

What model is the
car (eg. Hybrid
Camry)?

&

About how many
people were in the
vehicle?

Do you own or have
access to a car?

O Yes

o No

How did you arrive at
the station today?

What is the nearest
major intersection to
the start of today’s
trip?

&

Please offer a brief
description of the
vehicle or method in
which you arrived:
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Do you own or have
How many people access to a car?
were in the car? oYes
O No
Station: Survey #:
Date: Time:

Additional Information
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At which station will you be leaving BART?

What is the purpose of this trip?

L1 Work L1 School L1 Shopping [ Social/Recreation L1 Other

How often do you make this trip?

L1 Daily [11-3timesaweek [ 1-3timesamonth 1 Not regularly

What is your age? years

What is your highest level of education?

[1 Some high school [ High school [1 Some college [] Associate’s
degree
[1 Bachelor’s L1 Master’s 1 PhD/JID/MD [1 Other

What is your household’s annual pre-tax income?

[1 Under $50,000 (] $50,000-$100,000 [1 $100,000-$200,000 [ Above $200,000

APPENDIX B: Wilcoxon rank-sum results

Table B1. P-values of Wilcoxon rank-sum test comparing GHG emissions between each station pair. * indicates

a statistically significant difference at the 5% level.

Station 19t Street Ashby Dublin/Pleasanton Lake Walnut
Merritt Creek

19" Street - 0.2197 0.0000* 0.0294* 0.0000*

Ashby - - 0.0001* 0.3036 0.0005*
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Dublin/Pleasanton - - - 0.0024* 0.9243
Lake Merritt - - - - 0.0085*
Walnut Creek - - - - -

Table B2. P-values of Wilcoxon rank-sum test comparing VOC emissions between each station pair. * indicates

a statistically significant difference at the 5% level.

Station 19t Street Ashby Dublin/Pleasanton Lake Walnut
Merritt Creek
19" Street - 0.3398 0.0000* 0.0498* 0.0005*
Ashby - - 0.0001* 0.2670 0.0057*
Dublin/Pleasanton - - - 0.0110* 0.0435*
Lake Merritt - - - - 0.0800

Walnut Creek - - - - -

Table B3. P-values of Wilcoxon rank-sum test comparing CO emissions between each station pair. * indicates

a statistically significant difference at the 5% level.

Station 19" Street Ashby Dublin/Pleasanton Lake Walnut
Merritt Creek
19t Street - 0.3398 0.0000* 0.0498* 0.0004*
Ashby - - 0.0001* 0.2670 0.0035*
Dublin/Pleasanton - - - 0.0058* 0.0788
Lake Merritt - - - - 0.0684

Walnut Creek - - - - -

Table B4. P-values of Wilcoxon rank-sum test comparing NOx emissions between each station pair. * indicates

a statistically significant difference at the 5% level.

Station 19t Street Ashby Dublin/Pleasanton Lake Walnut
Merritt Creek
19" Street - 0.4046 0.0000* 0.0660 0.0004*
Ashby - - 0.0000* 0.2670 0.0027*
Dublin/Pleasanton - - - 0.0035* 0.0829
Lake Merritt - - - - 0.0721
Walnut Creek - - - - -
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Table B5. P-values of Wilcoxon rank-sum test comparing SOx emissions between each station pair. * indicates

a statistically significant difference at the 5% level.

Station 19t Street Ashby Dublin/Pleasanton Lake Walnut
Merritt Creek
19" Street - 0.2197 0.0000* 0.0294* 0.0000*
Ashby - - 0.0002* 0.3716 0.0005*
Dublin/Pleasanton - - - 0.0038* 0.9810
Lake Merritt - - - - 0.0059*

Walnut Creek

Table B6. P-values of Wilcoxon rank-sum test comparing PM1o emissions between each station pair. * indicates

a statistically significant difference at the 5% level.

Station 19t Street Ashby Dublin/Pleasanton Lake Walnut
Merritt Creek
19" Street - 0.2958 0.0000* 0.0399* 0.0001*
Ashby - - 0.0002* 0.2910 0.0044*
Dublin/Pleasanton - - - 0.0230* 0.2167
Lake Merritt - - - - 0.1366

Walnut Creek
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