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Driven by economic growth, globalization and e-commerce, freight per capita in the United States has been consistently
increasing in recent decades. Projecting to 2050, we explore the emissions, and health and climate impacts of US freight truck
and rail transport under various policy scenarios. We predict that, overall, air pollutant emissions and health impacts from the
freight-truck-rail system will be greatly reduced from 2010 to 2030, while long-term climate forcing will continue to increase
if petroleum is the fuel source. A carbon tax could shift freight shipments from trucking to energy-efficient rail, providing the
greatest reduction in long-term forcing among all policies (24%), whereas a policy enforcing truck fleet maintenance would
cause the largest reduction in air pollutant emissions, offering the largest reduction in mortalities (36%). Increasing urban
compactness could reduce freight activity but increase population exposure per unit emission, offering slight health benefits

over the current urban sprawl trend (13%).

dependent on trade and commerce. Freight shipments in the

United States have more than doubled in the past three decades
due to economic development, increased globalization, and the rise
of e-commerce’. Freight transport accounts for about 35% of total
transport energy consumption in the United States. Trucks and
trains carry about 70 and 10% of US freight in tonnage, respectively’.
Energy for these modes is mainly provided by diesel engines, which
are important emitters of air pollutants including nitrogen oxides
(NO,), carbon monoxide (CO), and fine particulate matter (PM,,
which includes black carbon). Exposure to vehicle emissions, espe-
cially PM, , has been found to cause acute and chronic health dam-
ages, such as cardiovascular and respiratory disease and cancer™”.
Freight transport also has climate effects, since the greenhouse gas
carbon dioxide (CO,) is emitted from the complete combustion of
fuel, and short-lived air pollutants such as black carbon and ozone
also cause climate forcing. On-road transport has been identified as
the largest contributor to near-term climate forcing and the second
largest, after the power sector, to long-term climate forcing*.

The emissions from freight transport and their health and cli-
mate impacts are determined by many factors, including economic
development, engine technologies, mode choices, infrastructure,
and the spatial distributions of freight activity and the exposed
population. Economic activities determine the amount and types
of freight demand. Emission and fuel economy regulations drive
the development of new engine technologies and after-treatment
devices. A truck-to-rail modal shift could reduce both emissions of
air pollutants and CO,". The spatial distributions of population and
employment also play an important role. A more compact urban

F reight transport is an essential component of a healthy economy

spatial structure may reduce vehicle mileage, thereby reducing
energy consumption and emissions®”. On the other hand, a higher
population density can lead to increased traffic congestion and
higher exposure to air pollutants'®’.

These many interacting factors call for a systematic approach
to evaluate future freight emissions and impacts. However, most
studies examine these factors in isolation. The Freight Analysis
Framework'? estimated US freight shipments by all modes through
to 2040 but did not investigate the resulting emissions and impacts.
Muratori et al.”” examined freight CO, emissions and the impact
of carbon taxes until 2100 using the Global Change Assessment
Model, but did not estimate criteria pollutant emissions in detail
nor investigate how technology and infrastructure would affect
the projections. Several studies have examined the potential emis-
sion benefits from shifting freight from truck to rail for single cor-
ridors'*"® or regions® within the United States, but not the entire
nation.Limited research has explored the impacts of urban spatial
structures on freight transport, in contrast to the vast literature on
passenger transport'®"’. Little research has linked freight emissions
with health impacts.

This work demonstrates a system of systems approach, shown
in Fig. 1, in which models of economy, technology, and infrastruc-
ture are connected to simulate the emissions, health, and climate
impacts of freight truck and rail transport in the United States from
2010 to 2050 under scenarios that address most of the major drivers
of emissions. The goal of this approach is to provide comprehen-
sive information for policy evaluation, embedding the important
factors of infrastructure, urban development, and technology into
projections to demonstrate the effect of policy and regulation levers
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Fig. 1| System of systems approach. Schematic of the method for
projecting emissions, health and climate impacts of freight truck and rail
transport in the United States using integrated models.

that are specific to this sector. This work presents the unified study
design and its predictions. For each scenario, we present three
dimensions of impact: (1) mortality caused by particulate air pol-
lution; (2) short-lived climate forcing caused by air pollutants that
occurs within the first year after emission; and (3) long-lived cli-
mate forcing, integrated over 100 years, caused by greenhouse gases.

We divide freight shipments within the continental United States
into two types: interregional (long-haul) freight shipments between
freight analysis zones (FAZs) and intraregional (short-haul) freight
shipments within FAZs. We use the 120 domestic FAZs defined by
the Freight Analysis Framework as the analysis regions. A general
equilibrium model projects overall economic activity in the United
States by commodity'®. Next, a shift-share model downscales the
national economy to FAZ level”. For long-haul transport, a mul-
tiregional input-output model determines regional commodity
production and consumption”, and a four-step freight demand
forecasting framework®' generates freight shipment flows between
FAZs. A modal-shift model chooses truck versus rail shipments
with a dependence on oil price, and shipments are loaded on truck
and rail networks with a traffic equilibrium algorithm. Emission
projections for long-haul freight are described in previous work*.
This paper adds the development of short-haul freight emissions,
and the health and climate impacts of the entire US freight truck
and rail system.

Short-haul freight demand is represented by employment in
each census tract. We use a dynamic spatial model® to project
future employment distribution at the census tract level with dif-
ferent urban spatial structures, and an asymptotic vehicle routing
model to estimate freight shipment flows within each FAZ**.
Both long-haul and short-haul freight activities are translated into
fuel consumption, and then emissions using a vehicle fleet model
speciated pollutant emissions wizard (SPEW)-Trend*, in which
vehicles are represented as vintage technologies built to different

emission standards. Vehicle characteristics such as degradation,
retirement, and the transition over time of some vehicles to high-
emitting conditions (‘technology slip’) are modelled in SPEW-
Trend (Methods). We simulate changes in engine technology, not
refrigeration alternatives, so the effects of only exhaust emissions
are given in this study.

Emissions serve as inputs to a reduced-form air quality model,
the Intervention Model for Air Pollution (InMAP). This model
combines meteorology, emissions, atmospheric transport, and
chemical reaction rates to estimate PM, ; concentrations from pri-
mary (directly emitted) and secondary (formed from gases) emis-
sions”. PM, ; concentrations are then converted to health impacts
using a concentration-response function. The health impacts of
ozone are not included in this study; prior research suggests that the
health impacts from PM, ; are larger than those from ozone. InNMAP
uses a variable resolution grid that employs higher spatial resolution
in locations with large gradients in population density and PM,
concentrations (for example, urban areas) and lower spatial reso-
lution where population density and PM, ; concentration are more
homogeneous (for example, rural areas)”’. We also estimate health
impacts using three other reduced-form models for comparison
(Methods).

Climate impacts from both short- and long-lived climate forcers
are determined using forcing-per-emission values derived from a
literature review. We include climate impacts from aerosol warm-
ing by black carbon, aerosol cooling by organic carbon and sulfate,
indirect forcing due to cloud changes caused by aerosols, warming
by the effects of NO,, CO, and volatile organic compounds (VOCs)
on the tropospheric ozone system, warming and cooling through
the effects of CO and NO, on the methane budget, and the warm-
ing greenhouse gas effect of CO,. We present short- and long-lived
climate effects in the same units of forcing integrated over time
(terawatt-year (TW-yr)) to facilitate comparison. One TW-yr cor-
responds to about 0.023 gigatonne (Gtonne) CO, equivalent, but
the forcing occurs over 100 years for long-lived gases, and within
1 year of emission for short-lived species. Further details of model-
ling short-haul freight activity and fuel use, emissions, health, and
climate impacts are presented in the Methods section.

Four macroeconomic scenarios are projected by the general
equilibrium model and downscaled as described earlier to represent
differences in economy and climate policy*®. The baseline scenario
has a gross domestic product (GDP) growth rate in which the US
GDP per capita doubles between 2005 and 2050 and no climate
policy is applied. The low-growth scenario has a GDP growth rate
21% lower than that of the baseline. The carbon policy scenario has
the same GDP growth rate as the baseline but employs a carbon tax
policy to emulate a 450 parts per million (ppm) stabilization sce-
nario. The low-growth carbon policy scenario has the lower GDP
growth rate and the same carbon tax policy.

Urban development affects employment distributions, which
determine the freight shipment flows within each FAZ. In 73 met-
ropolitan FAZs, identified as those with more than half a million
people, we develop three urban development scenarios within the
baseline macroeconomic scenario: trend; polycentric; and compact.
A dynamic spatial model of density gradient™ is applied to proj-
ect census tract-level employment distributions (Supplementary
Notes). We term the continuation of the current trend in employ-
ment density distribution a ‘trend scenario, in keeping with ter-
minology in other urban planning studies®. This trend shows a
continuous decentralization of jobs during 1990-2000 in most
metropolitan areas. Two alternative scenarios with concentrated
employment growth around existing job centres are built by modi-
fying the parameters of the density gradient functions. The poly-
centric scenario continues current dispersion but increases the
employment concentration near sub-centres. In the compact sce-
nario, faster employment densification occurs near both the central
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Fig. 2 | Effect of urban spatial structure on trends in short-haul freight delivery and impacts from 2010 to 2050. a, Freight activity (t-km; to convert from
t-km to tonne-mile, multiply by 0.685), and fuel consumption (Mtonne). b, Primary PM, ; emissions (Gg). ¢, NO, emissions (Gg).

business districts and sub-centres. For the remaining 47 FAZs, iden-
tified as rural, the dynamic spatial model does not apply and census
tract-level employment distributions are not projected.

In an approach that connects models of complex systems, the
traditional method of propagating uncertainties in each parameter
is impractical. Instead, primary sensitivities in the economic'®, vehi-
cle fleet”, and urban form models were identified during character-
ization of those models, and scenarios were obtained by modifying
these sensitive parameters within reasonable ranges. Conclusions
are drawn from comparative outcomes, assuming that uncertain
parameters have similar effects on each scenario. The scenarios
used to evaluate the impacts of US freight transport are the base-
line scenario (baseline economic development, no climate policy,
and trend development in urban structure) and three mitigation
scenarios: carbon tax; no technology slip (elimination of high-emit-
ting trucks); and alternative urban spatial structure (polycentric or
compact); these are summarized in Supplementary Table 3. Carbon
tax and technology slip affect all freight transport, but urban spa-
tial structure affects only intraregional freight. Multiple models are
used to estimate normalized health impacts, to ensure that com-
parisons between scenarios are not dominated by the behaviour of
an individual model.

Results and discussion

The integrated model system shown in Fig. 1 simulates freight activ-
ity, emissions, spatial distribution, and health and climate impacts
over time and under a variety of policies.

Freight activity and emissions. Figure 2 shows short-haul freight
activity, fuel consumption, and emissions during 2010-2050. Short-
haul freight activity increases by 146, 108, and 100% from 2010
to 2050 under the trend, polycentric, and compact scenarios in
urban areas, respectively, and 83% in rural areas. Fuel consumption
increases more slowly than freight activity, due to improvements
in fuel efficiency. Despite the increase in fuel consumption, pollut-
ant emissions from short-haul delivery decline rapidly from 2010
to 2030 as older vehicles built under less stringent standards retire
from the fleet. From 2030 to 2050, emissions start to increase again,
driven by growing freight activity and the assumption that no new
regulations further reduce emissions. As the fleet gets cleaner, high-
emitting trucks resulting from technology slip become more impor-
tant, contributing to over 70% of PM, ; emissions while consuming
only 5% of the fuel use in 2050. Because both long-haul and short-
haul evolution rely on the same vehicle fleet model and economic
growth, the evolution of short-haul emissions with time is similar
to the emission trend from long-haul freight transport presented in
previous work™.

Polycentric and compact spatial structures reduce freight ship-
ment distances, reducing urban fuel consumption and emissions by
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about 20% in 2050 compared to the trend scenario. Several studies
have reported reduced passenger transport activity, but not freight
activity, as population density increases. Stone et al.* found that
under a smart growth scenario, where urban share of new popula-
tion growth increases by 10% per decade, growth in US household
vehicle CO, emissions during 2000-2050 is reduced by 34% com-
pared to that in the trend scenario. Lee and Lee’ estimated that a
10% increase in polycentricity and a 10% decrease in centrality con-
tribute to 0.7 and 0.9% reduction in CO, emissions from household
travel, respectively. Hankey and Marshall’, modelling combined
growth scenarios for all US urban areas during 2000-2020, reported
a CO, emission difference of 20% for a realistic higher-sprawl sce-
nario, relative to a lower-sprawl scenario.

In earlier work, we showed that a carbon tax could cause a modal
shift from truck to rail, thus reducing fuel consumption by 30% and
pollutant emissions by 10-28%* below the baseline. This curtail-
ment counters about half the increased activity due to economic
growth, so that even with a carbon tax, CO, emissions increase by
23% between 2010 and 2050. Meeting an economy-wide target of
80% reduction by 2050 would require additional stringent measures
or an activity reduction. Eliminating high-emitting trucks reduces
pollutant emissions by 20-65%. Supplementary Table 5 summa-
rizes PM, ; and NO, emissions from long-haul trucks and rail and
short-haul trucks in 2010 and 2050 under the baseline scenario and
mitigation scenarios including carbon tax, no technology slip, and
alternative urban spatial structures.

Spatial distribution of PM, ;. The predicted spatial distributions of
total PM, ; concentrations resulting from long-haul and short-haul
freight transport under the baseline scenario are shown in Fig. 3.
PM, ; concentrations are highest in the Midwest and West Coast
of the United States, where population and economic activities are
concentrated. The total population-weighted annual average PM, ;
concentration from ground freight during 2010-2050 decreases
from 0.37pgm= to 0.17pgm= (from 0.28pgm= to 0.11pgm=
when area-weighted). Urban freight delivery contributes only 6%
of the total area-weighted PM, ; concentration, but about 30% of the
total population-weighted concentration due to the high population
density in urban areas.

PM, ;-related health impacts. Total PM, .-related health impacts.
Total mortalities from inhalation of PM,;, and their spatial distri-
butions, are shown in Fig. 4 and Supplementary Fig. 2, respectively.
Total mortalities from ground freight transport are projected to
decrease 44% from 5,500 (in 2010) to 3,055 (in 2050), under the
baseline scenarios. This decrease is caused by the implementation of
vehicle standards, and occurs despite a 40% increase in population
and a 67% increase in fuel consumption. Mortalities from long-haul
and short-haul freight decrease by about 2,060 and 385, respectively.
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Fig. 3 | Spatial distribution of PM, 5 concentrations resulting from freight truck and rail transport in 2010 and 2050 under the baseline scenario. a, 2010.

b, 2050. Sources of state boundaries: Esri.com®; TomTom North America, Inc.
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Fig. 4 | Total mortalities from inhalation of PM, ;. Total PM,.-related
mortalities from long-haul and short-haul freight transport as estimated by
INMAP in 2010 and 2050 under the different scenarios considered.

Although urban freight delivery provides only about 8% of total
emissions, those emissions occur near densely populated areas and
cause 20% of the mortalities in 2010. Urban delivery emissions
under the polycentric and compact development scenarios are 19
and 23% below the trend scenario in 2050. However, a higher popu-
lation density is exposed to those emissions, so associated mortali-
ties are reduced by a lower percentage—11 and 13%, respectively.
Therefore, the benefit of reduced emissions under the more con-
centrated urban spatial forms outweighs the increased population
exposure.

A carbon tax causes a modal shift from truck to rail, reducing
mortalities from long-haul freight by 25%, for a total of 540 avoided
deaths. Eliminating truck technology slip reduces mortality from
long-haul and short-haul freight by 42 and 32%, respectively, for a
total of 1,100 avoided deaths.

Health impacts by species and freight category. Table 1 presents the
marginal health impact—the avoided mortalities per kilotonne
(ktonne) of annual emissions reduced—for each chemical spe-
cies and freight category in 2010 and 2050. The marginal health
impact per ktonne of primary PM, ; emissions is greater than that
of precursor gases by about one order of magnitude because pre-
cursor gases must be transformed into PM, ; before exerting health
impacts, and are not converted with 100% efficiency. Among the
secondary inorganic precursors, ammonia (NH,) has the largest

Table 1| Average marginal health impacts (mortalities per
ktonne emissions) in the United States for ground freight
transport under different scenarios in 2010 and 2050

Type of freight Scenario Annual mortalities per ktonne
delivery emitted

PM,; NO, VOC NH; SO,
2010
Urban short-haul  Trend 46 21 1.9 28 37
trucks
Rural short-haul - 56 090 044 40 21
trucks
Long-haul trucks  Baseline 9.5 11 062 64 26
Long-haul rail Baseline 65 092 045 44 20
2050
Urban short-haul ~ Trend 63 2.8 2.8 39 53
trucks
Urban short-haul  Polycentric 70 3.0 3.0 44 55
trucks
Urban short-haul ~ Compact 73 31 3.1 46 55
trucks
Rural short-haul - 79 11 059 55 27
trucks
Long-haul trucks ~ Baseline 14 13 086 88 35
Long-haul rail Baseline 8.7 1.0 058 57 25

090 94 36
058 58 26

Carbon policy 15 13
Carbon policy 8.8 1.0

Long-haul trucks

Long-haul rail

Mortalities are all-cause values resulting from primary or secondary PM, ; concentrations.

marginal impacts. The relative benefit of reducing 1ktonne of NH,
is about 13 times higher than that of NO, in urban areas. Urban
environments generally have more NO, than NH;, and formation
of urban PM,; is more sensitive to changes in NH; concentration.
While freight trucks and rail do not emit substantial amounts of
NH,, reductions of urban NO, at the expense of emitting NH, (such
as selective catalytic reduction) should be carefully evaluated.
Emissions from urban freight delivery occur in densely popu-
lated areas and have higher marginal impacts than rural freight
delivery, for all pollutants. The marginal impact of primary PM,
emitted from urban transport is 7-8 times higher than that emitted
from rural transport. Differences between urban and rural emis-
sions are much smaller for precursor gases because the transforma-
tion from gases to aerosols occurs during transport from the source,
thereby reducing the impacts on the adjacent population. Long-
haul transport covers both urban and rural areas, so its marginal
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Fig. 5 | Assessment of annual mortalities, integrated short-lived forcing, and long-lived forcing for all US truck and rail freight. a, Trajectory from

2010 to 2030 and 2050 under the high GDP growth scenario. b, Effect of policy measures in the year 2050 applied to the high-GDP growth scenario.
The data for 2050 without policy in each plot are identical. The axis ranges in TW-yr correspond to 0.7 and 0.08 Gtonne CO, equivalent for short-lived
and long-lived pollutants, respectively. The ‘2050, urban trend, no policy' is the same in both figures. The ‘compact urban’ scenario is shown as a dashed
line because it overlies the no policy case closely. The ‘tax + no-slip + compact’ is simulated based on a combination of reductions in all scenarios (see

Supplementary Note 2).

impacts fall between those of urban and rural transport. Marginal
health damages from emissions are larger for long-haul trucks than
rail, in part because a larger proportion of truck emissions occur in
urban areas: 37% for trucks and 26% for rail. The marginal impact
for all pollutants increases by 30-50% during 2010-2050, which
corresponds to the population growth rate in different areas; it also
reflects the assumption of a constant baseline mortality rate.

Comparison with other models and previous studies. We first evalu-
ate uncertainty in health impacts by comparing results with another
reduced-form source-receptor model, the co-benefits risk assess-
ment (COBRA) screening model™. Supplementary Fig. 3 compares
the mortalities for the scenarios considered in this study. The dif-
ference in total mortalities between the two models is less than 6%
for all scenarios, but estimates by INMAP are about 30% higher for
urban freight and 15% lower for rural freight. A probable contribu-
tor is that spatial resolution in urban areas is higher for InNMAP. We
compared the marginal health impact of pollutants, including pri-
mary PM, ,, NO,, NH,, sulfur oxide (SO,), and VOCs, with results
from two other models (APEEP/AP2 and EASIUR) and two other
studies (Supplementary Fig. 4). The difference in marginal impacts
is within a factor of two. INMAP has higher estimates for urban
freight and lower estimate for rural freight, relative to the other
models, again probably due to the difference in spatial resolutions.
No previous studies have estimated the health impacts spe-
cifically attributable to US freight transport. The United States
Environmental Protection Agency (EPA)** estimated 160,000 pre-
mature deaths attributable to PM, ; exposure in the United States
in 2010. Fann et al.” reported 17,000 and 130,000 premature deaths
attributable to PM, ; exposure from the mobile-source sector and all
sectors in the United States in 2016, respectively. Scaling the mobile-
source totals for freight trucks and rail according to their 25% of
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total energy consumption’ gives mortality estimates of about 5,100,
comparable to the 5,500 deaths estimated in this study.

Present-day climate impacts. Short-lived and long-lived climate
forcing by the entire freight system is overall positive (leading to
warming), even accounting for impacts from species with negative
forcing (cooling). In 2010, short-lived forcing was about 14% of the
value of long-lived forcing, yet short-lived forcing occurs entirely
in the first year. Short-lived forcing is dominated by positive forc-
ing from black carbon (70%), which is offset only marginally by the
emission of cooling aerosols. Positive forcing through the tropo-
spheric ozone system, caused by NO,, CO, and VOCs makes up the
balance of short-lived positive forcing. Long-lived forcing is domi-
nated by CO,, for which positive forcing is about five times larger
than the negative forcing from methane depletion via NO,.

Triple-impact scenario projections. Figure 5 shows the summa-
ries of annual mortalities, short-lived forcing, and long-lived forc-
ing for each scenario. The transition between 2010, 2030, and 2050
under the baseline scenario appears in Fig. 5a. Implementation of
emission standards substantially decreases air pollutant emissions,
short-lived forcing, and mortalities by 2030. In contrast, the growth
in fuel consumption drives an increase in CO, emissions and long-
lived forcing. Short-lived forcers transition from contributing about
20% of the total integrated forcing in 2010 to less than 5% in 2050.
Figure 5b shows how mitigation policies affect outcomes in 2050.
The baseline scenario is the high GDP growth scenario with trend
development in urban areas. The application of a carbon tax shifts
freight shipments from trucking to the more energy-efficient rail,
reducing emissions of traditional pollutants and CO, emissions for
both long-haul and short-haul freight shipments, giving the great-
est climate benefits among the policies (24 and 26% reductions
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in short-lived and long-lived forcing, respectively). The lower air
pollutant emissions also reduce mortalities by 22%. The scenarios
investigated in this study do not include alternative fuels, vehicle
electrification, or automated manufacturing. Alternative fuels, such
as biodiesel, could reduce long-lived climate forcing but would not
change mortalities substantially as long as combustion engines are
in use. Electrification of delivery vehicles would shift emissions to
the point of generation and reduce urban mortalities, while the more
difficult electrification of long-haul vehicles would also shift emis-
sions and would be required to address the majority of the health
impacts. Low-carbon fuels or sequestration could reduce forcing
beyond the 30% reduction estimated in this study. Uncertainties in
modal choice response to carbon price, estimation of intraregional
fuel consumption, representation of technology slip, forcing-per-
emission, and spatial distribution (Supplementary Notes) do not
cause scenarios to rank differently in any of the three impacts.

Compact urban development reduces fuel consumption and
emissions only for urban freight, a small fraction of the total freight
system, so that short-lived and long-lived forcing are reduced by
only 2%. With increased population density, the more compact
urban spatial structure reduces freight activity, with a slightly posi-
tive health benefit over the current decentralized structure (3% for
the overall system). In our framework, avoiding technology slip
reduces only traditional pollutants, causing a large reduction in
mortalities (36%) and short-lived forcing (54%) but no reduction
in long-lived forcing.

This study has reported an unprecedented system of systems
treatment to evaluate the future of the US freight shipment system
on three axes: mortality; short-lived climate forcing; and long-lived
climate forcing. Minimizing a range of adverse impacts while also
allowing for economic growth requires investigation and improve-
ment of sector-wide practices on national scales. The approach pre-
sented in this study employs models that are responsive to major
constraints on technological evolution, such as transport networks,
vehicle fleets, and urban form, thereby offering an outlook on
beneficial and negligible influences on the system that cannot be
obtained from either top-down econometric models or detailed,
bottom-up models in isolation.

Concluding remarks

By using a system of systems approach, we project future emissions
and impacts of US freight truck and rail activity under various poli-
cies. We show that continued freight growth results in an increase in
climate forcing if petroleum remains the dominant fuel, but air pol-
lutant emissions will be greatly reduced by 2030 because of incom-
ing performance standards. Three policies were simulated and
compared to the ‘business as usual’ case scenario. Carbon tax pro-
vides the greatest benefit on long-term climate forcing by shifting
freight from truck to rail (24% reduction above the baseline case by
2050). Enforcing truck fleet maintenance causes the largest reduc-
tion in air pollutant emissions and mortalities even after the cleaner
fleet is accounted for (36% reduction). Increasing urban compact-
ness offers slight health benefits over the current urban sprawl trend
(3% overall and 13% of mortalities caused by urban delivery).

Methods

Short-haul freight activity and fuel use. In the 73 metropolitan FAZs, urban
freight delivery activity was modelled as a large-scale planar vehicle routing
problem and computed by an asymptotic vehicle routing model that aims to
minimize the asymptotic total vehicle delivery distance needed to satisfy a large
number of spatially distributed freight demand***. The model treats a subset of
census tracts as a freight delivery region, and estimates (1) total line-haul distance
from freight (truck- and rail-based) terminals to the freight delivery regions and
(2) total local travel distance in-between consecutive delivery points within each
region. The model eventually computes the total delivery distance in each FAZ,
which is the sum of the aforementioned total line-haul distance and total local
travel distance, based on the employment number by industry type in each census
tract as well as their spatial distribution in the FAZ. As employment and population

are more concentrated in the polycentric and compact urban development
scenarios, freight delivery distances are less than those in the trend scenario.

Little data about isolated traffic statistics (in kilometres or tonne-kilometres
(t-km)) for metropolitan freight trucks are available to validate the model results.
We compared the modelled urban freight truck mileages in this study with those by
the EMFAC2014 database™ for California in the baseline year (2007). The vehicle
routing model underestimated truck mileages by about a factor of two, possibly
because real-world short-haul trucks may carry less payload, have more empty
hauls and deadheading, and are less efficiently operated than the near-optimum
prediction from the model (Supplementary Notes). We applied this adjustment
factor to all urban truck activity predicted by the routing model, reasoning that the
predicted freight truck activities from the asymptotic model (largely additive across
census tracts) are insensitive to urban spatial structures at the larger spatial scale.

Fuel consumption for urban freight was estimated by summing short-haul
truck activity in each FAZ, and was then used to determine emissions in the
vehicle fleet model. We assumed that urban freight delivery was handled by heavy-
duty single-unit diesel trucks. The average fuel intensity of 57 g (tonne-km)~" or
200 gkm™ from urban freight trucks in EMFAC2014 was applied to determine
the fuel consumption for urban delivery in the baseline year (2007). This fuel
intensity value is an average of typical fuel intensities for single-unit trucks
(39-72 g (tonne-km)~")". Speed information for urban freight flows was not
available from the vehicle routing model. We assumed that the fuel intensity of
short-haul trucks follows the same trend as that of long-haul trucks in the baseline
scenario”?, which increases 20% from 2007 to 2050 under the combined effects of
congestion and technology development.

Historical fuel records for short-haul delivery from 1970 to 2007 were used
to infer the technological composition of the initial fleet; details are presented in
the Supplementary Notes. Fuel consumption for freight delivery in rural areas was
estimated by subtracting diesel use by urban delivery from the total diesel by short-
haul delivery. The same fuel intensity of urban delivery trucks was applied to rural
delivery trucks. Rural freight activity (in t-km) was assumed to grow at the same
rate as the rural freight demand (in tons) during 2007-2050.

Emission modelling. Emissions were modelled with the vehicle fleet model
SPEW-Trend?, in which vehicles are represented as vintage technologies built

to certain emission standards, such as the Tier series. New technology is placed
into service when needed to satisfy increased activity. The vehicle emission rate
increases with age*™ while vehicle driving distance decreases with age*. Old
vehicles are removed from the fleet per observed retirement rates. Normal vehicles
transition to high-emitting conditions at a rate so that the prevalence of high
emissions approximately matches observations'**'. Details about the model and
parameters were discussed in earlier work*>*%*2,

Earlier work® developed emission factors and degradation rates for pollutants
that have been regulated by the federal emission standards, including particulate
matter, CO, total hydrocarbon (THC), and NO,. This work added NH; and SO, to
the emission database because they are precursors to secondary PM, ; that cause
adverse health effects. Since heavy-duty diesel vehicles are not important sources
for NH, and SO, (less than 0.2% of the total)***, we used fleet-average emission
factors for NH, (0.035gkg™")*>** and SO, (0.03gkg™")"". VOCs are precursors to
secondary organic PM, ;. VOCs are considered equivalent to THC plus aldehydes
minus both methane and ethane*. The emission factor of VOCs is calculated using
a conversion factor of 0.987 for VOC/THC*.

Emissions from long-haul freight transport were gridded at 0.25 degree
resolution, using truck and rail t-km on highway and railway links as spatial
surrogates’. The asymptotic vehicle routing model used for short-haul freight
delivery does not store detailed truck routes, so emissions within the metropolitan
FAZs were distributed per employment in each census tract. Emissions from
rural areas were first distributed to the freight demand in each FAZ, and then
further distributed according to the population in each county, obtained from the
Integrated Climate and Land Use Change Scenario developed by EPA®.

Impact assessment. Health and climate impacts from both long-haul and short-
haul freight transport are determined for the baseline scenario and three mitigation
scenarios, including carbon tax, eliminating truck technology slip, and alternative
(polycentric or compact) urban spatial forms.

Health impact assessment. Fine particulate matter (PM, ;) concentrations
resulting from emissions of PM, ;, NO,, VOCs, NH;, and SO, from freight
transport were estimated using InNMAP?. InMAP is a reduced-form model that
estimates the annual changes in primary and secondary PM, ; concentrations
caused by changes in emissions. While three-dimensional Eulerian chemical
transport models (CTMs) such as CAM™, CMAQ"', and WRF-Chem®” are
powerful tools to simulate atmospheric concentrations from emissions,
running CTMs is computationally intensive and not typically used for multiple
scenarios. INMAP leverages preprocessed annual average physical and chemical
information derived from a WRF-Chem model run®, and assumes a linear
relationship in the changes of PM, ; concentrations to the changes in precursor
emissions, thus reducing the computational costs by orders of magnitude
compared to the CTMs. INMAP uses a variable resolution grid that employs
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higher spatial resolution in locations where population density or PM, ;
concentrations are spatially heterogeneous (for example, urban areas) and lower
resolution in locations where population density or PM, ; concentrations are
more homogeneous (for example, rural and remote areas); grid cell edge lengths
range between 1 and 48 km. The high spatial resolution in urban areas could
provide improved human health exposure estimates.

A typical health impact function that assumes a log-linear relationship
between relative risk and air quality change was used to estimate the changes
in mortality. Mortalities for each freight emission scenario were calculated by
summing the mortality for each grid cell in the contiguous United States, as
shown in equation (1):

M=y (exp(pAc)-D)PJ, M

i=1

where M is the total annual mortalities for each scenario, 7 is the total number

of grid cells, and f is a relative risk coefficient obtained from epidemiology

studies. We used a relative risk that equals 1.06 per 10 ugm= increase in PM, ;
concentrations™, a value widely used in other models and studies*>*. Here P is
population and I is the county-specific background all-cause mortality rate in the
United States. County-level population projection data through 2050 were obtained
from the EPA®. Census tract-level population was scaled from the baseline
population in 2010°” to 2050 based on the employment growth rates in the three
urban development scenarios. The 2014 all-cause background mortality data* were
used and the mortality rates were held constant in the future. This conservative
approach of constant mortality rates reduces overall complexity. It also allows the
changes in mortalities to reflect only the changes in PM, ; concentrations, which
aligns with the goal of comparing the impacts of different mitigation policies
relative to that of the baseline.

We included only mortalities from PM, ; concentrations and did not consider
impacts from ozone exposures or any independent damages associated with NO,,
VOCs, NH,, and SO, exposures. All PM, ; species were assumed to have the same
toxicity and contribute equally to mortalities, following the general practice of the
EPA”. While PM, ; chemical composition may affect its toxicity, current knowledge
does not yet allow detailed quantification of such differences®.

We also estimated health impacts using three other reduced-form models
for comparison: COBRA*; APEEP/AP2°*'; and EASTUR". These reduced-form
models have county-scale resolution, which is not sufficient to represent the
differences in urban spatial forms of interest.

Climate impact analysis. The climate impacts of freight emissions were estimated
by summing the short- and long- term radiative forcing over all species and
mechanisms. The units used here of TW-yr are those that would be obtained

by multiplying the absolute global warming potential by emission quantity, and
further multiplying by the surface of the earth to represent a total forcing flow
rather than a globally averaged one. The radiative forcing for each species and
each mechanism was determined using forcing-per-emission values obtained
from the literature (Supplementary Table 4). Long-term radiative forcing from
CO, was estimated using the absolute global warming potential of CO, (0.087
(mWm™) (Tgyr™)™") over a 100-year horizon®. Short-term radiative forcing from
black carbon, organic carbon, and sulfate, as well as the indirect effects of CO and
NO, through their effects on the tropospheric ozone and methane budgets were
included. Since emitting locations affect the forcing of short-lived species, we
averaged all regional direct forcing-per-emission values in North America or the
United States. For indirect forcing, we assumed the indirect black carbon radiative
forcing is 0.55 times the direct black carbon radiative forcing®, the indirect organic
carbon radiative forcing is 1.1 times the direct organic carbon radiative forcing®,
and the indirect sulfate radiative forcing is 1.2 times the direct sulfate radiative
forcing®*® according to a literature review of estimated cloud forcing.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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