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H I G H L I G H T S  

• Dairy digesters capture methane from farms to reduce GHG emissions. 
• Digesters configured to produce electricity increase local emissions of criteria pollutants. 
• Widespread digester adoption would have minor effects on local air quality. 
• Digesters do not harm public health or worsen air quality for disadvantaged communities.  
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A B S T R A C T   

The dairy industry in California emits large amounts of methane (CH4) that contributes significantly to the state’s 
overall Greenhouse Gas (GHG) budget. Reducing CH4 emissions has become a key priority for dairy farms in 
support of California’s GHG reduction goals. Anaerobic digesters designed to capture CH4 from animal manure 
present a practical option for reducing CH4 emissions, but a comprehensive evaluation of the local air quality 
impacts of this technology has not been previously undertaken. The simplest digester configurations decrease 
local emissions of volatile organic compounds (VOCs) but increase emissions of oxides of nitrogen (NOx), 
potentially changing local air quality. Here, we evaluate the air quality implications of widespread digester 
adoption in the year 2050 across the San Joaquin Valley (SJV) in central California, which is home to the highest 
concentration of dairy farms in the state. Changes to concentrations of air pollutants including ozone (O3), 
airborne particulate matter with diameter smaller than 2.5 μm (PM2.5), and various PM2.5 chemical components 
are predicted using the UCD/CIT chemical transport model at 4 km resolution. Dairy digester adoption is 
evaluated within two regional energy scenarios, including a business as usual (BAU) scenario and an 80% 
greenhouse gas reduction (GHGAi) scenario, to consider potential changes to the chemical regime that governs 
formation of secondary air pollution. Concentrations are evaluated across 32 randomly selected weeks over a 10- 
year period from the year 2046–2055 to establish a long-term average impact in the presence of El Niño Southern 
Oscillation (ENSO) variability. Regional weather patterns are downscaled from Global Climate Model simula-
tions under the RCP8.5 global scenario. The results indicate that baseline dairy emissions make minor contri-
butions to air pollutant concentrations in 2050. Under a worst-case scenario for digester adoption, PM2.5 
concentrations would increase by 0.06 μg/m3 (current standard = 9 μg/m3), and maximum daily 8-h average 
(MDA8) O3 would change by − 1.0 ppb to +0.2 ppb depending on the surrounding regional energy scenario 
(current standard = 70 ppb). A health impact analysis shows that the widespread use of dairy digesters would 
result in fewer than 0.1 additional deaths per 100,000 people due to changing air pollution. For comparison, this 
level of mortality change is more than 100 times smaller than the risk posed by seasonal flu. Further, Envi-
ronmental Justice analysis indicates that the implementation of digesters will not influence the exposure dis-
parities among different racial groups in either the SJV or the surrounding San Francisco Bay & Sacramento area. 
These findings suggest that dairy digesters can be widely adopted in central California to reduce GHG emissions 
with minimal effect on regional air quality and public health.   
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1. Introduction 

California is the leading dairy producer in the United States, with 
approximately 1.74M milk cows distributed across 1331 farms (CDFA, 
2018) that contribute $6.3B/yr to California’s economy (CDFA, 2019). 
One out of every five cows in the United States lives in California. Dairy 
production in California emits significant quantities of greenhouse gases 
(GHGs), including methane (CH4). The global warming potential of CH4 
is estimated to be 85 times larger than the warming potential of carbon 
dioxide (CO2) over a 20-year timeframe (IEA, 2021). Almost all dairy 
farms in California feature manure lagoons where organic matter un-
dergoes a biochemical degradation process that produces CH4. Methane 
emissions from California dairies were equivalent to 118 million metric 
tons of carbon dioxide (MMTCO2e) in 2013 (CARB, 2015), with dairy 
manure accounting for 25% of that total (29.5 MMTCO2e) (El Mashad 
et al., 2023). 

Anaerobic digesters, also referred to as dairy digesters, represent one 
possible measure to help mitigate CH4 emissions from California dairies. 
Dairy digesters use microbes in a controlled environment to degrade the 
waste organic matter so that the CH4 can be captured and used as a 
power source in many applications that would have otherwise used 
traditional fossil natural gas. Lifecycle analysis has shown that dairy 
digesters can reduce the GHG footprint of dairy farms by ~40% (El 
Mashad et al., 2023). One possible disadvantage of dairy digesters in 
California is their potential to exacerbate air pollution problems in the 
San Joaquin Valley (SJV) where most of the dairy production takes 
place. Capturing and using CH4 produced by dairy digesters has the 
potential to increase criteria pollutant emissions around farms, which 
could exacerbate air quality problems near disadvantaged communities. 
Previous studies have examined the long-term environmental effects of 
methane control technologies, including dairy digesters (Anenberg 
et al., 2012; Fiore et al., 2002; Giorgi and Meleux, 2007; Mosavi, 2023; 
Staniaszek et al., 2022) but no study has comprehensively assessed the 
short-term air quality impacts of widespread digester adoption in an 
intensively farmed region like the SJV. 

Dairy digesters can be configured and operated to produce CH4 with 
various levels of purity. The simplest configuration produces “biogas” 
composed of approximately 50% CH4, 50% CO2, and trace amounts of 
other impurities that can be burned onsite to produce electricity. 
Widespread adoption of dairy digesters configured to produce electricity 
would effectively shift emissions of oxides of nitrogen (NOx) and 
airborne particulate matter with aerodynamic diameter smaller than 
2.5 μm (PM2.5) from traditional power plants to locations around dairy 
farms. Here, we analyze the potential air quality impacts of this “worst 
case” scenario by comparing to a business-as-usual scenario with 
traditional dairy emissions, and a hypothetical “perfect case” scenario in 
which dairy emissions are completely controlled using some currently- 
unknown technology. Each of these local SJV scenarios is analyzed 
within two regional energy scenarios for non-dairy sources that have the 
potential to influence the chemical regimes that govern pollution for-
mation. The first regional energy scenario assumes business-as-usual 
emissions from non-agricultural sectors across California. The second 
regional energy scenario assumes the adoption of low-carbon energy 
sources in non-agricultural sectors across California. All “regional +
dairy” scenarios are analyzed using a chemical transport model that 
accounts for pollution formation in the presence of emissions, transport, 
deposition, and chemical reactions in both the gas and condensed pha-
ses. Long-term average concentrations for O3 and PM2.5 in each 
“regional + dairy” scenario are compared in order to quantify the po-
tential for dairy digesters to negatively impact air quality in the SJV. 
Exposures are summarized for the total population and for different 
race/ethnicity groups to investigate potential Environmental Justice 
concerns. The results determine the maximum impact that dairy di-
gesters can have on air quality and public health across Central and 
Northern California. 

2. Methodology 

2.1. Air quality model 

Future air pollution concentrations were predicted with the UCD/ 
CIT air quality model configured with 4 km spatial resolution across 
Central and Northern California. The UCD/CIT air quality model has 
been used to predict air pollution concentrations in numerous past 
studies in California and across the U.S. (Akherati et al., 2019; Hu et al., 
2015; Hu et al., 2017; Hu et al., 2019; Jerrett et al., 2023; Li et al., 2024; 
Venecek et al., 2018; Venecek et al., 2019; Yu et al., 2019; Zhao et al., 
2022). Each of these studies included a comparison to measurements 
and statistical analysis based on typical CTM performance criteria 
(Emery et al., 2017). The UCD/CIT model has also been used to predict 
concentrations in multiple future climate and energy scenarios (Zhao 
et al., 2023; Li et al., 2023; Li et al., 2022a; Zapata et al., 2018b). 

Large scale meteorological inputs were obtained from the Commu-
nity Climate System Model (CCSM) (NCAR, 2011) under the Represen-
tative Concentration Pathway 8.5 (RCP8.5) (IPCC, 2014). The Weather 
Research and Forecasting (WRF) model v3.4. was used to downscale the 
fine scale meteorology. Biogenic emissions were predicted using the 
Model of Emissions of Gases and Aerosols from Nature (MEGAN) v2.1. It 
is noteworthy that our analysis did not incorporate wildfire emissions, 
under the assumption that these emissions would remain consistent 
across different dairy biogas scenarios, thereby not affecting the relative 
outcomes of our comparative analysis. 

Simulations were conducted over 32 individual weeks (8 weeks/ 
season), randomly selected from the year 2046–2055, each initiated 
with a three-day spin-up period, in order to accurately capture long-term 
average concentration levels while also accounting for meteorological 
fluctuations induced by the El Niño Southern Oscillation (ENSO). The 
simulated 32 weeks generate estimates for PM2.5 exposure in central 
California that are within ±0.75 μg/m3 of the 10-yr average mean with 
95% confidence. Furthermore, the changes in pollution exposure under 
different emissions scenarios are evaluated on the same days using 
identical meteorology, effectively removing any uncertainty associated 
with the choice of simulation periods. 

2.2. Future emissions scenarios 

2.2.1. Future regional energy scenario emissions inventories 
Atmosphere chemistry is “non-linear” meaning that changes to 

emissions can sometimes increase or decrease ambient concentrations of 
chemical species depending on the atmospheric chemical regime. In this 
work, two regional energy scenarios (Table 1) were established to 
evaluate the potential changes to atmospheric concentrations that may 
yield different behaviors due to different chemical regimes. The two 
regional energy scenarios created for the year 2050 included a business 
as usual (BAU) scenario and an 80% GHG reduction (GHGAi) scenario 
(Li et al., 2022b). The differences in the future energy choices are suf-
ficiently large to shift the atmospheric chemical regime from NOx-rich 
to NOx-limited in some locations. Since we cannot predict which 

Table 1 
Regional baseline energy scenario descriptions.  

Regional energy 
scenario name 

Descriptiona 

BAU A business as usual scenario that includes current 
regulations and future growth projections. 

GHGAi A strict GHG reduction scenario that achieves an 80% 
reduction of GHG emissions (relative to 1990 levels) by the 
year 2050. More than 60% of California’s primary energy is 
supplied by renewables, including biomass, wind, and 
solar.  

a More details about the regional energy scenarios are in Zapata et al. (2018a, 
2018b), and Li et al. (2022b). 
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future will come to pass, we choose to analyze the potential for dairy 
digester adoption under both possible future scenarios. Both the BAU 
and GHGAi regional energy scenarios were constructed using the 
energy-economic optimization model, CA-TIMES, that calculates the 
multi-sector energy portfolio that meets projected energy supply and 
demand at the lowest cost, while also satisfying scenario-specific GHG 
emissions constraints (Zapata et al., 2018b). 

Corresponding criteria pollutant emissions for each regional energy 
scenario were spatially allocated at 4 km resolution to support air 
quality analysis across California with the CAREMARQUE model (Li 
et al., 2022b; Zapata et al., 2018b). CA-REMARQUE translates the 
changes to energy production predicted in CA-TIMES into changes in 
criteria pollutant emissions. The CA-REMARQUE model therefore ex-
tends the capabilities of the CA-TIMES model beyond GHGs. 
CA-REMARQUE modifies criteria pollutant emissions based on meteo-
rology, most notably accounting for the influence of temperature on 
biogenic emissions and evaporative fuel emissions. Future emissions 
scenarios that adopt low-carbon energy use much less fossil fuel, making 
evaporative emissions minor, but temperature effects on biogenic 
emissions remain significant. 

Earlier versions of CA-TIMES/CA-REMARQUE explicitly accounted 
for dairy biogas energy production (Zapata et al., 2018b), but later 
versions omitted the criteria pollutant emissions from this relatively 
minor source of energy (Li et al., 2022b). Neither the BAU or the GHGAi 
regional energy scenario accounted for development of dairy digesters 
as an energy source, and so digester adoption is treated as a perturbation 
to these regional energy scenarios in the current study. The amount of 
energy produced by complete digester adoption is small (~80 MW) 
relative to the statewide total electrical production (84,671 MW in 
2022). It is assumed that digesters will replace fossil natural gas elec-
trical generating units in the study region rather than other potential 
sources of electrical generation in order to fairly evaluate the tradeoffs 
involved. 

CA-REMARQUE uses algorithms that account for local information 
about activity levels and technology mixes to estimate emissions of 
criteria pollutants (or their precursors) that are consistent with future 
scenarios. Emissions of criteria pollutants did not uniformly decrease in 
all sectors of the economy under each scenario. This resulted in non- 
uniform changes to criteria pollutant emissions close to densely popu-
lated areas, consequently affecting the level of air pollution that these 
populations are exposed to. As a further complication, changing fuels 
and technology also modified the composition of reactive organic gas 
(ROG) emissions as well as the size and composition of particulate 
matter emissions. This is most apparent when comparing the reductions 
in emissions for various size fractions of primary particulate matter; for 
instance, primary PM2.5 emissions decrease by 3.6% in the GHGAi 
regional energy scenario versus the BAU regional energy scenario while 
corresponding primary PM0.1 emissions decrease by a factor of 36% 
(Zapata et al., 2018b). For further information on the energy scenarios, 
refer to Zapata et al. (2018a, 2018b), and Li et al. (2022b). 

2.2.2. Future dairy scenarios 
Two limiting local dairy scenarios are explored to gain insights into 

the potential for future air quality impacts. A summary of these 
“regional + dairy” emissions scenarios is shown in Table 2, with further 
details discussed below. 

2.2.2.1. Limiting dairy scenario 1: Perfect dairy control (Perfect-Control). 

The first limiting emissions scenario assumes universal 100% control of 
all VOC, NH3, and PM emissions from dairy waste. In reality, PM 
emissions from dairy farms are chiefly composed of dust generated by 
dairy cattle walking on unpaved surfaces. The perfect scenario quan-
tifies the upper bound of the air quality improvements that could be 
achieved through the adoption of hypothetical new dairy control tech-
nologies in central California. 

2.2.2.2. Limiting dairy scenario 2: Widespread biogas digesters with 100% 
adoption (Biogas-Electricity). Biogas production using covered lagoon 
technology has advanced significantly in recent years. Multiple com-
mercial companies have evolved business models that install and oper-
ate covered lagoons for biogas production on dairy farms yielding 
financial benefits for farm owners. These innovations have significantly 
lowered or eliminated the barriers to biogas production. The current 
analysis will focus on the digester configuration with the highest po-
tential for air quality impacts: all farms adopt covered lagoon digesters 
with on-site electricity generation. 

Biogas production at dairy facilities was assumed to eliminate 
emissions of dairy waste VOCs but otherwise leave emissions of NH3 and 
PM from dairy waste unchanged. Biogas electricity production at dairy 
facilities generates new emissions of NOx and PM from the engines 
operating on biogas. Engine technology used for electricity generation 
was assumed to meet Tier 4 standards for diesel engines of 0.4 g NOx/ 
kW/hr, and 0.02 g PM/kW/hr (EPAU.S, 2016). It should be noted that 
these levels are slightly lower than the currently permitted levels for 
biogas-fired engines in the SJV. The current calculations account for 
continued tightening of future standards and/or the incorporation of 
safety factors by engine manufacturers to avoid emissions violations. It 
was assumed that digesters would process 100% of the generated dairy 
waste, and that biogas production potential was proportional to the 
amount of dairy waste VOC emissions in the emissions inventory pro-
duced by the California Air Resources Board (CARB). Emissions records 
describing dairy waste were modified to remove evaporative VOC 
emissions and add NOx and PM emissions from dairy biogas combustion. 
The placement of the biogas combustion emissions assumes that the 
biogas production facilities would be located close to existing dairy 
barns so that existing spatial surrogates for dairy VOC emissions can also 
act to locate emissions from engines operating on dairy biogas. 

Table 3 summarizes the emissions associated with dairy waste in 
California under the regional energy scenario (BAU or GHGAi) atmo-
sphere, the Perfect-Control scenario, and the Biogas-Electricity scenario. 
Baseline emissions are estimated as the 2010 dairy waste emissions 
coded with EIC = 620-618-0262-0101 multiplied by a factor of 1.5 to 
represent increased demand in response to anticipated population 
growth by the year 2050 (Zapata et al., 2018a). The emissions of all 
particles and gases are eliminated under the Perfect-Control scenario as 
a limiting case study. Emissions are modified in the Biogas-Electricity 
scenario to account for removal of VOC emissions from the dairy 
waste and the addition of engine exhaust produced from burning the 
biogas (see Biogas Electricity column in Table 3). NOx emissions in the 
traditional natural gas sources were reduced in the Biogas-Electricity 
scenario to account for a shift of approximately 80 MW of electricity 
production from traditional plants to new biogas plants (see Biogas 
Electricity column in Table 3). 

3. Results 

3.1. Model predictions 

3.1.1. Baseline concentration fields 
Fig. 1 illustrates the baseline future concentrations of 99th percentile 

maximum daily 8-h average (MDA8) O3 and annual average PM2.5 mass 
predicted under the BAU regional energy scenario and the GHGAi 
regional energy scenario. Each concentration for the year 2050 

Table 2 
Summary of emissions scenarios evaluated.  

BAU regional energy & Dairy Perfect- 
Control 

GHGAi regional energy & Dairy Perfect- 
Control 

BAU regional energy & Dairy Biogas- 
Electricity 

GHGAi regional energy & Dairy Biogas- 
Electricity  
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illustrated in Fig. 1 was calculated based on 32 simulated weeks (8 
weeks/season) randomly distributed across a 10-year period between 
2046 and 2055. 

In both regional energy scenarios, the 99th percentile MDA8 O3 
concentration peaks over the Santa Clara Valley. This region has a high 
level of urbanization, heavy traffic, industrial activities, and meteo-
rology that traps pollutants in its bowl-like topography. The maximum 
values of the 99th percentile MDA8 O3 concentrations are approxi-
mately 70 ppb in the BAU regional energy scenario and 68 ppb in the 
GHGAi regional energy scenario. In contrast to the GHGAi regional 
energy scenario, the BAU regional energy scenario exhibits an additional 
concentration peak over the SJV and into the Sierra Nevada Mountain 
Range at the interface between urban NOx emissions and biogenic VOC 
emissions. 

Long-term average PM2.5 concentrations are predicted to reach 
13–14 μg/m3 in the regions surrounding major cities such as San Fran-
cisco and San Jose in the BAU regional energy scenario. In SJV, namely 
between Fresno and Bakersfield, the PM2.5 concentration is expected to 
reach 15 μg/m3. Furthermore, in the San Francisco Bay Area, the pro-
jected PM2.5 concentrations are estimated to reach as high as 18 μg/m3 

around ports. The GHGAi regional energy scenario has a regional dis-
tribution of PM2.5 concentrations that closely resembles that of the BAU 
regional energy scenario, although with concentrations 1–2 μg/m3 

lower. Notably, the most significant reduction in PM2.5 concentrations is 
seen in the SJV area (Fig. S9). 

The results illustrated in Fig. 1 show that the baseline atmospheric 
conditions are cleaner under the GHGAi regional energy scenario than 
the BAU regional energy scenario due to reduced emissions, particularly 
within the SJV. The reductions in the NOx and VOC emissions that lead 
to the cleaner atmosphere in the GHGAi regional energy scenario could 
potentially shift the atmospheric chemistry from a VOC-limited regime 
to a NOx-limited regime. This issue will be explored further in the 
following sections that examine how changes in dairy emissions influ-
ence O3 and PM2.5 concentrations. 

3.1.2. O3 response 
Among the 32 simulated weeks, MDA8 O3 concentrations exceed 70 

ppb on 54 days under the BAU regional energy scenario and 19 days 
under the GHGAi regional energy scenario for the baseline conditions. In 
the BAU regional energy scenario, the perfect dairy control measures 
decrease the number of days with MDA8 O3 levels exceeding 70 ppb, 
dropping them from 54 to 45 days. However, under the GHGAi regional 
energy scenario, the frequency of days with MDA8 O3 concentrations 
exceeding 70 ppb remain unchanged when perfect dairy control is 
adopted. The changes in MDA8 O3 levels under various future scenarios 
relative to the baseline concentrations are further illustrated in Fig. 2. 
Results are displayed for the average across all 32 simulated weeks, and 
the 99th percentile of MDA8 O3 concentrations. Seasonal variations and 
detailed trends are provided in Supporting Information (SI). 

Fig. 2 (a,b) shows the predicted change in annual mean and 99th 
percentile MDA8 O3 concentrations under the Perfect-Control scenario 
where 100% of the dairy waste emissions are removed under a BAU 
regional energy scenario. MDA8 O3 concentrations decrease across the 
entire SJV in response to removing dairy farm VOC emissions, with 
maximum reductions of 1 ppb for annual mean concentrations and 2.1 
ppb for the 99th percentile MDA8 O3 concentration. In Fig. S1, changes 
in the spring (MAM) are minimal, changes in the summer (JJA) and fall 
(SON) are approximately equal, while changes in fall are greatest. 

Fig. 2 (c,d) shows predicted changes in MDA8 O3 concentrations in 
response to the adoption of a Perfect-Control in a GHGAi regional energy 
scenario. The maximum changes observed in the annual mean concen-
trations are approximately 0.4 ppb. This is nearly half the magnitude of 
changes seen in the BAU regional energy scenario, as depicted in Fig. 2a. 
A similar trend is noted for the 99th percentile MDA8 O3 concentration. 
The spatial and seasonal patterns of O3 concentration changes attrib-
utable to the Perfect-Control scenario in the GHGAi regional energy 
scenario are similar to the BAU regional energy scenario but the 
magnitude of the changes is moderated. 

Fig. 2 (e,f) shows predicted changes to MDA8 O3 concentrations in 
the Biogas-Electricity scenario, responding to the widespread adoption 
of biogas production and electricity generation across dairy farms in the 
SJV under a BAU regional energy scenario. Emissions of traditional 
VOCs from dairy waste are eliminated under this scenario. Emissions of 
NOx and PM2.5 are increased from the biogas combustion process and 
reduced at traditional natural gas electricity generation units. Predicted 
ambient concentrations of NOx in the SJV increase by approximately 
0.15 ppb in response to increased NOx emissions from biogas combus-
tion. The NOx emission in the traditional natural gas sources were 
reduced by a factor of 0.47 under the assumption that the biogas elec-
tricity generation exhibits a comparable level of NOx emissions per kWh 
as traditional natural gas electricity generation. This change in NOx 
concentrations is relatively minor and so the spatial pattern of changing 
O3 concentrations under the Biogas-Electricity scenario is driven mostly 
by the reduction in the emissions of VOCs from dairy waste. The spatial 
pattern of changes to O3 concentrations in the Biogas-Electricity sce-
nario (Fig. 2 (e,f)) is therefore very similar to the spatial pattern pre-
dicted under the Perfect-Control scenario (Fig. 2 (a,b)), with the 
exception of a minor increase in the Sacramento region (below 0.1 ppb). 
The majority of the O3 concentration reduction occurs in the agricultural 
region between Fresno and Bakersfield that has a large number of dairy 
farms. Maximum reductions in MDA8 O3 concentrations are predicted to 
be 0.6–1.0 ppb. 

Fig. 2 (g,h) shows changes to predicted MDA8 O3 concentrations in 
the Biogas-Electricity scenario under a GHGAi regional energy scenario. 
While O3 concentrations decrease in the SJV and San Francisco Bay 
Area, as observed in other scenarios, there is a slight increase in O3 
concentrations in the Sacramento Area in response to the increased NOx 
emissions from biogas combustion. NOx emissions decrease in sur-
rounding fossil natural gas power plants, but the net change is a slight O3 
increase in Sacramento. This increase is most pronounced during the 
summer months (JJA), with the maximum value reaching 0.2 ppb 

Table 3 
Daily emission totals associated with dairy waste under different scenarios.  

Species Baseline Perfect-Control Biogas-Electricity 

Gas-Phase Speciesa (kmol/day) 
CO 0 0 1790 
NOx 0 0 111 
CH4 22,443 0b 1173 
ALK1 3425 0 114 
ALK2 0 0 16 
ALK3 325 0 6 
ALK4 171 0 1 
ETHENE 0 0 6 
OLE1 0 0 11 
OLE2 0 0 2 
ACETYLENE 0 0 3 
HCHO 0 0 7 
ACET 177 0 0 
ETOH 198 0 0 
NH3 9140 0 9140 
Particle-phase Species (kg/day) 
ECc 0 0 1 
OCd 1205 0 1219 
CL- 29 0 33 
SO4

2- 23 0 53 
NO3

− 47 0 48 
METL 404 0 405 
Mn 3 0 3 
Fe 96 0 96 
OTHER 2596 0 2610  

a Gas-phase mechanism in UCD/CIT model is based on SAPRC-11 and detailed 
definition of the gas-phase model species can refer to Carter and Heo (2013). 

b Limiting scenario assumption. 
c Elemental (black) carbon (EC). 
d Organic carbon (OC). 
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(Fig. S6). The positive O3 response to increased NOx emission in the 
GHGAi regional energy scenario (Fig. 2 (g,h)) reflects a change in the 
atmospheric chemical regime compared to the conditions in the BAU 
regional energy scenario (Fig. 2 (e,f)). This change in chemical regime is 
mainly associated with changes to emissions from non-dairy sources 
between the BAU and GHGAi regional energy scenario. The absolute 
magnitude of the change in O3 concentrations is very small in both cases, 
leading to the conclusion that modern biogas engines emit sufficiently 
low quantities of NOx that they will have minor impacts on ambient O3 
concentrations in the SJV. Never-the-less, NOx emissions should be 
minimized where possible in any region out of compliance with National 
Ambient Air Quality Standards. 

3.1.3. Particulate Matter response 
Fig. 3 shows the difference in the long-term average PM2.5 concen-

trations under various dairy scenarios relative to the baseline concen-
trations. Spatial patterns are illustrated for total PM2.5 mass, PM2.5 
nitrate, and PM2.5 OC. Patterns for other species are shown in SI. 

Fig. 3 (a,b,c) shows the difference in the total average PM2.5 con-
centrations due to adoption of the Perfect-Control scenario in the BAU 
regional energy scenario. Total PM2.5 concentrations decrease by a 
maximum of 0.61 μg/m3 when dairy waste emissions are eliminated, 
primarily due to the reduction in OC and other primary PM dominated 

by dust emissions. This indicates that over half of the emissions changes 
are associated with reductions in primary dust from animals walking in 
dairy freestall barns and adjacent drylot corrals. It is unlikely that 
Perfect-Control applied to dairy freestall barns and adjacent drylot 
corrals will reduce dust emissions by 100%, meaning that the PM2.5 
reductions illustrated in Fig. 3 will likely not be achievable in real-world 
applications. 

It should be noted that NH3 emissions were also eliminated from 
dairy waste emissions, but excess NH3 from other agricultural sources in 
the SJV are sufficient to neutralize all available nitric acid. While there is 
a general decrease in nitrate concentrations, we observed a slight in-
crease in PM2.5 nitrate levels within the SJV, same as PM2.5 ammonium 
concentrations. To understand the cause of this slight increase, a 
sensitivity analysis is performed where only VOC emissions were 
removed, keeping the NH3 emissions consistent with the baseline sce-
nario (Fig. S10). In this analysis, we also observe a slight rise in nitrate, 
ammonium and sulfate levels within the SJV, which suggests that the 
increase is primarily due to a shift in the atmospheric chemical regime in 
the region. A significant portion of the VOCs from dairy emissions are 
alkane species (Table 3: CH4, ALK1, ALK2, ALK3, ALK4), which react 
relatively slowly (and exclusively) with OH in the atmosphere. These 
species likely act as a sink for OH, and their elimination might poten-
tially leading to an enhanced formation of secondary PM species. 

Fig. 1. Baseline concentrations among 32 weeks simulations of (a) 99th percentile MDA8 O3 (ppb) under a BAU regional energy scenario, (b) 99th percentile MDA8 
O3 under a GHGAi regional energy scenario, (c) total average PM2.5 (μg/m3) under a BAU regional energy scenario, (d) total average PM2.5 (μg/m3) under a GHGAi 
regional energy scenario. Domains used for exposure analysis outlined in black lines. 
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Ultimately, the rise in secondary PM2.5 species within the SJV is negli-
gible, especially when contrasted with the reduction of primary PM2.5 
species, which results in a net decrease across the SJV and the entire 
mapped area. 

Fig. 3 (d,e,f) show the changes in long-term average PM2.5 concen-
trations predicted in response to the adoption of a Perfect-Control sce-
nario in a GHGAi regional energy scenario. The spatial pattern and 
magnitude of the changes in PM2.5 concentrations are almost identical in 
the GHGAi regional energy scenario (Fig. 3 (d,e,f)) and the BAU regional 
energy scenario (Fig. 3 (a,b,c)) because the atmospheric chemical 
regime has very little influence on the primary PM components that 
drive most of the changes. 

Fig. 3 (g,h,i) illustrate predicted changes to long-term average PM2.5 
concentrations in response to the adoption of Biogas-Electricity in the 

SJV under a BAU regional energy scenario. Minor increases in PM2.5 
nitrate concentrations of 0.07 μg/m3 are predicted in the SJV in response 
to increased NOx emissions from biogas combustion to produce elec-
tricity. The Biogas-Electricity scenario assumes that NH3 and PM emis-
sions from dairies are unchanged, and so the reductions in PM2.5 OC in 
the SJV that are significant in the Perfect-Control scenario (Fig. 3c) are 
absent in the Biogas-Electricity scenario (Fig. 3i). It is evident that the 
utilization of biogas engines will result in a very minor increase in the 
overall PM2.5 concentrations in the SJV (mostly PM2.5 nitrate), accom-
panied by a similarly minor rise in the Sacramento region. The 
maximum increase in total PM2.5 is 0.06 μg/m3 relative to the baseline 
concentration field. 

Holly et al. (2017) measured ammonia emissions from digested and 
separated dairy manure during storage and after land application. The 

Fig. 2. Changes in MDA8 O3 concentration (ppb) under various future scenarios. Negative values indicate reduced O3 concentration under the scenario vs. the 
baseline case. Left column shows annual mean MDA8 O3 concentration; Right column shows the 99th percentile MDA8 O3 concentration. 
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authors concluded that anaerobic digestion significantly increased total 
ammonia emissions during storage in the absence of aggressive 
solid-liquid-separation measures and/or storage covers. Even if NH3 
emissions increase due to the widespread adoption of digesters, the 
impacts of potential increasing NH3 emissions are modest in the SJV 
given the excess NH3 that already exists in the atmosphere. One set of 
additional model simulations was conducted in the current study to 
consider the effects of a potential 40% increase in NH3 emissions under 
the Biogas-Electricity scenario in a BAU regional energy scenario. 
Increasing NH3 emission slightly increased predicted concentrations of 
average regional PM2.5 by a maximum value of 0.03 μg/m3 (Fig. S12). 
Increasing NH3 emissions had no effect on predicted O3 concentrations 
(Fig. S4). This sensitivity analysis suggests that the increases in NH3 
emissions due to the widespread adoption of anaerobic digesters will 
have minor impacts on air quality. 

Fig. 3 (j,k,l) shows predicted changes in long-term average PM2.5 
concentrations in the Biogas-Electricity scenario under a GHGAi 
regional energy scenario. As expected, changes to primary PM2.5 com-
ponents are minimal due to the emissions of primary PM from biogas 
engines. The minor reduction in NOx emission from traditional natural 
gas sources compared to the BAU regional energy scenario further 
moderates the reduction in PM2.5 OC. Certain areas that previously 
demonstrated slightly negative changes in the BAU regional energy & 
Biogas-Electricity scenario exhibit slightly positive changes in the 
GHGAi regional energy & Biogas-Electricity scenario, but all concen-
tration changes are minor. 

4. Public health impact 

O3 and PM2.5 are significant air pollutants that have considerable 

Fig. 3. Changes in annual average PM2.5 concentrations (μg/m3) under various scenarios. Negative values indicate reduced PM2.5 concentration under the scenario 
vs. the baseline case, while positive values indicate increased PM2.5 concentration. All results are averaged across the 32 weeks simulations. 
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impact on human health, primarily causing respiratory and cardiovas-
cular issues. Exposure to O3 is recognized to cause inflammation and 
irritation in the respiratory tract tissues, leading to symptoms such as 
coughing, chest tightness, and exacerbation of symptoms (Arjomandi 
et al., 2015; Golden et al., 1978; Zhang et al., 2019). Furthermore, 
long-term exposure to O3 is linked to higher chances of cardiovascular 
and respiratory mortality (Jerrett et al., 2009; Nuvolone et al., 2018; 
Turner et al., 2016; Wang et al., 2020). Likewise, elevated levels of PM2.5 
are linked to premature death (Dominici et al., 2006; Laden et al., 2006; 
Pope III et al., 2002), increased cancer risk (Hamra et al., 2014) and 
impairment in the lung development in children (Gauderman et al., 
2004). Exposure to PM2.5 for an extended duration results in both im-
mediate health problems and long-term consequences (Kelly and Fus-
sell, 2015; Shi et al., 2016), contributing to reduced life expectancy and 
increased healthcare costs (Brook et al., 2010; Fann et al., 2018; Pope III 
et al., 2019). 

4.1. Overall health co-benefits 

The long-term O3 and PM2.5 health effects of the biogas electricity 
generation on mortality in the modeled region were evaluated using the 
BenMAP-Community Edition v1.5 model maintained by the US EPA 
(Sacks et al., 2018). Fig. 4 shows the changes of mortality associated 
with different treatments of dairy emissions per 100,000 population in 
BAU and GHGAi regional energy scenarios. The population data used in 
BenMAP is processed using PopGrid, an EPA-approved software pro-
gram that generates population datasets at self-defined grids for BenMap 
analysis. Population is used as a spatial surrogate to describe where 
emissions occur within a larger geographic unit such as a county. It is 
important that the population fields used to describe emissions are 
identical to population used to calculate air pollution exposure to avoid 
any structural bias in the calculated health impacts. The CA-TIMES and 
CA-REMARQUE emissions inventories were constructed using 2010 
population fields projected to 2050 using estimates from the California 
Department of Finance. BenMap calculations were performed with 
compatible 2010 census data (Sacks et al., 2018). Results are expressed 
as excess deaths per 100,000 residents to remove uncertainty about the 
total population rather than the spatial distribution of the population. 

The O3 health impact function is based on the study of Turner et al. 
(2016), and the O3 indicator used for BenMAP analysis is the annual 
mean MDA8 O3 (ppb). The PM2.5 health impact function was taken to be 
an evenly weighted average of four independent epidemiological studies 
(Krewski et al., 2009; Laden et al., 2006; Lepeule et al., 2012; Pope III 
et al., 2002), and the annual mean PM2.5 (μg/m3) is used as indicator. 
Changes of mortality are translated to public health benefits using the 
standard value of a statistical life (VSL) recommended by US EPA, $7.8M 

(2015$). 
In the case of O3, all scenarios demonstrate mortality reductions. The 

Perfect-Control scenario has approximately 0.2 per 100,000 population 
in the BAU regional energy scenario, while the other biogas scenarios 
achieve slightly smaller reductions. Under the GHGAi regional energy 
scenario, the reduction is around 0.1 per 100,000 population for the 
Perfect-Control scenario and the reduction in the Biogas-Electricity 
scenario is minor. Regarding PM2.5, the Perfect-Control scenario 
reduced mortality by approximately 0.5–0.6 per 100,000 population in 
both regional energy scenarios. The Biogas-Electricity and Biogas- 
Electricity-1.4NH3 with enhanced NH3 production scenarios decrease 
mortality by a very small amount (less than 0.04 per 100,000 popula-
tion) in the BAU regional energy scenario. Biogas electricity generation 
under the GHGAi regional energy scenario has a minor increase in 
mortality for PM2.5 (less than 0.1 per 100,000 population). 

In both the BAU and GHGAi regional energy scenarios, the Perfect- 
Control scenario defines the maximum hypothetical health benefit. It 
should be noted that the Perfect-Control scenario is unrealistic and is 
only provided to identify limiting conditions in the current study. 
Notably, even within this Perfect-Control scenario, the observed 
reduction in mortality remains almost negligibly small, not exceeding 1 
per 100,000 population. Likewise, the monetary value of the maximum 
health co-benefits are limited, amounting to less than 7 million per 
100,000 population. This suggests that while the adoption of biogas 
electricity presents certain trade-offs, the overall impact on mortality 
rates per 100,000 individuals, particularly concerning O3 and PM2.5 
exposure, is small. The lack of significant variance across different dairy 
scenarios suggests that biogas electricity generation has a negligible 
impact on O3 and PM2.5 mortality changes within the studied regions. 

4.2. Race/ethnicity disparities 

California is at the forefront of the national environmental justice 
(EJ) movement (Anderson et al., 2018; Morello-Frosch et al., 2002; 
Pastor et al., 2005). Extensive EJ research indicates that 
socio-economically disadvantaged groups in the U.S. are exposed to 
higher levels of air pollution, a disparity arising from numerous histor-
ical policies (Miranda et al., 2011; Schlosberg, 2004). In this setting, it is 
imperative to consider the potential EJ impacts of any changes that may 
alter air pollution patterns in California. 

Air pollution exposure is calculated and EJ is analyzed for different 
race/ethnicity groups using the socio-economic data from the American 
Community Survey (ACS) 2012–2016 (United State Census Bureau, 
2020). In this study, two regions that cover population centers were 
selected: the SJV and the combined Bay Area & Sacramento (Bay & Sac), 
as defined in Fig. 1. Table 4 shows the ethnicity distribution in the SJV 

Fig. 4. The change of mortality and public health benefit per 100,000 population associated with dairy scenarios (relative to the baseline scenario) in Central (SJV) 
and Northern (Bay & Sac) California, (a) O3 (annual mean MDA8 O3), (b) PM2.5. 
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and the Bay & Sac areas. Hispanic residents account for 57.16% of the 
total population in the SJV. White residents account for 43.32% of the 
population in the Bay & Sac region. The Asian population is 20.27% of 
the total in the Bay & Sac, and 6.55% in the SJV. The Black and African 
American population is 5.91% in the Bay & Sac region and 4.18% in the 
SJV. 

Figs. 5 and 6 illustrate the future year 2050 population weighted 
concentrations (PWC) of O3 (ppb) and PM2.5 (μg/m3) as well as the 
exposure disparity for race/ethnicity groups in the SJV and Bay & Sac 
areas. As suggested by EPA (EPA, 2019), the O3 indicator used for the EJ 
analysis is the average of the top ten MDA8 O3 concentrations (above 
96th percentile), while the PM2.5 indicator is the annual average. The 
regulatory O3 exposure metric based on the 99th percentile concentra-
tion averaged over three years follows the same trends as the 96th 

percentile O3 concentration. Relative exposure disparity greater than 
zero indicates greater-than-average exposure, while exposure disparity 
less than zero indicates less-than-average exposure. 

While there is a consistently elevated level of O3 in the SJV compared 
to the Bay & Sac region especially in the BAU regional energy scenario, 
the racial/ethnic disparity in O3 (Fig. 5) exposure varies largely between 
the two regions under investigation. Within the SJV, Asian residents 
consistently have above-average O3 exposure across all emission and 
dairy scenarios. Conversely, all other race/ethnicity groups experience 
O3 exposure levels that are near the average: White residents face 
slightly worse than average levels, while Black and non-white Hispanic 
residents experience somewhat lower levels of O3 exposure. In the Bay & 
Sac region, there is a smaller race/ethnicity discrepancy. Non-white 
Hispanic residents have the highest exposure to O3, while Black and 
African residents have the lowest exposure to O3. 

In the case of PM2.5 (Fig. 6), the levels of PM2.5 exposure disparities 
in the Bay & Sac region are generally higher than those in the SJV, and 
the racial/ethnic disparity appears to be more similar compared to that 
observed for O3. White residents consistently experience lower-than- 
average exposure levels in both locations across all emission scenarios 
considered in the current study. Conversely, Black &African American 
residents along with Asian residents, experience the highest PM2.5 
concentrations. Non-white Hispanic individuals experience slightly 
lower-than-average PM2.5 exposure in the SJV and slightly higher-than- 
average exposure in the Bay & Sac region. 

The variation in exposure disparities to ozone O3 and PM2.5 across 
different racial groups has been reported by other studies (Collins et al., 
2022). These patterns largely reflect the proximity of each 

Table 4 
Scenarios Socio-economic data from American Community Survey (ACS) 
2012–2016.  

Race/Ethnicitya Population Percentage 

SJV Bay & Sac SJV Bay & Sac 

All 2191214 10484207   
Black 91525 619651 4.18% 5.91% 
Hispanic 1252397 2725409 57.16% 26.00% 
Asian 143476 2124764 6.55% 20.27% 
White 661816 4541562 30.20% 43.32%  

a Black: Black and African American; Hispanic: Hispanic or Latino, regardless 
of races; Asian: Asian Alone; White: Non-Hispanic White. 

Fig. 5. Future year (2050) O3 PWC (ppb) and exposure disparity by scenarios and race/ethnicity: (a) SJV in a BAU regional energy scenario, (b) SJV in a GHGAi 
regional energy scenario, (c) Bay & Sac in a BAU regional energy scenario (d) Bay & Sac in a GHGAi regional energy scenario. 
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race/ethnicity group to the urban core of the major cities in each region 
(Li et al., 2022a). White residents are more dispersed in suburban 
neighborhoods that are further away from urban cores that have 
lower-than-average primary air pollution exposures. Black &African 
American residents in California are clustered into neighborhoods near 
the center of urban cores or near major transportation corridors, where 
there is a larger concentration of primary air pollution emissions (Fig. S7 
& Fig. S8). In the Bay & Sac region, those urban cores are under NOx-rich 
chemical conditions (Fig. S15), resulting in relatively low level of O3 for 
the Black and African American residents. The Bay & Sac areas also have 
a much larger Asian population compared to the SJV. This disparity may 
be attributed to the concentration of Asian residents in urban cores, 
particularly within major cities such as downtown San Francisco and 
San Jose. 

Regardless of the regional energy scenarios (BAU or GHGAi), the 
adoption of biogas electricity production has minimal impact on expo-
sure disparities in either the SJV or the Bay & Sac regions, from both O3 
and PM2.5 EJ analysis. Exposure disparity changes are negligible when 
comparing the Biogas-Electricity scenario to the baseline scenario. Even 
the Perfect-Control scenario has little impact on exposure disparities in 
the study region because the rural dairy farms are generally located far 
from the population centers. It should be noted that other forms of 
biogas adoption (transportation fuel or pipeline injection) will have 
even less environmental impact than the bounding scenarios analyzed in 
the current study. These results indicate that EJ concerns are not a 
dominant factor when deciding whether to adopt biogas electricity 
production in central California. 

5. Conclusion 

Dairy waste emissions in the SJV make minor contributions to 
regional O3 and PM2.5 concentrations. A hypothetical Perfect-Control 
scenario involving complete elimination of all emissions from dairy 
waste would only reduce annual average MDA8 O3 concentrations in the 
SJV by about 1~2 ppb and total PM2.5 concentrations by ~0.6 μg/m3 

compared to baseline conditions in the year 2050. 
Widespread adoption of biogas production from dairy waste and 

combustion to replace 80 MW of fossil natural gas electricity generation 
with biogas electricity generation reduces GHG emissions from the 
agricultural sector with minimal impact on air pollution. Even in the 
most extreme scenario involving 100% local electricity production in 
the SJV, biogas adoption results in only minor increases in population- 
weighted O3 and PM2.5 levels across the region. Notably, the NOx 
emissions from biogas combustion marginally increase secondary PM2.5 
nitrate concentrations by less than 0.1 μg/m3 and have a mixed effect on 
MDA8 O3 concentrations depending on the VOC- or NOx-limited nature 
of the atmosphere. The primary PM emissions from biogas production 
facilities are negligible in their impact on regional PM2.5 concentrations. 
Other forms of biogas adoption involving upgrading gas for use as a 
transportation fuel or for pipeline injection would have even less impact 
on regional air quality. 

Dairy digesters are unlikely to significantly influence future 
compliance with National Ambient Air Quality Standards for O3 and 
PM2.5 in the SJV or the Bay & Sac regions. Widespread biogas electricity 
production would change air pollution mortality by less than 0.1 excess 

Fig. 6. Future year (2050) PM2.5 PWC (μg/cm3) and exposure disparity by scenarios and race/ethnicity: (a) SJV in a BAU regional energy scenario, (b) SJV in a 
GHGAi regional energy scenario, (c) Bay & Sac in a BAU regional energy scenario (d) Bay & Sac in a GHGAi regional energy scenario. 
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death per 100,000 population. If future regional conditions are NOx- 
rich, biogas electricity production slightly reduces PM2.5 and O3 con-
centrations. If future regional conditions are NOx-limited, then biogas 
electricity production slightly increases PM2.5 and slightly reduces O3 
concentrations. The magnitude of the change in public health risk is 
minor in either case. For comparison, the public health risk for seasonal 
flu/pneumonia in California is approximately 10.5 excess deaths per 
100,000 population (CDC, 2021), which is more than 100 times larger 
than any positive or negative change induced by biogas electricity 
production. EJ analysis reveals that the adoption of digesters also does 
not affect exposure disparities among different racial groups in both the 
SJV and the Bay & Sac area. 

The science-based strategies to address air pollution and climate 
change that are developed in California are often adopted in neighboring 
states and countries. California’s commitment to a weight-of-evidence 
approach has yielded successful strategies that have improved air 
quality and reduced GHG emissions across the state and the world for 
the past five decades. Looking forward, adoption of dairy digesters to 
control methane emissions from agricultural sources appears to be an 
effective method to reduce GHG emissions with minimal impact on 
surrounding air quality. 
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