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Abstract

While it is clear that biochar can alter soil N;O emissions, data on NO impacts are
scarce. Reports range from 0-67% soil NO emission reductions post-biochar
amendment. We use regional air quality and health cost models to assess how
these soil NO reductions could influence U.S. air quality and health costs. We find
that at 67% soil NO reduction, widespread application of biochar to fertilized
agricultural soils could reduce O3 by up to 2.4ppb and PM,5 by up to 0.15ug/m? in
some regions. Modeled biochar-mediated health benefits are up to $4.3
million/county in 2011, with impacts focused in the Midwest and Southwest.
These potential air quality and health co-benefits of biochar use highlight the
need for an improved understanding of biochar’s impacts on soil NO emissions.
The benefits reported here should be included with estimates of other biochar
benefits, such as crop yield increase, soil water management, and N,O

reductions.
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® Introduction

Biochar is intentionally produced charcoal, made through low oxygen heating of organic
materials. Biochar soil amendment sequesters carbon and can sometimes improve
agricultural productivity. Biochar’s properties such as high porosity, high surface area
and high cation exchange capacity have generated interest in other benefits it may
offer’. One relevant ancillary benefit is biochar’s influence on nitrogen dynamics in
fertilized soils®, which are major sources of nitrous oxide (N,O) and nitric oxide (NO) to
the atmosphere®. N,O is a potent greenhouse gas that contributes to depletion of the
stratospheric ozone layer, and NO contributes to the formation of local ozone (O3) and
fine particulate matter (PM,5)"°. U.S. National Ambient Air Quality Standards (NAAQS)
set maximum concentrations of 70 parts per billion (ppb) for the fourth highest 8-hour
daily average (MDA8) O3 and 12ug/m® for annual mean PM.5'°. Exposure to O3 and

11-13

PM, 5 is associated with increased risks of premature morbidity and mortality’ ~'~, which

carry considerable societal costs'*®.

Soil biological processes (mainly nitrification and denitrification) are the major controls

on soil emissions of NO and N,O and the extent of biochar’s impact on these processes

H17, 18 t19

varies with factors such as soil p or water content °. Although biochar’s impact on
soil N2O has been extensively investigated®, its effect on soil NO fluxes has been far
less studied'’. These limited biochar soil NO emission studies have yielded variable
results, suggesting that biochar’s potential for reducing agricultural air pollution remains
poorly constrained. Measurements of biochar’s impact on soil NO emissions range from
nearly no effect’’ to up to 67% reduction in NO emission from fertilized soils®2. While

this range is large, it is possible to use these values (0-67% reduction in soil NO
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emissions) to make a first estimate of the magnitude of potential air quality

improvements and reduced health risks associated with biochar application.

The economic returns due to potential biochar-mediated air quality and health benefits
have not yet been considered in the cost-benefit analysis of biochar production.
Previous studies focused mainly on biochar’s production costs and farmers’ profit from

increased productivity with biochar application®>?, but studies have not yet addressed

the benefits from mitigating various environmental externalities. Here, we demonstrated

an approach to monetizing the air quality benefits associated with agricultural biochar
application.

Our approach integrated three models: a soil NO emissions model®, an air quality

model®, and a health cost model*’

. First, we modeled the soil NO reductions resulting
from biochar application to U.S. agricultural soils. Next, we used an air quality model to
evaluate the subsequent changes in O3 and PMz 5. Then we modeled the health care
cost savings of this strategy for local communities across the U.S. over one year. We
identified locations where biochar could have the greatest impacts on air quality and
health. Our work highlights two points: 1) the potential scale of biochar’s air quality and

health benefits, and 2) the need for more data on biochar-driven changes in soil NO

emissions.
® Methodology

Goal and Scope

We use the results of the existing biochar soil NO studies as boundary conditions in

|21

evaluating biochar’s effect on local air quality. While Xiang et al*’ observed an
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62 insignificant change of soil NO emission in a rice-wheat rotation system, a study by

63 Obia etal." of rice husk and cacao shell-derived biochars in fertilized, acidic, sandy

64 loam soil demonstrated a suppression of net NO production and a reduction of its peak
65 over a broad range. Another study by Nelissen et al.?? showed that amendment of

66  woody and crop-based biochars to silt loam soil in a primarily nitrogenous fertilized

67  environment has resulted in 47% to 67% reduction in NO emission. The variation in

68  results reported by these studies is consistent with the notion that biochar’s effects on
69  soil microbial processes may be specific to biochar chemical properties (e.g. biochar

70  pH) and/or physical properties > 2°, driven by its biomass of origin, by production

71 process, biochar’s C/N ratio, and by the effects of environmental aging. These factors,
72 in addition to changes in meteorological conditions, have been shown to alter

73 nitrogenous gas emissions from soils amended with biochar, including NoO %3

74 primarily by limiting soil nitrogen availability and altering the N,O product ratios of both
75 nitrification and denitrification®. Because NO is also a product of nitrification and

76  denitrification®?, we expect that NO emission from soil amended with biochar will also
77 undergo changes in response to meteorological conditions. We use the range of 0% to
78  67% NO reduction for lower and upper limits in our study, given that the few available
79  studies present a broad range of changes in soil NO emission affected by biochar

80 presence. We also test a scenario where biochar amendment induces a 47% reduction
81 in soil emission to demonstrate how a different NO reduction value may affect the health

82  benefit estimates of the study (supporting information).

83  To estimate agricultural soil NO emission with and without biochar, we apply an

84  advanced parametrization method that includes key processes and parameters to
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represent available nitrogen in the soil. We run this model under two conditions: 1) base
condition (no biochar application, or 0% NO reduction), and 2) biochar application (67%

NO reduction, consistent with the upper value reported in the current Iiteraturezz).

We model altered soil NO emissions for currently fertilized agricultural soils in the
continental US. Soil NO emissions are estimated for two time periods — one month (July
2011) and one full year (2011) as a representative baseline. July NO emission changes
are used in a photochemical air quality model to simulate changes in air quality. In a
given year, July tends to be a month of peak O3 concentrations and is a month when
NO emissions from fertilized fields can be relatively large. The NO emission changes
results we base our analysis on were also measured immediately after fertilization event
(14 and 8 consecutive days), where majority of fertilizer-related NO emission takes
place’” ?2. Running the air quality model based on July NO results allows testing the
effectiveness of biochar in O3 and PM, 5 standard attainments of local governments. To
estimate the annual soil NO changes, our model accounts for timing, frequency and
spatial variation of the fertilizer application across agricultural regions in the U.S. The
annual soil NO emission changes are then used in a health effects valuation model to
associate those NO emission changes with their long-term impacts on Oz and PM; 5
emission changes and human health. While a previous study has documented an
increased risk of PM1o emissions from soil biochar amendment **, we focus on PMa 5
reduction because: 1) the small sizes of PM, 5 particles cause a stronger risk to health
(especially mortality) than coarser parts of PM,,, and 2) we assume that biochar users

will follow the best practices in biochar application and the International Biochar
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Initiative (IBI) guidelines in maintaining a minimum biochar moisture level to minimize

the biochar wind erosion 3* 5,

The following sections present detailed descriptions of the models used.

Soil NO estimates and O; and PM, 5 concentration changes

The Berkeley-Dalhousie Soil NO, Parameterization (BDSNP) estimates NO emissions
as a function of nitrogen availability, soil temperature, soil moisture, and other factors %
We apply BDSNP in two ways — an inline version incorporated into the Community
Multiscale Air Quality (CMAQ) model &, and a less computationally intensive offline

version.

Each version of BDSNP estimates soil NO based on a biome-specific base emission
factor (A'p;0me) @nd an available soil nitrogen pool (N,,4;;) originating from fertilizer
application and nitrogen deposition from the atmosphere. Emission rates are modulated
based on response functions to soil temperature (f(T)) and soil moisture(g(6)), a soil

pulsing factor (P) when precipitation follows a dry period (l4,), and a canopy reduction

factor (CRF) that depends on biome type, leaf area index, and meteorology.

Soil NO Flux = A;)iome(Navail) X f(T) x g(e) X P(ldry) X CRF (1)

The inline version computes N, based on nitrogen deposition computed within

CMAQ, while the offline version takes deposition fields from an archived CMAQ run.
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. 3¢ and assumes that

Each version uses the global fertilizer database from Potter et a
37% of fertilizer and manure N is available for potential emission®®. Biome-specific base
emission factors are taken from Steinkamp and Lawrence *’ using Koppen climate zone

classifications *®, as described by Rasool et al.®.

We apply the inline version of CMAQ-BDSNP to simulate one month of the growing
season (July 2011), and offline BDSNP to simulate full year 2011. CMAQ runs compute
the changes in O3 and PM3 5 concentrations in July 2011 under two different scenarios —
one without biochar and another with biochar soil amendment. The models are applied
over a domain covering the continental US (CONUS) with horizontal resolution of 12 km

X 12 km.

Meteorological fields influencing atmospheric and soil conditions are taken from a
simulation with the Weather Research and Forecasting (WRF) model *°. Model

configurations for WRF, BDSNP, and CMAQ are summarized in Table 1.

In addition, we ran the stand-alone BDSNP in July for five years (2009, 2010, 2011,
2014 and 2015) with different El Nifio/Southern Oscillation (ENSO) index conditions
(wet or dry year) to bound the variation range of possible soil NO emission reduction
due to biochar. The results suggest the bias for July 2011 modeling outputs is within
20% under different meteorological conditions (for more details refer to supporting

information).
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149 _Table 1. Configuration of the WRF-BDSNP-CMAQ model used in this study

WRF/MCIP
Version ARW V3.7 Shortwave radiation RRTMG scheme
Horizontal CONUS (12 km x 12 Surface layer physics  Pleim-Xiu surface model
resolution km)
Vertical resolution 26 layers PBL Scheme ACM2
Boundary NARR 32 km Microphysics Morrison double-moment
condition scheme
Initial condition NCEP-ADP Cumulus Kain-Fritsch scheme
parameterization
Longwave RRTMG scheme Assimilator Analysis nudging above
radiation PBL for temperature,
moisture and wind speed
BDSNP
Horizontal Same as WRF/MCIP Emission factor Steinkamp and Lawrence
resolution (2011)
Soil Biome type 24 types based on Fertilizer database Potter et al. (2010)
NLCD40
CMAQ
Version V5.0.2 Anthropogenic NEI2011
emission
Horizontal Same as WRF/MCIP Biogenic emission BEIS V3.14 inline
resolution
Initial condition GEOS-Chem Boundary condition GEOS-Chem
Aerosol module AE5 Gas-phase CB-05
mechanism
Simulation Case Arrangement
Control WRF-BDSNP-CMAQ simulation with standard
configuration
Biochar WRF-BDSNP-CMAQ simulation with the soil NO

emission scaled down by 67% over the regions with N
fertilizer application

Simulation Time Period

WRF-BDSNP (inline)-CMAQ July 1-30, 2011 for CMAQ simulation with inline soil
NO BDSNP module

WRF-BDSNP (standalone)-AP2 Full year (2011)

WRF-BDSNP (standalone) Time of maximum fertilizer application i.e. July in

regions of dominant fertilizer application compared for
5 different years based on ENSO index: 2009 (0.6,
modest El Nino year); 2010 (-1.1, Strong La Nifa
year); 2011 (-0.5, modest La Nifia year); 2014 (0,
normal year) and 2015 (1.5; strong El Nifo year)

150
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Estimating the health impact costs of changes in air pollutants through

concentration-response functions

We use the AP2 model®’, an updated version of the Air Pollution Emission Experiments
and Policy Analysis (APEEP) model, to evaluate the health impacts of reduced air
pollution. The cost module from AP2 uses concentration-response (C-R) functions from
epidemiological studies, which indicate the susceptibility of population age groups to

relate changes in O3"" *™"* and PM5'> 4 °

concentrations to morbidity and mortality.
Impacts on morbidity and mortality rates of local communities are quantified by
associating the air pollution changes and C-R functions with county-level demographic
profiles.

In comparison to US EPA values, AP2 estimates lower health care savings associated
with air quality changes®’. Aside from differences in their air quality models, a lower
value of statistical life (VSL) assumption in cost module of AP2 may contribute to lower
damage estimates by this model*®. In our study we update the morbidity willingness to
pay (WTP) values in AP2 with discounted 2011 values (Table 2) and replace mortality
cost with the EPA’s VSL reported for 2011*”. US Census data*® for 2011 is used to

update the AP2 county-level population input.

We run AP2 for a baseline condition and a second scenario where biochar reduces
annual emissions of NO in fertilized agricultural soil in 2011. The differences in
estimated damages from these runs demonstrate the potential annual health care

savings of biochar-mediated NO emissions.

10
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173  Table 2. Unit values used for VSL and WTP, 2011 dollars

Basis for estimate Age range Unit value
VSL 0-99 $8,200,000'
WTP for Asthma 30-99 $42,593°
WTP for Chronic Bronchitis 30-99 $442,955°

174 T US EPAY
175 2 AP2 WTP for asthma updated for 2011$ with a 3% discount rate
176 ® AP2 WTP for chronic bronchitis updated for 2011$ with a 3% discount rate

177
178 ¥ Results and Discussion

179  This section describes the effect of biochar application if it reduces 67% of fertilized soll
180  NO emission. In addition, we have tested a scenario of 47% NO reduction for a point of

181  comparison, which is presented in supporting information (Figures 1S to 3S).

182  Changes in seasonal and annual NO emissions across US

183  We used the offline BDSNP model to estimate a total base soil NO emission of 648,000
184  tonnes/yearin 2011 (Table S1). Then we estimated the reduction in NO emissions that
185  would have occurred in 2011 if biochar had reduced emissions from fertilized

186  agricultural soils by 67%, while emissions from other soils remain unchanged (Figure 1).
187  The greatest reductions in soil NO emission on a percentage basis occur in states with
188  large amounts of fertilized soils such as Kansas (-33.5%), Idaho (-30.0%), Ohio (-8.4%),
189  and lowa (-18.4%). Application of biochar to fertilized soils across the continental US
190  would reduce soil NO emissions by 90,000 tonnes/year or -12.3% (Table S1), based on

191 the upper level values reported by Nelissen et al.?2.

11
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194  Figure 1. Reductions in soil NO in a) July 2011, and b) 2011, if biochar application

195 reduces fertilized soil NO emissions by 67%. Map credit: MATLAB and Mapping
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Toolbox Release 2014a., The MathWorks, Inc., Natick, Massachusetts, United

States.

Changes in seasonal O; and PM; 5 concentrations across US

Running the CMAQ simulations showed reductions in MDA8 O3 of at least 1ppb for
much of the Midwest and San Joaquin Valley, with a maximum impact of 2.4ppb
(Figures 2a). These regions had the largest soil NO emissions from fertilized agriculture
(Figure 1) and tend to have NO,-limited O3 formation*® *° (NO,=NO and NO,). The
reduction of 1-2ppb can have meaningful implications mainly for urban areas near
agricultural areas that require small O reductions to comply with the 70ppb standard®".
For example, as of 2013-2015 data, Chicago, St. Louis, Cleveland, Columbus, and
Cincinnati all have MDA8 Os levels of 1-5ppb above the standard®2. Thus, reducing NO
emission from agricultural soils in these locations can be considered a plausible

component of their portfolio to manage Os; levels.

For PM, 5, biochar application reduced concentrations by more than 0.1 pg/m3 over
portions of the Midwest in July 2011, with a maximum impact of 0.33pg/m? (Figure 2b).
The decline in PM3 5 levels occur via reductions in ammonium nitrate aerosol formation,
and because NO plays a minor role in influencing rates of formation of secondary
organic aerosols. However, PM, 5 is modeled to slightly increase (< 0.03ug/m®) in
sulfate-rich regions where nitrate competes with sulfate to react with ammonium to form

PM, 5.

13
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Figure 2. Absolute change in July monthly mean of a) MDA8 O3 (ppb), and b) PM, 5

(ng/m?®), if biochar application reduces fertilized soil NO emissions by 67%.
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222 Potential health benefits of biochar: regions close to populous cities receive the
223 highest health benefits of biochar application. Map credit: MATLAB and Mapping
224  Toolbox Release 2014a., The MathWorks, Inc., Natick, Massachusetts, United

225  States.

226 The economic model used here ( AP227) predicted that nationwide application of

227  biochar to agricultural soils with 67% reduction of their annual NO emissions would

228 reduce $660 million of the health impacts of agricultural air pollution for the entire US.
229  Changes in O3 concentration reduced agricultural health impacts by up to

230  $335,000/county and improvements in PM, s concentrations would result in health

231  benefits of up to $4.2 million/county. The median county-level health savings of O3 and
232 PMy 5 reductions were $6000 and $97,000 across regions of the US with agricultural
233 activities. These results contain considerable spatial variation, with some regions seeing
234  significant benefits, and others none. While many agricultural areas across the US

235  showed higher health cost savings, the largest benefits occur in areas such as

236  California’s Central Valley (Figure 3) (see the ranking details of county-level savings in
237 Tables S2 and S3). For example, a few counties in California’s Central Valley saw

238  savings of more than $2 million (e.g. Fresno County). Of course, total dollar values

239  should be viewed with caution, because they depend on assumptions about the Value
240 of a Statistical Life (VSL) and the impact of biochar application on soil NO emissions.
241 Nevertheless, the results of the analysis indicate which regions are likely to see the

242  greatest relative impact, which makes them informative to policymakers, the agricultural
243  community and the public on the potential local air quality benefits of biochar

244  application.

15

ACS Paragon Plus Environment



245

246

247

248

249

250

251

252

253

254

255

256

257

Environmental Science & Technology Page 16 of 24

There are two primary factors influencing the estimated regional health benefits — the
level of agricultural activity and demography. In particular, small reductions in O3 or
PMa 5 resulting from biochar application in agricultural settings near highly populous
areas result in larger savings (compare Figures 1 and 3). Indeed, our results show that
the intersection of high agricultural NO reduction upwind of densely populated regions
drives health benefits from agricultural NO emissions reductions. This can be seen most

clearly in California and lllinois.

The savings through reducing PM, s were almost 10x larger than those from O3
reductions (Figure 3a vs 3b). This is because PM, s has more potent health impacts
than Os. These simulation results show substantial opportunities for reducing health
costs that are caused by agricultural activities near populous cities, in particular, in the

mid and upper Midwest and California®.

|| -$1,400-$10,000
] $10,001 - $25,000
[ 25,001 - $50,000
| ] $50,001 - $150,000
I 150,001 - $335,000
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| |$0-$100,000 =

| $100,001 - $500,000 =h
[ $500,001 - $1,000,000

| ]$1,000,001 - $2,000,000

I $2.000,001 - $4,200,000

Figure 3. County-level health cost savings due to a) O3 reduction, and b) PM; 5
reduction, if biochar application reduces fertilized soil NO emissions by 67%. Map
credit: USA Counties, ArcGIS 10.3, ESRI, Tom Tom, U.S. Department of

Commerce, U.S. Census Bureau.

Improving local air quality: an added biochar benefit

Agriculture is a major source of ecosystem pollution and is responsible for up to one-
fifth of air pollution mortality globally®. Through several programs and incentives®® *’,
the U.S. has been promoting farming practices that mitigate agricultural air quality
issues. Reducing NO emission from agricultural soils®® may benefit air quality and
health. However, soil NO emissions have largely been ignored in state strategies for
attaining Oz and PM, 5 standards, representing an untapped opportunity for mitigation. If
the Nelissen?? findings of biochar impact on soil NO emissions are representative

nationally, soil application of biochar may yield tangible air quality and health benefits in

17

ACS Paragon Plus Environment



273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

Environmental Science & Technology Page 18 of 24

regions of the U.S. struggling with agriculture-related smog. Our results show that
biochar soil application may reduce the emission of up to 90,000 tonnes of NO from the
US agricultural sector during the year of application. Although NO reduction benefits
are experienced locally, we estimated that nationwide application of biochar could yield
$660 million in health benefits if biochar indeed reduces fertilized soil NO by 67%. Thus,
these results make clear the urgent need for analyses of biochar-influenced soil NO

changes to better understand the air quality value of biochar in agricultural soils.

Our study helps to identify areas where more information is needed to validate biochar

performance in reducing soil NO emission. Spatial patterns of reduction in emissions of
NO (Figure 1) and concentrations of O3 and PM_ s (Figure. 2) can be used as a guide to
prioritizing locations for further study or deployment of biochar. California, Arizona, and

the Midwest are most likely to benefit from reductions in agricultural NO emissions

(Figure 3).

Our analysis demonstrates that there may be a positive value associated with biochar
application, but realizing that value may require policy incentives that allow monetization
of NO reduction. Importantly, well-designed policy could stimulate market valuation of
the avoided externalities associated with biochar application in agricultural soils.
Biochar’s potential in achieving health benefits through improved air quality is an
additional value complementing biochar’s other services (e.g. crop yield improvement
and reduction in nutrient pollution through retention of N and P within agroecosystems).
Ultimately, decision-making for implementing biochar in a location will require a full
analysis of all biochar’s variable benefits as well as the costs involved that are also

dependent on region, feedstock and process design and crop choice. Hence,

18
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296 quantifying the avoided externalities associated with biochar application, and designing
297  market mechanisms to dictate the value of biochar’s potential ecosystem services, help
298 to better evaluate the opportunities associated with large-scale application of biochar.
299  As such, policy can play an important role in achieving these benefits and lead to an

300 increased use of biochar.

301 Before efficient policy design can be undertaken, however, certain areas require deeper
302 investigation. In particular, we need: 1) a better understanding of biochar’s short and
303 long-term influence on soil nitrogen dynamics under a variety of meteorological

304 conditions, specifically emission of air pollutant precursors like NO, and 2) improvement
305 in biogeochemical models or soil NO parametrization schemes that simulate biochar

306 presence in soil and linking their simulated results to regional air quality models.

307 Integration of such improved measurements with cost models that estimate the regional
308 impacts of agricultural practices will help local communities make informed policy

309 decisions regarding agricultural practices and local air quality management.
310
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