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ABSTRACT: Digestate and biochar can be land applied to sequester
carbon and improve net primary productivity, but the achievable scale is tied
to expected growth in bioenergy production and land available for
application. We use an attributional life-cycle assessment approach to
estimate the greenhouse gas (GHG) emissions and carbon storage potential
of biochar, digested solids, and composted digested solids generated from
organic waste in California as a test case. Our scenarios characterize changes
in organic waste production, bioenergy facility build-out, bioenergy
byproduct quality, and soil response. Moderate to upper bound growth in
the bioenergy sector with annual byproduct disposal over 100 years could provide a cumulative GHG offset of 50−400
MMTCO2 equiv, with an additional 80−300 MMTC sequestered in soils. This corresponds to net GHG mitigation over 100
years equivalent to 340−1500 MMTCO2 equiv (80−350% of California’s annual emissions). In most scenarios, there is
sufficient working land to apply all available biochar and digestate, although land becomes a constraint if the soil’s rest time
between applications increases from 5 to 15 years.

■ INTRODUCTION

Biomass gasification and anaerobic digestion (AD) have the
potential to lower life-cycle greenhouse gas emissions (GHG)
from organic waste management worldwide.1−3 Both tech-
nologies can accept a broad range of biomass types, generate
renewable heat and power, yield liquid transportation fuels,
and produce stabilized solids referred to as biochar and
digestate, respectively.4−6 Life-cycle assessments (LCAs) have
so far focused on the impacts of biopower and biofuel
production, and their displacement of conventional fossil-fuel-
fired (e.g., natural gas) generation and petroleum fuels.
However, the quantity of biochar and solid digestate produced,
as well as the subsequent choices about how they are managed,
can have a dramatic impact on the balance between GHG
sources and sinks. Quantifying these relationships between
material types, management strategies, and net emissions or
sequestration is critical to understanding the life-cycle GHG
footprint of organic waste management and bioenergy
production over time and space.7,8

It is essential that bioenergy byproducts are put to use in
ways that maximize their climate and ecological benefits while
avoiding unintended consequences. Yet, it is commonly
assumed that all digestate will be sold to offset conventional
fertilizer and that all biochar will be land applied for carbon
(C) sequestration.9−12 Biochar is the carbon-rich, nutrient-
poor product of pyrolysis, and its resistance to oxidation (to
carbon dioxide, CO2) or reduction (to methane, CH4) in soils
allows for C accumulation.10 Indeed, the wealth of literature

characterizing the C sequestration potential of biochar is
impressive.13−16 Yet, we find the translation of this literature to
the bioenergy sector is more nuanced, as biochar research
often modifies the gasification system to achieve desirable
qualities in the biochar, such as high recalcitrant C
concentrations, while these modifications may not be standard
at facilities optimized for bioenergy output. In comparison,
digestate is a carbon-poor, nutrient-rich product. It is well-
known that nutrients in soil amendments can increase net
primary productivity (NPP) on low-fertility and irrigated soils,
providing a means of C accumulation by increasing the C stock
in biomass and soil organic carbon (SOC) from the
decomposition of that additional biomass.17 However, there
is a trade-off between using digestate on marginal lands versus
croplands. Quality issues could present a challenge for
widespread use on cropland, but there is no offset of synthetic
fertilizers and their high upstream GHG emissions when
digestate is used on marginal lands.7

The aim of this study is to better understand the potential
role bioenergy byproducts could play as soil amendments for C
sequestration and GHG mitigation, and what the limiting
factors may be under plausible future conditions. In this study,
we critically evaluate published research on biochar and
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dewatered digestate solids production and disposal, and
estimate CO2, CH4, and nitrous oxide (N2O) emission rates
over time from the bioenergy byproduct-to-land life cycle. We
construct a novel spatially and temporally explicit LCA
framework for the byproduct-to-land life-cycle and develop
new realistic and upper bounds for cumulative GHG emissions
and soil C accumulation from bioenergy byproduct disposal in
California (Figure 1). Recent preliminary studies in California
demonstrate that biochar and compost can replenish lost C on
suitable land, lower terrestrial GHG fluxes,13,17−19 and improve
soil properties that are critical in a changing climate, such as
water holding capacity.20−22 Additionally, new highly resolved
spatial and temporal data on organic waste production is
available for regions like California.23 We take advantage of
these new sources of knowledge and data to characterize the
opportunity space for producing soil amendments locally that
will yield robust GHG reductions. Sensitivities associated with
organic waste biomass conversion, biochar, and digestate

properties, transportation distances, and soil response are
captured in the analysis (Figure 2), as is land availability.
California’s climate change policies set ambitious targets for

the diversion of organic waste from landfills, the reduction of
CH4 emissions from manure management and landfills
(Assembly Bill (AB) 32; Senate Bill (SB) 1383), the control
of agriculture and forestry residue burning (Title 17; SB 1260),
and the increased generation and use of renewable energy in
the state (SB 100). Furthermore, California’s Fourth Climate
Change Assessment identifies the restoration of soil organic
matter (SOM) on degraded lands as an important opportunity
for enhancing the terrestrial C sink and other ecosystems
services of soils.24 These mandates have motivated recent
research and demonstration in the conversion of organic waste
to energy and soil amendments in the state.9,21,25 As near-term
investments in AD and gasification infrastructure will ensure
steadily increasing quantities of byproducts requiring disposal,
California makes for an important and compelling case study,

Figure 1. Scope of analysis. Boundary for the attributional LCA is shown in dashed lines, with input data provided from sources in gray boxes.
Considerations are included for existing biomass residue markets showed in the dotted line.

Figure 2. Scope of scenarios and parameter variations for the attributional LCA.

Environmental Science & Technology Policy Analysis

DOI: 10.1021/acs.est.9b03763
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.est.9b03763


offering insights applicable far beyond the state or United
States’ boundaries.

■ METHODS

Our objective is to quantify GHG emissions and C
sequestration potential from the land application of digestate
and biochar from bioenergy facilities. To our knowledge, this is
the first study to assess these potential GHG impacts for
statewide bioenergy byproduct generation and disposal
scenarios. Our approach is unique in how it bounds C
sequestration potential based on likely bioenergy facility build-
out, operation conditions, and land availability. We do not
include life-cycle emissions from the bioenergy facility itself, as
we assume these facilities are built and operated irrespective of
the byproduct disposal pathway. Net emissions are attribution-
al in this analysis, in that they do not account for displaced
emissions from the raw biomass residue end-of-life (which can
range between landfill, open field burning, or composting). We
acknowledge that a consequential LCA would be a very useful
next step. And, while emissions from conventional raw biomass
residue disposal have been characterized,26 very little data
exists to quantify the emissions from biochar and digestate
disposal in landfills.
Statewide Biomass Conversion Scenarios. We estimate

gross biochar and digestate production in units of bone dry
tonnes per month (BDT/month) from organic wastes
produced from forestry, agriculture, and municipal sectors in
California. Organic waste resource estimates at the county-
level for the years 2014, 2020, and 2050 are taken from
Breunig and colleagues.23 In addition to exploring the
production potential and impacts of biochar and digestate
from the gross biomass resource, we model Technical, Market,
and Policy scenarios for bioenergy scale-up and byproduct
production in 2050 (Figure 2). Our Technical potential
scenario, further described in the Supporting Information (SI),
reduces the amount of organic waste that we estimate is either
cost-effective to collect, or not presently used for alternative
markets such as animal feed. We use the Lawrence Berkeley
National Laboratory (LBNL) conversion facility cost model,
the Organics Recycling Facility Investment (ORFI) model, to
construct our Market and Policy scenarios.26 In the Market
scenario, gasification and stand-alone wet-AD facilities are sited
and sized assuming a moderate electricity price. In the Policy
scenario, the use of codigestion at existing wastewater
treatment (WWT) facilities is prioritized under a hypothetical
policy along with the siting and sizing of gasification facilities
to handle low-moisture waste types. While it is likely that both
existing WWT and new AD will be utilized to handle the
state’s biomass residues, we run these separate scenarios to
compare outcomes (see SI for details on facility build-out).
Our engagement with WWT facility managers indicates there
are numerous institutional barriers deterring WWT (esp.
publically owned) to do codigestion, and therefore stand-alone
infrastructure is already being developed and will likely be
required in large scales, despite the ORFI model indicating that
WWT are more profitable (and would essentially box stand-
alone facilities out of the market if they were competing).
Finally, we analyze an alternative scenario where digestate is
further matured through an aerobic process (composted),
yielding additional total solids reduction of 40%.21 We note
that the total solids reduction that occurs during composting is
quite uncertain.

Byproduct Production. In our base case, we model the
production of biochar from low-moisture residues (moisture
content (MC) < 50%) produced from forestry, agriculture, and
municipal sectors in California, assuming gasification facilities
are operated to maximize syngas production (typically high
temperatures ∼ >1000 °C and slow pyrolysis).27−34 These
low-moisture materials include forestry residues, cardboard,
and paper waste, lumber and green waste, orchard, vineyard,
and field residues, and low-moisture cotton gin and food
processing residues. Details on the methodology used to derive
biochar yields for each residue type are provided in the SI. In
addition to yield, corresponding average C content in biochar
produced from the pyrolysis of each residue type is collected
and varied ±15%.32,35 We assume 85% (±15%) of C in
biochar is recalcitrant, following assumptions in Woolf et
al.13,20

We model the production of solid digestate from high-
moisture residues, assuming wet anaerobic digestion facilities
are operated under conditions similar to those typical of WWT
facilities. These high-moisture materials include food waste,
manure and bedding, agriculture culled produce and row crop
residues, and wet food processing residues. Digestate yields
vary with temperature (mesophilic versus thermophilic),
technology (e.g., batch versus continuous), and feedstock
blend, as well as mean cell residence time (MCRT) of the
feedstock in anaerobic conditions. A total solids destruction of
30% (varied from 20 to 40%) is assumed based on
experimental results from the digestion of manure and organic
municipal solid waste under MCRTs ranging from 15 to 20
days.36−38 Higher rates of total solids destruction may be
possible at designated AD facilities for bioenergy production
where the AD process is optimized to enhance biogas
production.7 However, data on total solids destruction is not
easily generalizable to a broad blend of feedstocks, and
therefore, we select a MCRT range common in WWT.9,39 A
little over half of the solid digestate already produced in
California in WWT (i.e., biosolids) are used as direct or
composted soil amendments, while 30% are sent to landfills for
disposal or alternative daily cover and the remaining fraction is
either incinerated or used in other markets.40 We model
statewide biosolids production as the quantity generated for
average dry weather flow conditions at WWT facilities
published by Breunig and colleagues assuming a biosolids
generation factor of 206 BDT/year per million gallons per day
(MGD) capacity, and assuming 30% is applied to grasslands in
our LCA.9,41 Average C contents for digestate produced from
manure or from the organic fraction of municipal solid waste
range from 18 to 25% dry weight-basis.42

In our alternative scenario where digestate is composted
prior to land application, we adjust the C content in
composted digestate for emissions of oxidized or reduced
labile C (7−10g-CO2/kg feedstock and 0.6 to 0.7 g-CH4/kg
feedstock) that occur during the composting process.21 We
assume 5% (ranging from 0 to 20%) of C in digestate is
recalcitrant, although data confirming this assumption is
limited.
All scenarios are modeled for base, low, and high values of

byproduct yields, fixed carbon, and recalcitrant carbon
contents. We also model all scenarios using conservative,
moderate, and optimistic assumptions for transportation
distances and the intensity and duration of soil response,
discussed further in the following sections (Figure 2).
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Life-Cycle Greenhouse Gas Inventory. We assume no
CH4 is emitted during the decay of biochar and that all C in
the biochar that is not remaining in the soil after 100 years is
emitted as CO2. Fresh digestate emits CH4, CO2, and N2O
during the decomposition phase on soils. Adjustments are
made for the loss of labile C in the form of CH4 emissions
during decay, which we assume is equivalent to 0.05% of total
C in digestate.43 We use Holly and colleagues’ experimental
results from land applying digested dairy manure to estimate
N2O emissions from digestate ∼10 mg N2O/kg wet digested
manure.44 We assume all associated N2O and CH4 emissions
occur within the first year after application.
Evidence suggests that the application of biochar can lower

soil emissions of N2O and enhance reoxidation of CH4. We
estimate a 25% reduction in natural N2O emissions from soils
(∼2.5 kg N2O/ha-year) based on work by Woolf and
colleagues in our Optimistic and Moderate scenarios (Figure
2).13,20 Lehmann and colleagues estimate a reoxidation rate of
75 mg-CH4−C/m2-year (0.001 metric tonnes MT-CH4/ha-
year) on land treated with biochar,45 however, given these
impacts on soil emissions are still poorly understood and that
grasslands are reported to have net negative CH4 emissions,46

we assume only a change in N2O emissions from biochar
treatment, and that the effects last for 10 years (0 to 50 years).
Ryals et al.17 do not detect significant changes to soil fluxes
following compost application, therefore we assume no net
change in soil CH4 or N2O from soils treated with digestate or
composted digestate.
NPP and SOC. The mechanisms that drive NPP or the net

amount of energy stored per unit area and time is still an active
field of research.47,48 Factors, such as water and nutrient
availability, past management practices, and climate, partic-
ularly precipitation patterns, can all drive changes in NPP,
making an estimation of soil response to byproduct application
in a given time period challenging. Ryals et al.17 found
increased soil C resulting from enhanced above and below
ground NPP ranged from 2.1 ± 0.8 to 4.7 ± 0.7 MT C/ha over
three years for annual grasslands in California treated with
compost. The authors measure increases in above ground
biomass equivalent to 44% at a coastal grassland site and 70%
at a valley grassland site in the first year, however these sites
were also grazed on by cattle and it is unclear to what extent
soil disturbance and cattle manure contributed to net effects.
DeLonge and colleagues estimate above ground biomass
increased by 56% from compost application on California
grasslands.19 We conservatively assume a range of 0 to 4.7 MT
C/ha for additional soil C associated with enhanced NPP of
treated soils from a one-time application. We assume an
increase in above ground biomass ranges from 0 to 56%, with a
moderate value of 30%. We assume that the increase in soil C
lasts for 30 years (ranging from 0 to 30 years) following a
single application, with the 0 year case reflecting our
conservative variation on soil response (Figure 2).19,24 Effects
of climate change on these values out to 2050 is not addressed
in this study.
The natural decay of biomass not consumed by grazing

cattle or contributing to soil C will result in GHG emissions,
however grasslands are generally CH4 sinks, N2O emissions are
expected to be negligible, and CO2 emissions from additional
biomass are biogenic (not a new source of CO2). Restored
grasslands in California may likely be used for cattle grazing,
and GHG emissions associated with a scenario where cattle are
transitioned from silage to forage (feed availability and enteric

fermentation) have been modeled by DeLonge and
colleagues.19 We do not assume that the disposal of byproducts
from bioenergy facilities will be responsible for this switch and,
therefore, do not include the effects of cattle grazing in the
scope of this analysis.
We calculate soil C accumulation on land treated with

bioenergy byproducts as being the sum of the labile and
recalcitrant C fractions of byproduct that remain after 100
years of decomposition, and the increase of C in vegetation
and accumulation as SOC from enhancements to soil above
ground and below ground NPP. Using Woolf and colleagues’
approach,20 we apply a two pooled exponential decay function
to model labile and recalcitrant C decay

= × [ × − ×

+ × − × ]

M M L e t

R e t

( ln(2) )

( ln(2) )

L

R

t 0 1/2

1/2 (1)

where Mt is the mass of the coproduct’s C for a given year, M0
is the mass of the coproduct’s C for the initial year, L is the
labile fraction of C in the coproduct, R is the recalcitrant
fraction of C in the coproduct, t1/2L is the half-life for the labile
portion, and t1/2R is the half-life for the recalcitrant portion.
Biochar is not a homogeneous material, and the rate at

which C remains in the soil (measured by half-life) will vary
among biochars produced with different feedstocks and
operating conditions, and among different climates, methods
of application, soil types, and postapplication events, such as
wildfires. As these factors are poorly understood, we do not
attempt to estimate the various half-life for different biomass
residues and soils. Rather, we assume a labile C half-life of 20
years and a recalcitrant C half-life of 300 years based on
literature review conducted by Woolf and colleagues for
biochar.20 We use a labile C half-life of 1.5 years and a
recalcitrant C half-life of 100 years for digestate and composted
digestate following model estimates of compost C decaying
over 100 years.21

Transportation. For truck transportation of materials, we
apply LBNL’s Agile Cradle-to-Grave (AgileC2G) input-output,
physical units-based model. The model uses a compiled direct
requirements vector, an input−output matrix, and a set of
impact vectors for CO2, CH4, and N2O to calculate the full life-
cycle GHG footprint of trucking.49−51 We assume a class 7
truck weighing 28 000 pounds carries 75% of the remaining
maximum allowed truck-weight in California (80 000 pounds),
generating a payload of 39 000 pounds per truck of coproduct.
For the Gross and Technical scenarios, we approximate
trucking distances from byproduct production to grasslands
using the Euclidean distance between the centroid of each
county of origin for biomass residues and the edge of a
polygon representing California’s rangeland,52 adjusting
distance for the conservative and optimistic scenarios by
double and half, respectively (Figure 2). The coordinates of
gasification, AD, and WWT facilities sited by the LBNL ORFI
model are used to estimating trucking distances for the Market
and Policy scenarios. An additional 25% empty-miles over the
trucks’ lifetime53 and a fuel economy outlined by Strogen and
colleagues is applied.54 For emissions associated with tilling
coproducts into the land, we use a value of 19.6 kg diesel
consumed for each hectare20 (45 MJ/kg diesel) and convert
fuel consumption to emissions using AgileC2G.55

Alternative Byproduct Disposal Options. We estimate
compost and mulch application rates for existing urban,
forestry, and agriculture markets in California by reviewing
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guidelines published by the Californian Parks and Recreation
department, the Department of Transportation, and those in
agriculture extension agent reports (additional details in the
SI). Where data could not be found, we estimate the
application rate by assuming nitrogen (N) application does
not exceed average soil N levels.56 For croplands, we estimate
fertilizer demand by converting harvested hectares from the
2014 NASS USDA database for field crops, orchard and
vineyards, and vegetable/row crops to N equivalents of
fertilizer application.57 We then compare the annual demand
for compost, mulch, and fertilizer to our estimates of
composted digestate and mulch production at the state level
by assuming composted digestate has a density of 0.65 MT/
cubic meter and MC of 50%, and mulch has a density of 0.35
MT/cubic meter, MC of 15%, and total solids loss rate of 10%.
Results of this byproduct market analysis are provided in the
SI.

■ RESULTS
Biochar and Digestate Production Potential. As

expected, forestry residues are the largest source of biochar
containing recalcitrant C in California (3.8 million metric

tonnes (MMT)/year). Surprisingly, more readily available
sources of recalcitrant C from agriculture and cities are on the
same order of magnitude as forestry residues on a dry-tonne
basis (Figure 3, panel b). When we focus on nonforestry
residues, we find that biochar production from moderate
gasification facility build-out (Market scenario) generates only
30% of the biochar we estimate could be produced if the
facilities accepted all sustainably and readily available
agriculture and municipal residues (Technical scenario).
Similar to our findings for gasification build-out, we find that
the amount of biomass residues being directed to AD and
converted to digestate under our Market and Policy scenarios
falls short of the values we estimate are feasible in our
Technical scenario (Figure 3, panel a). This suggests additional
composting is likely required to meet the State’s diversion
targets for these high-moisture waste types.

Land Constraints. California has ∼3.3 million hectares
(Mha) of cropland58 and ∼15 Mha of rangeland,59 some of
which is classified as critical (2.6 Mha) or important (1.3 Mha)
for conservation by the California Rangeland Conservation
Coalition.52 Given bioenergy byproducts will require disposal
each year, it is important to estimate the availability and

Figure 3. Byproduct production by anaerobic digestion and gasification build out scenarios in 2050. Results presented for (a) total dry tonnes of
raw digestate and (b) biochar, broken down into labile carbon, recalcitrant carbon (represented as soil carbon contribution from byproducts
remaining after 100 years of decay on grasslands for the base scenario), and noncarbon content. OFMWS = Organic Fraction of Municipal Solid
Waste.
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sustainability of using natural and working lands for disposal,
acknowledging that land will likely need to rest for multiple
years between applications to avoid significant loss of C and
GHG fluxes.17 Even at a modest application rate of 4 BDT/ha,
we do not expect future production of biochar and digestate to
exceed the needs of the State’s abundant working lands (Table
1). However, if proximity drives the selection of land for
disposal, our projected geospatial distribution of facilities
throughout the state suggests local farms or alternative urban
markets may be leveraged (and competed for) before facilities
consider rangeland for disposal (Figure 4). We consider these
alternative markets for byproducts in the SI.

Cumulative GHG Emissions and C Accumulation.
Excluding the biogenic CO2 that is directly emitted from
bioenergy byproducts during composting or land application
(as this is part of a closed-loop and commonly zeroed out in
life-cycle assessments), we find that all scenarios explored
provide some net GHG savings over 100 years (Figure 5). The

difference between including or excluding direct CO2
emissions from the decay of byproducts makes a substantial
difference, highlighting the importance of developing a clear
framework for estimating carbon credits (Figure 6). Storage of
C from the byproduct itself on land, the increase in soil C
resulting from enhanced NPP, and the reduction of natural
N2O fluxes from soils are three key emission-reduction
mechanisms. Without the latter two, there is no long-term
climate mitigation benefit of land applying digestate, and

Table 1. Land Requirements for Biomass Conversion Scenarios Assuming 4 BDT/ha Application Rate and a Moderate Soil
Responsea

scenario total byproduct disposal

byproduct
biomass conversion

scenario
land required
[M ha/year]

in-state working land treated
(5 year rest, %)

in-state working land treated
(15 year rest, %)

biochar gross 1.87 51 153
biochar technical 1.24 34 101
biochar market 0.36 10 30
digestate raw gross 3.06 84 251
digestate raw technical 0.84 23 69
digestate raw market 0.21 6 17
digestate raw WWT policy 0.12 3 10
digestate compost gross 1.37 37 112
digestate compost technical 0.34 9 28
digestate compost market 0.09 2 7
digestate compost WWT policy 0.05 1 4
biochar and digestate raw gross 4.93 135 404
biochar and digestate
compost

gross 3.24 88 265

aScenarios that exceed the state’s available working lands are indicated in bold text.

Figure 4.Map of California representing projected siting and sizing of
bioenergy facilities in 2050 based on biomass intake. The shapefile
representing rangeland was developed by California Rangeland
Conservation Coalition while the shapefile for the counties was
developed by the United States Census Bureau.52,60

Figure 5. Attributional life-cycle GHG emissions for a single
application of biochar and digestate, either raw or composted, on
working land in California, aggregated over 100 years. Results are
presented for the Gross biomass conversion scenario in 2050 for
conservative, moderate, and optimistic variables. Carbon dioxide
emissions from byproduct decay is shown for reference, but not
included in the net GHG emissions (dot). Error bars reflect the
impact of low and high byproduct yields and carbon contents. “Other”
category includes CO2 and CH4 emissions from composting, trucking
and tilling GHG emissions, and CH4 and N2O from byproduct decay.
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potentially no reason why land application of low-quality
biochar should be prioritized over selling to other markets or
landfilling (Figures S5−S8). With all carbon and nitrogen
impacts accounted for, a one-time application of biochar and
raw digestate theoretically generated from all organic waste
streams in California can provide a long-term (100 year) net
GHG impact as low as −1.3 MMTCO2 equiv/year (∼0.3% of
the state’s annual GHG emissions). Uncombined results for
biochar and digestate are presented separately in the SI. If
bioenergy facilities generate byproducts with only moderate
recalcitrant C concentrations, we estimate that net emissions
will remain negative but the benefit is reduced to −1.0
MMTCO2 equiv/year. More realistically, the quantity of
organic waste available for energy generation will be limited
to residues that are sustainable and cost-effective to collect
based on facility revenue targets. At subsequently lower
volumes of organic waste conversion, annual GHG emissions
savings may be in the range of −0.04 to −0.2 MMTCO2
equiv/year.
Dividing cumulative net GHG emissions over 100 years is

useful for making quick comparisons between the annual GHG
savings of climate mitigation strategies. However, we find
emission profiles over time are not linear. The trajectories
through 100 years of cumulative emissions resulting from
repeated disposal of byproducts (Figure 6) are concave up for
the optimistic scenarios, as byproducts applied later in the time
period generate an immediate strong soil response but have
less time to decay. Emissions rates in the conservative scenario

are convex down with emission rates greatest at the time of
application for both biochar and digestate as there is no soil
response to lower net emissions.
Assuming there are no land constraints, our gross optimistic

scenario reaches cumulative GHG savings of 6.5 GtCO2 equiv
after 100 years (5 GtCO2 equiv if biogenic CO2 emissions are
included), with an additional 574 MMTC (equivalent to 2.1
GtCO2 equiv) from the byproduct remaining on soil (Figure
6). Our findings suggest the upper limit on 100-year
cumulative GHG savings from byproduct land application in
California is on par with one-third the potential cumulative
100-year GHG savings estimated for the geologic storage of
captured CO2 from coal-fired power plants in the United
States (∼160 Gt).61

■ DISCUSSION
Despite the quantities of organic waste that California must
build new infrastructure to manage, our analysis suggests that
the availability of biochar and digestate will be the limiting
factor in its climate change mitigation potential in California,
assuming sufficient policy and economic incentives exist to
motivate the application of these materials to degraded lands.
When modeling the build-out of profitable gasification and AD
facilities, we find that the California SB 1383 established 75%
organic waste diversion target for 2030 (∼17.3 MMT of
municipal solid waste) will not be met by gasification and AD
facilities alone under moderate energy market conditions.
Around 60% diversion of municipal solid waste to these
facilities could be achieved by 2050 at best without additional
policy support. Flint and colleagues estimate that treating 6%
of total California rangeland with 6.4 MMTC/ha of a single
application of compost would sequester ∼8.5 MMTCO2 equiv
within 15 years.24 As this is roughly equivalent to 8.7 BDT-
biochar/ha or 29 BDT-raw digestate/ha on a C basis, such a
scenario would require more biochar and digestate than can be
generated from the State’s annual organic residue resources.
This difference may in part reflect our assumption that the C
content in bioenergy byproducts is moderate. Nevertheless, if
build-out of bioenergy facilities follows our Market scenario by
2020, cumulative reductions in GHG emissions from annual
disposal of byproducts could meet half of the State’s 2030
climate strategy target for natural and working land manage-
ment (−15 MMTCO2 equiv).62 Considering all sustainably
harvested organic wastes for bioenergy conversion (our
Technical scenario), GHG mitigation from the land
application of resulting biochar and digestate reaches 32% of
the gross potential. This is nontrivial given the 100-year gross
GHG savings potential is ∼100 MMTCO2 equiv, with an
additional ∼30 MMTC sequestered in soil (equivalent to 110
MMTCO2 equiv).
Additionally, our analysis brings to light three key issues

related to large-scale use of biochar and digestate for C
sequestration. First, we find that the transportation of
byproducts to the State’s annual grasslands is a negligible
contributor to the net GHG emissions, but we note it is likely
to be more important from a cost and traffic congestion and
impacts standpoint. Given our projected distribution of
gasification and AD facilities by 2050, it is likely that
byproducts will be sent to local cropland and natural lands
to reduce trucking distances. Another strategy for reducing
transportation distances is to apply larger quantities to a
smaller fraction of degraded lands. This leads us to a second
issue: while we estimate that there is enough land in California

Figure 6. Disposal time series for biomass conversion scenarios with
first application starting in 2050, including (a) the remaining SOC
from byproduct disposal and (b) cumulative GHG emissions not
including SOC CO2 equiv from the byproduct itself. Dots on right-
hand side reflect the cumulative GHG emissions when direct biogenic
CO2 from byproduct decay is not included.
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compared with potential biochar and digestate disposal needs,
our findings suggest trade-offs between the benefits that come
with applying byproducts across a large surface area to enhance
the terrestrial carbon sink, and the cost of widespread
application and risk of incentivizing byproduct application on
lands that are best left in agricultural production or
undisturbed. The storage of C from biochar is largely
independent of the surface area leveraged for disposal, but
the potential reduction of soil N2O fluxes from biochar
application increases proportionally with treated surface area,
and is a significant emissions-avoiding mechanism if it is
sustained over multiple decades (−0.3 MMTCO2 equiv/year).
Enhancing the NPP from digestate is also driven by the ability
to treat large areas. Additionally, the effects of coapplying
digestate, compost, and biochar on the same land require
further investigation.63 A recent analysis suggests that biochar
applied with a nutrient-rich substance results in a higher C
accumulation than biochar applied alone.64 That said, it is
unclear if the supposed reduction of N2O emissions from soils
treated with biochar can be expected in the presence of
digestate. It is also poorly understood how the byproducts
applied may affect a soil’s natural ability to serve as a CH4 sink
and for how long. Finally, composting facilities will emerge to
handle diverted organic wastes and raw digestate, after which
the compost may be used in existing markets, such as on
cropland, for wildfire control or soil restoration, construction
runoff control, urban gardens, or park management (see SI for
market analysis). Through our correspondence with con-
version facilities in California, we identify a number of possible
impacts of a growing composting market on bioenergy
byproduct management, including (1) composting facilities
will compete with bioenergy facilities for biomass residues
traditionally burned or landfilled, (2) the State’s weak and
seasonal market for soil amendments will be saturated with
compost, and (3) long-term agreements between bioenergy
facilities and composting facilities may lock in disposal
practices, limiting the availability of digestate and biochar for
near-term grassland soil C sequestration.
The acceptance of organic waste at AD bioenergy facilities

will be guided by the economics around biogas production
(electricity price) and landfill diversion (tipping fees);
however, a major barrier to scale-up may be the ability to
dispose of solid digestate on soils in a manner that provides
robust carbon offsets and soil benefits.7 Our findings suggest
that with the development of proper disposal guidance,
substantial GHG emissions savings can be achieved from
byproducts that are likely to be generated in the near future as
bioenergy facilities come online in California and across the
globe. Further analysis, paired with field trial data to inform
and validate modeling assumptions, could refine these
estimates and tie cobenefits, such as water savings estimates,
more closely with specific biochar and digestate application
strategies.
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