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Abstract

Contemporary food and agricultural systems degrade soils, pollute natural resources, and
contribute to greenhouse gas emissions. The waste output from these systems, however, can be
repurposed as an agricultural input, reducing emissions associated with organics disposal while
actively sequestering atmospheric carbon in soils—thus transitioning the sector from a carbon
source to a carbon sink. This research estimates the near-term technical and economic potential
of utilizing composted organic feedstocks as a soil amendment to mitigate climate change and
improve long-term soil quality, in line with California’s organics diversion policies, by connecting
food scraps and organics residuals in California’s municipal solid waste to existing infrastructure
and working lands in the state. The multi-objective spatial optimization results indicate
considerable carbon sequestration benefits in the range of —1.9 & 0.5 MMT CO,eq annually, by
applying compost to 6 million hectares of California rangelands at a price of approximately $200
per ton, presenting a cost-effective climate change mitigation strategy within proposed federal
sequestration credits. Expanding composting capacity is predicted to increase the total amount
of carbon sequestered while reducing the cost per ton and per hectare treated. This model aids
decision makers in considering the technical, economic, and institutional potential of actively
managing the State’s organic materials in municipal waste streams for climate change mitigation.

1. Introduction

Building a just and sustainable food system entails reckoning with the waste that occurs throughout the food
supply chain, and ensuring that edible food is directed to the 44 million Americans who suffer from food
insecurity. Waste reduction policies, which attempt to prevent waste at the source of generation, are required
to limit food scrap disposal in the US [1]. However, full adoption of prevention and recovery strategies will
still yield significant quantities of inedible organic materials (e.g., trimmings, bones, cores) [2, 3].

Waste is created across the food system: on the farm, during processing and transport, in retail environ-
ments, and in homes and restaurants. A staggering 30 to 40 percent of the US food supply is unconsumed.
Inefficiencies in market conditions, consumer behavior, and supply chain generate 40 million tonnes of food
scraps annually with 75% destined for landfill, according to 2017 national estimates [4, 5]. Over half of this
food waste occurs at the consumer household level [4]. Although rates of composting have been increasing
in recent years, curbside collection programs only serve a fraction of US residences, limiting the ability of
consumers to divert food and other organic residuals from landfills [5]. In landfills, the energy and nutrients
remaining in organic municipal solid waste (MSW) is broken down by microorganisms in an anaerobic pro-
cess that releases methane (CHy), a potent greenhouse gas with 28 times the warming potential of carbon
dioxide (CO,), directly into the atmosphere. As a result, municipal landfills are the second largest source of
anthropogenic CH, emissions in the US [6].

© 2022 The Author(s). Published by IOP Publishing Ltd
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In California, the nation’s most populated state, 6 million tonnes of food scraps and 9 million tonnes of
other organic waste, including 3 million tonnes of yard trimmings, are sent to landfills annually [7]. Accord-
ingly, the state’s landfills contribute about 20% of the state’s anthropogenic CH,4 emissions [8].

Recognizing the critical contribution of organic MSW to CH,4 and other short-lived climate pollutants,
California passed SB 1383 into law in 2016 [9]. This law codified an ambitious goal of a statewide reduction
in CH,4 emissions due to reliance on landfills and requires municipalities to reduce organic material disposal
in landfills by 50 percent below 2014 levels by 2020 and 75 percent below 2014 levels by 2025. In addition,
the law required recovery of edible food scraps for human consumption at 20 percent of 2014 levels. To reach
this goal, an additional 14.5 million tonnes of organic material will need to be diverted from landfills by 2025
[10]. According to CalRecycle, the agency responsible for implementing the waste reduction legislation, the
majority of this material is expected to be composted due to its low technological and capital requirements
[11].

Composting is one of a suite of options to manage organic materials in waste streams. Disposal in landfills
and anaerobic digestion (AD) are common alternatives. In a 2010 life-cycle assessment, the use of these three
options for managing food scraps (with green waste as a bulking agent) were compared in terms of their total
global warming potential (GWP) [12]. The authors found that AD was the most environmentally beneficial
treatment option, driven by avoided electricity generation and soil carbon (C) sequestration from resulting
digestate. Composting was the next best overall, again due to soil C storage from use as a soil amendment.
Landfilling was the worst option, due largely to the rapid decay rate for food waste. This is consistent with
more recent meta-analyses of life-cycle studies [13].

Composting is a biological conversion whereby organic feedstocks are transformed into a valuable soil
amendment through controlled aerobic decomposition. Exothermic microbial activity, dependent on organic
material for energy, reduces pathogens and recycles macro- and micronutrients in biomass, and converts
feedstock into an organic rich product that has been valued as an agricultural input for millennia [14, 15].

In addition to preventing disposal-related emissions at municipal landfills, amendments of composted
organic material to soil increases nutrient availability, water-holding capacity, and can sequester new C from
the atmosphere [16—18]. Compost application is a best management practice (BMP) to reduce runoff and
soil erosion, thanks to the minimal technology and maintenance requirements, relatively low cost, and high
effectiveness of a single application [19, 20]. Amending soils with organic matter is a common management
practice in cropping systems to increase net primary productivity and has been proposed on grazed grassland
ecosystems as a strategy to enhance plant growth and belowground soil C storage [21, 22].

Soil C sequestration, as it occurs in natural ecosystems, is the increase in the net storage of C in soils and
plants derived from atmospheric CO; and plant photosynthesis [23]. Compost decomposes much less quickly
than fresh organic residues (mean residence time is typically several orders greater than un-composted organic
matter) resulting in slower mineralization and the potential for longer-term storage of C in soils [24].

Recent work on C sequestration on semi-arid rangelands found that biosolid application improved chem-
ical and biological soil health indices [25]. A single application of compost at low application rates resulted in
lasting improvements of soil chemical properties, such as increased buffering capacity [26]. A study of compost
amendments to rangelands across the state of California have found that a single application of 0.25 inches of
finished compost can sequester on average 2.1 & 1.0 Mg C per hectare per year [27]. Compost has also been
shown to increase soil organic C in California croplands; winter cover crops resulted in greater increases in
labile C [28].

In this paper, we evaluate the technical and economic potential of utilizing organic materials in MSW
as a composted soil amendment on California’s working lands. This analysis builds off of previous studies
to provide a robust account of this proposed climate change abatement strategy by connecting technically-
available raw MSW materials (referred to here as feedstocks) to existing composting capacity and suitable
working rangelands across the state [29]. The results of this geospatial analysis provide near-term insights for
long-term management of food scraps and agricultural systems in California.

Organic materials are high in water content, and thus expensive in terms of both monetary cost and vehicle
emissions to transport long distances. Past studies of biomass inventories (biochar and digestate) in the state
have recognized this critical constraint [30]. By accounting for infrastructure location and capacity, feedstock
quantity and availability, suitable areas for land application, and transportation-related emissions, this study
provides a rigorous assessment of the possible C sequestration impacts of applying compost as a soil amend-
ment. This study develops a geospatial, multi-objective optimization model to simulate distribution of organic
MSW feedstocks to compost processors and of finished compost to working lands, subject to physical and engi-
neering constraints. The solved quantities resulting from the linear programming model are used to estimate
the cost and performance of re-imagining the organic fraction of municipal waste streams as emissions sinks,
rather than sources, and to assist decision makers in developing strategies to manage waste and promote soil
health.
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This study is the first to consider actual locations of compost facilities in a geospatial analysis to assess
the near-term technical and economic potential of statewide repurposing of organic waste streams in grazed
landscapes and calculate an abatement cost for compost application [13, 29, 31]. Building off Harrison et al,
we consider the geographical and technical constraints of compost processors, which play a key role in the
potential to repurpose organic MSW at scale. This work complements existing assessments to highlight near-
term potential of the existing compost infrastructure. Further, the economic analysis will assist policy makers
to compare costs and benefits associated with composting in California with other GHG mitigation strategies
in the state. In the short-term, this study provides enhanced understanding of the present arrangement of
organics management infrastructure and the use of composting for climate change mitigation. In the long
term, the results may inform planning processes around organic waste management infrastructure including
the need for source separation programs and expansion of the variety of types and locations of composting
facilities across the state.

The goals of this analysis are three-fold: (1) evaluate the available stock of food scraps and green waste that
could be composted given existing processing infrastructure in the State, (2) allocate feedstock to composters
and finished compost to suitable grazing land with the competing objectives of minimizing net greenhouse
gas emissions and minimizing overall cost, and (3) estimate the Pareto trade-off frontier to determine pro-
jected abatement cost (USD /tCO,e) and performance (MMT CO,e). These goals are achieved using a multi-
objective optimization model to simultaneously consider two criteria—emissions and total cost—constrained
by feedstock supply, processing capacity, and land availability in California.

2. Methods and materials

Soil C sequestration requires a combination of C inputs and nutrients [14]. To achieve quality compost with
favorable C:N ratios for plants while limiting nitrous oxide (N,O) emissions, a potent greenhouse gas, food
scraps must be combined with other organic materials. Food scraps contribute substrate and nitrogen, with
green waste acting as bulking agents and C sources [12].

Consistent with the goals of SB1383, this study focuses on the two largest components of organic MSW:
food scraps and green waste. Food waste is defined in this study as otherwise edible organic materials disposed
off throughout the food supply chain, including food scraps generated during food processing, retail, and
in eating establishments and consumers’ homes. Green waste is defined as landscape and yard trimmings,
including grass clippings, leaves, branches, flower trimmings, hedge trimmings, and weeds. Food scraps and
green waste were combined in this study to balance C:N ratios as composter inputs.

Although compost application may provide benefits for cropland and orchards, we focused on rangeland
systems, which cover over 20 million hectares in California and frequently surround densely populated urban
areas [32]. These ecosystems are the dominant vegetative cover type in California and represent an impor-
tant sector of the state’s agriculture economy [33]. Although composting effectively eliminates pathogens in
organic materials some farmers and growers have citing food safety concerns about use of this material on their
fields, expressing apprehension that compost amendments may result in bacterial contamination of their pro-
duce [34]. Further, application of composted organic material to rangelands can be performed using existing
machinery, such as manure spreaders. Thus, rangeland landscapes offer a critical means to implement com-
posting practices at scale in the near-term throughout California. The extensive nature of rangelands across the
state as well as the potential for co-benefits for ranching operations suggests that the application of compost
to rangelands will be limited by compost supply and geographic factors [35].

Gross and technical feedstock availability was determined by extent of generation rates and hauling net-
works, as well as strength of established markets for organic residuals (for example, diverting almond hulls or
spent brewing grain for livestock feed). Food scraps and green waste disposal rates were estimated from county
composition fractions from the 2014 CalRecycle disposal assessment [36]. We rely on data compiled by Bre-
unig et al, which attempted to account for source-separation practices. Unfortunately there is little information
available for the fraction of the population with access to curbside composting practices. As such, the available
feedstocks used in this study represent the total recoverable organic material in MSW. Biomass resources are,
by nature, distributed across the landscape. In the spatial analysis that follows, however, county-level estimates
were allocated to the population-weighted centroid of each census tract polygon.

‘Composters’ are defined here as solid waste facilities holding an active compostable materials handling
permit to compost organic material. There were 109 permitted compost facilities in California, accepting
nearly 6 million tonnes of organic materials each year [37]. Composter data was collected from the CalRe-
cycle solid waste inventory system (SWIS), which contains information on all permitted solid waste facilities
in the State. This dataset contains information on facility size, location, activity category, permit type, and
accepted feedstock. There were 109 operating composting or chipping and grinding facilities holding active
composting permit facilities across 31 counties, predominantly concentrated in the Central Valley and south
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Figure 1. Key model inputs: food scraps and green waste, existing compost facility processing capacity and rangeland areas
suitable for compost application. California county shapefile from TIGER/Line, US Census Bureau.

coast, as shown in figure 1 below [37]. Mean composting capacity in this dataset was 50 000 tons per year. There
were eight small (under 1000 tons per year) facilities, but most facilities were medium to large composters.

Rangeland data were acquired from the California Department of Conservation Farmland Monitoring and
Mapping program [38]. Only those areas where vegetation and land characteristics, such as slope and accessi-
bility, were suited to grazing of livestock as determined by a collaboration between the California Cattlemen’s
Association and UC Cooperative Extension. Soil C sequestration factors were determined by the California Air
Resources Board (CARB) in their quantification of annual agricultural emissions for the Healthy Soils Program
[39] and ranged from 3.347 (Sierra County) to 4.596 MTCO,e/ac/year (Modoc County) [40]. These values
were based on prior studies that show sequestration potential is variable and dependent on numerous factors
including soil type, temperature and precipitation [41]. It is notable that these rates are considerably lower
than published field studies (e.g. Ryals and Silver 2013, Ryals et al 2014, 2015, Silver et al 2018) and thus repre-
sent a conservative estimate [24, 27, 42, 43]. Given data availability and the general climatic similarity within
counties, all rangeland sites in a given county were assumed to have the same sequestration factor.

The model objective was defined to address conflicting goals of minimizing greenhouse gas (GHG) emis-
sions as measured by net GWP and overall project cost. This formulation allowed for the creation of a Pareto
trade-off frontier to assess abatement cost (both per ton C and per hectare treated) using different weights for
the two objectives. Net GHG emissions (kgCO,e) was chosen as it is a significant environmental concern and
provides commensurable evaluation over the complete chain from disposal to soil application.

2.1. Multi-objective optimization model
In order to model the efficient allocation of organic feedstocks from the point of generation to a processing
facility and finally to the ultimate land-use destination, a multi-objective, linear programming model was con-
structed with the data sources given above and parameters derived from the literature (below). Rather than the
single objectives of minimizing cost or optimizing for environmental impact, the model implemented in this
study scalarizes multiple objectives into a single function through the parameter «v. This multi-objective model
allows for a weighted blend of two critical policy priorities and permits a Pareto analysis to understand the
trade-off between cost and emissions reductions. Although the units of the objective function in this approach
are less intuitively obvious than in a single objective model, use of a weighting parameter balances competing
objectives to return possibilities along the Pareto frontier and is common in techno-economic studies [44, 45].
The optimization model was defined by a linear objective function and linear constraints. The key variables
influencing the model are quantities of feedstock and compost to transport and apply, and the distances from
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disposal site to processing nodes (D;;) and from composter facility to land-use nodes (Ly). The decision vari-
ables that the solver adjusts to find an optimal solution are the gross amounts of materials to distribute between
nodes, denoted as f;; and cj for feedstock and compost, respectively. The parameter variables included in the

model were selected based on the organic recycling literature and expert interview.
Equation (1) below mathematically describes the objective function

Objective : Min((« - Cost) + ((1 — «) - GHG))

where:
n m m P p
Cost = E E d'Dljﬁ'j + E E e'ijCjk + E t-Ag
i=1 j=1 j=1 k=1 k=1
———
collection cost hauling cost spreading cost
and
nom nom nom
i=1 j=1 i=1 j=1 i=1 j=1
—_——
collection emissions avoided landfill emissions ~ composting emissions
P m P P
+) D hegeLp+ Y geg — Y a6
k=1 j=1 k=1 k=1
hauling emissions spreading emissions net sequestration potential
Subject to:
Intake for each facility is sum of quantity from f; fori =1,...,n:

n
=Y
i=1
Output of each facility is equal to intake converted into compost:

Oj:u~1j.

Total compost applied on given land is the sum of the quantity of output from c¢; for j = 1, ..

m
Ap = E Cik
=1

where:

« = Pareto weighting parameter, between 0 and 1

f = quantity of feedstock from county i to facility j, [n x m]

¢ = quantity of compost from facility j to rangeland k, [m x k]

D = collection distance between county centroids and compost facilities, [# X m]
L = Hauling distance between facilities and rangelands, [m x k]
F; = organic material generated in county i

C; = maximum intake capacity of facility j

By = maximum amount of compost that can be applied to land k
X = minimum disposal quantity to divert from landfill (% of F;)
and

q; = sequestration rate in county

u = conversion factor of waste into compost

.. . k
I = emission factor for waste left in county (%)

kgCO,e )

g = emission factor for applying compost via manure spreader ( o

h = transportation emission factor (lfgcoze)
on km

y = emission factor for compost production (@)
on

d = cost to haul to facility from county ( S )

ton km
e = cost to haul away from facility to land (

t = cost to apply compost to fields (&)

o )

., M2

(1)

(2)

(3)

(4)

(5)

(6)
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Table 1. Baseline parameter values, description, and source.

Variable Description Estimate Unit Source(s)
u Conversion factor 0.58 % [48]

1 Landfill emission factor 182.9 % [49]

h Transportation emission factor 0.22 [l; g:f; [50]

y Composting emission factor 6.67 kgs% [27]

g Application emission factor 1.08 kgs% [51]

d Collection cost (municipality to facility) 0.35 ﬁ [52]

e Hauling cost (facility to land) 0.12 = (53, 54]
t Rangeland application cost 3.4 % [55-57]

The cost function contains three terms, following the flow of organic material from generation through
processing to land application. The first term accounts for collection costs due to transportation of feed-
stocks from population-weighted county centroids to processing facilities. Cost is calculated based on the
volume-kilometers that the quantity of organic material is moved. The following term represents hauling cost
of finished compost from processing facilities to rangeland centroid. The final term represents the cost to apply
the compost using industry standard machinery. The amount of compost that can be applied to a rangeland
is based on polygon area and an assumed application rate of 4.7 dry tons per acre [41].

The GHG emission function also follows the flow of organic residuals from municipal centers through
processing facilities and to final land application. The net estimated emissions accounts for avoided landfill
emissions and expected soil C sequestration, which were subtracted from emission-generating activities of
transport and processing.

Expert interviews suggested that compost tipping fees, which are the prices paid by generators to discharge
organic materials at processing facilities, were designed to just cover operation and maintenance (O & M) costs
(personal communication, 2019) [46, 47]. Tipping fees were highly variable between different operations and
the actual figures were frequently obscured from the general public as a trade secret to protect contracting
agreements [11]. Due to the lack of reliable data, both tipping fees and O & M costs elements were excluded
from this analysis on the assumption that, on average, they balance each other out. Rather, the focus here is on
the cost of moving organic materials and applying compost across the state’s rangelands in order to estimate
a baseline abatement cost. Waste generation rates in the near-term are assumed to be consistent with recent
estimates.

The objective function is solved over 15 iterations of the o parameter at equal steps between 0 and 1 to
construct a Pareto trade-off frontier. After the objective function is solved at each « level, the optimal values for
the quantity of organic material to move between all model nodes are used to calculate the net environmental
impact in terms of net GHG emissions (GWP), the total estimated cost (USD), and the area of land treated
with compost (hectare). These in turn were used to calculate abatement cost in kglg:SoDZ - and hlejcst?r <.

We used the open-source package, CVXPY to solve this optimization problem, which relies on the solvers
ECOS, OSQP, and SCS. This package is used for a variety of mathematical programming problems, including
linear programming, quadratic programming, and mixed integer linear programming among others. We relied
on their linear programming solutions. The model is implemented in the Python programming language.

2.2. Parameters and emission factors

The global parameter values used in the model are listed in table 1. All emission factors are given in 100 years
GWP. GWP was chosen as it provides commensurable evaluation of environmental impact across transporta-
tion, disposal, and soil application. Additional information on the source and evaluation of each key parameter
used in the model is included in the supplementary information. Sequestration rate was not listed in table 1 as it
varied by county, but the average value across the state is 4.4 MTCO,e/acre/year [40]. Tonnage was evaluated
for either feedstock or compost, depending on which material was being moved and managed (i.e., collec-
tion cost and landfill emission factors are based on tonnage of feedstock, while hauling cost and application
emissions are based on tonnage of compost).

The sensitivity of the results to key parameters was evaluated using a parametric sensitivity analysis. Key
parameters were selected based on previous research and expert judgement. Each key parameter was evaluated
at 50% and 150% of the baseline value in order to consistently assess a range of input variables. For parameters
where multiple values could be found in the literature, this range included both low and high estimates. The
Pareto weight parameter was set to o = 0.75 for sensitivity runs, representing a slight preference for minimizing
cost over emissions to reflect a realistic policy priority.
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Figure2. Abatement cost curves. The left panel shows the Pareto frontier of cost per ton of CO,; the right panel shows the Pareto
frontier of cost per hectare treated with compost. Both are estimated by varying the weighting parameter, «, in the multi-objective
optimization function. The circled point represents the solved value when oo = 0.75.

3. Results

3.1. Pareto analysis and disposal scenarios

Mitigation potential is presented in millions of metric tons (MMT) and costs are presented in 2020 USD. The
scenario results are plotted in figure 2 to present an estimated abatement cost cure. At the assumed current rate
of organic material disposal, within existing infrastructure constraints, over 2 million tonnes of food scraps
and green waste were moved to facilities to be processed into compost, resulting in a net greenhouse gas savings
of 1.95 million metric tonnes of CO,-equivalents, at a cost of 197.11 USD/ton (« = 0.75) (figure 2). When
only cost is considered by the model (« ~ 1), the approximately 1.3 MMT CO,, were mitigated at a cost of
123.09 USD/ton. When the model prioritized minimizing emissions only, over 2.0 MMT CO,, were mitigated
at a cost of 324.74 USD/ton. The highest mitigation (2.03 MMT CO,e) was found when costs and emissions
objectives were nearly balanced at o = 0.5. At these weights, the price per ton of CO,e was 254.19 USD.

As expected, the overall mitigation potential and abatement cost both increased with higher diversion rates
as more waste was diverted from landfills and hauled to working lands (table 2). The abatement cost per ton of
COse also increased with increased diversion rates, as material had to be transported longer distances. The
abatement cost curve echos this result showing an upward trend as annual mitigation potential increased
leading to higher costs per ton (figure 2).

The amount of material applied to the State’s rangelands decreased as the objective to minimize cost was
prioritized over emissions (figure 3). Rangelands near the dense population areas of southern California and
the Bay Area, as well as in the Southern San Joaquin Valley, received the most composted material. As cost was
prioritized, these rangelands continued to receive compost applications, while rangelands in the north coast
region receive less.

3.2. Parametric sensitivity results

Following the base model runs, an analysis was performed to evaluate the robustness of the model outputs
to the specification of key parameters, including C sequestration rate, emission factors, and collection costs.
Sensitivities were run using a combination food scraps and green waste as feedstock with the Pareto parameter
« set to 0.75, as this value and the associated results represented a reasonably realistic balance of cost and
emissions objectives to act as comparison (table 2).

As expected, varying the emission factors parameters was associated with altered overall mitigation poten-
tial. A low landfill emission factor reduced the abatement cost to 169 USD per ton CO,e. This was due to the
model having less incentive to move material out of landfills and on to rangelands, resulting in both reduced
overall emissions mitigation and a greater reduction in total cost.

In previous lifecycle assessments landfill offsets were responsible for a large portion of the greenhouse gas
savings associated with compost applications to rangelands [31]. To address this, we ran a no-landfill-offset
scenario in which avoided landfill emissions were not included in the net emissions estimate. The results of this
run still showed a positive greenhouse gas benefit, though much less material was moved under this scenario
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Table 2. Parametric sensitivity values and results.

Variable Description Unit Estimate ksc%)ze MMT CO,e %
Baseline — — $197 1.9 $66

Low: 94.4 $169 1.8 $56

. kegCO,e  High: 279.1  $245 2.0 $81

f N missipns . on — $90 05 $29
Low: 9.8 $197 1.9 $66

) Processing emissions  kcoe  High:29.5  $200 20 865
ton Low: 0.3 $190 2.2 $69

h Transportation emissions ~ 8C0a¢ High: 1.0 $204 1.8 $62
ton km Low: 0.2 $78 2.0 $23

d Collection cost b High: 1.0 $233 L9 $77

ton km Low: 0.5 $184 2.0 $61

, Hauling cost wo  Highil6  $207 19  $69
ton km Low: 5.0 $197 1.9 $66
¢ Appllcatlon cost UsD ngh. 14.9 $193 1.9 $64
ton Low: 50% $185 1.9 $63
. H . 0,
0 Sequestration factor g~ High:150% $202 20 $68
25% $139 0.8 $42
50% $168 1.5 $54
Disposal rate }% 75% $188 1.8 $60
150% $178 2.6 $58
200% $121 3.2 $55
Capacity Lon 300% $146 3.6 $45

year

and the abatement cost was considerably higher than baseline runs. This scenario run indicates the significant
impact of model boundaries in anticipated benefits of developing compost soil amendments for climate change
mitigation. Sequestration factors were also evaluated in the sensitivity analysis. Since these are county-specific,
we ran one scenario in which each county estimate was 50% of the baseline value and one in which they were
150%. A higher sequestration rate increased the overall amount of CO,e mitigated, but also increased the
overall cost as more rangelands were treated with compost.

Base model runs assumed BMPs at composting facilities, which limit processing emissions, but may not
represent actual facility operations. Higher processing emissions reduced mitigation potential below the base-
line scenario and maintained roughly similar costs. Additional results of the sensitivity analysis suggest that
transportation cost, particularly collection cost, were a strong driver of the quantity of organic material moved
between nodes and overall abatement cost.

The model was also used to explore the impact of increasing facility capacity. Three scenarios were cho-
sen in which permitted capacity at all existing processing facilities was increased by 150%, 200%, and 300%.
Increasing capacity 300% across all existing facilities would meet requirement for additional organic material
management as set out by SB1383, according to CalRecycle [10]. Each resulted in higher mitigation potential,
as well as reductions in cost, highlighting the need for expansion of composting infrastructure in the State. At
the highest capacity scenario, the cost per kg of CO,e is reduced to 146 kgjs(]))z - while the total emission reduction
increased to 3.6 MMT CO,e. Additional figures showing the movement of materials under select sensitivity
scenarios can be found in the appendix A.

4. Discussion

Compost applications to working lands can promote healthy, productive soils, sequestering new C from the
atmosphere and restoring the agricultural resource that nourishes a national population. This study was
designed to provide insight for policy makers and regulators working to implement ambitious climate change
and organics diversion laws. Across both objectives evaluated in the multi-objective optimization model, it
appears that utilizing municipally generated feedstocks can yield considerable C sequestration benefits and
present a cost effective approach to climate change mitigation, costing approximately 200 USD per metric ton
of CO,e, which is in the range of some proposed sequestration credits [58]. Abatement cost increases with
higher rates of disposal, as organic material must be hauled longer distances.

The map in figure 3 highlights the longer transport distances required in the southern part of the state to
access available composting capacity, as well as to reach nearby landscapes for final use. The lack of composting
infrastructure in northern counties of Modoc, Siskiyou, Shasta and Lassen highlight the difficulty of utilizing
the municipal organic solid waste generated in these remote counties in existing composting facilities. This
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Figure 3. Flow of feedstocks (purple) from county centers to compost facilities and of finished compost (blue) from facilities to
rangelands (white polygons) across California under model optimization where av = 0.75. Thicker lines indicate more volume.

figure also highlights the regional movement of feedstock and finished compost. Across the state, feedstocks
must travel further to reach compost facilities than compost must move to reach rangelands for soil applica-
tion. For the most part, though, materials movement is limited to within-county or to nearby counties. The
concentration of rangeland application in Southern California and the Bay Area, shown in figure 4, makes
intuitive sense as these regions are nearest to existing processing infrastructure as well as municipal generation
sources.

Results of the model output and sensitivity analyses show variable mitigation costs and benefits and, in
all, highlight the need for additional facility expansion. Across the state, California counties generate over 15
million tonnes of food scraps and yard waste each year. The state’s 6.5 million hectares of coastal and valley
rangelands vastly outnumber the available organic material that could be land applied in a given year under
reasonable application rates [38, 59]. Thus, a primary factor limiting the extension of compost applications to
working lands is the lack of infrastructure to collect and process organic material.

Our results show a much smaller overall emissions reduction potential from statewide composting than
Harrison et al [29] likely because that study was not limited to existing compost infrastructure and included
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Figure 4. Visualization of where compost is applied across the state under parameter value a = 0.25, @ = 0.50, and o = 0.75.
Darker greens indicate more volume. (An « value closer to one indicates more weighting on cost objectives, while an « value
closer to zero weights emissions more heavily.)
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fertilizer displacement’. Although the models are formulated differently, most parameter estimates, including
those derived from interviews largely agree. Our results similarly highlight their conclusion of the need to
extend infrastructure across the state.

If composting facility capacity was not a bottleneck, we would expect to see higher mitigation potential up
to 8.5 MMT COse. This simple estimate was derived by assuming that all organic feedstock generated within
a county is composted and applied to rangelands locally, using that county’s specific waste generation and net
emissions estimate. Ignoring constraints on land availability within the county could increase this value by an
additional 2.0 MMT COe. These estimations ignore important transportation emissions, but highlight the
potential upper limit of using composted organic MSW as a soil amendment for climate change mitigation.

Increasing compost infrastructure capacity in the state, on the one hand, can help reduce the transportation
distance of material and extend the state’s organic processing capacity. On the other hand, siting new compost
facilities is difficult as they require large areas of undeveloped land because they can be a source of odor and air
pollution, which can negatively impact vulnerable communities. New compost infrastructure development
should be undertaken with careful consideration of the potential harm to local populations, especially the
most vulnerable and those already suffering disproportionate environmental burdens. The results of this multi-
objective model may inform waste management agencies on how best to utilize existing infrastructure and plan
for new composting facilities in order to make organics material management for climate change mitigation
more cost effective and environmentally impactful.

4.1. Limitations and future work

This assessment presents a model of an imagined food system scenario in which municipal organic waste
becomes the primary feedstock of composters and rangeland application as the primary end-use. This
assumption necessarily ignores existing demands of the compost market, as well as the limits of available
feedstock collection.

Through evaluation of the literature and correspondence with ranchers and composters, we identify a few
key challenges to the near-term potential of utilizing municipal food scraps and green waste to meet California’s
climate change mitigation policies. Surveys of the compost processing industry administered by CalRecycle
indicate that most facility operators believe that end use markets for recovered organics are not a limitation
for California’s ambitious climate change mitigation goals. Many existing composting facilities have potential
to increase the volume of materials they accept, but the requirement to apply for new or adjusted air district
permits is often cited as a primary reason preventing them from accepting additional material [10].

Feedback from the CalRecycle surveys also suggest that the largest factor stimulating facility expansion is
the availability of feedstock materials [10]. SB 1383 requires that city and county jurisdictions provide organics
collection services to all residents and it is likely that new curbside composting contracts will promote facility
growth. However, accessing available capacity may require increases in hauling distance, and therefore cost.

Siting new compost processing facilities, or expanding existing ones, has become increasingly challeng-
ing in California due to rigorous environmental protections around air and water quality. The State Water
Resources Control Board is in the process of implementing a composting general order, which requires facility
operators to submit a report of water discharge that is anticipated by the industry to have a significant financial
impact on composters. The permitting process through local Air Quality Management District (AQMD) or
Air Pollution Control District (APCD) is also often prohibitively costly for operators to undertake, restricting
facility expansion [11].

Rapid expansion of small-scale community composting programs in schools, gardens, and parks across the
state may offer a viable alternative to centralized, large-scale composting facilities. These facilities tend to utilize
locally-generated organic feedstocks and distribute finished compost to community members or keep on site,
in addition to potential co-benefits of promoting food security and providing local employment. Further if the
total amount of feedstock and compost on-site at any one time does not exceed 100 cubic yards and 750 square
feet, they can be exempt from permitting requirements [60]. Future research should evaluate the potential of
small-scale facilities in advancing the policy goals of SB1383.

The waste generation estimates utilized in this study represent recoverable organic material in MSW. This
fraction is not necessarily source-separated nor market-ready at this time. Although no single estimate could
be found for the proportion of the population with access to curbside composting collection programs, CalRe-
cycle acknowledges that few jurisdictions across the state have developed the collection infrastructure needed
to deliver the quantities of organic materials that will be diverted under SB1383 [10]. Organics recycling pro-
gram needs vary significantly across the state—food scraps will likely not be easily collected from all homes in
different geographies. This work focused on the potentially recoverable food scraps and green waste material in
MSW as this is the central push codified in SB1383. Future work may consider investigating existing collection

3 This study did not consider fertilizer offset because the focus was on grazed grasslands, which are typically not fertilized.
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programs to suggest policies for facilitating organic material collection from residences or comparing MSW
to alternative sources of food scraps (such as food processors).

SB 1383 proposed that the state recover 20% of edible food that would have gone to landfills for people
to eat by 2025 [9]. The regulations to meet that goal focus primarily on supermarkets and other large food
providers, rather than residents, with the surplus going food banks for distribution. Achieving this goal would
help prevent food scraps from being produced in the first place and could reduce pressure on the compost
industry to increase capacity. Future work could evaluate the impact of source reduction programs on waste
generation rates and composting potential.

The results are also limited by a few key data gaps, uncertainties, and limitations. The realization of the
C sequestration evaluated here will depend on costs of landfill diversion (tipping fees) and prices for land
managers to acquire compost. Although management practices and physical conditions can vary substantially
between composting facilities, a single emission factor for processing compost at solid waste facilities was
used. Improved monitoring and data availability of composter facilities could also increase representation of
the likely heterogeneity in processing emissions and affect the results.

A key limitation of this study is the uncertainty embedded in predicting land use emissions and C sequestra-
tion. Although we have tried to incorporate heterogeneity across the landscape through the use of county-level
net emissions estimates, the capacity of a soil to sequester carbon may vary by soil minerology, vegetation type
and climate [23]. Recent work has elucidated the difference in surface and subsurface soils C storage follow-
ing compost application [61]. Advances in the field science underlying these estimates will greatly improve
our understanding of the technical potential of using compost for C sequestration. Variability in fugitive gas
releases from landfills may also impact the results presented here. Recent studies using real-time monitoring of
CHy releases [62, 63] may improve the estimated effect of avoided landfill emissions on overall environmental
impact.

This work focused exclusively on rangelands because of their scale, accessibility, and current management
across California. However, compost has potentially significant economic and agroecological importance as a
soil amendment for croplands and orchards. The methodology developed here may be used in future studies
to explore the environmental and economic impact of compost as an alternative for fertilizer use on these
landscapes in the state as well.

4.2. Broader impact

According to the U.N. Food and Agriculture Organization, approximately one-third of the global annual food
supply is either lost or wasted, and ultimately, not consumed. In developing nations, food loss is often due
to the lack of supply chain infrastructure and adequate storage technologies [64]. As industrialization and
urbanization continue to grow across the globe, rates of food waste are expected to rise. At the same time
grasslands make up over a quarter of global land surface, but over 50% are degraded with respect to C [65].
Compost made from municipally-generated organic feedstocks, in particular food scraps and green waste, can
link organic resources from population centers with food producers in rural communities, offering an oppor-
tunity to minimize waste and improve soil health. The application of models such as the one presented here
in other regions of the world may assist decision-makers in efforts to sustainably manage organic materials,
promote food security and mitigate climate change.

Acknowledgements

This material is based upon work supported by the National Science Foundation under Grant No. 1739676.
WLS was supported by a Grant to the Working Lands Innovation Center from California’s Strategic Growth
Council. The authors thank Dr Hanna Breunig (LBNL) for early project scoping.

Data availability statement

No new data were created or analysed in this study.

Appendix A
A.1. Parameter sources and details
The sequestration factor is derived from the California Department of Food and Agriculture’s DNDC model

and varies by county. Landfill emissions are from EPA’s waste reduction model tool, which contains average
emission factors for food scraps and green waste, among others [53]. Transportation emissions are from the
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Figure 5. Distance histogram. The panels on the left show the frequency of distance between county of origin and compost
facility. The panels on the right display the distance between compost facility and rangeland. The panels on the top include all
pairwise distances of the nodes used in the study, while the panels on the bottom show only the nearest distance between county
and facility (left), and facility and rangeland (right).

CARB Emission Factor Database. This dataset contains emissions for Solid Waste Collection Vehicles, which
are classified as heavy—heavy-duty vehicles, for a range of years and speeds. The transportation fleet is assumed
to be made up of 70% diesel and 30% natural gas, based on the relative proportions of vehicle-miles-travelled
in 2015 [50]. The emission factor for machinery used to spread compost is from the ECOINVENT database
using the value for manure spreaders [51]. All CO,-equivalents use the GWP values for 100 years time horizon
from the IPCC 5th Assessment Report [20].

Costs associated with collection and transporting organic materials from counties to facilities are based on
another feasibility analysis performed on compost infrastructure by the Washington DC Department of Public
Works [52]. This estimate was proportionally increased to account for higher fuel costs in California and vali-
dated by industry experts in the State. The cost of hauling finished compost from facilities to rangelands relies
on EPA estimates from waste management reports and consultations with franchise haulers working with the
Marin Carbon Project [55]. The cost of spreading compost in California is based on personal conversation with
land managers and the Organic Materials Review Institute. The value used is the highest estimate provided,
ignoring potential savings from economies of scale, which may reduce costs if the practice was implemented
extensively (figure 5).

A.2. Spatial optimization: constraints
As noted in the manuscript, this study builds on previous biomass inventory assessments and compost allo-
cation models by leveraging the geographical and technical constraints of compost processors, which play a
key role in the potential to repurpose organic MSW at scale [29, 30]. The results of the economic analysis are
intended to assist policy makers compare costs and benefits associated with composting in California with
other GHG mitigation strategies in the state (table 3).

In addition to those listed in the main manuscript, our spatial optimization model is subject to the fol-
lowing constraints: intake quantity of each facility (I;) was calculated as the sum of the proportion of waste
material from each contributing county (equation (1)); total compost applied in each rangeland (Ax) was
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Table 3. Model variables and units.

Variable Description Unit
! Pareto weighting parameter (between 0 and 100) %

fii Quantity of feedstock from county i to facility j ton
Cik Quantity of compost from facility j to rangeland k ton
D;; Collection distance between county and facility km
Li Hauling distance between facility to rangeland km
F; Total organic material generated in county i ton
Cj Maximum intake capacity of facility j ton
By Maximum amount of compost that can be land applied to rangeland k' ton
X Minimum disposal quantity to divert from landfill %

Alpha MMT CO2e | Cost (Million USD) | Hectares Treated | Price ($/tCO2e)| Price ($/hectare)
0.000 2.01 655.34 6.82E+06 324.74 96.03
0.071 2.02 655.34 6.82E+06 32474 96.03
0.143 2.02 655.11 6.82E+06 324.49 95.99
0214 2.02 655.11 6.82E+06 32449 95.99
0.250 2.02 654.63 6.82E+06 32423 95.93
0.286 2.02 648.40 6.80E+06 320.87 95.29
0.357 2.03 623.01 6.72E+06 307.31 92.67
0.429 2.03 612.82 6.68E+06 302.06 91.68
0.500 2.03 516.76 6.27E+06 254.19 82.44
0.571 2.03 502.53 6.20E+06 247.33 81.05
0.643 2.03 499.80 6.18E+06 246.12 80.84
0.714 1.96 400.15 5.89E+06 203.88 67.96
0.750 1.95 384.24 5.85E+H06 197.12 65.69
0.786 191 351.63 5.75E+06 184.07 61.20
0.857 1.73 260.93 5.21E+06 150.54 50.06
0.929 1.31 160.80 3.56E+06 123.09 45.16
Figure 6. Detailed Pareto results. This table presents a more detailed breakdown of the results presented in figure 2.

likewise calculated as the sum of the proportion of output from each contributing facility (equation (2)).

In order to model realistic system behavior, a number of necessary constraints are imposed on the optimiza-
tion model based on biomass supply, processing capacity and land availability. In particular, the intake quantity
of any given facility (I;) cannot exceed the maximum capacity of that facility (F;). Similarly, the amount of com-
post applied to rangeland (Ax) in any county cannot exceed the suitable area available for soil amendments
(Bk).

Over all facilities, f; must sum to less than or equal to the organic fraction of MSW available for all
generating counties, and over all rangelands, cj and must sum to less than or equal the total capacity of a
processing facility (equations (6) and (7)). The quantities of feedstock and compost distributed (f;; and cj)
must be positive (equations (8) and (9)). Further, the output of any facility must be equal to the intake of
that facility multiplied by a conversion factor, u, representing the volume loss from waste to finished compost
(equation (10))

I <F (7)
Ax < By (8)
> fi <F 9)
=1
P
D <G 10
k=1
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Feedstock and Compost Movement: Collection Cost = 0.026
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noticeably send organic feedstocks further to compost facilities.
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Figure 7. Collection cost sensitivity flow. Movement of feedstocks (purple) from county centers to compost facilities and of
finished compost (blue) from facilities to rangelands (white polygons) across California under model optimization where
collection cost is 50% of the BAU parameter. As above, thicker lines indicate more volume. Under this scenario, counties
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(11)

(12)

(13)

Facility capacity and throughput, which are included in the SWIS data set, are necessary constraints in
this model. However, the SWIS dataset allows for a variety of units to be reported for these key components.
For example, some facilities report capacity in tons per day, while others report in cubic yards per year, with
many other permutations in between. Facility reports capacity in terms of weight, it refers to wet weight of
incoming material, while volume-based measures refer to finished product [47]. To ensure commensurability
across facilities, a function was built to harmonize weight and volume metrics, assuming that mixed organic
material loses on average 60% of its volume during the composting process, though differences in feedstock
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Feedstock and Compost Movement: Transport EF = 0.55
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Figure 8. Transportation emissions sensitivity flow. Movement of feedstocks (purple) from county centers to compost facilities
and of finished compost (blue) from facilities to rangelands (white polygons) across California under model optimization where
transportation emissions are 150% the BAU parameter. As above, thicker lines indicate more volume. Under this scenario, less
material (both feedstock and compost) is moved across the state.

characteristics may vary this volumetric loss with values ranging from 42.1% to 81.5% [48]. Compost density
was assumed to be 0.467 tonnes per cubic yard in accordance with CalRecycle conversion standards [66]. The
impact of each of these key parameters are evaluated further in the sensitivity analysis.

Capacity and throughput metrics were each normalized to a per-year basis. In a few cases, no time dimen-
sion was listed for the capacity value of a facility. In this situation, the analyst’s best judgement was used to
infer the time-unit based on the reported throughput value and previous reports submitted to CalRecycle.
Once clean, facility information was converted into a spatial dataset in Python based on the reported coor-
dinates. A random sample was cross-checked in Google Earth to ‘ground-truth’ reported acreage and facility
location.

A.3. Additional results
Below are additional results from the Pareto optimization and the sensitivity analysis described in the main
manuscript (figures 6-10).
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Feedstock and Compost Movement: Double Capacity
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Figure 9. Doubled compost capacity sensitivity flow. Movement of feedstocks (purple) from county centers to compost facilities
and of finished compost (blue) from facilities to rangelands (white polygons) across California under model optimization where
compost infrastructure capacity is doubled across the state. As above, thicker lines indicate more volume. In this scenario,
movement of feedstocks is largely much more constrained regionally, as there is enough infrastructure capacity to meet
composting needs nearer to generation and end-use.
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Feedstock and Compost Movement: No Landfill Offset

e County Centroid
Compost Facility
----- Feedstock Flow (tons)
0 - 1000
L 1000 - 5000
-~ 5000 - 10000
- 10000 - 25000
* 25000 - 50000

. ! ! 50000 +
. S Compost Flow (tons)

0 - 1000
- —— 1000 - 5000
—— 5000 - 10000
= 10000 - 25000
s 25000 - 50000
=== 50000 +

*

Figure 10. Transportation emissions sensitivity flow. Movement of feedstocks (purple) from county centers to compost facilities
and of finished compost (blue) from facilities to rangelands (white polygons) across California under model optimization where
avoided landfill emissions are not considered in net emissions results. As described, much less material is moved overall, although
there are still pockets around the population centers of the Bay Area and coastal Southern California where feedstock and
compost can be beneficially used for soil carbon storage.
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