One Earth

Circular utilization of urban tree waste contributes to
the mitigation of climate change and eutrophication
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In brief

Sustainable and circular utilization of
urban tree waste is essential for urban
resource management and
environmental impact mitigation. We find
that converting urban tree waste to
compost, lumber, chips, and biochar
substantially reduces the global warming
potential and eutrophication potential
compared with landfilling. Such
environmental benefits vary with
locations due to the availability and types
of urban tree wastes. Our results highlight
the necessity of developing a circular
bioeconomy in the urban environment.
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urban tree wastes.

SCIENCE FORSOCIETY More than 45 million dry tonnes of urban tree waste are generated every year in the
US. Landfilling these wastes generates greenhouse gas emissions that contribute to climate change and
nutrient-related emissions causing eutrophication that results in water crises such as harmful algal boom
and fish kills. Converting urban tree waste into valuable products can help mitigate climate change and
eutrophication, but it is important to understanding the extent to which reusing tree waste reduces these
impacts. We find that converting urban tree waste to compost, lumber, chips, and biochar substantially re-
duces national environmental emissions compared with landfilling waste. Such benefits vary by location
within the US, and the most environmentally beneficial combination is using merchantable logs for lumber
and residues for biochar. Our results highlight the feasibility and environmental benefits of recycling/reusing

SUMMARY

Substantial urban tree waste is generated and underutilized in the US. Circular utilization of urban tree wastes
has been explored in the literature, but the life-cycle environmental implications of varied utilization pathways
have not been fully understood. Here we quantify the life-cycle environmental benefits of utilizing urban tree
wastes at process, state, and national levels in the US. Full utilization of urban tree wastes to produce compost,
lumber, chips, and biochar substantially reduces nationwide global warming potential (127.4-251.8 Mt CO, eq./
year) and eutrophication potential (93.9-192.7 kt N eq./year) compared with landfilling. Such benefits vary with
state-level locations due to varied urban tree waste availability and types. Process-level comparisons identify
the most environmentally beneficial combination as using merchantable logs for lumber and residues for bio-
char. The results highlight the climate change and eutrophication mitigation potential of different circular utili-
zation pathways, supporting the development of circular bioeconomy in the urban environment.

INTRODUCTION

Urban forest, as a vital component of the urban system, provides
many benefits to both human and natural systems, including tem-
perature and microclimatic modification, pollution mitigation,
noise reduction, biodiversity and habitat enhancement, and recre-
ational opportunities.’ Urban forest is also a crucial source of
biomass.® The urban forest in the US is estimated to hold over
800 million metric tons (Mt) of carbon on ~ 51.5 million hectares
of urban land.”® Each year, tree waste is generated by deciduous
trees, tree or yard maintenance, land clearing, and tree removal
(e.g., due to mortality, windstorms, pests).® The US urban forest
generates over 25 million oven dry metric tons (ODMT) of leaf
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waste and over 20 million ODMT of tree waste per year, equating
to more than 20 Mt of carbon mass.” Substantial urban tree waste
is underutilized or not used, such as being landfilled (potentially
high methane emissions), burned (immediate release of biogenic
CO,), or left on site.”*'° There is increasing interest in exploring
economically valuable and environmentally beneficial urban tree
waste utilization pathways.>%'"'2 For example, Nowak et al. esti-
mated the potential economic benefits of producing compost,
lumber, chips, firewood, and pallets from US urban tree waste
($89-$786 million/year, depending on the combinations of prod-
ucts).” Other studies discussed potential environmental benefits
such as mitigating climate change and reducing eutrophication
by converting urban tree wastes to products that can be carbon
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sinks and replace materials with high environmental burdens.®'®
Different utilization pathways exist for urban tree waste, and un-
derstanding the potential environmental benefits of each pathway
is critical for the large-scale sustainable management of urban for-
est and the implementation of industrial-urban symbiosis.”'*'°

Several studies have evaluated the potential environmental
benefits of utilizing urban tree waste.>% "% Most of them
have quantified the carbon storage changes in urban forests or
the carbon footprint of varied urban tree waste management
(e.g., landfill and incineration).>% "' However, few studies
have systematically quantified and compared the life-cycle emis-
sions of products made from urban tree waste with the counter-
part products made from virgin materials. Substantial variabilities
throughout the life cycle of waste-derived and virgin-material-
based products affect the environmental benefits of diverse urban
tree waste utilization pathways, which have not been explored
previously. Furthermore, previous studies rarely considered the
counterfactual end-of-life cases (e.g., landfill or field application)
affecting the carbon balances and environmental emissions.

Here we address those research gaps by developing a multi-
scale cradle-to-grave life cycle assessment (LCA) integrating pro-
cess and Monte Carlo simulation (MCS). This study aims to tackle
the research question of what the life-cycle environmental implica-
tions are of managing and utilizing the US urban tree waste in
various pathways. To answer this question, this study chose var-
ied urban tree waste utilization pathways to produce compost,
mulch, electricity, lumber and chips, and biochar. They were
selected based on their potential economic and environmental
benefits discussed in the previous literature.”'"" LCA is a stan-
dardized and widely accepted tool to evaluate the environmental
impacts of a product or a service throughout its life cycle.'”?>°
To explore the potential environmental benefits, counterfactual
systems for alternative end-of-life cases were considered. (e.g.,
landfill, incineration, and mulch represent current treatment
methods of urban tree waste). Different utilization scenarios that
produce various products were explored, including compost,
electricity, mulch, lumber, chips, and biochar. The environmental
benefits of product substitutions are included (i.e., mineral fertil-
izers, grid-purchased electricity, lumber and chips made from vir-
gin wood, and charcoal for soil amendment). All the urban tree uti-
lization pathways were developed based on commercially
available and proven technologies.'”*”?® Furthermore, this study
contributes to the LCA community by providing process-based
models and life-cycle inventory (LCI) data for each tree waste uti-
lization pathway. These models are parametric, and can be used
by other researchers and LCA practitioners for different tree types
and operational conditions. The stakeholders and policymakers
can further use the results presented in this study to tailor their
strategies or policy toward sustainable management of urban
tree waste.

RESULTS

Methods summary

In this study, the system boundary includes raw material extrac-
tion, production, transportation, and end of life. This study devel-
oped and coupled process simulation models with LCA. The pro-
cess simulation models provided LCI data (e.g., mass and
energy balances, and environmental emissions) of composting,
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wood product manufacturing (i.e., lumber and chips), and bio-
char production by pyrolysis. These process simulation models
also allow for investigating the impacts of parameter variations
(e.g., variations of biomass composition, conversion process op-
erations, and end of life) on LCI. To run MCS, random samples of
parameters with variations were generated based on their statis-
tical characteristics (determined from literature data), which
were used as inputs to the process simulation models to pro-
duce LCI data and further LCA results.

Since climate change and eutrophication are the two major
environmental challenges related to urban tree waste manage-
ment widely discussed in previous literature,’’'2 162930 thjs
study focuses on two indicators: global warming potential
(GWP) and eutrophication potential. GWP is a standard indicator
to measure “how much energy the emissions of 1 ton of a gas will
absorb over a given period of time, relative to the emissions of 1
ton of carbon dioxide (CO,).”*" It has been widely used in LCAs to
quantify the climate change implications of different greenhouse
gas (GHG) emissions.'”'®32 Eutrophication is a phenomenon of
nutrient enrichment in aquatic ecosystems and eutrophication
potential is a common impact category in different life-cycle
impact assessment methods (e.g., Tool for Reduction and
Assessment of Chemicals and Other Environmental Impacts
[TRACI], ReCiPe).%":3%:3

The urban tree wastes in this study are categorized into three
groups based on their sizes, including leaf waste, merchantable
logs, and residues. Removed trees with stem diameters larger
than 22.9 cm (9.0 inches) for softwood and 27.9 cm (11.0 inches)
for hardwood are classified as merchantable trees. The stem
parts of merchantable trees are merchantable logs that can be
used for lumber production. The rest of the removed trees with
smaller diameters are considered non-merchantable trees.’
The residues (e.g., branches, limbs, needles'”) of merchantable
trees and non-merchantable trees are classified as residues.

In this study, five scenarios were established to understand the
impacts of different pathways in processing the urban tree waste
(see section “scenario analysis”, Table 1, and Figure 5 for de-
tails). Scenarios were developed based on the sustainability
assessment guideline for urban forests developed by the US
Department of Agriculture (USDA) Forest Service.*® The guideline
provides four levels of urban wood utilization. Landfilling is
ranked as low utilization, while chips and mulch are considered
as fair utilization. Reusing or recycling most urban wood wastes
for energy, products, or other purposes beyond chips or muich
is good utilization. Comprehensive utilization of all biomass
wastes is suggested as optimal utilization. Based on this guide-
line, landfilling was selected for scenario 1 as the baseline for
low utilization. Scenarios 2-4 are designed to explore the combi-
nations of different options mentioned by the guideline for fairand
good utilization, including chips, mulch, energy recovery (by
incineration), and other products. Specifically, scenario 2 inciner-
ates removed trees for power generation, but leaf waste is still
landfilled. In scenario 3, leaf waste is collected to produce
compost as organic fertilizer that replaces the mineral fertilizers
(i.e., nitrogen, phosphorus, and potassium fertilizers), and
removed trees are incinerated. In scenario 4, leaf waste is com-
posted, and removed trees are chipped to serve as mulch, which
is a common practice.®® More details of each scenario are
described in section “methodology.”
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Figure 1. National life-cycle GWP and eutro-
phication potential of five scenarios

(A and B) The national life-cycle GWP (A) and
eutrophication potential (B) of five scenarios. Sce-
nario 1: landfilling (LF), all tree wastes are landfilled;
scenario 2, LF and incinerating (IC), leaf waste is
landfilled and removed trees are incinerated for
electricity generation; scenario 3, composting (CP)
and IC, leaf waste is composted and removed trees
are incinerated for electricity generation; scenario 4,
CP and mulching (MC), leaf waste is composted and
removed trees are produced into mulch; scenario 5,
UL, leaf waste is composted, merchantable logs are
produced into lumber and chips, and residues of
merchantable trees and non-merchantable trees

are produced into biochar. Substitution benefits are shown in bars with dashed borderline (negative values). The error bars show the 5th-95th percentile range of

net GWP and eutrophication potential provided by the Monte Carlo simulation.

Scenario 5 is designed for an optimal utilization case where all
urban tree wastes are turned into products other than energy
and mulch. Previous studies identified merchantable logs and
chips as economically viable products,”*"® but it is only limited
to tree waste with large enough stem diameters to be salable as
sawlogs or pulpwood.* For residues, converting them to biochar
was selected given that biochar is widely considered a negative
emission technology to combat climate change.*® Biochar has
been used as a soil amendment and shows high stability in soil.
For example, more than 80% of carbon can be retained in biochar
from medium temperature pyrolysis even after 100 years for crop-
land or grassland applications.'®*' Hence, biochar can be a po-
tential stable long-term carbon pool.*? Urban-tree-waste-derived
biochar can substitute traditional charcoal, which is included in
this analysis as substitution effects. The leaf waste is not suitable
for merchantable applications or biochar due to large variations
in high ash and low carbon content.”**#3*> Therefore, scenario
5 matches three types of urban tree wastes with different utiliza-
tions: leaf waste is composted, merchantable logs are utilized to
produce lumber and chips, and residues are converted to biochar
that is used as a soil amendment and substitutes for traditional
charcoal.

Not all urban tree wastes are landfilled in the US;'%*® however,
the data of detailed breakdown by different utilization pathways
are not available. For example, leaf waste accounts for ~46% of
the total dry weight of urban tree waste in the US. They can be
either landfilled or composted, and the split between the two is un-
known. Therefore, scenario 2 simulates an extreme case where all
leaf waste is landfilled, while scenarios 3-5 consider leaf waste to
be fully composted. Similarly, removed trees (~54% of total dry ur-
ban tree waste mass) are incinerated in scenarios 2 and 3, and
chipped into mulch in scenario 4. Scenario 5 fully utilizes
merchantable logs (~26% of total dry urban tree waste mass)
for lumber and chips, and residues (~28% total of dry urban tree
waste mass) for biochar. We use the five scenarios to bound the
possibility so that the environmental impacts of different utilization
combinations will fall between scenario 5 (lowest environmental
impact) and scenario 1 (highest environmental impact).

National-level life-cycle results

Figure 1 displays the life-cycle GWP and eutrophication potential
of processing the US urban tree waste annually in five scenarios.
The product-level results of processing 1 ODMT of three types of
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urban tree waste are shown in Figure 2. The bars in Figures 1 and
2 were plotted based on the average values of MCS and the
ranges of the net GWP and eutrophication potential are visual-
ized by error bars (5th-95th percentile, P5-P95). The results
are cradle to grave, including biogenic CO, uptake, emissions
of biomass conversion, upstream burdens of producing and
transporting fuels and materials, and end-of-life emissions. The
substitution benefits were estimated for products that can be re-
placed by urban tree waste-derived products and plotted by
bars with a dashed borderline. The statistical distribution of na-
tional-level GWP and eutrophication potential results from
MCS are shown in Figure S1.

Figure 1A shows the significant climate benefits of utilizing ur-
ban tree wastes nationwide compared with traditional waste
treatment methods of landfilling and incineration. The biogenic
CO, uptake (green bar) associated with urban tree waste is
100.9 Mt/year by the mean value, which is either released or
stored in different carbon pools, depending on the waste treat-
ment and utilization scenarios. Landfilling urban tree waste (light
blue bar in scenario 1) releases the most GHG emissions (262.8
Mt CO, eq./year), resulting in the highest GWP as 161.9 Mt CO,
eq./year (P5-P95: 103.5-228.5) among all scenarios. The high
GWP of landfilling is contributed by CH4 emissions in landfill
gas (92% of total GWP). The GWP related to collection and
transportation is minor (<2% of total GWP). Scenario 2 partially
avoids landfilling by incinerating removed trees for power gener-
ation, reducing the net GWP to 46.6 Mt CO, eq./year (P5-P95:
21.2-76.1). Such reduction is due to the reduced CH4 emissions
in landfill gas as almost all the carbon sequestered by removed
trees is immediately released as CO, by combustion. However,
leaf waste is still landfilled in scenario 2 and contributes to the
most GWP, 105.7 Mt CO, eq./year. The second carbon emission
source is collection and incineration (in total 66.8 Mt CO, eq./
year), 98% of which is attributed to incineration. The electricity
generated from removed trees can replace the electricity pur-
chased from the grid, and such substitution benefit was esti-
mated as 24.9 Mt CO, eq./year based on the GWP of average
US stationary mix electricity (yellow bar with dashed borderline
in Figure 1A).*® The results of scenarios 1 and 2 highlight the
need to avoid landfilling or enhance CH, recovery.*’ This study
does not consider CH,4 recovery and utilization in the landfill
baseline, following the Intergovernmental Panel on Climate
Change (IPCC) practice of setting the national methane recovery
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factor to be zero to provide the worst scenario baseline for quan-
tifying the maximum potential of an intervention strategy.*” If
CH, recovery and utilization is included, the baseline GWP
may still be higher than the incineration GWP, because (1) CH,4
recovery efficiency is not 100%, commonly ranging from 35%
to 90%,4°2 and (2) currently, landfill CH, recovered is either
directly burned to generate electricity/heat or used as renewable
natural gas that is still combusted in their end use.*® Given the
high GWP and eutrophication potential of the incineration option
compared with other utilization pathways, it is unlikely that
including CH,4 recovery and utilization will change the compara-
tive conclusions of this study. Currently, the US Environmental
Protection Agency (EPA) has a voluntary program, Landfill
Methane Outreach Program, targeting reducing methane emis-
sions from landfill sites.>® Given the significant variations of re-
covery efficiency, operational status, and final products (elec-
tricity, renewable natural gas, or heat),"*°? it is a valuable
future research direction to quantify the site-specific GWP of
landfills with CH,4 recovery and utilization.

Landfilling is completely avoided in scenario 3 where removed
trees are combusted, and leaf waste is composted. Composting
(light gray bar in Figure 1A) leads to 48.2 Mt CO, eq./year, much
lower than landfilling the same amount of leaf waste in scenario
2. The end of life of compost (after soil applications) emits GHG
and eutrophication-contributing emissions through a decay pro-
cess (see Note S1). By the mean value, the end of life of compost
leads to 14 Mt CO, eq./year, 29% of the total GWP of compost
production and application. The compost can replace mineral
fertilizers, leading to a credit of 1.0 Mt CO, eq./year (light gray
bar with dashed borderline in Figure 1A but too small to see).
This study does not simply assume that 1 kg of nutrient (i.e., ni-
trogen, phosphorus, and potassium) in compost could replace
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Figure 2. Life-cycle results of processing 1
ODMT of three types of urban tree waste in
varied pathways

(A and B) The life-cycle GWP (A) and eutrophication
potential (B) of processing 1 ODMT of three types of
urban tree waste (i.e., leaf waste, merchantable
logs, and residues) in varied pathways. These
pathways include LF, CP, IC, MC, producing lumber
and chips, and producing biochar. The error bars
show the 5th-95th percentile range of Monte Carlo
simulation results.

T2 Substituted Electricity from the Grid

1 kg of nutrient in mineral fertilizers.
Instead, the quantity of substituted mineral
fertilizers was estimated based on the
plant available nutrient percentage of
compost and mineral fertilizers (see sec-
tion “product substitution” for details).
Scenario 3 has a net GWP of —11.9 Mt
CO, eq./year (P5-P95: —20.9 to —2.8),
where most of the biogenic CO, uptake is
released, the negative values are largely
contributed by the electricity credit from
incineration. Compared with scenario 3,
scenario 4 collects and chips the removed
trees into mulch (leaf waste is used for
composting, same as scenario 3).°° Mulch after soil application
follows a similar decay process to compost and releases GHG
and eutrophication-contributing emissions (see Note S5). For
removed trees, GWP associated with mulch in scenario 4 is
lower than the incineration option in scenario 3; however, incin-
eration has considerable substitution benefits that mulch does
not have, resulting in a higher net GWP of scenario 4 than sce-
nario 3.

Scenario 5 fully utilizes different parts of urban tree wastes.
Scenario 5 reaches the lowest net GWP —23.6 Mt CO, eq./
year (P5-P95: —31.9 to —14.7). Leaf waste composting has the
same GHG emissions in scenario 5 as in scenarios 3 and 4 given
the same quantity of leaf waste in the three scenarios. Other
GHG emissions sources in scenario 5 are associated with lumber
and biochar. Lumber (gray bar in Figure 1A) contributes to most
of the GWP (65.4 Mt CO, eq./year), of which 70% comes from
the end of life of lumber. This study assumed that lumber is
sent to landfill after it reaches the end of its lifetime (e.g., used
in buildings), given that currently 69.4% of wood materials in
construction and demolition wastes and 67.2% of wood wastes
in municipal solid waste are sent to landfill in the US.5*°® This
dominance of lumber-related GWP can also be observed in Fig-
ure 2A, where processing 1 ODMT logs into lumber and chips
has large emissions. However, the large GHG emissions associ-
ated with lumber can be offset by substituting lumber and chips
made from virgin wood harvested from non-urban forests, such
as plantation forests in rural areas (gray bar with dashed border-
line in Figure 1A, 56.1 Mt CO, eqg./year by the mean value). The
quantity of substitution benefits depends on the source of
wood that urban logs will replace, and this study considers
wood products from both hardwood and softwood forests
based on the data given by ecoinvent (see Table S8).°° The
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smallest GWP contributor in scenario 5 is the pyrolysis produc-
tion and soil application of biochar (25.0 Mt CO, eq./year). This
substitution benefit of biochar (in replacing charcoal) is 4.0 Mt
CO, eq./year, much smaller than the substitution benefits of
lumber. Scenario 5 converts the tree residues to biochar, which
retains most of the carbon and releases much less GHG emis-
sion (only 6% of all biochar-related emissions) than incineration
in scenario 3 and mulch in scenario 4.

An additional analysis was conducted to compare the carbon
stock changes of five scenarios, which provides insights into the
benefits of urban tree utilization in retaining carbon in diverse
carbon pools, in addition to the net GWP as presented in Fig-
ure 1A. Figure S2 shows the carbon stock changes after 100
years (the same time frame of the IPCC GWP characterization
factors used in this study®’) in five scenarios, compared with
the original carbon stored in the raw urban tree waste. Due to
the slow decay in landfills, scenario 1 maintains the highest car-
bon stock (16.9 Mt C), but scenario 1 has the highest GWP
caused by significant CH, emissions, as discussed previously.
Among the rest, full utilization of urban tree wastes for producing
compost, lumber and chips, and biochar in scenario 5 shows the
highest carbon stock (7.8 Mt C), which is 15.6%, 493.3%, and
40.7% higher than scenarios 2, 3, and 4, respectively. Among
composting, incineration, mulching, producing lumber and
chips, and biochar, incineration is the least favorable because
of the immediate release of all carbon, in other words, the carbon
stock is zero after incineration.

The eutrophication potential result in Figure 1B shows similar
trends to that in Figure 1A for GWP. Landfill in scenario 1 has
the highest environmental burdens, as high as 161.8 thousand
metric tons (kt) of N eq./year by mean value with P5-P95 as
105.8-224.1 kt N eq./year. The high eutrophication potential is
attributed to the release of NHs, NO3~, and majorly NH,* from
leaf waste and removed trees in landfills (see Note S4). The net
eutrophication potentials of scenario 2 decreased to 116.1 kt N
eq./year, which is contributed by the reduced landfilling due to
the incineration of removed trees. However, scenario 2 has
higher eutrophication potential than scenarios 3-5 due to the sig-
nificant environmental release of N in leaf waste that has higher
nitrogen content than logs and residues (see Tables S3 and
S4). Collection and incineration in scenario 2 (dark blue bar in
Figure 2B) only accounts for 6.6 kt N eq./year, and the substitu-
tion benefit of electricity is minor (0.5 kt N eq./year). The eutrophi-
cation potential of leaf waste treatment can be greatly reduced
by composting, as demonstrated by the results of scenario 3
(89.1 kt N eq./year in Figure 1B) along with a credit of 15.4 kt N
eq./year from substituted mineral fertilizers. The net eutrophica-
tion potential of scenario 3 is 29.7 kt N eq./year (P5-P95: 15.8—
45.0), 74.4% lower than the results of scenario 2. In scenario 4,
the net eutrophication potential increases to 44.1 kt N eq./year
(P5-P95: 23.2-66.1) mainly due to nitrogen-related emissions
that contribute to eutrophication in mulch end of life (see
Note S5).

Scenario 5 has the lowest net eutrophication potential (21.9 kt N
eq./year, 86.4%, 81.1%, 26.3%, and 50.3% lower than scenarios
1, 2, 3, and 4, respectively). Compared with scenarios 3 and 4, the
lower eutrophication results of scenario 5 are mostly attributed to
biochar and lumber (as the results of leaf composting are the same
across the three scenarios). Converting removed trees into wood
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products and biochar leads to lower eutrophication potential
(compared with mulching and incineration) with additional substi-
tution benefits. Biochar production and application lead to 4.9 kt N
eq./year of eutrophication potential, most of which is caused by
biochar production (e.g., emissions from the production and com-
bustion of fuels). Such environmental burdens are almost
canceled out by substituting charcoal. The production and end
of life of lumber result in 3.8 kt N eq./year of eutrophication poten-
tial with a substitution benefit of 5.3 kt N eq./year based on the
ecoinvent database for hardwood and softwood products (see
section “product substitution” and Table S8).°° Across three utili-
zation scenarios (scenarios 3-5) in Figure 1B, life-cycle eutrophi-
cation impacts are always dominated by compositing (>65%), un-
like the GWP results in Figure 1A, which are driven by lumber
production, mulching, or incineration.

Afew conclusions can be made based on the national-level re-
sults shown in Figure 1. First, fully utilizing urban tree wastes can
substantially reduce climate change impacts and eutrophication
burdens of landfilling or incinerating urban tree wastes in the US.
In 2019, the total annual GHG emissions of the US was 6,558 Mt
of CO, eq., 10% of which were agriculture emissions (~656 Mt
CO, eq.).”® By converting urban tree wastes into compost,
wood products, and biochar, 186 Mt CO, eq./year can be
reduced compared with traditional landfilling, accounting for
~28% of total US agriculture GHG emissions. Second, different
utilization pathways for diverse types of urban tree wastes have
varied implications for climate change impacts and eutrophica-
tion potential. For example, lumber production from logs has sig-
nificant contributions to GWP, while its contribution to eutrophi-
cation is minor. On the contrary, using leaf wastes for compost
has lower contributions to GWP than their contributions to
eutrophication.

Product-level life-cycle results

To better understand the emissions and reduction potential of
the individual pathway, product-level results are presented in
Figure 2 by types of urban tree wastes and utilization pathways.
Figure 2A shows landfilling with the highest GWP and eutrophi-
cation potential across all the processing pathways, although
different types of urban tree waste in landfills lead to varied envi-
ronmental burdens. Merchantable logs and residues have higher
carbon contents (Tables S3 and S4), resulting in higher GWP
than leaf waste in landfills. In contrast, leaf waste has higher ni-
trogen content, leading to higher eutrophication potential than
merchantable logs and residues in landfills. Composting is a bet-
ter option for leaf waste than landfilling in terms of GWP and
eutrophication. For merchantable logs, producing lumber and
chips shows the largest benefits in both net GWP (—1.3 metric
ton CO, eq.) and net eutrophication potential (—0.1 kg N eq.),
compared with incinerating (—0.6 metric ton CO, eq. and
0.2 kg N eq.) and mulching (—0.4 metric ton CO, eq. and
0.6 kg N eq.). Such benefits highly depend on the substitution ef-
fects, i.e., 3.5 metric ton CO, eq. GWP and 0.3 kg N eq. eutrophi-
cation potential. Biochar is the best option for forest residues
given the lower GWP and eutrophication potential than inciner-
ating and mulching. Additionally, the wide P5-P95 range in Fig-
ure 2B is associated with nitrogen content variability (over 50%
variation from the average), which is 0.54%-1.62% for leaf waste
and 0-0.8% for logs and residues (see Tables S3 and
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Figure 3. Annual GWP and eutrophication
reduction potential of scenario 5 of full utili-
zation compared with scenario 1 of landfill

(A-F) The annual life-cycle GWP and eutrophication
potential reduction potential of scenario 5
compared with scenario 1 by three utilization path-
ways in scenario 5, namely utilizing leaf waste for
CP, utilizing merchantable logs for lumber and
chips, and utilizing residues for biochar. The results
include (A) GWP reduction by utilizing leaf waste; (B)
GWP reduction by utilizing merchantable logs; (C)
GWP reduction by utilizing residues;

(D) eutrophication potential reduction by utilizing
leaf waste; (E) eutrophication potential reduction by
utilizing merchantable logs; (F) eutrophication po-
tential reduction by utilizing residues.

lizing merchantable logs and residues re-
duces 3.2 and 2.7 Mt CO, eqg./year,
respectively. Other states, such as Florida,
California, and Texas, have GWP reduc-

tions mainly contributed by merchantable
logs and residues rather than leaf waste,
due to the lower portion of leaf waste in
the urban tree waste (e.g., leaf utilization
in California reduces to 1.0 Mt CO, eq./
year, while utilizing merchantable logs
and residues reduces 4.1 and 3.7 Mt CO,
eq./year, respectively). This phenomenon
can be explained by the regional differ-
ences in deciduous trees. Deciduous trees

A GWP Reduction by D Eutrophication Potential Reduction by
Utilizing Leaf Waste Utilizing Leaf Waste
oA | ( &
* i
B GWP Reduction by E Eutrophication Potential Reduction by
Utilizing Merchantable Logs Utilizing Merchantable Logs
C GWP Reduction by F Eutrophication Potential Reduction by
Utilizing Residues Utilizing Residues
0 1.1 0 1.0 2.0 3.0 4.0 5.0 6.0
Il
GWP Reduction (Mt CO, eq.) Eutrophication Potential Reduction (kt N eq.)

are the primary sources of leaf waste and
are more common in the northern US. For

$4).728:2943 The detailed results of Figure 2 are available in
Table S1.

State-level life-cycle results
Figures 1 and 2 show the distinct environmental contributions of
different tree waste types that have large spatial variations
across the US. To quantify such geospatial variations, the
state-level reductions of environmental burdens enabled by full
utilization of urban tree wastes (scenario 5) compared with the
worst case, landfilling (scenario 1), are presented in Figure 3.
The reductions were estimated based on the average GWP
and eutrophication potential of scenarios 5 and 1. The contribu-
tion of each of the three utilization pathways to total environ-
mental reductions at the state level is shown in Figure S3.
Based on Figures 3A-3C, the states that show substantial
GWP reductions (>6.0 Mt CO, eq./year) are majorly in the north-
ern US (i.e., lllinois, Massachusetts, Michigan, New Jersey, New
York, Ohio, and Pennsylvania), southeastern US (Florida, Geor-
gia, and North Carolina), Texas, and California. This can be ex-
plained by the high urban tree waste availability in these regions
(see Table S2). Among these states, northern states commonly
have higher GWP reduction potential contributed by leaf waste
utilization than the other two pathways. For example, in Pennsyl-
vania, utilizing leaf waste reduces 3.8 Mt CO, eq./year, while uti-

example, the urban forest area covered
by deciduous trees in Philadelphia (Penn-
sylvania) is 90.7%, compared with 52.4% in Gainesville (Florida)
and 47.8% in Los Angeles (California).” Hence, this result sheds
light on the importance of adaptively planning and managing the
urban tree waste in different states based on the varied biomass
availability.

Most states with large GWP reductions also have substantial
eutrophication potential reduction (>5.0 kt N eq./year) except Flor-
ida and California, as shown in Figure 3D. The eutrophication po-
tential reduction is dominated by utilizing leaf waste in those states
(larger than 50%), since the other two utilizing pathways have
much less effect on eutrophication potential reduction, as shown
in Figure 2B.

In Figure 4, the total GWP reduction potential per year by full
waste utilization in scenario 5 is shown at the level of main urban
areas (see section “urban tree waste availability” for the details
and definition of urban areas and Figure S4 for eutrophication
potential results). The top 10 urban areas with the most consider-
able GWP reduction potential are highlighted in Figure 4, namely
New York-Newark, Atlanta, Boston, Chicago, Philadelphia, De-
troit, Miami, Los Angeles-Long Beach-Anaheim, Dallas-Fort
Worth-Arlington, and Houston, in descending order. Some of
these metropolitan areas already have city-wide strategies in
place for utilizing urban tree waste. For example, in Chicago,
the woody debris removed by the Bureau of Forestry of the
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Figure 4. Ten urban areas with the largest annual GWP reduction potential of scenario 5 for full utilization compared with scenario 1 for LF
The annual life-cycle GWP reduction potential of scenario 5 compared with scenario 1. Top 10 urban areas with the largest GWP reduction potential are marked

with names.

Department of Streets and Sanitation are 100% recycled or
reused into logs and chips sold to vendors and other products
(e.g., mulch).*® In addition, Chicago launched the City of Chicago
Waste Strategy, which aims to “minimize landfilling, improve re-
cycling rates, drive new and innovative approaches for compost-
ing and materials reuse.”° The City of Philadelphia provides free
screened leaf compost, shredded wood mulch, and wood chips
to residents.®’ Another example is the Baltimore Wood Project
enhancing the utilization of urban wood waste to develop a
diverse regional wood economy, promote sustainability, create
jobs, and improve lives.®?

DISCUSSION

Based on the results of this study, composting, mulching, and re-
cycling logs for lumber products that have already been pro-
moted in some cities do bring reductions in GWP and eutrophi-
cation potential compared with landfilling or incineration. The
quantity of environmental benefits depends on biomass avail-
ability and substitution products. Emerging application biochar
brings additional benefits in carbon storage, soil improvement,
and reducing fertilizer needs. Biochar has a growing market,
especially for biochar made from low-value biomass.®® Landfill-
ing urban tree wastes leads to significant environmental bur-
dens, primarily due to the CH4 emissions in landfill gas and
NH,* to water.

Furthermore, this study shows the necessity of considering
the end of life of products made from urban tree waste, espe-
cially for compost, lumber, and chips. Considerable carbon
and nitrogen are released to the environment when the waste-
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derived products are applied to soil or when they reach the
end of their lifetime (e.g., lumber sent to landfill. From this
perspective, applications such as biochar that have a stable car-
bon structure and can be used for soil amendment is a win-win
solution for the minimal environmental release at the end of
life. In addition, this study considers variations in biomass com-
positions, process operations, and end-of-life emissions. These
variations lead to varied results of GWP and eutrophication po-
tential but do not change the comparative conclusions across
five scenarios (Figure S1). Full utilization of urban tree wastes
for different applications is highly likely to lead to the lowest
GWP and eutrophication potential compared with other
scenarios.

The urban tree waste utilization pathways explored in this
study are aligned with circular economy principles. The five Rs
principles of the circular economy include recover, recycle,
repair, reuse, and reduce,®"®° three of which are investigated
in this study. Energy in tree waste is recovered by incineration,
while biomass materials are recycled by converting tree wastes
to valuable products, including compost, mulch, lumber and
chips, and biochar. These products can be substitutes for virgin
materials such as fertilizers and thus reduce associated environ-
mental impacts.®® This study demonstrates the benefits of
applying circular economy principles to biomass wastes that
are related to another emerging concept: bioeconomy. The
importance of integrating circular economy and bioeconomy to
avoid a linear business-as-usual approach has been discussed
in the literature.®”°® The findings in this study may inform future
applications and the development of a circular bioeconomy in
the urban environment.



One Earth

¢? CellPress

OPEN ACCESS

A . 1 C K oL L :
. . .
" i ’ Fuel, electricity, and other materials ‘ i " J ’ Fuel, electricity, and other materials ‘ \
© ! | = ' !
! )
+ |Leaf waste a’ ! + [Leaf waster remmle & " reumle by :
s ! -R u i s ! ompos Compost application!
rgum I roduction '
2 1 Ok - z 1 P! ]
© : Landfill , © : R !
o . ! o | reum’e x i
1 1
Remoued; | Removedi_ Stbstituted products | Incineration __!
trees trags
’ Emissions ‘ ’ Emissions ‘
B[ | A NIRRT R — D ST —————— """ |
) ‘ Fuel, electricity, and other materials ‘ i " 0 Fuel, electricity, and other materials ‘ !
%) I ! Lt 1 |
—a ©
= ’ ! & < ’ . Eﬂ - l
2 | eatwaste! B — Rl | Rl =R ) ey
5 |Lea waste: Ol i s ea waste: Compo'st Compost application!
= : : > | production :
2 . | 1 © : [ | I
52 i r.-% > | o : v.-P.* ﬁ |
. .. 1
Removed) Substiuted products | inciferation! | | Removed] Stbsttuted products | Mulch ____!
L1 trees trees
‘ Emissions l ’ Emissions ‘
] y -_-_ - - -------------- - T T T TS TS TS TS T T TS T TS TS TS T ST ST ST TS ST TSI ST ST ST ST ST 1
E : ‘ Fuel, electricity, and other materials ‘ |
1 |
’ ! |8 [ |
rgu Fgul 1
Leaf wastei e Compost production o Compost application :
\ Merchantable i
| logs - A\ . j— |
1
2 i ) ﬂ rewm P rom= i
'5 Removed, Residues & Lumber production Use !
= trees | non-merchantable trees !
= : ___]=N ___[=N |
= i remmly reum g I
o b Biochar production Biochar application d
o i B 1
H i | N fertilizer N fertilizer P fertilizer P fertilizer K fertilizer K fertilizer | | |
1 1 . . . . . . . . . 1 1
| |glerecucton | |eppicaton | eieduction | [Seesction| | pfedusion | apeRcaton | ieupswied| |
N I e T e B e A B EE— Eivesserann R P ST I 7 products d
| 1| Lumber Lumber Chips Chips ''|| Charcoal Charcoal ! I
1| | production landfill production landfill ' || production application | | :
1
L Il e I I I R |
Emissions

Figure 5. System boundary of five scenarios

(A-E) The detailed cradle-to-grave system boundary of five scenarios. (A) Scenario 1, landfill; (B) scenario 2, landfill and incineration; (C) scenario 3, compost and

incineration; (D) scenario 4, compost and mulch; (E) scenario 5, full utilization

In this study, five scenarios were developed to understand the
potential environmental implications of utilizing urban tree waste
(see section “scenario analysis” and Figure 5). Realizing these
utilization scenarios requires the consideration of practical con-
straints and challenges. The first challenge is logistics, such as
collecting urban tree waste from highly scattered sources.
Each year, a substantial amount of urban tree waste is not
used or collected in the US,” owing to improper dumping or
disposal,®® lack of municipal facilities collecting and dealing
with urban tree waste,®® low quality or defects of merchantable
Iogs,7 and other reasons. Joint efforts across different stake-
holders, including individuals, communities, and cities, are
needed to address this challenge. Examples include avoiding
illegal dumping of yard waste, constructing community-based

wood waste collection sites, developing city-wide urban tree
waste management programs and guidelines, and identifying
sustainable pathways for utilizing low-quality logs.”5%:61:62:69
The second challenge is the lack of a mature market for utilizing
urban tree waste.”'®° Some efforts have been made to tackle this
challenge by developing policies, market tools, and funding
mechanisms for urban tree waste utilization.*”-°*"° For example,
i-Tree Urban Wood Marketplace developed by the USDA Forest
Service Forest Products Laboratory is a tool connecting
removed tree users with sources of urban tree waste.”" Other ex-
amples include the Urban and Community Forestry Program by
USDA Forest Service,”> Ash Utilization Options Project by
Southeast Michigan Resource Conservation and Development
Council,®” and the Baltimore Wood Project.®?
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Further research on the infrastructure and market develop-
ment for urban tree waste utilization is needed. Leveraging
and coordinating with existing infrastructures and facilities
(e.g., power plants, composting sites, lumber mills) requires a
better understanding of socioeconomic and policy factors
across different regions. Another future research direction is
understanding the economic feasibility and social impacts of
different utilization pathways. Tools such as techno-economic
analysis and social LCA can be useful.”® In the context of circu-
lar economy and bioeconomy, more future options for a circular
use of urban tree biomass can be explored (e.g., converting to
higher value-added chemicals), and the life-cycle environ-
mental implications of these options will need to be assessed.

Conclusion

A multi-scale cradle-to-grave LCA integrating process simulation
and MCS was developed in this study to analyze the product-,
state-, and national-level environmental implications of utilizing ur-
ban tree waste in the US. This study established process simula-
tion models (i.e., composting, wood product manufacturing, bio-
char production) to provide the LCI data under the variations of
parameters that are further used as inputs to MCS. At the national
level, annual full utilization of various urban tree wastes to produce
compost, lumber, chips, and biochar leads to 127.4-251.8 Mt
CO; eq. reduction of GWP and 93.9-192.7 kt N eq. reduction of
eutrophication potential compared with landfilling, 44.5-102.0
Mt CO, eq. and 59.6-135.6 kt N eq. lower than landfiling and
composting, 6.0-17.0 Mt CO, eq. and 5.9-10.3 kt N eq. lower
than composting and incineration, and 14.0-21.5 Mt CO, eq.
and 7.0-36.8 kt N eq. lower than composting and mulching.
Such reductions have considerable geospatial variations across
the US at the state and city levels, depending on the regional avail-
ability of different urban tree waste types. Based on the process-
level comparisons, composting and mulching are more environ-
mentally favorable than landfilling and incineration, but using
merchantable logs for lumber production and urban tree residues
for biochar are even better given the benefits of long-term carbon
storage and virgin material substitutions. Lumber already has a
mature market, while the biochar market is still growing, but bio-
char is widely regarded as a negative-emission technology for
climate change mitigation. This study provides transparent LCI
data and parametric process-based models for different end-of-
life pathways, contributing to the LCA and broad waste treatment
modeling communities. This study highlights the strong need to
divert urban tree wastes from landfilling and incinerations to valu-
able utilization, and identifies the pathways with the largest poten-
tial in reducing GWP and eutrophication from a life-cycle perspec-
tive. Further research is needed to investigate the infrastructure
enhancement and market development for urban tree waste utili-
zation, as well as to explore the economic feasibility and social im-
pacts of different utilization pathways.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Please contact the lead contact, Dr. Yuan Yao (y.yao@yale.edu), for informa-
tion related to the data and code described in the “experimental procedures”
section.
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Materials availability

No materials were used in this study.

Data and code availability

All original data have been deposited and are publicly available at Zenodo:
https://doi.org/10.5281/zenodo.6760986. Any additional information required
to reanalyze the data reported in this paper is available in this paper’s supple-
mental information and available from the lead contact upon request.

Methodology

In this work, a cradle-to-grave LCA was conducted following ISO Standard
14040 series’* to evaluate the life-cycle GWP and eutrophication of the US ur-
ban tree waste utilization (see Figure 5). The functional unit is processing
1-year US urban tree waste at the national level, and 1 ODMT of urban tree
waste at the product level. As shown in Figure 5E, the system boundary in-
cludes the collection and transportation; production of compost, lumber, bio-
char, and end of life of the products; along with the production and end of life of
substituted products. This study developed five scenarios, including scenario
5 for full utilization of urban tree wastes, and scenarios 1-4 for urban tree waste
that is landfilled, incinerated, or produced into compost and mulch. Process
simulations were developed to generate the LCI data. Specifically, biochar
production was modeled in ASPEN Plus, and the rest of the production and
end-of-life stages were modeled in Excel. The LCI data of upstream produc-
tion of fuels and chemicals were collected from ecoinvent database and
GREET 2020.%°° GWP was calculated using IPCC 2013 characterization fac-
tor and eutrophication potential was estimated using TRACI 2.1.%%57.7°
Biogenic and fossil carbon was tracked separately. The variations of key pro-
cess parameters were collected from the literature. The following sections
briefly discuss each life-cycle stage and major assumptions.

Urban tree waste availability

The average annual availability of urban tree waste at the state level was
evaluated based on Nowak et al.” The detailed availability data with stan-
dard deviation are shown in Table S2. Normal distribution was assumed
and used in MCS.” This study defines the urban areas using the criteria es-
tablished by the US Census Bureau (USCB), including urbanized areas
(50,000 or more people per urban area) and urban clusters (2,500 or
more people per urban area).”’® The Geographic Information System
(GIS) data of urban areas for each state adopt the data from USCB.”®
The state-level urban tree waste data were downscaled to the urban
area level based on population.”®

Compost production and end of life
Leaf waste is collected from urban areas, transported to composting plants,
produced into compost, and applied as soil amendments.”’ The typical pro-
cesses include collection, transportation, grinding, decomposition, curing,
screening, and field application (see Figure S5). The LCI data of the compost-
ing plant were derived from the process model developed by the authors in
Excel. The values and variations of the process parameters were collected
from the literature (see Table S3).”2943-4556.77-85 ypstream burdens of pro-
ducing fuels, chemicals, and other materials were included and the LCI data
were collected from ecoinvent database and GREET 2020.%5°°

The composition data of urban leaf waste were collected from literature
(detailed references are provided in Table S3). Typically, high entrained ash
content is expected for urban leaf waste, and the ash content can vary upon
different collecting methods (e.g., sweeping, vacuum) and sources (e.g., resi-
dential areas, city centers).** In composting plants, wheel loaders transfer leaf
waste to grinders.® The grinding process reduces the size of leaf waste to
around 80 mm for a better decomposition result.** The decomposition pro-
cess commonly takes 2-4 weeks under controlled moisture, temperature,
and aeration conditions. After the decomposition, the curing process allows
compost to further decompose within generally 6-9 weeks.**** During the
decomposition and curing process, the organic matters degrade and release
biogenic CO,, CH4, NH3, N,O, and NO that contribute to GWP and eutrophi-
cation potential, where CO, is the predominate emission. The variations of
these gas emissions were based on the literature data collected and docu-
mented in Table S3.777%%2 The produced leachate is used to water the
decomposition and curing streams to keep the moisture.®* The final screening
sieves out the compost under 15 mm and the refuse (e.g., large pieces that are
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hard to degrade) are sent to landfill.>*® The data of diesel and electricity were
collected from the literature (see Table $3).527%°

The compost produced is distributed for field application. Carbon and nutri-
ents may be released at the end of life of compost after soil application. Biogenic
CO, emissions due to the compost decay on land were estimated by an expo-
nential decay model (see Note S1).""®” For nutrient-related emissions in this
study, several models and methods were adopted to estimate the air emissions
of NH3 (Agrammon model®®), NO (method by Nemecek et al.*%), and NO,
(method by Nemecek et al.®%), and water emissions including nitrate and phos-
phorus (method by Brockmann et al.®) (see Note S1 for modeling details).?*"

Lumber production and end of life

Merchantable logs (under bark) are transported to lumber mills that have'” pro-
cesses including sawing, kiln drying, planing, and energy generation for the dry
kiln (see Figure S6).°® Then lumber is distributed to market and finally land-
filled after use.®* In this study, the variations of process parameters in lumber
production and end of life were collected from the literature and shown in
Table S4. GHG emissions were estimated based on the upstream environ-
mental burdens (from ecoinvent database®® and GREET 2020%¢) and the emis-
sion factors of fuels (see Note S2).

When they arrive in the lumber mills, logs are first debarked. The mass frac-
tion of barks is documented in Table S4.%° Then logs are sawn into wet lumber
and two byproducts: slabs/chips and wet sawdust. The wet lumber mass was
estimated by the lumber yield in sawing (see Table $4).9%°¢1% For two byprod-
ucts, it was assumed that slabs/chips took 82.1 wt % and wet sawdust took
17.9 wt % of sawing residues. ' In this study, all the slabs/chips were assumed
to be further chipped and sold to pulp mills as byproducts.’®~""" Bark and wet
sawdust, along with dry shavings/chips and sawdust from the planing process
(see below about the final planing process), were used for energy generation.

Wet lumber was dried in a kiln operating at 90°C-120°C (dry bulb tempera-
ture) to reach the targeted moisture content.’'®""® In this study, the energy
source for drying is mill residues (bark, wet sawdust, dry planing shavings/
chips and sawdust). In energy generation, energy consumption for kiln drying
was calculated as heat demand divided by the overall energy efficiency for en-
ergy generation and drying that was collected from the literature and is shown
in Table $4.9%9%112 \When energy from mill residues is not sufficient, natural
gas is used; when energy is excessive, then mill residues are used for power
generation (see Note S2)."”

Dried lumber undergoes the final planing processes to produce finished
lumber."™* Planing generates dry shavings/chips and sawdust that are sent
to energy generation.’®''* Then finished lumber is stacked and ready for
transportation to the market.

Lumber can be used as structural construction materials (e.g., wall framing,
floor framing), furniture (e.g., tables, cabinets), and industrial products (e.g.,
pallets).''>""® After the lumber products reach the end of their lifetimes, they
are commonly sent to landfill.>**° The lifetime of the lumber was assumed
to range from 20 to 60 years.''’"?? In this study, the time horizon for GWP
is 100 years.®” Hence, the landfill decay time for GWP accounting equals
100 years minus the time length of lumber usage phase. GHG and nitrogen-
or phosphorus-containing emissions of lumber landfill were estimated using
the method documented in section “urban tree waste landfill.”

Biochar production and end of life
Non-merchantable trees and logging residues from merchantable trees are
collected and transported to produce biochar through pyrolysis (see Figure S7
for the process diagram). In this study, a process-based simulation model of
the biochar plant was established in ASPEN Plus based on the previous
work of Liao et al.’® The mass and energy balance was derived from the
ASPEN Plus model for LCI data collection (see Note S3 for details). This model
can quantify the impacts of variations in feedstock compositions (i.e., carbon
content, C/H ratio, C/O ratio, ash content, and moisture content) on mass and
energy balances. The statistical distributions of biomass composition were as-
sessed based on the literature data and are documented in Table $5.7%12°
The biomass feedstocks for biochar production were collected from the ur-
ban area and transported to the biochar plant within 52-87 km (see
Table S5)."®* The feedstock size was reduced to around 50 mm by initial
grinding.'*® Then the feedstocks were dried in the rotary drum dryer to
reach the moisture content of 10% (wet basis) in a temperature range of

¢? CellPress

OPEN ACCESS

160°C-180°C."?® The dried biomass was ground in the hammer mill as a sec-
ondary grinding process to reach a particle size of 2.5-3.8 mm before entering
the pyrolyzer. The feedstocks were pyrolyzed in the fluidized bed reactor at
500°C and 1 atm for 60 min in the ambient of nitrogen.*® In ASPEN Plus, pyrol-
ysis kinetics were modeled through the multistep reaction mechanism method
(see Note S3 for details).?®'?” Then biochar and the gaseous product were
separated through multi-stage cyclones. In this study, the gaseous products
from pyrolysis were combusted in the combustor to produce heat for the rotary
drum dryer and pyrolysis reactor. If the heat from the gaseous product was not
sufficient, natural gas was combusted. In the biochar plant, GHG emissions
contain biogenic GHG emissions from combusting pyrolytic gaseous products
and potential fossil GHG emissions from combusting natural gas. Diesel and
electricity consumption in the biochar plant were considered along with their
upstream burdens (see Note S3 and Table S6).

Biochar was distributed for soil application and transportation distance is
documented in Table S5.°° After the application, biochar stays in the soil and de-
cays slowly. Previous studies show that the mean residence time of biochar in soil
can vary from several centuries up to 2,000 years.'?® Mean residence time is a
common indicator describing the stability of biochar in soil and equals the half-
life time multiplied by In2.'?° This study uses the exponential model that uses
the decay rate (inverse of mean residence time) to simulate the GHG emissions
from on land decay of biochar (see Note S3). The data range of biochar decay
rate was collected from the literature and is documented in Table $5.41:126-151

Urban tree waste landfill

Landfilled urban tree waste releases GHG emissions and N-containing emis-
sions through the decay process.*”'*>'*® For GHG emissions, landfill decay
emits CO, and a significant amount of CH,4, which has a much higher GWP
characterization factor than CO, (GWP-100 for CH, is 28).°"'** The GHG
emissions from landfill decay in this study were estimated based on the
IPCC First Order Decay method (see Note S4 and Table S7).""*" For
N-containing emissions, landfill decay generates gaseous ammonia and
leaches ammonium,'>®> which were estimated based on the experimental
data from the literature (see Note S4), 32133135

Urban tree waste incineration and mulch production
Besides landfilling, removed trees can be used to generate power.”"'? Inciner-
ating removed trees generates power to replace the market electricity. The
quantity of power generated was estimated based on the lower heating value
of woody biomass multiplied by the electricity generation efficiency collected
from the literature (see Note S5 and Table S7)."7'%¢7'%C The emission factors of
combusting woody biomass were collected from GREET 2020.%°

Removed trees have also been used to produce mulch.®®'*" Mulch is typi-
cally produced by chipping the waste wood and residues and covering the top
of the soil. After soil application, mulch decays on land and releases GHG
emissions and nutrient-related emissions (see Note S5).

Product substitution

The potential substitution benefits are commonly considered in LCAs for bio-
based products.'""'879#3126 Compost can replace mineral fertilizers that contain
nitrogen, phosphorus, and potassium. The lumber made from urban tree waste
can replace lumber and chips sold in the market, including both hardwood and
softwood products. Biochar can replace charcoal as soil amendments. The
LCI data of upstream production of substituted products in the market were
collected from the ecoinvent database (see Table S8 for specific process docu-
mentation).”® The end of life of products substituted is also included to keep a
consistent system boundary of cradle to grave. The market mix of different min-
eral fertilizers was based on the US fertilizer consumption data from the USDA
(see Table S9)."*? Because the substitution of nitrogen and phosphorus in
compost and mineral fertilizers is not 1:1,"*® this study estimated the substitution
ratio by calculating the average mineral fertilizer equivalent for compost and min-
eral fertilizers.”*'“** The modeling details are documented in Notes S6-S9.

Scenario analysis

Table 1 summarizes the scenario analysis settings. These five scenarios were
developed based on varied levels of utilizing urban woody biomass suggested
by the USDA Forest Service in their sustainability assessment guideline for the
urban forest.*® The purpose of the scenario analysis is to understand the
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Table 1. Scenario analysis settings

Scenario Leaf waste ~ Merchantable logs  Residues?®
Scenario 1, LF landfill landfill landfill
Scenario 2, LF landfill incineration incineration
and IC

Scenario 3, CP compost incineration incineration
and IC

Scenario 4, CP compost mulch mulch

and MC

Scenario 5, UL compost lumber and chips biochar

IC, incinerating; LF, landfilling; MC, mulching; UL, composted leaf waste.
®Residues in this study refer to non-merchantable trees and logging res-
idues from merchantable trees.

environmental implications of processing the urban tree waste with maturely
proven technologies (e.g., landfilling, composting, incinerating, mulching, pro-
ducing lumber) and emerging technology (i.e., producing biochar). Scenario 1
represents a low-utilization case where urban tree waste is landfilled, or the
worst scenario that can provide a bottom line for the results. As mentioned
in section “results,” scenarios 2—-4 aim to explore the combinations of different
options mentioned by the guideline for fair (e.g., chips and mulch) and good
utilization (e.g., energy recovery, compost). Scenario 2 represents a situation
where removed trees are incinerated for power generation, but leaf waste is
still landfilled. Compared with scenario 2, scenario 3 composts the leaf waste
to substitute the mineral fertilizers instead of landfilling leaf waste. In scenario
4, leaf waste is composted, and removed trees are mulched as a common
practice.*® In scenario 5, this study seeks to simultaneously maximize the
waste utilization and carbon storage in the products, which stands for optimal
utilization.®® In scenario 5, leaf waste is composted, merchantable logs are
produced into lumber and chips, and residues are converted into biochar.

To address the variations in system parameters, this study adopted MCS.
The parameter values are independently generated 500 times based on the
statistical distributions shown in Tables S3-S5. These independently gener-
ated parameter values were used as input to the process models to produce
LCI data that were used to calculate the LCA results for each scenario.
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Note S1. Compost end-of-life emissions

The end-of-life emissions of compost on land include carbon emissions (e.g., CO2 and CH4) and nutrient-
related emissions (e.g., NHs, N2O, NOx, nitrate, phosphorus), which contribute to GWP and eutrophication
potential results. The carbon emissions from compost decay on land are calculated using Equation S1:"

44 .
Ee = [(CM;—y — CM;) X CCeompost X Fair] X 1z (Equation S1)

E:is total carbon emission from decay in year t; CM, and CM,_, is the oven dry mass of compost remained
in the year t and the previous year (t-1); CCcompose IS the carbon content of compost. There are two
destinations for the carbon loss, either emitted to air or to soil. In this study, the fraction of residue carbon
loss emitting to air as CO2, F,;,., was assumed to be 76%." Then CM, is derived from the exponential model
as shown in Equation S2:2

CM, = CM, x e~k (Equation S2)

where CMo, is the initial oven dry mass of compost.® The decay rate, kc, can vary due to varied climate
conditions and soil conditions. In this study, the decay rate value and variations were collected from the
literature and assumed to be a uniform distribution between 0.02 and 0.08.4

For nutrient-related emissions, this study adopted several models and methods to evaluate the results.
58 The ammonia emissions were evaluated based on the Agrammon model as shown in Equation S3.°
Enns,compost 18 NH3 emission (kg NHa/kg N input); TAN is total ammonium nitrogen of the compost (kg N);
TN is total nitrogen of the compost (kg N); EFyy, is the emission factor of NH3-N expressed as the portion
of TAN (or-say how much TAN can be released as NHs). c¢x is the correction factor referring to the
corrections caused by equipment use, weather conditions, and application timing. In this study, (TAN/TN)
adopted the experiment data in the literature that range from 0.02 to 0.10 for mature compost.®>' EF is
assumed to be 0.8 based on the literature data.® cx assumes to be 1 as the default number due to the lack
of data.58

TAN 17 )
ENHy,compost = ™ X EFyp, X ¢y X 1 (Equation S3)

The amount NOs" leaching to the water is estimated based on the study by Brockmann et al.” where the
emission factor Eyo, - compost 1S 0.49 kg NO3/kg N input.

N20O emission to air is evaluated by the model given by Nemecek et al. as shown in Equation S4.8
EN,0,compost 18 N20 emission (kg N2O/kg N input). Then NOxemission Eyo, compos: is derived from N2O
emission as shown in Equation S5.°

14 14 44 )
En,0,compost = (0.01 4+ 0.01 X = X Enp, compose + 0-0075 X =X Eyo,= compost) X 5; (Equation S4)
ENOX,compost = ENZO,compost x 0.21 (Equation S5)

Phosphorus leaching to water and running off to the river is a small amount compared to the input
amount. In this study, phosphorus emission PO4> Ep, 3- compes: Of compost (kg PO4*/kg P input) adopts

the value 0.0067 from the study by Brockmann et al.”



Note S2. Lumber production

The energy demand from the drying kiln was estimated by the total heat to evaporate water out of wood,
THarying, and the overall energy efficiency for energy generation and drying, nta, as shown in Equation S6.

Total energy demand = Tzdrﬂ (Equation S6)
total

THarying Wwas calculated based on the study by Bowyer et al.,' where the desorption heat was presented
in MJ energy needed for 1 kg water evaporated out of wood in the drying process (see the table below);
Ntotar data range was from the literature and shown in Table S4.

Heat demand of evaporating water from wood in varied moisture content

Moisture Content

(%, dry basis) 0 10 20 30 40 50 60 70 80 a0 100 120
Desorption Heat
(MJ/kg water)

3.489 2.559 2.384 2.326 2.326 2.326 2.326 2.326 2.326 2.326 2.326 2.326

The total energy demand is met by the sum of the lower heating value (LHV) of the available mill residues.
For LHV of mill residues, varied moisture content can lead to varied LHV as shown in Equation S7.'%'3 HHV
(MJ/kg) is higher heating value; MC moisture content (dry basis) of mill residues; H hydrogen content
percentage in fuel (assuming 6).>'® The LHV for natural gas is 47.1 MJ/kg."® CO2 emissions from burning
mill residues are all biogenic. If the mill residues are excessive for the total heat demand, then the excessive
amount of mill residues are utilized for power generation.

MC
1+MC

LHV = HHV — 0.0245((——) - 100 + 9H) (Equation S7)

The potentially generated power (by potential excessive mill residues) was estimated by the total LHV of
woody biomass multiplied by the electricity generation efficiency. The total LHV of woody biomass used
the same method shown in Equation S17. The electricity generation efficiency data range was collected
from the literature and shown in Table S7. The emission factors of combusting woody biomass in hog fuel
boilers were based on the GREET 2020 values.'® The environmental burdens of electricity adopted the
data of the U.S. stationary mix electricity from the GREET 2020.'°

Note S3. Biochar production and end-of-life emissions

The ASPEN plus model was built based on the pyrolysis modeling work of Liao et al.'” and we added a
pretreatment area that includes the initial grinding, drying, and secondary grinding. In the drying stage, the
flue gas from the combustor was utilized to heat the inlet air of the dryer to reach around 200 °C. The
pyrolysis reactions were simulated through the multi-step reaction mechanism (MSRM) where the biomass
feedstock is decomposed into major lignocellulosic components (cellulose, hemicellulose, and lignin) and
then go through a series of reactions.'® In this study, the model compounds were selected as glucose for
cellulose, xylose for hemicellulose, lignin-C, lignin-O, and lignin-H for lignin.'® As the biomass composition
data were collected from the ultimate analysis (e.g., carbon content, oxygen content), the triangular method
was applied to calculate the mass fraction of each model compound.'® After the contents of five model
compounds were determined, the kinetic model was established based on MSRM with a series of reactions.
The detailed pyrolysis kinetic model reactions and parameters can be found in Liao et al.'” To model the
series of pyrolysis reactions in ASPEN Plus, four reactors are set in sequence. The first reactor (RYield)
decomposed the biomass into five model compounds and ash; the second reactor (RBatch) conducted the
primary pyrolysis kinetic reactions; the third reactor (RCSTR) calculated the tar cracking reactions; the
fourth reactor reacted the remaining metaplastic components into biochar.'” Then the gas-phase products
were separated and sent to the combustor for energy recovery. The combustor was modeled by using
RStoic reactor in ASPEN Plus with assumed 80% efficiency. Key process parameter assumptions are
shown in Table S6.

In the ASPEN Plus model, input feedstock amount was normalized to 1 oven dry metric ton (ODMT) of



wood residues. Upon varied feedstock compositions in MCS, the following LCI data were collected: biochar
output with biochar composition data, nitrogen consumption, natural gas consumption, and flue gas
emissions. The electricity and diesel consumption of unit operations are displayed in Table S6. The
upstream burdens of electricity and diesel adopted the data from the GREET 2020.'

After biochar is applied to the field, the biochar starts the slow decay process. This study adopts the
exponential decay model for the biochar after soil application,?° as shown in Equation S8. The data range
of decay rate for biochar, kbiochar, was converted from the mean residence time (MRT) (Kbiocha=1/MRT) for
biochar collected from the literature and shown in Table S5.2°

E, = [CM, x (e Kbiochar(t=1) — g=Kbiochart) X CCpipepar] X % (Equation S8)

The biochar is assumed to substitute charcoal use as soil amendments.?'-2 The LCI of charcoal
production were collected from the ecoinvent database.? In this study, the substituted charcoal is
assumed to undergo the same decay process as biochar.

Note S4. Urban tree waste landfill

In this study, the landfil GHG emissions (mainly CHs and CO2) were evaluated following the
Intergovernmental Panel on Climate Change (IPCC) First Order Decay (FOD) method.?® In year t after
landfill, the accumulative CH4 generated by landfill decay is presented by Equations S9 and S10.

Caecomposea =W - DOC - DOCy - (1 — e ) (Equation S9)
CH4generated = [(Cdecomposed *MCF - F-16/12) — R] - (1 — 0X) (Equation S10)

In Equation S9, Cdecomposed is the accumulative decomposed carbon mass from year 0 to year t; W is the
mass of deposited wood waste (wet basis); DOC is degradable organic carbon of wood waste which is the
mass fraction of cellulose and hemicellulose; DOCy is the faction of DOC that can decompose; k is the
reaction constant which can be estimated by landfill decay half-life time.?® In Equation S10, MCF is the CHa
correction factor which is determined by the site management (e.g. disposal depth in the soil, anaerobic
conditions);?® F is the volume fraction of CH4in landfill gas released; R is the total recovered CH4 by energy
recover device, which largely depends on landfill site management practice.?® This study adopts the IPCC
default value of R to be 0.2° OX is the average oxidation factor describing the fraction of methane oxidized
in the soil or covering materials.?® In this study, the key parameters and their ranges related to CHa
emissions followed the uncertainty analysis given by IPCC (see Table S7).25% In this study, DOC is
estimated by the average carbon content of the wet tree waste, or say can be derived by using wood
moisture content (dry) and carbon content (dry) in this study.?® It is worth noting that following the IPCC
guidelines, if DOC includes lignin carbon mass, then DOCy should assume to use a value of 0.5-0.6.25 CO2
emissions by landfill are largely affected by the CO2 equilibrium between atmosphere and soil along the
long decay period. Hence, this study estimated the CO2 emissions of wood waste landfills by using the
experimental data on the volume rate of CH4 to COz2 3 but can be further modified by future researchers.

For nitrogen-containing emissions, the ammonification process turns a portion of the total nitrogen of the
tree wastes into NHs or NH4*.3" The detailed mixture portion of NHs and NH4* depends on the landfill site
pH conditions. The formation of NOs in the landfill decay process largely depends on the anaerobic
conditions and is typically low in anaerobic conditions.?"*? In this study, the percentage and the
corresponding range of total nitrogen in the tree waste that converts to NHs, NH4*, and NOs™ were estimated
based on the literature data (see Table S7).313334



Note S5. Urban tree waste incineration and mulch end-of-life

The removed trees can be incinerated to generate power. The removed trees are chipped and then
transported to the incineration plant. The generated power was estimated by the total LHV of woody
biomass multiplied by the electricity generation efficiency. The total LHV of woody biomass used the same
method shown in Equation S17. The electricity generation efficiency data range was collected from the
literature and shown in Table S7. The emission factors of combusting woody biomass in hog fuel boilers
were based on the GREET 2020 values.'® The electricity credit data adopted the U.S. stationary mix
electricity from the GREET 2020.'® The transportation distance assumes the same range as landfill.

Mulch from chipped removed trees follows a decay process after application. In this study, the decay of
mulch is assumed to follow the same decay model of compost as shown in Note S1.

Note S6. Nitrogen fertilizer substitution

The life cycle emission i of substituted nitrogen fertilizers, TEsubstituted n,i, Were decided by Equation S11. TN
is the total nitrogen in compost as mentioned in Note S1; MFEn is the average mineral fertilizer equivalent
(kg N) in mineral fertilizers that can substitute 1 kg N in compost; Ey ,,oauction,ji 1S the emission i of
producing and transporting fertilizer j that contains 1 kg N to the field; Ey o, ;,; is the end-of-life emission /
of fertilizer j that contains 1 kg N; MMPx, is the market mixture percentage of nitrogen fertilizer j. Then
Equations S12-S19 explain how to determine the parameters in Equation S11.

TEsubstituted Ni = (_1) X TN X MFEN X Z((EN,production,j,i + EN,EOL,j,i) X MMPN,j) (Equation S1 1)

The market mixture percentage of nitrogen fertilizer j, MMPny, in the U.S. was estimated based on the

market consumption data given by the U.S. Department of Agriculture (USDA), as shown in Table $9.%°
To determine how much N in mineral fertilizers can be substituted by 1 kg N in compost, Equation S12

shows the average mineral fertilizer equivalent MFEN (kg N) in mineral fertilizers.”% PAN, ;0 is the plant

available nitrogen content in compost which is assumed to be 0.150-0.246 based on the literature;’
Cnmineral 1S the average nitrogen loss of mineral fertilizers after application. cy minerq; €an be derived by
Equation S16 based on the nitrogen-related emissions of substituted mineral fertilizers.” cppospnorus is the
correction factor due to the nitrogen content in substituted phosphorus fertilizers (most phosphorus
fertilizers contain nitrogen). cpposprorus IS €stimated to be the total N of total nitrogen fertilizers divided by

total N of total nitrogen and phosphorus fertilizers, and the value is 0.93 in this study.%®
MFEN = PANcompost/(1 - CN,mineral) X CPhosphorus (Equation 812)

En production,ji (P€r kg N in fertilizer) for nitrogen fertilizer listed in Table S9 used the data from ecoinvent
database (process names shown in Table S7).24

EnroLji (Per kg N in fertilizer) mainly include NHs, N20, NOx, nitrate as emission /, and is determined by
the models and methods shown below. Ey ro,, jvu, (kg NH3/ kg N in fertilizer) adopted the model presented
in the EMEP/EEA air pollutant emission inventory guidebook 2009 by European Environment Agency as
shown in Equation S13.2 EF; vy, is the emission factor for NHs for fertilizer j (kg NHs/ kg N in fertilizer); p

is the portion of land with soil pH>7 and assumed to be 0.25 based on the survey results by Holmgren et
al.*"; cyy, ; is the correction factor for soil pH for fertilizer j. The values of EF; vy, and cyy, ; for fertilizer j can

be found in EMEP/EEA air pollutant emission inventory guidebook 2009 4.D Crop production and
agricultural soils Table 3-2 by European Environment Agency.® Note that the average spring temperature
for the U.S. was assumed to be 11°C.38

Engorjnis = EFjnay X (1 = Dae X (1 — cyp,,j)) (Equation $13)

En goL,jno,~ (K3 NO3s/ kg N in fertilizer) leaching to the water was 0.49 kg NOs/kg N input based on the
study by Brockmann et al.” En koL jn,0 @Nd Ey oL jno, USed the same methods shown in Equation S4 and
S5, respectively, shown in Equations S14 and S15.°



14 14 44 .
EN,EOL,j,NzO = (001 + 001 X E X EN,EOL,j,NH3 + 00075 X 5 X EN,EOL,j,N03_) X 5 (Equatlon 814)
EN,EOL,j,NOx = EN,EOL,j,NZO X 021 (Equat'on 815)

After Ey goy,j,; is derived for each fertilizer, cy minerq: Can be assessed to present the average nitrogen
loss after applying mineral fertilizers as shown in Equation S16.7

14 14 28
CN,mineral = Z((EN,EOL,j,NHg XDt EngoLjNos~ X P Ey gor,jn,0 X Tt Ey gorjno, X 0-42) X MMPy ;)
(Equation S16)

Note S7. Phosphorous fertilizer substitution

The life cycle emission i of substituted phosphorus fertilizers, TE substituted p,i, were decided by Equation S17.
TP is the total phosphorus in compost; MFER is the average mineral fertilizer equivalent (kg P) in mineral
fertilizers that can substitute 1 kg P in compost; Ep,,oquction,j,; 1S the emission i of producing and

transporting fertilizer j that contains 1 kg P to the field; Ep o, ;,; is the end-of-life emission i of fertilizer j that
contains 1 kg P; MMP-r;is the market mixture percentage of phosphorus fertilizer j. Then Equations S17
and S18 explain how to determine the parameters in Equation S17.

TEsubstituted Pi = (_1) X TP X MFEP X Z((EP,production,j,i + EP,EOL,j,i) X MMPP,j) (Equation 817)

The market mixture percentage of phosphorus fertilizer j, MMPp;, in the U.S. was shown in Table S$9.%
MFEP (kg P) is derived from Equation S18.7 ¢p inera: iS the average phosphorus loss of mineral fertilizers
after application. cp minerq; €an be derived by Equation S19 based on the phosphorus-related emissions of
substituted mineral fertilizers.

MFEp = 0.95/(1 — ¢pminerat) (Equation S18)

Ep proauction,j,i (P€r kg P in fertilizer) for phosphorus fertilizer listed in Table S9 used the data from

ecoinvent database (process names shown in Table S8).%
Epgowj: (per kg P in fertilizer) in this study only include PO4* (kg PO4*/kg P input) adopts the value 0.0067

from the study by Brockmann et al.” After Ep o, ;; is derived for each fertilizer, cp minerq: Can be assessed
to present the average phosphorus loss after applying mineral fertilizers as shown in Equation S19.

31 .
Cpmineral = Z((EP,EOL,]',P043_ X ;) X MMPp ;) (Equation $19)

Note S8. Potassium fertilizer substitution

The life cycle emission i of substituted potassium fertilizers, TE substituted ki, Wwere decided by Equation S20.
TK is the total phosphorus in compost; MFEk is the average mineral fertilizer equivalent (kg K) in mineral
fertilizers that can substitute 1 kg K in compost; Ex proauctionji i the emission i of producing and

transporting fertilizer j that contains 1 kg K to the field; MMPkis the market mixture percentage of potassium
fertilizer j (only KClI in this study).

TEgpstituted Ki = (_1) X TK X MFEy X Z(EK,production,j,i X MMPK,j) (Equation 820)

The market mixture percentage of potassium fertilizer j, MMPx;, in the U.S. was shown in Table S9.3° MFEk
(kg K) is 1.7 Eg proquction,j,i (Per kg K in fertilizer) for potassium fertilizer listed in Table S9 used the data
from ecoinvent database (process names shown in Table S8).%

Note S9. Lumber and Chips Substitution



The hardwood and softwood lumber produced from urban tree waste can replace the lumber in market.
The substituted lumber used the process data from ecoinvent database (process names shown in Table
S8).24

The slabs and chips from sawing are further chipped and sold to pulp mills. The substituted hardwood
chips and softwood chips used the process data from ecoinvent database (process names shown in Table
S8).24 To keep consistent with the system boundary in this study, the final end-of-life of the chips are
assumed in landfill site using the same emission accounting method in Note S4.
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Figure S1. Net GWP and eutrophication potential results of five scenarios based on Monte Carlo
simulation.

This figure shows the distribution of net life-cycle GWP and eutrophication potential of processing the
annual U.S. urban tree waste. Scenario 1-LF: all wastes are landfilled; Scenario 2-LF&IC: leaf waste is
landfilled and removed trees are incinerated for electricity generation; Scenario 3-CP&IC: leaf waste is
composted and removed trees are incinerated for electricity generation; Scenario 4-CP&MC: leaf waste is
composted and removed trees are produced into mulch; Scenario 5-UL: leaf waste is composted,
merchantable logs are produced into lumber and chips, residues of merchantable trees and non-
merchantable trees are produced into biochar.
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Figure S2. Carbon stock in five scenarios over 100-year time horizon.

This figure shows carbon stocks after 100 years of processing the urban tree waste in varied pathways,
compared to the original carbon stored in urban tree waste (shown in raw waste). The letters beside bars
interpret the processing pathways, including LF: landfilling, CP: composting, IC: incinerating, MC: mulching,
producing lumber and chips, and producing biochar. The error bars show the 5th—95th percentile range of
Monte Carlo simulation results.
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Figure S3. State-level GWP and eutrophication potential reduction percentage of Scenario 5
compared to Scenario 1 by adopting three utilizing pathways.

This figure shows the life-cycle GWP and eutrophication potential reduction percentage contributed by three
utilization pathways in Scenario 5 compared to Scenario 1. Three utilization pathways are utilizing leaf
waste for composting, utilizing merchantable logs for lumber and chips, and utilizing residues for biochar.



Chicago

- g Boston

New York-Newark

Philadelphia

4 6 8 1012

Eutrophication Potential
A Reduction (kt N eq.)

25°0'N- { ﬁz\a\ ‘
Dallas-Fort Worth-Arlington RNER Houston ;j\ Miami
20

L\
"3

110°0'W 100°0'W 90°0'W A
Figure S4. Urban area eutrophication potential reduction potential per year of Scenario 5 compared

to Scenario 1.
This figure shows the life-cycle eutrophication reduction potential of Scenario 5 compared to Scenario 1

by three utilization pathways in Scenario 5 at the urban area level.
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Table S1. Life-cycle results of processing 1 ODMT of three types of urban tree waste in varied

pathways

Leaf Waste

Logs

Residues

Pathway

LF

CP

LF

IC

MC

Lumbe
r&
chips

LF

IC

MC

biocha
r

GWP (metric ton CO: eq.)

Landfill

Compost Production and
Application

Lumber Production and End-
of-life

Biochar Production and
Application

Collection and Incineration
Mulch Production and
Application

Substituted NPK Fertilizer
Substituted Lumber and
Chips

Substituted Charcoal

Substituted Electricity by
Incineration

Biogenic CO2 Uptake
Net

Net minus P5

P95 minus Net

3.8

-1.5
24
0.9
1.0

1.7

0.0

-1.5
0.2
0.3
0.3

4.8

-1.8
3.0
1.2
1.2

20

-0.8

-1.8
-0.6
0.2
0.2

1.5

1.8
-0.4

0.1
0.1

4.1

-1.8
-1.3
0.1
0.1

4.8

-1.8
29
1.1

1.2

2.0

-0.8

-1.8
-0.5
0.2
0.2

1.5

-1.8
-0.4
0.1
0.1

1.5

-1.8
-0.5
0.2
0.2

Eutrophication Potential (kg N eq.)

Landfill

Compost Production and
Application

Lumber Production and End-
of-life

Biochar Production and
Application

Collection and Incineration
Mulch Production and
Application

Substituted NPK Fertilizer
Substituted Lumber and
Chips

Substituted Charcoal

Substituted Electricity by
Incineration

Net
Net minus P5
P95 minus Net

4.0

4.0
1.7
1.9

1.4

0.9
0.5
0.5

1.6

1.6
1.3
1.3

0.2

0.0

0.2
0.0
0.0

0.6

0.6
0.5
0.4

0.2

-0.1
0.1
0.1

1.6

1.6
1.3
1.3

0.2

0.0

0.2
0.0
0.0

0.6

0.6
0.5
0.4

0.3

0.0
0.1
0.1




Table S2. State-level annual urban tree waste availability in the U.S. (conterminous 48 states) (in
thousand oven dry metric ton)

Leaf waste Merchantable trees Non-merchantable trees

State Average Stapdgrd Star_wdgrd Average Star_wdgrd
deviation deviation deviation

Alabama 599.9 121.8 4557 80.1 284.3 49.9
Arizona 82.6 16.8 277.6 49.3 172.4 30.7
Arkansas 402.0 81.6 246.9 43.2 153.1 26.8
California 455.4 92.5 1262.8 223.3 787.2 139.2
Colorado 82.1 16.7 130.7 23.1 81.8 14.4
Connecticut 1013.6 205.7 547.7 96.9 342.3 60.6
Delaware 126.5 25.7 69.6 12.4 42.9 7.6
Florida 412.7 83.8 1495.7 263.4 931.8 164.1
Georgia 1806.1 366.6 1367.9 241.8 852.1 150.7
Idaho 11.6 24 31.8 6.1 20.7 3.9
lllinois 1185.9 240.7 603.1 106.2 376.9 66.3
Indiana 7171 145.6 385.8 67.6 241.7 42.4
lowa 246.1 50.0 126.1 21.5 78.9 13.5
Kansas 295.9 60.1 164.8 29.3 102.7 18.2
Kentucky 457.7 92.9 244.9 431 152.6 26.9
Louisiana 371.9 75.5 427.8 75.4 267.2 47 1
Maine 110.2 224 102.3 18.6 62.7 11.4
Maryland 908.2 184.3 509.9 894 317.6 55.6
Massachusetts 1325.1 269.0 825.0 144.7 515.0 90.3
Michigan 1382.6 280.7 747.2 132.5 465.3 82.5
Minnesota 672.0 136.4 388.4 67.8 241.6 42.2
Mississippi 273.5 55.6 246.0 431 154.0 26.9
Missouri 7494 152.1 391.2 69.3 243.8 43.2
Montana 8.9 1.8 31.0 6.2 19.0 3.8
Nebraska 86.4 17.6 52.3 9.2 32.7 58
Nevada 12.4 25 48.3 9.3 29.2 57
New . 238.5 48.4 176.4 30.7 1111 19.3
Hampshire
New Jersey 1227.7 249.2 657.1 115.4 410.4 72.1
New Mexico 18.7 3.8 67.6 12.3 42.4 7.7
New York 1632.6 331.5 973.6 171.0 606.4 106.5
North Carolina 1777.8 360.9 1176.1 207.8 733.9 129.7
North Dakota 13.7 2.8 9.1 1.5 5.9 1.0
Ohio 1559.3 316.6 809.1 143.3 503.4 89.2
Oklahoma 289.4 58.8 154.8 27.6 97.7 17.4
Oregon 51.0 10.4 165.9 29.2 1041 18.3
Pennsylvania 1766.6 358.7 935.8 164.7 584.2 102.8
Rhode Island 173.5 35.3 98.6 16.9 61.4 10.6
South Carolina 654.4 132.8 576.4 101.7 358.6 63.3
South Dakota 31.6 6.4 20.5 3.1 12.0 1.9
Tennessee 977.5 198.4 581.5 103.1 363.5 64.4
Texas 1384.9 281.1 1137.2 200.1 710.3 124.9
Utah 89.8 18.2 66.2 12.3 41.3 7.7
Vermont 65.2 13.3 37.5 6.3 22.5 3.8

Virginia 1035.2 210.2 587.5 103.0 367.5 64.5



Washington 163.5 33.2 406.8 724 253.2 451
West Virginia 294.9 59.9 155.1 27.6 97.4 17.4
Wisconsin 408.2 82.9 254.0 44.6 158.5 27.9
Wyoming 3.9 0.8 114 1.6 6.1 0.9




Table S3. Statistical characteristics of key parameters related to compost production

Unit Mean Minimum Maximum  Assumed
value distribution
. Uniform
39,40 ()
Leaf litter carbon content Yo 40.9 29.8 52.0 U[29.8,52.0]
: . Uniform
39-41 0,
Leaf litter nitrogen content Yo 1.08 0.54 1.62 U[0.54,1.62]
. Uniform
39 [}
Leaf litter phosphorus content Yo 0.13 0 0.26 U[0,0.26]
: . Uniform
39 [}
Leaf litter potassium content Yo 0.43 0.07 0.78 U[0.07,0.78]
. Uniform
41-43 [
Leaf litter ash content Yo 16.8 12.0 21.6 U[12.0,21.6]
Uniform
44,45 o
Refuse rate Yo 4.5 0 9.0 U[0,9.0]
Total diesel consumption in the kg/wet metric ton 46 17 75 Uniform
composting plant*—47 feedstock ' : ' U[1.7,7.5]
Total electricity consumptionin ~ kWh/wet metric ton 61.1 273 95.0 Uniform
the composting plant*4-+7 feedstock ' : ' U[27.3,95.0]
Carbon mass emitted as COz in o Uniform
composting648-50 K B0 il 60.0 y51.9,60.0]
Carbon mass emitted as CHa in o Uniform
composting?*-59 7 0.45 0 0.90 U[0,0.90]
Nitrogen mass emitted as N2O in 2 Uniform
composting*6:4849 e £89 g e U[0,6.75]
Nitrogen mass emitted as NHs in o Uniform
composting#6:46:50 7 116 5.1 180 y5.1,18.0]
Nitrogen mass emitted as NOx in 2 Uniform
composting*85 % S b 184 Uj0.4.18.4]
. ) Uniform
48,50 [}
Compost moisture content % (wet basis) 224 10 34.8 U[22.4,34 8]
Transportation distance from Uniform
collecting area to the composting km 271 13.2 411
47,51 U[13.2,41.1]
plant*’
Transportation distance from the Uniform
composting plant to field?* km 423 338.4 549.9 U[338.4,549.9]
Diesel consumption in collecting kWh/wet metric ton 40 0 8.0 Uniform
tree leaf litter?*52 feedstock ' ' U[0,8.0]
Leaf litter moisture content*° % (wet basis) 53.8 N/A N/A N/A




Table S4. Statistical characteristics of key parameters related to lumber production

Unit Mean Minimum Maximum Assumed
value distribution
. Uniform
53 3
Hardwood log green density kg/m 801 577 1025 U[577,1025]
. Uniform
53 3
Softwood log green density kg/m 733 545 921 U[545,921]
: . Uniform
53 [}
Hardwood log moisture content % (dry basis) 76.5 46.0 107.0 U[46.0,107.0]
. . Uniform
53 [}
Softwood log moisture content % (dry basis) 70.5 35.0 106.0 U[35.0,106.0]
. Uniform
54 [
Hardwood bark mass fraction Yo 10.0 8.0 12.0 U[8.0,12.0]
. Uniform
54 [
Softwood bark mass fraction Yo 10.5 9.0 13.0 U[9.0,13.0]
Normal
55 [
Hardwood log carbon content % daf 51.0 46.5 56.7 N(51.0, 2.92)
Normal
55 o
Softwood log carbon content % daf 51.0 46.2 61.0 N(51.0, 2.92)
: Uniform
55 [
Hardwood log nitrogen content % daf 0.4 0 0.8 U[0,0.8]
: Uniform
55 [}
Softwood log nitrogen content % daf 0.4 0 0.8 U[0,0.8]
Diesel consumption of hauling kg/m? dried 36 17 55 Uniform
materials®3.56:57 lumber ) . ) U[1.7,5.5]
Gasoline consumption of hauling kg m- dried Uniform
materialss35657 lumber 0.23 0.03 023 U[0.03,0.43]
i i i 15,58,67— i
|7_0L’15r££)§r yield rate in sawing % 50.0 36.0 64.0 ;’gaggulaai
Electricity consumption of kWh/m3log Uniform
sawing568.71.72 input 24.4 16.5 323 Unes532.3]
Electricity consumption of kiln 3 .
drying and Kiln heat KWh/m*lumber ¢ g 17.9 B8 ?;'g’ggfs
generation 15:66.68.72.73 input [17.9,35.8]
Lumber target moisture % (dry basis) 125 6.0 19.0 Triangular
contents2.6669.70.74-77 o \ary ' ' Y 6.0,125,19.0
Overall energy efficiency for energy o Uniform
generation and drying 56873 L = [ et [16.7,29.8]
. . Triangular
69,70,78
Lumber drying shrinkage % 9.1 4.4 16.0 44,91, 16.0
Electricity consumption of kWh m?lumber Uniform
planing566.68.72 input 182 el 287 77,287
Planing byproduct mass o Uniform
percentage 5666879 7 7.8 138 218 yn3.821.8]
Average transportation distance of Uniform
lumber distribution”® L. 2z 1 = U[104,320]
Average hauling distance to landfill Uniform
Site80-83 km 256 32 480 U[32,480]
Average transportation distance km 91 N/A N/A N/A

from field to lumber mills'®




Table S5. Statistical characteristics of key parameters related to biochar production

Unit I\\//laelsg Minimum Maximum  Assumed distribution
Normal
53 [}
Hardwood carbon content % daf 51.0 46.5 56.7 N(51.0, 2.92)
Normal
53 o
Softwood carbon content % daf 51.0 46.2 61.0 N(51.0, 2.92)
. Normal
53
Hardwood C/H ratio 8.3 7.2 10.0 N(8.3, 0.65?)
. Normal
53
Softwood C/H ratio 8.2 71 9.8 N(8.2, 0.66?)
- Normal
Hardwood C/O ratio 1.2 1.0 1.6 N(1.2, 0.13?)
- Normal
Softwood C/O ratio 1.2 1.0 20 N(1.2, 0.142)
Gamma
53 0,
Hardwood ash content %o daf 2.6 0.1 10.6 a=2.5, b=0.75
Gamma
53 0
Softwood ash content % daf 1.3 0.1 6.3 a=0.5, b=2.5
Hardwood residue moisture . Uniform
content®* % dry basis  89.2 53.8 124.7 U[53.8,124.7]
Softwood residue moisture . Uniform
content® % dry basis  89.2 53.8 124.7 U[53.8,124.7]
. Uniform
85-89
Biochar decay rate 0.00095  0.0005 0.00249 U[0.0005,0.00249]
Average transportation Uniform
distance from collection area 69.5 52 87 U[52.87]
to the biochar plant® '
Average transportation Uniform
distance from the biochar 100 70 130 U[70,130]

plant to application field?*




Table S6. Process parameters for biochar production

Unit Value
Pyrolysis time'” minutes 60
Pyrolysis temperature” °C 500
Pyrolysis pressure'” atm 1
Pyrolysis nitrogen flow'” % of inlet feedstock flow 16.7
Pyrolysis thermal efficiency®’ % 90
Combustor excess air portion%? % 30
E)laejeeiggonsumptlon in the wheel kg/ODMT feedstock 14
Sl'ri";ﬁ}gf;ﬁy consumption in the KWh/ODMT fed in 40
E;if::g‘:‘:ncn‘l’gﬂsumpt'on I {712 KWh/ODMT fed in 33
Electricity consumption in the .
rotary drum dryer®s KWh/ODMT fed in 45
Electricity consumption in the KWh/ODMT fed in 17

feed hopper®®




Table S7. Statistical characteristics of key parameters related to landfilling and incineration of

urban tree waste

Mean value Minimum  Maximum  Assumed distribution
Uniform
5-28

DOC? 0.55 0.50 0.60 U[0.50,0.60]

Uniform
5-28

MCF? 0.90 0.80 1.00 U[0.80,1.00]

Uniform
5-28

F? 0.50 0.40 0.60 U[0.40,0.60]

Uniform
5-28

ox? 0.05 0 0.10 U[0,0.10]

Uniform
25-28

K 0.13 0.05 0.20 U[0.05.0.20]

Volume rate of CH4 to CO2 in Uniform

landfill gas emissions® 1.60 1.40 1.80 U[1.4,1.8]

Percentage of total N converting to Uniform

NHs that is emitted in landfill gas 5.15 4.10 6.20

‘aainng31,33,34 U[4.10,6.20]

emissions?13%

Percentage of total N converting to Uniform

NHa* that is emitted to water?* 34.2 30.7 37.8 U[30.7,37.8]

Percentage of total N converting to 12 0 24 Uniform

NOs that is emitted to water?431:33.34 : ' U[0,2.4]

Average hauling distance to landfill Uniform

site (km)2o-53 256 32 480 U[32,480]

Power generation efficiency by 335 250 420 Uniform

wood incineration93-98

U[25.0,42.0]




Table S8. Ecoinvent processes of substituted products used in this study

Product

Process?*

Ammonia
Ammonium Nitrate
Ammonium Sulfate
Sodium Nitrate

Urea

Superphosphates
Diammonium phosphate
Monoammonium phosphate
Potassium chloride
Hardwood chips

Softwood chips

Hardwood lumber

Softwood lumber

Charcoal

market for ammonia, liquid | Cutoff, U_RoW

market for ammonium nitrate, as N | Cutoff, U_GLO
market for ammonium sulfate, as N | Cutoff, U_GLO
market for sodium nitrate, unrefined | Cutoff, U_GLO
market for urea, as N | Cutoff, U_GLO

single superphosphate production | phosphate fertiliser, as P205 | Cutoff,
U_RoW

diammonium phosphate production | phosphate fertiliser, as P205 | Cutoff,
U RoW

monoammonium phosphate production | phosphate fertiliser, as P205 |
Cutoff, U_RoW

potassium chloride production | potassium chloride, as K20 | Cutoff,
U RoW

hardwood forestry, birch, sustainable forest management | wood chips,
wet, measured as dry mass | Cutoff, U_RoW

softwood forestry, pine, sustainable forest management | wood chips, wet,
measured as dry mass | Cutoff, U_RoW

market for sawnwood, beam, hardwood, dried (u=10%), planed |
sawnwood, beam, hardwood, dried (u=10%), planed | Cutoff, U_GLO

market for sawnwood, beam, softwood, dried (u=10%), planed | sawnwood,
beam, softwood, dried (u=10%), planed | Cutoff, U_GLO

market for charcoal | charcoal | Cutoff, U_GLO




Table S9. Market mixture percentage (2015) of fertilizers in terms of nutrient contribution

Fertilizer Consumption (short ton) Market Mixture Percentage®
Nitrogen fertilizers

Ammonia 4,141,218 28.7%

Ammonium Nitrate 608,268 1.8%

Ammonium Sulfate 1,935,361 3.4%

Nitrogen Solution® 11,896,660 38.3%

Sodium Nitrate 13,694 0.1%

Urea 7,038,055 27.7%

Phosphorus fertilizers

Superphosphates 717,929 12.7%

Diammonium phosphate 2,466,223 38.6%

Monoammonium phosphate 2,710,398 48.7%
Potassium fertilizer

Potassium chloride 5,854,194 100%

@ Market mixture percentage is calculated based on nutrient contribution percentage that is, for 1 kg N, or
P, or K fertilizer purchased in the market, the portion contributed by certain type of fertilizer

® Nitrogen solution was assumed to be 33% urea and 67% ammonium nitrate based on the study by
Mengel.*®



References

1.

2.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Chambers, J.Q., Schimel, J.P., and Nobre, A.D. (2001). Respiration from coarse wood litter in
central Amazon forests. Biogeochemistry 52, 115-131.

Mobley, M.L., Richter, D., and Heine, P.R. (2013). Accumulation and decay of woody detritus in a
humid subtropical secondary pine forest. Can. J. For. Res. 7118, 109-118.

Radtke, P.J., Amateis, R.L., Prisley, S.P., Copenheaver, C.A., Chojnacky, D.C., Pittman, J.R., and
Burkhart, H.E. (2009). Modeling production and decay of coarse woody debris in loblolly pine
plantations. For. Ecol. Manage. 257, 790-799.

Yin, X. (1999). The decay of forest woody debris: numerical modeling and implications based on
some 300 data cases from North America. Oecologia 1271, 81-98.

Agrammon (2009). Agrammon model. https://www.agrammon.ch/.

Nemecek, T., and Schnetzer, J. (2011). Methods of assessment of direct field emissions for LCls
of agricultural production systems.

Brockmann, D., Hanhoun, M., Négri, O., and Hélias, A. (2014). Environmental assessment of
nutrient recycling from biological pig slurry treatment - Impact of fertilizer substitution and field
emissions. Bioresour. Technol. 163, 270-279.

EEA (European Environment Agency) (2009). EMEP/EEA air pollutant emission inventory
guidebook - 2009 — European Environment Agency.

Bao, Y. Y., Zhou, Q. X,, Yan, L., & Guan, L.Z. (2008). Dynamic changes of nitrogen forms in
livestock manure during composting and relevant evaluation indices of compost maturity. J. Appl.
Ecol. 19, 374-380.

Sullivan, D.M., Bary, A.l., Miller, R.O., and Brewer, L.J. (2018). Interpreting compost analyses.
Bowyer, J.L., Shmulsky, R., and Haygreen, J.G. (2003). Forest products and wood science: an
introduction (Blackweel Publishing).

US Environmental Protection Agency (2007). Methodology for Thermal Efficiency and Energy
Input Calculations and Analysis of Biomass Cogeneration Unit Characteristics. Clean Air 1, 1-31.
Kumar, S., and Ghosh, P. (2018). Sustainable bio-energy potential of perennial energy grass from
reclaimed coalmine spoil (marginal sites) of India. Renew. Energy 123, 475—-485.

Demirbas, A. (2016). Calculation of higher heating values of biomass fuels. Energy Sources, Part
A Recover. Util. Environ. Eff. 38, 2693—-2697.

Milota, M.R., West, C.D., and Hartley, I.D. (2005). Gate-to-gate life-cycle inventory of softwood
lumber production. Wood Fiber Sci. 37, 47-57.

Argonne National Laboratory (2020). The greenhouse gases, regulated emissions, and energy
use in technologies (GREET) model.

Liu, G,, Li, M., Zhou, B., Chen, Y., and Liao, S. (2018). General indicator for techno-economic
assessment of renewable energy resources. Energy Convers. Manag. 156, 416-426.

Ranzi, E., Cuoci, A., Faravelli, T., Frassoldati, A., Migliavacca, G., Pierucci, S., and Sommariva, S.
(2008). Chemical kinetics of biomass pyrolysis. Energy and Fuels 22, 4292—-4300.

Debiagi, P.E.A., Pecchi, C., Gentile, G., Frassoldati, A., Cuoci, A., Faravelli, T., and Ranzi, E.
(2015). Extractives Extend the Applicability of Multistep Kinetic Scheme of Biomass Pyrolysis.
Energy and Fuels 29, 6544—-6555.

Lehmann, J. and Joseph, S. (2015). Biochar for environmental management: science, technology
and implementation (Routledge).

Yu, X.Y., Ying, G.G., and Kookana, R.S. (2006). Sorption and desorption behaviors of diuron in
soils amended with charcoal. J. Agric. Food Chem. 54, 8545-8550.

Glaser, B., Lehmann, J., and Zech, W. (2002). Ameliorating physical and chemical properties of
highly weathered soils in the tropics with charcoal - A review. Biol. Fertil. Soils 35, 219-230.

Kolb, S.E., Fermanich, K.J., and Dornbush, M.E. (2009). Effect of Charcoal Quantity on Microbial
Biomass and Activity in Temperate Soils. Soil Sci. Soc. Am. J. 73, 1173-1181.



24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., and Weidema, B. (2016). The
ecoinvent database version 3 (part I): overview and methodology. Int. J. Life Cycle Assess. 21,
1218-1230.

Pipatti, R., Svardal, P., Alves, J.W.S., Gao, Q., Cabrera, C.L., Mareckova, K., Oonk, H., Scheehle,
E., Sharma, C., Smith, A,, et al. (2006). Chapter 3: Solid Waste Disposal. In 2006 IPCC Guidelines
for National Greenhouse Gas Inventories Volume 5 Waste, Eggleston, H.S., Buendia, L., Miwa, K.,
Ngara, T., Tanabe, K. ed. (IGES) pp. 6.1-6.49.

IPCC (2000). Chapter 5 Waste. In Good practice guidance and uncertainty management in
national greenhouse gas inventories, J. Penman, D. Kruger, |. Galbally, T. Hiraishi, B. Nyenzi, S.
Emmanul, L. Buendia, R. Hoppaus, T. Martinsen, J. Meijer, K. Miwa and K. Tanabe ed. pp.5.1-
5.32.

Jensen, J.E.F., and Pipatti, R. (2006). CH4 Emissions from Solid Waste Disposal.
https://www.ipcc-nggip.iges.or.jp/public/gp/bgp/5_1_CH4_Solid_Waste.pdf

Pipatti, R., Sharma, C., Yamada, M., Alves, J.W.S., Gao, Q., Guendehou, G.H.S., Koch, M.,
Cabrera, C.L., Mareckova, K., Oonk, H., et al. (2006). Waste generation and compositon. In 2006
IPCC Guidelines for National Greenhouse Gas Inventories, Eggleston, H.S., Buendia, L., Miwa,
K., Ngara, T., Tanabe, K. ed. (IGES) pp. 2.1-2.23.

White, R. (1987). Effect of lignin content and extractives on the higher heating value of wood.
Wood fiber Sci. 19, 446-452.

Chai, X,, Lou, Z., Shimaoka, T., Nakayama, H., Zhu, Y., Cao, X., Komiya, T., Ishizaki, T., and
Zhao, Y. (2010). Characteristics of environmental factors and their effects on CH4 and CO2
emissions from a closed landfill: An ecological case study of Shanghai. Waste Manag. 30, 446—
451.

Burton, S.A.Q., and Watson-Craik, I.A. (1998). Ammonia and nitrogen fluxes in landfill sites:
Applicability to sustainable landfilling. Waste Manag. Res. 16, 41-53.

Prantl, R., Tesar, M., Huber-Humer, M., and Lechner, P. (2006). Changes in carbon and nitrogen
pool during in-situ aeration of old landfills under varying conditions. Waste Manag. 26, 373-380.

Brandstatter, C., Laner, D., and Fellner, J. (2015). C- and N- balances from a landfill aeration
experiment. In The 6th International Workshop on Hydro- Physico-Mechanics of landfills, pp. 81—
84.

Long, Y., Hu, L. fang, and Shen, D.S. (2009). Nitrogen transformation in the hybrid bioreactor
landfill. Bioresour. Technol. 7100, 2527-2533.

USDA ERS (2015). Fertilizer Use and Price. https://www.ers.usda.gov/data-products/fertilizer-use-
and-price.aspx.

Delin, S., Stenberg, B., Nyberg, A., and Brohede, L. (2012). Potential methods for estimating
nitrogen fertilizer value of organic residues. Soil Use Manag. 28, 283-291.

Holmgren, G.G.S., Meyer, M.W., Chaney, R.L., and Daniels, R.B. (1993). Cadmium, Lead, Zinc,
Copper, and Nickel in Agricultural Soils of the United States of America. J. Environ. Qual. 22, 335—
348.

NOAA (2021). NOAA Climate Monitoring. https://www.ncdc.noaa.gov/cag/national/time-
series/110/tavg/3/5/1895-20217?base_prd=true&begbaseyear=1901&endbaseyear=2000.

Nowak, D.J., Greenfield, E.J., and Ash, R.M. (2019). Annual biomass loss and potential value of
urban tree waste in the United States. Urban For. Urban Green. 46, 126469.

Heckman, J.R., and Kluchinski, D. (1996). Chemical Composition of Municipal Leaf Waste and
Hand-Collected Urban Leaf Litter. J. Environ. Qual. 25, 355-362.

Suthar, S., and Gairola, S. (2014). Nutrient recovery from urban forest leaf litter waste solids using
Eisenia fetida. Ecol. Eng. 71, 660-666.

Nurmatov, N., Gomez, D.A.L., Hensgen, F., Blhle, L., and Wachendorf, M. (2016). High-quality
solid fuel production from leaf litter of urban street trees. Sustain. 8.



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

Piepenschneider, M., Nurmatov, N., Buhle, L., Hensgen, F., and Wachendorf, M. (2016). Chemical
Properties and Ash Slagging Characteristics of Solid Fuels from Urban Leaf Litter. Waste and
Biomass Valorization 7, 625-633.

Cadena, E., Colén, J., Artola, A., Sanchez, A., and Font, X. (2009). Environmental impact of two
aerobic composting technologies using life cycle assessment. Int. J. Life Cycle Assess. 14, 401—
410.

Komilis, D.P., and Ham, R.K. (2004). Life-Cycle Inventory of Municipal Solid Waste and Yard
Waste Windrow Composting in the United States. J. Environ. Eng. 130, 1390-1400.

Erses Yay, A.S. (2015). Application of life cycle assessment (LCA) for municipal solid waste
management: A case study of Sakarya. J. Clean. Prod. 94, 284-293.

Martinez-Blanco, J., Mufioz, P., Antén, A., and Rieradevall, J. (2009). Life cycle assessment of the
use of compost from municipal organic waste for fertilization of tomato crops. Resour. Conserv.
Recycl. 53, 340-351.

Mu, D., Horowitz, N., Casey, M., and Jones, K. (2017). Environmental and economic analysis of
an in-vessel food waste composting system at Kean University in the U.S. Waste Manag. 59, 476—
486.

Sanchez, A., Artola, A., Font, X., Gea, T., Barrena, R., Gabriel, D., Sdnchez-Monedero, M.A.,
Roig, A., Cayuela, M.L., and Mondini, C. (2015). Greenhouse Gas from Organic Waste
Composting: Emissions and Measurement. In CO2 sequestration, biofuels and depollution, E.
Lichtfouse, J. Schwarzbauer, and D. Robert, eds. (Springer), pp. 33-70.

van Haaren, R., Themelis, N.J., and Barlaz, M. (2010). LCA comparison of windrow composting of
yard wastes with use as alternative daily cover (ADC). Waste Manag. 30, 2649-2656.

Blengini, G.A. (2008). Using LCA to evaluate impacts and resources conservation potential of
composting: A case study of the Asti District in Italy. Resour. Conserv. Recycl. 52, 1373-1381.
U.S. Environmental Protection Agency (2002). Waste Transfer Stations: A Manual for Decision-
Making. https://www.epa.gov/landfills/waste-transfer-stations-manual-decision-making.

Miles, P.D., and Smith, W.B. (2009). Specific Gravity and Other Properties of Wood and Bark for
156 Tree Species Found in North America. Res. Note. NRS-38, 35.

Jenkins, J.C., Chojnacky, D.C., Heath, L.S., and Birdsey, R.A. (2003). National-scale biomass
estimators for United States tree species. For. Sci. 49, 12-35.

Liao, M., Kelley, S., and Yao, Y. (2020). Generating Energy and Greenhouse Gas Inventory Data
of Activated Carbon Production Using Machine Learning and Kinetic Based Process Simulation.
ACS Sustain. Chem. Eng. 8, 1252—-1261.

Patterson, D.W., Doruska, P.F., and Posey, T. (2004). Weight and bulk density of loblolly pine
plywood logs in southeast Arkansas. For. Prod. J. 54, 145-149.

Patterson, H.T., and Clark, A.l. (1988). Bulk density of southern pine logs. For. Prod. J. 38, 36—40.

Steele, P.H. (1984). Factors determining lumber recovery in sawmilling (US Department of
Agriculture, Forest Service, Forest Products Laboratory).

Kilborn, K.A. (2002). Lumber recovery studies of Alaska Sawmills, 1997 to 1999 (USDA, Forest
Service).

Mickaél, H., Michaél, A., Fabrice, B., Pierre, M., and Thibaud, D. (2007). Soil detritivore macro-
invertebrate assemblages throughout a managed beech rotation. Ann. For. Sci. 64, 219-228.
Lowell, E.C., and Green, D.W. (2001). Lumber Recovery From Small-Diameter Ponderosa Pine
From Flagstaff, Arizona. In USDA Forest Service Proceedings RMRS-P-22, pp. 161-166.
Zhang, S., Chauret, G., and Tong, Q. (2009). Impact of precommercial thinning on tree growth,
lumber recovery and lumber quality in Abies balsamea. Scand. J. For. Res. 24, 425-433.
Wagner, F., and Taylor, F. (1993). Low lumber recovery at southern pine sawmills may be due to
misshapen sawlogs. For. Prod. J. 43, 53-55.

Plank, M.E. (2014). Lumber recovery from ponderosa pine in the Black Hills, South Dakota /.



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Liu, C., Ruel, J.C., Groot, A., and Zhang, S.Y. (2009). Model development for lumber volume
recovery of natural balsam fir trees in Quebec, Canada. For. Chron. 85, 870-877.

Bergman, R.D., and Bowe, S.A. (2010). Environmental impact of manufacturing softwood lumber
in northeastern and north central United States. Wood Fiber Sci. 42, 67—-78.

Keegan lll, C.E., Morgan, T.A., Blatner, K.A., and Daniels, J.M. (2010). Trends in Lumber
Processing in the Western United States. Part II: Overrun and Lumber Recovery Factors. For.
Prod. J. 60, 140-149.

Milota, M.R. (2004). CORRIM : Phase | Final Report Module B Softwood Lumber - Pacific
Northwest Region. https://corrim.org/wp-content/uploads/2018/03/softwood-lumber-pnw.pdf.

Bergman, R.D., and Bowe, S.A. (2008). Environmental impact of producing hardwood lumber
using life-cycle inventory. Wood Fiber Sci. 40, 448—458.

Bergman, R.D., and Bowe, S.A. (2012). Life-cycle inventory of manufacturing hardwood lumber in
southeastern US. Wood Fiber Sci. 44, 71-84.

Devaru, D.G., Maddula, R., Grushecky, S.T., and Gopalakrishnan, B. (2014). Motor-based energy
consumption in west virginia sawmills. For. Prod. J. 64, 33—40.

Ananias, R.A., Ulloa, J., Elustondo, D.M., Salinas, C., Rebolledo, P., and Fuentes, C. (2012).
Energy Consumption in Industrial Drying of Radiata Pine. Dry. Technol. 30, 774-779.

Milota, M. (2015). CORRIM REPORT: Module C-Life Cycle assessment for the production of
southeastern softwood lumber.

Bergman, R. (2010). Chapter 13 - Drying and Control of Moisture Content and Dimensional
Changes. In Wood Handbook - Wood as an engineering material, pp. 1-20.

Puettmann, M., Sinha, A., and Ganguly, I. (2018). CORRIM Report - Life cycle assessment of
cross laminated timber produced in Oregon.

Chen, C.X., Pierobon, F., and Ganguly, I. (2019). Life Cycle Assessment (LCA) of Cross-
Laminated Timber (CLT) produced in Western Washington: The role of logistics and wood species
mix. Sustainability 77.

Gu, M. (2017). Strength and Serviceability Performances of Southern Yellow Pine Cross-
Laminated Timber (CLT) and CLT-Glulam Composite Beam.

Wang, E., Chen, T., Pang, S., and Karalus, A. (2008). Variation in anisotropic shrinkage of
plantation-grown pinus radiata wood. Maderas Cienc. y Tecnol. 10, 243-250.

Blatner, K.A., Keegan, C.E., Daniels, J.M., and Morgan, T.A. (2012). Trends in lumber processing
in the western united states. part lll: Residue recovered versus lumber produced. For. Prod. J. 62,
429-433.

Thorneloe, S.A., Weitz, K.A., and Jambeck, J. (2005). Moving from Solid Waste Disposal to
Materials Management in the United States. In Proceedings of the Sardinia ‘05, International Solid
and Hazardous Waste Symposium.

Thorneloe, S.A., Weitz, K., and Jambeck, J. (2007). Application of the US decision support tool for
materials and waste management. Waste Manag. 27, 1006—1020.

Ham, R.K. (1993). Overview and implications of u.s. sanitary landfill practice. Air Waste 43, 187—
190.

Wikramanayake, E.D., Ozkan, O., and Bahadur, V. (2017). Landfill gas-powered atmospheric
water harvesting for oilfield operations in the United States. Energy 138, 647—658.

Lan, K., Park, S., Kelley, S.S., English, B.C., Yu, T.E., Larson, J., and Yao, Y. (2020). Impacts of
uncertain feedstock quality on the economic feasibility of fast pyrolysis biorefineries with blended
feedstocks and decentralized preprocessing sites in the Southeastern United States. GCB
Bioenergy 12, 1014-1029.

Barrow, C.J. (2012). Biochar: Potential for countering land degradation and for improving
agriculture. Appl. Geogr. 34, 21-28.



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Kuzyakov, Y., Subbotina, I., Chen, H., Bogomolova, I., and Xu, X. (2009). Black carbon
decomposition and incorporation into soil microbial biomass estimated by 14C labeling. Soil Biol.
Biochem. 41, 210-219.

IPCC (2019). IPCC 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories (IPCC).

Leng, L., Huang, H., Li, H., Li, J., and Zhou, W. (2019). Biochar stability assessment methods: A
review. Sci. Total Environ. 647, 210-222.

Kuzyakov, Y., Bogomolova, |., and Glaser, B. (2014). Biochar stability in soil: Decomposition
during eight years and transformation as assessed by compound-specific 14C analysis. Soil Biol.
Biochem. 70, 229-236.

Lan, K., Ou, L., Park, S., Kelley, S.S., English, B.C., Yu, T.E., Larson, J., and Yao, Y. (2021).
Techno-Economic Analysis of Decentralized Preprocessing Systems for Fast Pyrolysis
Biorefineries with Blended Feedstocks in the Southeastern United States. Renew. Sustain. Energy
Rev. 143, 110881.

Dornburg, V., and Faaij, A.P.C. (2001). Efficiency and economy of wood-fired biomass energy
systems in relation to scale regarding heat and power generation using combustion and
gasification technologies. Biomass and Bioenergy 27, 91-108.

Arena, N., Lee, J., and CIift, R. (2016). Life Cycle Assessment of activated carbon production from
coconut shells. J. Clean. Prod. 125, 68-77.

Palander, T. (2011). Technical and economic analysis of electricity generation from forest, fossil,
and wood-waste fuels in a Finnish heating plant. Energy 36, 5579-5590.

Palander, T. (2011). Modelling renewable supply chain for electricity generation with forest, fossil,
and wood-waste fuels. Energy 36, 5984-5993.

Hossain, A.K., and Badr, O. (2007). Prospects of renewable energy utilisation for electricity
generation in Bangladesh. Renew. Sustain. Energy Rev. 11, 1617-1649.

Van den Broek, R., Teeuwisse, S., Healion, K., Kent, T., Van Wijk, A., Faaij, A., and Turkenburg,
W. (2001). Potentials for electricity production from wood in Ireland. Energy 26, 991-1013.

Mei, B., and Wetzstein, M. (2017). Burning wood pellets for US electricity generation? A regime
switching analysis. Energy Econ. 65, 434—441.

Lan, K., Kelley, S.S., Nepal, P., and Yao, Y. (2020). Dynamic Carbon Life Cycle and Energy
Analysis for Cross-Laminated Timber in the Southeastern United States. Environ. Res. Lett.
Mengel, D.B. (1986). Types and Uses of Nitrogen Fertilizers for Crop Production (Purdue
University).



	ONEEAR639_proof_v5i8.pdf
	Circular utilization of urban tree waste contributes to the mitigation of climate change and eutrophication
	Introduction
	Results
	Methods summary
	National-level life-cycle results
	Product-level life-cycle results
	State-level life-cycle results

	Discussion
	Conclusion

	Experimental procedures
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Methodology
	Urban tree waste availability
	Compost production and end of life
	Lumber production and end of life
	Biochar production and end of life
	Urban tree waste landfill
	Urban tree waste incineration and mulch production
	Product substitution
	Scenario analysis

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References



