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Abstract
Purpose Producing biochar from forest residues can help resolve environmental issues by reducing forest fires andmitigating climate
change. However, transportation and storage of biomass to a centralized facility are often cost-prohibitive and a major hurdle for the
economic feasibility of producing biobased products, including biochar. The purpose of this study was to evaluate the environmental
impacts and economic feasibility of manufacturing biochar from forest residues with small-scale portable production systems.
Methods This study evaluated the environmental performance and economic feasibility of biochar produced through three portable
systems (biochar solutions incorporated (BSI), OregonKiln (OK), and air curtain burner (ACB)) using forest residues in theUnited States
(US). Cradle-to-grave life-cycle assessment (LCA) and techno-economic analysis (TEA) were used to quantify environmental impacts
and minimal selling price (MSP) of biochar respectively considering different power sources, production sites, and feedstock qualities.
Results and discussions The results illustrated that the global warming (GW) impact of biochar production through BSI, OK, and
ACB was 0.25–1.0, 0.55, and 0.61-t CO2eq/t biochar applied to the field, respectively. Considering carbon-sequestration, 1-t of
biochar produced with the portable system at a near-forest site and applied to the field reduced the GW impact by 0.89–2.6 t
CO2eq. For biochar production, the environmental performance of the BSI system improved substantially (60–70%) when it was
powered by a gasifier-based generator instead of a diesel generator. Similarly, near-forest(off-grid) biochar production operations
performed better environmentally than the operations at in-town sites due to the reduction in the forest residues transportation
emissions. Overall, the net GW impact of biochar produced from forest residues can reduce environmental impacts (i.e., 1–10
times lower CO2eq emissions) compared with slash-pile burning. TheMSP per tonne of biochar produced through BSI, OK, and
ACB was $3,000–$5,000, $1,600, and $580 respectively considering 100 working days per year. However, with improved BSI
systems when allowed to operate throughout the year, the MSP can be reduced to below $1000/t of biochar. Furthermore,
considering current government grants and subsidies (i.e.,$12,600/ha for making biochar production from forest residues), the
MSP of biochar can be reduced substantially (30–387%) depending on the type of portable system used.
Conclusion The portable small-scale production systems could be environmentally beneficial and economically feasible options
to make biochar from forest residues at competitive prices given current government incentives in the US where excess forest
biomass and forest residues left in the forest increase the risk of forest fires.
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1 Introduction

Forest fires are getting extreme and recurrent in the US as well
as globally, because of increased fuel loads (i.e., woody bio-
mass) in the forest and longer dry climatic conditions (Cook
and Becker 2017; Sahoo et al. 2019). On the other hand, fire
suppression activities have resulted in increased fuel loads
(i.e., overstocked stands with small-diameter trees) that are
vulnerable to extreme wildfire (Noss et al. 2006).

The forest fires in the US cost lives and huge economic
losses (e.g., $1.84 billion in 2015 as fire suppression cost
excluding property damage (Cook and Becker 2017) and
$76-$130 billion/year from 2008 to 2012 due to adverse
health impacts (Fann et al. 2018)). Moreover, for improved
wildfire management, it is quite costly (Sahoo et al. 2018) to
remove excess woody biomass from the forest especially
wildland-urban interface (Stein et al. 2013).

Soil quality degradation and agricultural productivity de-
cline due to a reduction of soil organic matter (SOM) and
nutrient imbalances are major constraints in agricultural soils
(Agegnehu et al. 2017) that lead to loss of income and pro-
ductive lands—an existential threat to the global food de-
mands to feed 10 billion people by 2050.

Forest residues or wood waste generated during usual com-
mercial logging operations also present a forest-fire risk that
must be removed or treated properly (Page-Dumroese et al.
2017). Moreover, air pollution and other adverse human
health impacts are caused due to controlled burning forest
residues. Berrill and Han 2017). However, these forest resi-
dues are potentially available to produce valuable bio-based
products, including bioenergy and biochar.

Biochar production from forest residues can act as a multi-
edged approach to mitigate global threats such as forest fires
by reducing excess biomass in the forest and climate change;
by capturing and storing carbon in soil through agriculture
application, while simultaneously improving crop productivi-
ty; by enhancing soil quality, allowing lower fertilizer appli-
cation and irrigation (Qambrani et al. 2017). Note that the
decline in agricultural productivity is an existential threat to
global food demands to feed 10 billion people by 2050
(Agegnehu et al. 2017).

The main economic obstacle to the use of forest residues
distributed across a large geographic region is their high lo-
gistical collection and aggregation costs (Sahoo et al. 2019;
Wright et al. 2008; Yazan et al. 2016; Mirkouei et al. 2017).
Furthermore, due to low bulk and energy density, and high
moisture content (MC), biomass collection, transport, and
handling costs are high (Parkhurst et al. 2016; Sahoo, 2017;
Sahoo et al. 2018). The Waste to Wisdom (WTW) research
project (WTW 2018), with a focus on the Pacific Northwest of
the US, was initiated to identify technologies and processes
that could utilize these residues for economically valuable bio-
based products that could offset the costs of fuel reduction

treatments and forest restoration that may provide employ-
ment opportunities in rural areas (Sahoo et al. 2018).

Large-scale biochar production system— using slow pyrol-
ysis at a 450– 500 °C temperature range (Carrasco et al.
2017)—may not be financially feasible due to the high bio-
mass logistics cost of transporting low-value forest residues to
industrial facilities (Kuppens et al. 2014; Wrobel-
Tobiszewska et al. 2015). Therefore, portable platforms have
been proposed (Berry and Sessions 2018; Sahoo et al. 2019)
that can perform biomass conversion and produce various
biomass-based products close to the supply (i.e., near-forest).
These studies (Badger et al. 2010; Berry and Sessions 2018;
Brown and Brady 2012; Sahoo et al. 2019) primarily focused
on the techno-economics of biochar production and better
supply chain configuration. However, the life-cycle assess-
ment (LCA) and techno-economic analysis (TEA) of biochar
production with a portable system can illustrate both the bot-
tom line environmental impacts and economic feasibility,
which can be valuable to the various stakeholders including
forest owners, biochar producers, carbon market,
policymakers, and society.

Alhashimi and Aktas (2017) discuss various studies on
LCA biochar production. These studies are based on central-
ized large-scale production plants that utilize agricultural res-
idues (Dutta and Raghavan 2014; Roberts et al. 2010) or
mixed types (Hammond et al. 2011) of feedstocks and con-
sidering biochar as co-products rather than main products
(Hammond et al. 2011; Lu and El Hanandeh 2019). Roberts
et al. (2010) studied the biochar-pyrolysis system, which com-
pared the life-cycle impacts of biochar produced from crop
residues (i.e., corn stover), woody biomass (i.e., yard waste),
and energy crop (i.e., switchgrass) feedstocks. Clare et al.
(2015) compared the carbon storage potential and economic
feasibility of biochar production with that of bioenergy
production. Field et al. (2013) have studied the biochar pro-
duction from various feedstocks considering various technol-
ogies (i.e., slow and fast pyrolysis), and applications including
use as energy, a soil amendment that can mitigate up to 1.4-t
CO2eq/t of biomass. The net carbon abatement potential of
biochar depends on the biochar production system boundary,
feedstocks, products, technologies, and application scenarios.
Lee et al. (2010) found that biochar and energy production
produced less GHG emissions compared with others such as
in-situ decompositions, composting, combustion for heat and
energy, or conversion to liquid biofuel.

Portable small-scale systems can be economically viable
alternatives. However, studies on portable and small-scale
biochar production systems are few and not extensive. There
are some studies on portable pyrolysis systems capable of
producing biochar, though most of these systems were opti-
mized to produce bio-oil, not biochar as the primary product
(Badger et al. 2010; Chen et al. 2018; Mirkouei et al. 2016;
Polagye et al. 2007) with the bio-oil then transported to a
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central facility to produce transportation fuels. Rosas et al.
(2015) mentioned that there is a significant reduction in
GHG emissions related to feedstock transportation compared
with a centralized system and thus lower net global warming
impact of biochar produced from vineyard residues. Bergman
et al. (2019), Gu and Bergman (2016), and Gu et al. (2018)
performed a cradle-to-gate LCA on an advanced woody bio-
mass thermochemical conversion unit producing synthesis gas
(syngas) for electricity generation and biochar for activated
carbon. Biochar, in this case, significantly reduced the global
warming impact for syngas electricity compared with fossil
resource-based electricity generation (Gu and Bergman 2017).
The carbon stored in biochar was attributed to carbon seques-
tration value only, without considering the downstream indi-
rect effects of applying biochar in soil. Bergman et al. (2016)
showed that biochar pellets broadcast in the field had relative-
ly small contributions to climate change relative to the carbon
sequestration potential of the biochar pellets. Several biochar
LCA studies followed a similar approach, essentially consid-
ering biochar as a GHG offset product to the climate change
impact of a bioenergy production platform (Homagain et al.
2015; Hudiburg et al. 2011; Ramachandran et al. 2017).Many
biochar LCA studies have looked beyond the direct carbon
sequestration/storage values of biochar including avoided soil
GHG emissions, reduced fertilizer use in crop production
(Muñoz et al. 2017; Pereira et al. 2016), increased agronomic
yield, and transportation distance and logistics sensitivities for
applying biochar closer to where it is produced (Peters et al.
2015; Rosas et al. 2015; Wang et al. 2014). Transportation
distances are often important input parameters for feedstock
and biochar logistics, and biochar application phases.

The application of biochar is diverse including land recla-
mation (both for agriculture and forest), horticulture, waste-
water treatment, animal feed, and cosmetics (Li et al. 2020;
Qambrani et al. 2017). The application of biochar for land
reclamation is most widely studied (Li et al. 2020) and is the
most important application that will drive biochar demand in
the future (Sasatani and Eastin 2018). The overall environ-
mental impacts of biochar applied to the soil ultimately de-
pend on the carbon storage potential of biochar which de-
creases with time due to the mineralization process.
Mineralization of biochar carbon in the soil is complex and
is affected by multiple parameters including feedstocks, py-
rolysis temperature, biochar properties, and soil environment
(Gurwick et al. 2013; Singh et al. 2012; Wang et al. 2016).
Biochar contains both labile and recalcitrant carbon where the
former is prone to accelerated mineralization compared with
the later one (Wang et al. 2016). Carbon storage or biochar
stability is estimated using multiple parameters (Leng et al.
2019) such as half-life, mean resident time (MRT), carbon
stability factor (CSF) (Wang et al. 2014), and BC+100 (the
percentage of organic C in biochar that remains stable in soil
for more than 100 years) which vary widely. For example, a

review study onMRT (a reciprocal of the decomposition rate)
on biochar showed that biochar can remain in the soil between
8 and 4000 years (Gurwick et al. 2013), and MRT mainly
dependent on biochar properties especially the content of re-
calcitrant carbon in the biochar. Carbon in biochar produced
especially from woody feedstocks at higher pyrolysis temper-
ature is mostly contained recalcitrant carbon (> 97%) (Singh
et al. 2012; Wang et al. 2016). The MRT for recalcitrant-
carbon in biochar is far more than 100 years (Singh et al.
2012; Wang et al. 2016), the standard timeframe for
performing LCA and estimating biochar’s carbon sequestra-
tion potential. International Biochar Initiative performed a
meta-analysis and estimated the fraction of biochar-carbon
remain stable or sequestered in the soil after 100 years
(BC+100) considering the H/Corg ratio of biochar (i.e., biochar
with H/Corg of 0.4 has BC+100 value of 80.5) (Budai et al.
2013). The H/Corg ratio of biochar depends on the type of
biomass and woody feedstocks have lower H/Corg ratio espe-
cially at higher pyrolysis temperature and longer residence
time (Ronsse et al. 2013).

Overall, there are some key aspects of biochar production
in portable systems that have not been considered in previous
studies. Forest residues quality, measured by variables such as
type of biomass and its MC, size, and ash content, has a
substantial influence on the biochar quality (Inoue et al.
2011), biochar yield, and the productivity of biochar
manufacturing systems. The types of portable production sys-
tems and their locations also influence the overall biochar
production performance. For example, the BSI (manufactured
by biochar solutions incorporated) system requires electrical
power to operate where it may not be a feasible option to get
grid connection such as a near-forest biochar production site
(Sahoo et al. 2019; SERC 2016). The usual option is to use a
diesel generator to power the BSI system at the near-forest site
operation, which can have large negative environmental im-
pacts due to the use of fossil fuel. However, a wood gasifier-
based generator is an alternative with a low environmental
footprint option compared with a diesel generator that could
power a BSI system (WTW 2018; Sahoo et al. 2019; Alanya-
Rosenbaum and Bergman 2019; Alanya-Rosenbaum et al.
2018). Other portable systems that can be alternatives to the
BSI system, like the Oregon Kiln (OK) and air curtain burner
(ACB), have been tested by Puettmann et al. (2020) and
Wilson (2017). The OK and ACB can process much larger-
size forest residues, do not require comminution of forest
residues, and do not require electrical power for operation.
Recently, Puettmann et al. (2020) analyzed the lifecycle im-
pacts of producing biochar with BSI, OK, and ACB.
However, this study is a cradle to gate LCA study. Biochar
is very bulky (or low bulk density) and its transportation and
application in the field may incur additional environmental
impacts and cost and may influence the overall biochar per-
formance. Therefore, a cradle-to-grave comparative LCA
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study of biochar production from forest residues for these
three portable systems (BSI, OK, and ACB) considering var-
ious feedstock qualities and production site locations (near-
forest and in-town), and field application can provide critical
information to stakeholders and policymakers to make deci-
sions for the best usage of forest residues and the associated
portable system best-suited to varying conditions.

In this study, an integrated cradle-to-grave LCA and TEA
was conducted to measure the environmental performance
and economic feasibility of making biochar, the final product
from forest residues in the western US using three portable
systems, namely BSI, OK, and ACB that have been devel-
oped, tested, and marketed in the US. The environmental im-
pacts were estimated using a cradle-to-grave LCA approach
(ISO 2006a, b). A discounted cash flow rate of return
(DCFROR) model (Sahoo et al. 2019) was used to estimate
the financial performance and the economic feasibility of pro-
ducing biochar.

The following describes the various scenarios analyzed in
this study. The BSI system was studied considering biochar
production in different locations (near-forest (maximum 1-h
travel time from feedstocks) and in-town (maximum 2–4 h
travel time from feedstocks), feedstock qualities (chipped and
ground forest residues with variable moisture and ash content),
and different power sources (in-town locations used available
grids and near-forest locations used diesel or wood gasifier-
based generator)). The BSI system was tested extensively by
the Schatz Energy Research Center where performance data
were collected and analyzed (Severy et al. 2016; Severy et al.
2018). The OK and ACBwere tested at in-forest locations (just
near the forest residues piles) (Wilson 2017). The TEA includ-
ed all costs incurred from feedstocks preparation, logistics, bio-
char production, product transportation, and field application.
The results were presented as various environmental impacts
(especially global warming (GW) impact), economic feasibility
(especially minimum selling price (MSP)) per unit mass of
biochar produced, and sensitivity analyses.

2 Methods

This study investigated the environmental impacts and eco-
nomic feasibility of producing biochar using portable plat-
forms (biochar solutions incorporated (BSI), Oregon Kiln
(OK), and air curtain burner (ACB) (Fig. 1)) from forest res-
idues either at the near-forest setup or in-town locations (only
for BSI) in the western US.

A cradle-to-grave LCA approach was used to estimate the
environmental impacts of biochar produced from forest resi-
dues and applied to the soil. The DCFROR model was devel-
oped to estimate financial performances, especially the mini-
mum selling price (MSP) of biochar delivered to users. The
primary data used in this study were compiled from the

Waste to Wisdom (WTW) research project (WTW 2018),
where experiments were conducted for forest residues harvest-
ing, feedstocks preparation, and then link to primary data col-
lected from the portable biochar production systems. There
were several scenarios studied considering types of feedstock,
production system, processing location, and sources of electric-
ity used in operating the production systems (Fig. 2). BSI por-
table systems can produce biochar from forest residues either
(a) at a remote site very close to the forest, i.e., near-forest sites
or (b) in-town sites that are a located either 2 or 4 h of travel
time away from the forest (Puettmann et al. 2020). In the latter
case (b), forest residues are transported in trucks to the in-town
sites. However, OK and ACB can produce biochar at the par-
cel, a small piece of land right at source without forest residues
transportation and minimal or no comminution.

2.1 Life-cycle assessment

This study conducted the lifecycle assessment by following
the ISO 14040 and ISO 14044 standards (ISO 2006a, b).
Using primary and secondary data provided, life-cycle inven-
tory (LCI) was developed for biochar in each scenario and
SimaPro 8.5 life-cycle assessment (LCA) modeling software
estimated the associated life-cycle impact categories including
global warming (PRe Consultants 2019). This study deals
with only a single product, i.e., biochar from forest residues
and no co-product exists, but whenever there is a need for
attributing life-cycle inventory and impacts among various
co-products, we have used a mass allocation approach.

2.1.1 Goal and scope

The scope of the LCA study was to quantify the environmen-
tal footprints of biochar produced from forest residues using
portable systems through a cradle-to-grave approach. The bio-
char supply chain covered upstream unit processes (residues
harvesting and collection, feedstock processing, and biomass
transportation/hauling), and the main biochar production pro-
cess, biochar transport, and field application (i.e., biochar
spread into the soil). Forest residues were considered waste
generated during the sawlog harvesting operation. Therefore,
forestry operations related to the management of forest and
harvesting of trees were excluded from this LCA (Puettmann
et al. 2017a).

Whether comminution or break down of forest residues
occurred depended on the selected biochar system. BSI bio-
char production unit used forest residues that were either
chipped or ground. The other two portable systems—OK
and ACB—used uncomminuted forest residues that required
length reduction only using a chainsaw (manually-operated).
The biochar quality produced from these portable systems
partially depended on feedstock type and their properties.
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The use of electrical power depended on the selected bio-
char system. The operation of the BSI biochar production
system requires power that was supplied from either the
Power Pallet-PP20 (woody) biomass gasifier (All Power
Labs, Berkeley, California, USA), diesel generator, or grid if

available. The grid-based electricity is usually unavailable for
near-forest locations but an in-town facility can have a grid
connection for operating these portable systems.

The functional unit in this LCA study was considered 1 t of
biochar sold to a consumer with biochar applied in the field. A

Fig. 1 Biochar production with portable processing systems

Fig. 2 Biochar production
scenarios considering feedstock
types, production systems,
processing locations, and power
sources
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second functional unit (i.e., percent of fixed carbon in the
biochar) was used to compare different feedstock inputs and
biochar systems. A third functional unit (i.e., one metric tonne
of forest residue (oven-dry basis)) was used for comparison of
slash pile burning and the use of forest residues to make bio-
char. The primary data on the biochar production operations
including feedstocks inputs, electricity and fuel consumption,
ancillary materials inputs, and biochar outputs were collected
directly from each portable system. Where data were lacking,
assumptions were made based on published reports or by
speaking to experts. Forest residues harvesting, collection,
transportation, and comminution data were obtained from
(Oneil et al. 2017; Sahoo et al. 2018). Biochar production data
were provided by Schatz Energy Research Center, Humboldt
State University (SERC 2016) for the BSI unit, and byWilson
Biochar Associates (Wilson 2017) for the OK and ACB
(Puettmann et al. 2018).

2.1.2 System boundaries and description of biochar
production systems

The system boundary starts with forest residues harvesting
and ends with biochar applied to the field. Figure 3 shows
the system boundary of biochar production using the BSI
portable unit. Figure 4 shows the system boundaries for the
production of biochar using the OK (Fig. 4a) and ACB (Fig.
4b) developed by Wilson Biochar Associates (Wilson 2017).
The detailed description of forest residues logistics was men-
tioned by Oneil et al. (2017). The detailed description of bio-
char production with BSI system was provided in (SERC
2016) and (Severy et al. 2018) Biochar production with OK
and ACB was provided in Puettmann et al. (2017b)

All three systems exclude forest logging operations that
included tree felling and yarding loading but include hauling
of forest residues to the biochar system (Oneil et al. 2017). For
the BSI system, forest residues were processed and sorted into
pulp logs, branches, and tops. Pulp logs provided very high-
quality biomass, hence, were transported to the processing
site, for chipping and screening before use in the BSI system
to produce biochar. Pulp logs were available in the US Pacific
Northwest because of the loss of pulp and paper mills in this
region but may have limited availability outside this region.
Compared with pulpwood, branches and tops are lower in
quality and thus are processed using horizontal grinders and
hauled to the processing site. Before entering the BSI system
to make biochar, all comminuted woody biomass was
screened. For the BSI system, a detailed technical
description to produce biochar is described by Severy et al.
(2016) and Severy et al. (2018). About 20 kW of electricity is
required to run the BSI system and three power source types
were considered in this study based on the actual near forest or
in-town biochar production sites (Sahoo et al. 2019). For the
OKs, they are lightweight (less than 100 kg) and portable,

allowing several kilns to be located on the forest roads with
transportation of residues to the roadside from the forest. OKs
can handle larger-size forest residues (< 15 cm diameter) and
thus do not require comminution of the biomass, but may
require some minimal preprocessing. Forest residues were
sorted and hauled to the processing site, where the boles/
branches/tops were further processed into smaller lengths
using a chain saw. For the ACB, in contrast, they can handle
larger length (length of forest residues should be smaller than
the length of ACB (i.e., 9.2 m) but no limit in stem diameter)
biomass so does not require any preprocessing. This unit was
used to process mostly freshly-cut (green) slash.

Although the purpose of using an ACB unit is slash dis-
posal through incineration, the units do produce large batches
of biochar. ACB was bigger compared with OK but operated
similarly as OK. However, the operating temperature of ACB
was higher than OK and thus produced biochar that has a
higher fixed carbon percentage. The ACB does have a 36-
kW engine to operate a blower but was not used in this study,
whereas an OK does not require any power source for its
operation.

2.1.3 Forest residues harvesting, logistics, and preparation
of feedstocks

This study considered forest residues harvested from timber-
land during commercial logging operations in the five regions
(Oneil et al. 2017) of the US Pacific Northwest. All five har-
vesting sites produced about 82 ODMT (oven-dry metric
tonnes) woody biomass/ha. Forest residue harvesting includ-
ing collection and processing from conifer forests served as an
input into the biochar production systems. One source, pulp-
wood, was hauled to the conversion site (near-forest or in-
town) as whole logs using trucks. The other source, logging
residue (tops and branches), was ground at the forest landing,
hoisted into a dump truck, and hauled to the near-forest site.
For the near-forest processing site, haul time is limited to a
maximum of 1 h from the log harvest sites. For the biochar
production at the in-town processing site, the biomass hauling
time is limited to 2 or 4 h from harvesting sites. At each
biochar processing site (near-forest or in-town), the pulp logs
were chipped using a medium chipper or a micro chipper and
screened before feeding to the BSI unit, but tops and branches
were ground (~ 12mm) with grinders at the forest landing and
transported to the biochar processing site, stored, and screened
before loaded into the BSI unit.

The BSI biochar system processed feedstocks are men-
tioned in Table 1. However, the feedstocks with higher ash
(i.e., > 15%) and moisture (i.e., > 25% wb) became more
difficult to process and produced lower quality (i.e., lower
percent of fixed carbon) biochar (SERC 2016). When there
are higher levels of ash and moisture in the feedstock, more
fixed carbon is consumed during gasification in the reactor,
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which results in less fixed carbon content in the biochar
(SERC 2016; Severy et al. 2018). Higher amounts of fixed
carbon in the biochar give both a higher value energy product
and a better soil amendment with greater carbon sequestration
potential. In the original WTW design, the heat generated in
the process of biochar production was wasted. In the later
stage of the WTW project, the BSI system was redesigned
to utilize waste heat that improved the throughput and biochar
yield. A dryer unit was added for handling higher MC feed-
stocks. In addition, a dual-auger replaced a single-augur unit
increased biochar production capacity [both throughput (21%)
and biochar yield (45%) increase compared with the single-
auger BSI] (Severy et al. 2018).

Logistics operations to produce feedstocks for OK and
ACB systems are shown in Fig. 4. It was assumed that
forest residues were collected, separated into smaller di-
ameter (< 15 cm) branches and tops, and piled in the forest
during harvesting of sawlogs. OKs were set up in the for-
est and skid loaders were used to bring sorted forest resi-
dues near the kiln and forest residues were cut to a maxi-
mum 1.2-meter length using chain saws. The logistics op-
erations for the ACB were similar to the OK, except no
size reduction of the branches and tops (Fig. 4b). The size
of the ACB was large enough to consume forest residues
without any size-reduction. A loader was used to feed for-
est residues periodically into the ACB.

Fig. 3 Biochar production using the BSI system at either a near-forest or in-town biomass conversion site location (Puettmann et al. 2020)
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2.1.4 Biochar production systems

Biochar systems incorporated This study considered the pro-
duction of biochar at the near-forest and in-town locations
with the biochar systems incorporated (BSI) system which is
a down-draft gasifier. The detailed description and operation
of the BSI machine are presented in the supporting document
(section 2.1, Fig. A1). It is rated to process 0.32 dry tonne/h of
woody biomass corresponding to 0.043 t/h of biochar (SERC
2016). However, with the improved system (a dual-auger
type), the throughput was increased to 0.38 dry t/h (Severy

et al. 2018) with the same production ratio. Due to no or rare
grid connectivity for the near-forest locations, either a diesel
generator or woody gasifier-based generator (i.e., Power
Pallet) was used to operate the BSI system. However, it was
assumed that in-town locations were well connected with grid
electricity and biochar production had options to use electric-
ity either from the grid, a diesel generator, or a gasifier-based
generator. As the cost and environmental impacts of all three
electricity sources are different, therefore this study compared
the performances of biochar productions considering different
sources of electricity.

Table 1 Characteristics of woody feedstocks used in the BSI system for biochar production (Puettmann et al. 2018)

Feedstock
scenarios

Species Contaminant Comminution
method

Ash
content

Moisture
content (wet basis)

Moisture
content (dry basis)

F1 Conifer None Ground 1.68% 16.93% 20.39%

F2 Conifer 9% soil Ground 11.45% 14.91% 17.53%

F3 Conifer 2/3 bole, 1/3 tops Ground 3.65% 16.20% 19.33%

F4 Conifer none Chip, small 2.13% 20.66% 26.04%

F5 Conifer none Chip, medium 0.08% 25.18% 33.65%

Fig. 4 Biomass logistics and biochar processing through a OK and b ACB (Puettmann et al. 2020)
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Oregon Kiln The Oregon Kiln (OK) (Fig. A2) is a simple
pyramidal shape kiln of capacity is 1.1 m3 (1.5 m2 top, 1.2
m2 bottom, and a height of 0.6 m) and fabricated with steel
sheet metal of 2 mm thickness. It is an alternative to pile
burning of forest residues and optimized for use in in-forest
settings. OK pyrolyzes the biomass and uses a cap or curtain
of flame to exclude oxygen from the biomass—the principle
of flame carbonization. These technologies incur low to ex-
tremely low capital cost, operate in batches, and process
uncomminuted biomass, i.e., feedstock with no requirement
for chipping and transport (Page-Dumroese et al. 2017;
Wilson 2017).

The OK was similar to a “Smokeless kiln” which pro-
duce well-carbonized biochar. The reported biomass to
biochar conversion efficiency was 13 to 20% which
depended on the characteristics feedstock used (Inoue
et al. 2011). During starting, the fire is kindled in the bot-
tom of the kiln and new wood is added slowly in layers.
The flame from each new layer of biomass restricts air to
the layer below and thus enables the pyrolysis of biomass.
Due to the presence of flame on the top, most of the smoke
coming from biomass burns in the flame and produces no
or less smoke. Biochar is quenched with water or capped
with dirt to prevent air intrusion once the kiln is full of
char.

Air curtain burner Air curtain burner (ACB) is large and
equipped with refractory-lined boxes, and having powerful
blowers to incinerate or burn woody biomass to ash. This
study used the S-220 model ACB (9.2 m length, 2.6 m wide,
and 2.6 m high) (Fig. A3), which can be considered a scaled-
up version of the OK. A 36 kW diesel engine can be used to
operate the fan.

An excavator or a loader was used to load the biomass
into the ACB. Managing loader is expensive and its overall
biomass processing capacity depends on the travel distance
to reach the feedstock and sorting requirement of feedstock.
If the biomass processing capacity of the ACB is lower than
the loader, the former can serve more than one ACB to avoid
equipment idle time. To dispose of the forest residues, the
ACB is used in incineration mode (i.e., no biochar produc-
tion) where the diesel-powered blower runs continuously
throughout its operation. However, in pyrolysis mode,
using dry feedstock, we assume no use of the blower.
However, some users with wetter feedstocks might perform
better by raising the temperature in the unit and helping dry
the feedstock, giving this unit considerable flexibility for
processing feedstocks in different conditions. The ACB op-
erated in batches. The ACB unit is unloaded with the help of
an excavator and hot char quenched using water. ACB pro-
duced biochar with higher fixed carbon, compared with the
OK. Table 2 gives the production parameters and assump-
tions used in the ACB model.

2.1.5 Biochar transport and field application

Biochar produced through portable systems has a low bulk
density (Sahoo et al. 2019) and thus expensive for long-
distance truck transportation. Anderson et al. (2016) men-
tioned that biochar was packed in large bags (i.e., super sacks)
and loaded into the truck for road transportation. However,
packaging incurs cost and the use of plastic sacks can have
negative environmental impacts. Therefore, this study as-
sumed bulk truck transport (i.e., chip van) similar to wood
chips or sawdust (Sahoo et al. 2018) and does not require
the packaging of biochar. Biochar produced from in-forest
locations was considered to be applied in the forest or provid-
ed to consumers with a maximum distance of 50 km.
Similarly, biochar produced from in-town locations was used
locally with a maximum delivered transport distance of 50
km. Biochar was assumed to apply in either forest or agricul-
tural lands (Bergman et al. 2016; Page-Dumroese et al. 2016;
Shackley et al. 2011). Bergman et al. (2016) provided the
details of biochar application in forest soils. A similar setup
(or agricultural equipment for solid manure spreading) can be
used to apply biochar in the agricultural land (Shackley et al.
2011).

2.1.6 Lifecycle inventory

Life-cycle inventory (LCI) flows are derived from modeling
primary (operational) data from a production system’s life-cy-
cle. The primary and secondary data for this study were col-
lected from a variety of sources (Table 2). The equipment used
for biochar production is reported in Table A1. For a complete
understanding of biomass collections systems and machine
productivity rates, refer to Oneil et al. (2017). Table A2 pro-
vides the total fuel requirements for residue (i.e., 1 t of forest
residues) collection and handling, processing (chipped or
ground), loading and unloading, and transportation to and from
the landing to a designated biochar processing site.

Table 3 shows the various inputs during biochar production
through BSI, OK, and ACB. Propane was used during startup
fuel for the pyrolysis under all options.

The degree of carbonization and fixed carbon percentage in
biochar was typically high for both the OK and ACB, which
was due to the high pyrolysis temperature ( i.e., ~ 680 to 750
°C (Cornelissen et al. 2016)) and the long residence time of
feedstock in the kiln (Cornelissen et al. 2016). Batch processes
operate differently than continuous processes. The pyrolysis
process in the OK can be characterized as a continuous batch
systemwith fully-carbonized biochar generally produced. The
ACB, like the OK, is a batch process but non-continuous, so
the unit must be unloaded and quenched at the end of each
batch. The BSI system can be considered a continuous pro-
cess. Each system released emissions back to the environment
during its operation both indirectly and directly. Emission data
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are critical indicators of a product’s environmental perfor-
mance. For the BSI system, emission results initially obtained
from SERC (2016) reported high levels of CO, propane, NOx,
and SO2. These emissions were likely over the threshold of the
sensors caused by problems with maintaining the flow rate of
oxygen into the flare (Fig. 3) resulting in incomplete combus-
tion and high levels of CO, propane, NOx, and SO2, and low
levels of CO2. SERC concluded that emissions can be miti-
gated by increasing the size of the flare. Adjustments were
made in the flow rate of oxygen along with using a dual-
auger system to increase production and efficiencies; a subse-
quent test in 2016was made using medium-size wood chips in
the BSI machine (Severy et al. 2018). Air emissions from this
2016 test were used in this analysis. The emission factors for
this run are reported in Table A3 along with emissions factors
for the slash pile burning, the OK, and the ACB. For the
second BSI test, CO emissions were lowered due to more
complete combustion with CO and unburned hydrocarbons
(propane) converted to CO2. Carbon dioxide and biogenic
emissions increased. Slash pile burn emissions were
obtained fromOneil et al. (2017) and the OK and ACB factors
were taken from Cornelissen et al. (2016). The new emission
factors measured for the BSI unit were applied to the original
feedstock flow rate even though these rates changed, and
higher efficiencies were achieved in the 2016 test (Severy
et al. 2018). The truck transport (i.e., chip van) was considered
for bulk transport of biochar from point of production to the
application site with a maximum transport distance of 50 km.
Biochar is bulky (~ 106 kg/m3 (Sahoo et al. 2019)) and the
loading capacity of the truck was estimated to 10.4 tonne that
is about half than normal and thus incurs large transportation
costs and environmental impacts. Bergman et al. (2016) esti-
mated the LCI of applying biochar into the forest and the main
inputs were equipment (82 kW forwarder with a field capacity

of 6.3 t/h) and fuel (3.37-l diesel and 2.2-l gasoline used per
tonne of biochar applied in the forest).

2.1.7 Life-cycle impact assessment

LCI flows such air and water emissions from each product
are aggregated using a specific life-cycle impact assess-
ment (LCIA) method to estimate the potential environmen-
tal impacts, especially GW. The Tools for the Reduction
and Assessment of Chemical and other Environmental
Impacts (TRACI) impact category method was selected
for this environmental assessment (US-EPA 2012) because
it is specifically designed for North America. However,
only the GW impact category was presented in this study.
Carbon neutrality—biogenic carbon released during bio-
char production is equal to the CO2 absorbed from the
atmosphere during tree growth—was assumed. In the case
of comparisons with pile burn of slash or forest residues,
carbon neutrality was not assumed. In this case, production
emission was reported as a positive, and negative carbon
emission included was carbon uptake during tree growth
and carbon content of biochar.

Net greenhouse gas is reported by taking the production
emissions and the carbon stored in the biochar after 100
years of applications, i.e., in soil. However, the carbon in
the biochar degrades with time, especially the liable carbon
component in the biochar, but recalcitrant carbon in the
biochar remains in the soil for a very long time (Singh
et al. 2012). There are many experimental studies to calcu-
late the life of biochar carbon sequestered in the soil con-
sidering feedstocks, biochar production parameters, bio-
char properties, soil environment, and soil management
practices (Leng et al. 2019; Singh et al. 2012; Wang
et al. 2016). Moreover, there are several parameters

Table 2 Primary and secondary data types and sources used in this study (Puettmann et al. 2020)

Data type Data source Notes

Biochar systems incorporated (BSI) (SERC 2016) Experimental study

Air curtain burner (ACB) Wilson Biochar Associates (Puettmann et al. 2020)

Oregon Kiln (OK) Wilson Biochar Associates (Puettmann et al. 2020)

Residue collection (Oneil et al. 2017)

Biochar emission factors (Severy et al. 2018), (Cornelissen et al. 2016)

Field application (Bergman et al. 2016) Estimates from field experience

End of life of biochar (Budai et al. 2013; Wang et al. 2016)

Slash emission factors (Oneil et al. 2017)

Propane LPG, combusted in industrial equipment/RNA DATASMART (LTS 2019)

electricity grid Electricity, at eGrid, NWPP, 2008/RNA U DATASMART (LTS 2019)

Diesel fuel Diesel, combusted in industrial equipment NREL/US U DATASMART (LTS 2019)

Gasoline Gasoline, combusted in equipment NREL/US DATASMART (LTS 2019)
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developed including half-life, MRT, CSF, and BC+100 to
estimate time biochar-carbon remain or degrade in the soil.
This study used BC+100 to estimate the biochar carbon
sequestered in the soil. Equation 1 was used to estimate
the carbon stored or sequestered in biochar that was ap-
plied to the soil.

CSb ¼ 3:67*Cb*f b*BCþ100 ð1Þ

where CSb, Cb, fb, and BC+100 are carbon sequestration
potential, carbon content, recalcitrant carbon fraction in
biochar, and the percentage of organic C in biochar that
remains stable in soil for more than 100 years respectively.
The values of Cb are mentioned in Table 3. In this study,
biochar was produced from clean woody biomass at higher
pyrolysis temperature and thus produced high-quality bio-
char, i.e., higher carbon content and higher recalcitrant
[fb=0.97 (Wang et al. 2016)] carbon in the biochar. Budai
et al. (2013) estimated biochar with lower (H/Corg ≤ 0.4)
can have BC+100 value of 80.5%, i.e., after 100 years of
application of biochar in the soil, 80.5% of carbon in the
biochar remains stable with the remaining 19.5% retuned
to the atmosphere.

2.2 Techno-economic analysis

2.2.1 Minimum selling price

In this study, the minimum selling price (MSP) was estimated
using a DCFROR model for a projected 10-year lifespan of
the three portable systems. The MSP is the sales price for the
product at which a system’s net present value (NPV) is zero.
The major general financial assumptions for the DCFROR
model were a 16.5% nominal discount rate (before finance
and tax), annual 2% inflation of costs and revenues, and a
40% income tax rate (Sahoo et al. 2019). The capital cost
was assumed to finance through both debt [40% of the initial
capital cost and annual loan interest (nominal) rate of 6.51%
for a term of 5 years] and equity (60% of initial capital cost
and for full project planning period of 10 years). A declining
balance depreciation of 200% on the assets’ values was as-
sumed. All capital and operating cost estimates were adjusted
to the US 2019 dollars considering the Chemical Engineering
Price of Construction Indices (CEPCI) and the Consumer
Price Index (CPI).

The working hours and working days of the portable sys-
tems were restricted by the feedstocks’MC and slash burning
period, especially for OK. For the base case, it was assumed
that the portable systems operated 16 h/day (2 shifts × 8
h/shift) and 100 days in a year. However, the BSI is equipped
with dryers and can handle higher MC biomass; thus, the BSI
system can operate all the year. A sensitivity analysis of op-
erating BSI system from 8 h/day to 24 h/day (3 shifts × 8

h/shift) and 300 days/year was incorporated. Furthermore, it
was anticipated that all portable systems operate at 90% of
their nameplate capacities throughout their economic lives.
Tables 4 and 5 provide the capital and operating costs respec-
tively for the financial analysis.

2.2.2 Capital cost

Equipment’s purchase price, useful economic-life, and sal-
vage value are presented in Table 4 which are used for
producing biochar in the Pacific Northwest. Portable sys-
tems, especially the BSI system, require rigorous site prep-
aration and installation which depends on the number of
relocations in a year. Therefore, costs incurred due to site
preparation and equipment installation were considered in
annual fixed operating costs (not as a part of the fixed
capital cost) as relocation cost. Due to the requirement of
a smaller land footprint for a portable system or negligible
rent for the land near the forest, land purchase or rental cost
was excluded in this study. A scaling factor of 0.6 with
respect to existing equipment was used to estimate the
capital cost for equipment which did not have cost data
available for the size used in this study. As shown, the
purchase price for the two BSI system biochar machines
was substantially higher as a percentage of the total costs
compared with the other two systems. Loaders were by far
the highest costs for the other production systems.

2.2.3 Operating cost

The fixed operating cost (Table 5) includes relocation, in-
surance (1.5% of average annual investment), property tax-
es (0.2% of the equipment purchase price), and repair and
maintenance (15% of straight-line depreciation of total
capital cost). The number of relocations can vary with bio-
mass availability and the production capacity of portable
systems. For consistency, we assumed two relocations in a
year (Berry and Sessions 2018). The detailed description of
operating costs related to feedstocks procurement, reloca-
tions, consumables, labor, packaging, and product trans-
portation is described by Sahoo et al. (2019). Moreover, a
detailed description of consumables, especially fuels, is
described in section 2, Table 3.

2.3 Biochar policies, scenario, and sensitivity analysis

Subsidies assist in the production of biochar which affects the
economic feasibility of these projects. In the US, there are
currently around 35 policy programs from different govern-
ment agencies that directly or indirectly support biochar pro-
duction (Pourhashem et al. 2019) from commercial produc-
tion to land reclamation. Most of them are supported by the
US Department of Agriculture (USDA). The USDA-
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sponsored program under Conservation Stewardship Program
(CSP) (program named “E384135Z”) provides financial in-
centives ($12,600/ha of forest in Washington State) to create
biochar from woody debris remaining after fuel reduction har-
vests or wildfires (USDA-NRCS 2019).We have analyzed the
impacts of present grants on the financial performance ofmak-
ing biochar with the three portable systems.

Multiple scenarios (Fig. 2) were considered in this study
to compare forest residues’ disposal costs, i.e., make bio-
char or slash burn. Moreover, the study considered differ-
ent pathways to make biochar including different portable
systems and their unique logistics for conifer forest resi-
dues. The scenarios considered in this study were (i) bio-
char production by forest residue type, (ii) biochar produc-
tion at near-forest site versus in-town, (iii) biochar produc-
tion by different production systems, and (iv) biochar pro-
duction systems with “slash and burn” comparisons con-
sidering biogenic carbon accounting.

Sensitivity analyses were conducted to determine critical
input parameters impacting biochar’s GW impact and MSP.
In every simulation of the LCA and DCFROR models, the
changes in the GW impact and MSP were calculated by
changing each input parameter by ± 20% of base value while
keeping other parameters unchanged. Among all input param-
eters assessed, the bar chart presented the impact of only a few
most sensitive ones affecting the results.

3 Results and discussion

3.1 Biochar produced with BSI portable system at
near-forest production sites

The cradle-to-grave GW impacts of biochar production with
the BSI system at a near-forest location considering different
feedstocks quality and sources of power varied from 249 to
1001 kgCO2eq/t of biochar (Fig. 5). Among all unit operations
assessed in the cradle-to-grave LCA of biochar, feedstock
processing, and biochar conversion combined contributed
75-95% of total GW impacts. Despite the additional biomass
necessary for generating electricity with the gasifier-based
generator, the biochar production using the gasifier-based
generator substantially reduced (64 − 70%) the GW impact
over the diesel generator. Small-chipped pulpwood had a low-
er GW impact compared with medium-chipped forest residues
because forest residues were coarser than pulpwood. In addi-
tion, ground and clean forest residues have lower GW impact
compared with chipped forest residues. Biochar with higher
fixed carbon content offers large and long-term carbon storage
potential when it is applied to the soil (Bergman et al. 2016).
Among all types of feedstocks, biochar produced from
ground-clean and chipped-medium feedstocks had the largest
carbon storage potential due to the presence of higher fixed
carbon. When the gasifier-based generator was used for onsite

Table 4 Capital costs for portable biochar production systems

No of units Equipment Description Purchase
price ($)

Economic
life (year)

Salvage
value (%)

Reference

BSI 1 Front-end loader Tractor 1023E (17 kW) + loader 15,000 10 20 (Sahoo et al. 2019)

2 Dryer Beltomatic 123B (3.6 m × 0.69 m) 45,000 25 20 (Sahoo et al. 2019)

2 Biochar machine Biochar Solutions, Inc., 0.5 t/h 340,000 10 20 (Sahoo et al. 2019)

2 Genset 20 kW, PP20GT gasifier 25,000 10 10 (Sahoo et al. 2019)

1 Genset Diesel generator, 40 kW 39,000 10 20 Manufacturer

BSI, total $835,000a

or $824,000b

or $785,000c

OK 12 Kiln OK, pyramidal shape 850 10 20 Manufacturer

6 Chain saw NA 500 10 20 Assumed

2 Propane torch NA 300 5 20 Assumed

6 Shovel NA 50 5 20 Assumed

2 Skid loader 50 kW 32,000 15 10 Manufacturer

OK, total $78,100

ACB 1 ACB Fire box, S-330 168,900 10 20 Manufacturer

1 Swing loader 145 kW, John Deere 2954D 432,000 10 20 Manufacturer

1 Propane torch NA 300 5 20 Assumed

ACB, total $601,200

a Total capital cost of BSI system with gasifier-based generator
b Total capital cost of BSI system with diesel generator
c Total capital cost of BSI system with grid-electricity (no generator required to power the equipment)
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generation of electricity to operate the BSI system, biochar
produced from medium-chipped- or ground-clean forest resi-
dues and applied to the field had a net GHG emission of about
2,017 kgCO2eq/t of biochar—storing nearly 7 times more
than what is emitted to produce the biochar and apply it to
the soil. Overall, biochar produced with the BSI system at the
near-forest setup and when including the sequestered carbon
(more than 100 years), the net GHG emissions ranged from
888 and 2,017 kgCO2eq/t of biochar applied to the soil.

Figure 6 shows the contribution of various incurred annu-
alized costs and MSP of biochar delivered and applied to soil
considering feedstock quality and source of power at the near-
forest or remote sites. For all scenarios, the annualized pro-
duction cost of biochar at the near-forest sites was about
$400,000. Both capital (~ 41%) and labor (~ 38%) costs are
the two major cost components of total production cost. The
rest of the cost components only share about 20% of the total
cost. Due to variations in the throughput (200 − 381 dry kg/h)
and biochar yield (11 − 16%), theMSP varied between $3,000
and $6,000/dry tonne of biochar which can be comparable

with the current market price of $1,500 − $4,200 found in a
recent biochar survey by Sasatani and Eastin (2018).

Inspecting the MSPs in Fig. 6, several interesting con-
clusions can be made. First, biochar produced from
ground feedstock had lower MSPs than chipped feedstock
due to higher throughput with ground feedstock. Second,
cleaner woody biomass feedstock resulted in lower MSPs
due to higher throughputs of carbon material due to lower
ash content, though this was not as strong as an effect as
the feedstock type. Third, biochar produced with a diesel
genset has slightly higher MSPs than those produced with
the woody biomass-fueled gasifier-based generator, due to
electricity generation with diesel genset being more ex-
pensive than when produced with woody biomass.
Overall, the results suggest the primary driver of MSP
was the feedstock type, with ground feedstocks having
the lowest MSPs of biochar, which although had higher
logistical costs, had enough gain in the throughput to be
advantaged over the BSI system in terms of production
costs using the assumptions from this model.

Table 5 Annual operating costs incurred in different production systems

Descriptions Units BSI OK ACB Comments

1 Feedstocksa $/ODMT 14.0 0 0 (Sahoo et al. 2018)

2 Relocationsb $/year 20,868 684 1,368 (Sahoo et al. 2019)

3 Repair and maintenancec $/year 14,600 400 1,600 15% of SLD

4 Consumablesd $/year 16,900 (+ 12,100* or + 4,150**) 17,762 40,368 Annual usage of diesel and propane

5 Finished good transportatione $/ODMT 18.5 18.5 18.5 (Sahoo et al. 2018)

6 Laborf $/year 170,136 103,958 59,028 Estimated

7 Insurance and miscellaneousg $/year 16,196 8,890 13,225 Estimated

8 Biochar applied to the soilh $/ODMT 4.3 4.3 4.3 (Bergman et al. 2016)

a Biomass transportation andmicro-chipping costs were estimated to be $7.0/dry tonne and $3.5/dry tonne respectively assuming 36%MCwb of logs and
processed treetops (Sahoo et al. 2018)
b BSI system’s relocation cost was adopted from (Sahoo et al. 2019). However, relocations of OK just require a truck for transporting 12 kilns and require
about 0.5 h for loading and unloading. The relocation cost was estimated similar to OK except it requires two trucks, one for the air curtain burners and
another for the loader
c A 15% of depreciation (SLD (straight-line depreciation)) cost for BSI system and OK. For air curtain burners, the repair and maintenance cost were
estimated as described by the manufacturers (standard maintenance as $40.28/200 operating hours, $86.56/month, and $406.68/year)
d Consumables included propane, diesel, and water. In the BSI system, propane was used for drying feedstocks and maintains flame in the exhaust stack.
Propane was used in OK and ACB to start the fire. Diesel was used in diesel generator (*$12,100/year excludes diesel consumed in the front end loader)
when the BSI system operated with a diesel generator. Electricity was purchased (**$4,100/year) when the BSI system operated with grid electricity.
Diesel is also used in front-end loader (BSI system), skid loader (for OK), and boom loader (for ACB)
e Biochar transportation is needed when biochar is produced at the near-forest or in-forest sites. The transportation cost of biochar was estimated
following methods presented by Sahoo et al. (2018) and considering a chip van truck of volume 98 m3 and a bulk density of 106 kg/m3 . The estimated
transport cost of biochar including loading cost was estimated to be $18.5/t of biochar for a travel distance of 50 km between the biochar production site
and user
f Labor cost (BLS 2017) for BSI system was adopted by Sahoo et al. (2019). The OK’s crew size included six laborer ($17.0/h) and two machine
operators ($22.5/h) for skidders. The ACB’s crew included a technician ($50/h) and a driver ($22.5/h) for the loader. Labor cost includes benefits at 35%
of basic salary (BLS 2017; Jones et al. 2013)
gMiscellaneous includes unpredictable cost, administrative cost, 10% of annual salaries @80,000
h The cost of biochar application was estimated to be $4.3/ODMT of biochar spread in the field considering spreader field capacity of 6.4 t/h (Bergman
et al. 2016)
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Fig. 6 Annualized production cost andMSP of biochar produced using the BSI system at a near-forest biochar processing site considering 100 days/year
of operation

Fig. 5 GW impact of biochar production using the BSI system at a near-forest biochar processing site
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3.2 Biochar produced with BSI portable system at in-
town production sites

At the near-forest site, biochar produced from ground-
clean and chipped-medium feedstocks with the BSI system
performed better considering the net reduction in GW im-
pact. Figure 7 shows the comparative analysis of biochar
produced from ground-clean and chipped-medium feed-
stocks with both BSI systems between near-forest and in-
town sites considering different sources of power. Overall,
in-town locations had higher GW impact (or lower net GW
impact) compared with near-forest locations, irrespective
of feedstocks type and sources of power [8–162% for
ground-clean feedstocks and 6–99% for chipped-medium
feedstocks].

In-town sites provide access to grid electricity for the pro-
duction of biochar. Grid electricity in the production of biochar
had less environmental impacts (30–50% lower GW) com-
pared with the diesel generator scenario. For example, the total
GW impact in the production of biochar by transporting pulp-
wood to the in-town locations (and using the grid electricity as a
power source) was much lower (~ 33–47%) than the total GW
impact of biochar produced at the near-forest locations using a
diesel generator. However, these benefits were reduced for
ground forest residues compared with pulpwood chips, but
using a power pallet to generate electricity to operate the BSI
system was always the best option (the lowest net GW impact)
to produce biochar irrespective of feedstocks and locations. As

expected, the GW impact of biochar increased when the raw
material, i.e., forest residues was transported farther, four in-
stead of 2 h from the landing.

It appears that the use of grid electricity to produce biochar
at the in-town site had a little benefit over the use of a gasifier-
based generator. Compared with the diesel generator, the use
of grid electricity lowered the GHG emissions for biochar
produced at in-town sites irrespective of feedstocks transport
distances (both the 2 and 4-h haul distances). With the in-
crease in transportation distance of forest residues, the total
GHG emissions of biochar production increased and resulted
in the reduced net GW impact reduction potential of biochar
when applied to the soil. Thus, the distance from the forest to
the biochar production site can have a substantial impact on
the overall supply chain decision, but the carbon storage in
biochar was many times higher than the GHG emissions emit-
ted during biochar production including transportation and
logistics. Despite the increase in the GW impact due to the
transportation of feedstocks from forest to in-town locations,
there was a net reduction in the GW impact of − (1,189 −
2,017) kgCO2eq/t of biochar irrespective of power sources,
storing 2 to 2-9 times GHG emission than what was emitted
to produce biochar.

Compared with a near-forest site, biochar produced at in-
town (2-h and 4-h from the forest) sites both have higher
annualized cost and MSPs. Despite increased (60–150%)
feedstocks transportation cost for in-town locations, the in-
crease in MSPs is negligible (1–7%) as the feedstocks

Fig. 7 GW impacts of biochar produced at the in-town sites using the BSI system considering a 2-h transport distance of feedstock from the landing
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logistics cost was only 3–10% of total annualized biochar
production cost (Fig. 8). The cost of grid power at the in-
town location was higher than the cost of power production
with power pallet but lower than the diesel genset. As the
costliest components were capital and labor, the influence of
locations for the BSI system was not a notable factor. If the
biochar users are located in-town, an additional transport cost
of biochar from near-forest locations to in-town might influ-
ence the MSP of biochar produced at a near-forest location,
which is discussed later in this article.

3.3 Comparing the performance of portable systems

Figure 9 shows the cradle-to-grave GW impacts of three types
of portable systems (i.e., BSI, OK, and ACB) used to make
biochar at the near-forest site with respect to per tonne of
biochar and per tonne of fixed carbon in the biochar.
Overall, for all three systems, the GW impact of biochar ap-
plied to soil was varied between 249 and 605 kgCO2eq/t of
biochar (or 315–728 kgCO2eq/t of fixed carbon in biochar).
The GW impact of biochar produced in this study was sub-
stantially lower than a centralized system. For example, Azzi
et al. (2019) estimated a GW of ~ 250 kgCO2eq/t of dry wood

pyrolyzed which is substantially larger than this study (25–40
kgCO2eq/t of dry woody biomass). Biochar produced with the
BSI system generated a lower (~ 50%) GW impact than the
other two portable systems, i.e., the OK and ACB. In the case
of BSI systems, 80–90% of total GHG emissions came from
feedstocks preparation and forest residues logistics, but ~ 45%
of total GHG emissions can be attributed to feedstocks prep-
aration in both OK andACB systems. The GW’s impact of the
biochar production process in the case of OK and ACB was
much higher due to emissions of various potent GHGs. Unlike
the other two systems, the BSI system also had an emission
control system that reduced the direct GHG emissions during
pyrolysis and thus lowered its GW impact for the biochar
production process.

Considering carbon sequestration through biochar that ap-
plied to the soil, the net cradle-to-gate GW impact of biochar
from the various forest residues types and portable systems
varied between − 1,500 and 2,400 kgCO2eq/t of biochar ( −
2,900 and 4,400 kgCO2eq/t of fixed carbon in the biochar).

Figure 10 shows the financial performances of portable sys-
tems considering 100 days of operations in a year. The BSI
system’s annualized cost was highest among all but produced
only 136 t of biochar in a year. Labor cost was one of the most

Fig. 8 Comparison of the financial performance of biochar produced at near-forest and in-town sites using the BSI system (feedstocks were transported 2
and 4 h driving distance from the forest)
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Fig. 10 Contribution of different costs and minimum selling price of biochar produced through three portable systems considering 100 days of operation
in a year

Fig. 9 Cradle-to-grave GW impact of biochar produced from various conifer forest residues and portable systems at the in-forest location (black dots are
representing the GW impact per tonne of carbon in the biochar)
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dominant costs incurred in the production of biochar irrespec-
tive of the type of portable system. Except for OK, capital costs
were a significant portion of the total cost for all. As for the
ACB, despite the requirement of minimal logistics and feed-
stocks preparation, about 20% of the total cost incurred from
feedstocks logistics. This was due to the inefficient use of the
high-cost machines, such as the excavator to feed the forest
residues to the ACB. For the OK, labor cost was the only major
component of the total annualized cost. Hence, there is an op-
portunity to use labor and machine more efficiently for OK and
ACB respectively to reduce the cost of biochar production. Due
to high throughput, the MSP of biochar produced with ACB
was ~ 19% and ~ 36% than that of MSPs of BSI and OK
respectively. With respect to biochar production, the ACB
may the most economical way to treat forest residues but the
ACB had higher (about twice) GW impact compared with the
BSI system on a per tonne biochar produced basis.

3.4 Biochar production vs. slash burn

For a given project, LCA can be used to estimate environmen-
tal impacts on alternative functional units. The authors in the
previously sections reported GW impacts and cost on a prod-
uct output basis but nowwill show results on an input basis for
the various production systems.

Figure 11 shows the net GW impact (considering fossil
and biogenic emissions, carbon stored in the biochar, and
carbon absorbed from the atmosphere during plant growth

in residues) on a per unit basis of 1-t forest residues and
the break-even cost of using forest residues to produce
biochar with three portable systems pile burning of the
forest residues. Unlike the other three portable biochar
production systems, pile and burn did not produce any
biochar. The pile-burn option had a positive GW impact,
i.e., not carbon neutral. The biochar produced by OK and
ACB emit less GHG emissions and stored more carbon
than biochar produced by the BSI machine. Except for
the medium-chipped scenario, all biochar production sys-
tems had a net negative carbon emission compared with
pile-burn(130 kgCO2eq/t of residues). Similar to wood
products in use, the results show the extent to which bio-
char applied to soil can act as a carbon sink or sequestered
carbon due to the presence of decay-resistant carbon, i.e.,
recalcitrant carbon which has very long mean retention
time (i.e., > 100 years) (Wang et al. 2016). However, for-
est residues left in the soil can degrade very early and
during the degradation process, it may release potent
GHGs directly while increasing the risk of forest wildfire
(Puettmann et al. 2020). Moreover, biochar use in the soil
can provide additional benefits including improvement of
soil health, moisture-holding capacity, tree growth (Page-
Dumroese et al. 2017), crop yield (Liu et al. 2019), and
reduce fertilizer need for crop or forest (Li et al. 2018).

Table 6 shows the environmental impacts of using forest
residues to make biochar compared with slash burning and
included biogenic carbon in the calculation of the GW impact.

Fig. 11 Net GW (considering biogenic carbon emissions) and cost impacts for biochar production and slash piles burning in the forest.
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For most impacts, slash burning had higher environmental
impacts than making biochar, especially with the OK and
ACB. The ACB and BSI systems’ GW impacts were very
similar to burning slash piles. Overall, making biochar is an
environmentally superior option than pile-burn in every aspect
of the impact category and a useful product was produced.

3.5 Impact of incentives/grants on biochar financial
performance

The MSPs of biochar produced through BSI and OK were
reduced by 32% and 44% respectively when incorporating
CSP financial incentives (Fig. 12). For the ACB, the MSP
of biochar became negative when incorporating CSP finan-
cial incentives ($12,600/ha for the State of Washington).

The amount of input forest residues consumed by the BSI
and OK was much lower than for the ACB. Thus, the total
annual forest land area that could be treated by BSI and OK
would be much lower than for an ACB (Fig. 12), and
hence, the former portable systems received lower CSP
financial incentives. The ACB was able to treat about
123 ha/year of forest land due to its higher throughput
compared with the other two portable systems and the an-
nual incentive was estimated to be $1.54 × 106/year which
was more than the annual expenses.

3.6 Sensitivity analysis

Both the environmental and financial performances of any
production system are impacted by the input data

Table 6 Cradle-to-gate life-cycle impact assessment categories for open burning of slash and biochar production per tonne of forest residue (biogenic
carbon included in the estimation of GW impact)

Impact category Unit OK ACB BSI, (1/3rd tops + 2/3rd

pulpwood) ground,
w/power pallet

BSI, medium chips,
w/power pallet

Burn (1/3rd tops +
2/3rd pulpwood)

Ozone depletion kg CFC-11 eq 1.57E-07 8.30E-08 1.26E-09 1.45E-09 5.83E-11

Global warming kg CO2eq 8.84E+02 1.87E+03 2.04E+03 2.64E+03 1.79E+03

Smog kg O3eq 2.28E+01 7.65E+00 4.91E+01 6.32E+01 9.78E+01

Acidification kg SO2eq 6.95E-01 2.28E-01 1.46E+00 1.89E+00 3.64E+00

Eutrophication kg Neq 5.17E-02 1.75E-02 8.86E-02 1.14E-01 1.77E-01

Carcinogens CTUh 7.36E-07 2.83E-07 4.59E-07 5.34E-07 1.63E-05

Non-carcinogens CTUh 7.26E-06 2.80E-06 4.41E-06 5.16E-06 4.18E-07

Respiratory effects kg PM2.5eq 1.39E-02 5.15E-03 3.10E-02 4.01E-02 4.54E+00

Ecotoxicity CTUe 1.85E+02 7.13E+01 8.54E+01 1.00E+02 3.67E+01

Fig. 12 Impact of Conservation
Stewardship Program (CSP) fi-
nancial incentives on the financial
performance of biochar
production
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variability and uncertainties, and the model’s assump-
tions. The most critical factors affecting the environmen-
tal (only net GW impact) and financial performances (on-
ly MSP) of the biochar production with three portable
systems are shown in Fig. 13.

The most sensitive input parameters affecting the MSP
were related to the throughput of the portable systems, such
as capacity utilization, operating hours in a day, and operating
days in a year. A substantial part of working hours was lost
due to equipment startup and shutdown (quenching biochar
for the OK and ACB). A 24 × 7 operations and multiple the
BSI system with parallel operations could reduce unproduc-
tive time such as startup and shutdown of equipment and
enhance the daily biochar production system’s throughput.
The major costs components of biochar production were
capital (except OK) and labor, which had significant im-
pacts on MSPs. The sensitive input parameters affecting
net GW impact are primarily fixed carbon content. The
GW reduction potential of biochar including carbon se-
questration was 2-11 times more than the GW impact of
biochar production. Therefore, the impact of variations in
the input parameters did not show a substantial change in
the net GW impact. A 20% variations in the fixed carbon
content in the biochar and BC+100 (the percentage of or-
ganic C in biochar that remains stable in soil for more
than 100 years) brought about 22–24% and 23–27%
changes in the net GW impact, respectively.

4 Conclusions

The environmental impacts and economic feasibility of pro-
ducing biochar from forest residues were determined for three
portable systems (BSI, OK, and ACB) using a cradle-to-grave
LCA and techno-economic analysis (TEA) considering differ-
ent power sources (diesel generators, wood gasifier-based
generators, and grid connection), production sites (near-
forestand in-town), and feedstock quality (feedstock size,
MC, and ash content.). The mass and energy balances of bio-
char production and logistical costs were estimated using in-
put data from pilot-scale experimental setups of these portable
systems. The LCA model was developed in the SimaPro plat-
form following the ISO14044 guidelines to analyze the envi-
ronmental performances of biochar production and applica-
tion to soil in comparison with pile burns. The DCFROR
models were developed to estimate the financial performances
including the various costs and MSPs of biochar and alternate
use of forest residues.

The results from the analyses showed biochar production
from forest residues with portable systems was environmen-
tally beneficial and economically feasible. Feedstock quality
and type had a substantial impact on the net GW impact and
MSP of biochar, especially for the BSI system. Irrespective of
feedstock type and locations, the use of a power pallet wood
gasifier genset reduced the GW impact of biochar produced
through the BSI system by 40–70% compared with a diesel

Fig. 13 Sensitivity analysis of
input parameters on the minimum
selling prices and global warming
impact of biochar produced with
portable systems
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generator. The GW impact of biochar produced in-town with
the BSI system increased by 6–108% compared with near-
forest locations based on the electricity sources and hauling
time from the forest (2–4 h).

Labor and capital costs were the two major components of
total annualized biochar production cost for a BSI system
irrespective of feedstock type, locations, and power source.
Assuming 100 operating days in a year and without consider-
ing biochar logistics, the MSPs of biochar produced with the
BSI system varied between $3,000 and $6,000/dry tonne of
biochar. Biochar produced from ground-and-clean forest res-
idues was 30–50% lower MSP than chipped-residues due to
lower throughput in the later. Using the gasifier-based gener-
ator to operate the BSI system to produce biochar provided the
lowest MSPs compared with either diesel genset or grid
connectivity.

Along the supply chain evaluated for the three biochar
product systems, the different life-cycle stages resulted in
major differences. The estimated cradle-to-grave GW im-
pacts of biochar produced through BSI, OK, and ACB were
214–1,073, 553, and 604 kgCO2eq/t of biochar applied to
the field, respectively. However, overall, when considering
the carbon stored in the final product (i.e., biochar) applied
to the soil, the net GW impacts were all negative at − (88–
2,017), − 1,623, and − 1,944 kgCO2eq/t of biochar pro-
duced with BSI, OK, and ACBs, respectively. This negative
result is consistent with a variety of wood products such as
lumber produced where the carbon stored in the final prod-
uct on a CO2 equivalent basis far outweighed the product
production GHG emissions (Bergman et al. 2014;
Puettmann et al. 2010). Despite a substantial difference in
fixed carbon content in biochar produced from three porta-
ble systems, all had negative GW impacts, and differences
among the net GW impacts for the systems were small. The
MSPs of biochar produced with the OK and ACBwere 50%
and 20% lower than the BSI system. Despite large capital
cost (similar to the BSI system), the MSP of biochar pro-
duced with the ACB was the lowest at about $579/dry tonne
of biochar, due to its large throughput.

Given the favorable environmental performances of these
portable biochar systems, it is the financial performance that
could prevent its commercialization. However, except, for the
BSI system, the MSP estimated fell within or lower than the
market price of biochar ($1500–$4000)(Sasatani and Eastin
2018). Additionally, there are several policies in the US to
support the production of biochar, which could substantially
improve the financial performance of biochar production for
all three portable systems.

In summary, the production of biochar using portable sys-
tems and applied to soil appears environmentally beneficial
(i.e., negative GW impacts), and potentially economical.
Given the vast area of forests requiring restoration, the ACB
would be considered the best option given its superior

production capacity. Conversely, given grave concerns sur-
rounding climate change, the BSI system would be preferred
because of its GHG profile. The current study provided critical
analysis and information to all stakeholders including
policymakers, investors, forest owners, and farmers for a bet-
ter understanding of the use of forest residues to produce bio-
char using portable systems. Opportunities exist to establish a
sustainable bioproduct industry in the US when forest residue
collection and processing can be utilized for a useful product
to mitigate wildfire and incentives are offered to produce bio-
char from available forest residues.
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