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A B S T R A C T

Open burning is commonly used to dispose of piles of forest residues generated by forest management activities; 
however, this method is associated with smoke emissions and damage to forest soil. Air curtain burners (ACB), 
such as the Firebox (FB) and CharBoss® (CB), offer an alternative to open burning. This study evaluated the 
performance of FB for biomass disposal and CB for biomass disposal and biochar production with the objective of 
quantifying the benefits and limitations of each machine. Ponderosa pine biomass obtained from harvesting after 
a wildfire event and freshly cut wood from ponderosa pine trimmings were used to evaluate the performance of 
each machine. We measured the combustion rate for both machines and biochar produced from CB. The burning 
rate for large-diameter (>10 cm) biomass using FB machine was 1.1 GT/h (924 

◦

C) while small-diameter (<5 cm) 
biomass burned at the rate of 2.4 GT/h (814 

◦

C), and for biomass consisting of mixed-sized materials it was 2.5 
GT/h with the highest recorded temperature of 1089 

◦

C. The biochar yield from CB operations ranged between 
8.8 % and 17 % on a bone-dry ton basis. The size of biomass material, machine type and moisture content 
influenced the burning rate. The FB is most appropriately used in a centralized setting where large quantities of 
biomass are available near harvest operations, while the CB is better used for biochar production in a mobile 
setting. These results are useful for understanding alternative biomass management options, the long-term 
financial implications, and environmental benefits.

1. Introduction

In the southwest United States (US), forest restoration generally in-
volves cutting small-diameter trees to promote forest health and reduce 
the risk of catastrophic wildfire [1]. This operation leads to the pro-
duction of large quantities of low-value forest biomass which, due to the 
lack of readily available markets in this region and the high hauling cost, 
leads to a biomass bottleneck [2]. Thus, it is imperative to use alterna-
tive disposal and utilization methods to reduce the risk of a high-severity 
wildfire [3,4]. Currently, regional bioenergy and bio-based markets are 
being subsidized to support forest restoration efforts by state and federal 
agencies [5]. Unlike traditional timber harvests, restoration thinnings 
are focused on sub-dominant trees and woody understory vegetation 
rather than valuable sawlogs, and often results in a net cost to public 
agencies as they seek to re-establish appropriate stand stocking levels 

that are resilient to fire, insects, diseases, and drought [6]. Addressing 
disposal of the low value/waste biomass or its conversion to bioproducts 
calls for innovative approaches.

Low-value woody biomass from forest thinning operations is typi-
cally burned in piles for disposal to limit fire risk, open growing space for 
residual trees, reduce the risk of wildfire, and accomplish other man-
agement goals [7]. Although open burning is an established and inex-
pensive method of reducing the biomass in piles, this method produces 
smoke and greenhouse gas emissions [8], kills soil microorganisms and 
destroys organic matter [9] and reduces nutrient content and avail-
ability [3,10]. The practice is banned in some places, especially loca-
tions with sensitive airsheds, and is restricted locally and nationally in 
some countries [11]. Moreover, open burning can sometimes lead to 
risky unplanned wildfires that escape suppression, especially with 
changing dynamics of wind speed and direction and, therefore, require 
special fire management strategies to control the spread of fire within 
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the unit [12,13]. This limits open burning to relatively narrow burn 
windows in the spring and fall. Moreover, the risk and cost of wildfires 
resulting from escaped prescribed fire could outweigh the benefits of 
burning low-value woody residual within a harvest unit; suggesting that 
finding alternative uses for the material (e.g., biofuel, bioenergy, bio-
char) may also result in mitigating wildfire risk [14]. The high tem-
peratures associated with open pile burning (>300 ◦C) alters soil 
physio-chemical, and biological properties in the pile burn areas [9,15,
16]. According to Mott et al. [10] soil stability and aggregation are 
disrupted due to the loss of soil organic matter. High severity burns can 
also result in a “burn scar”, which can persist for decades and are often 
sites of increased invasive or non-native species colonization [9].

These negative impacts from open slash pile burning have been the 
impetus to discourage or restrict open burning in some areas and the 
catalyst to develop viable alternatives. Examples of such tools include a 
wide range of mobile and modular machines called air curtain burners 
(ACB) that reduce the volume of low value wood quickly while reducing 
harmful emissions compared to open burning [17,18]. Air curtain 
burners (ACB) use a high velocity airflow system, referred to as an “air 
curtain”, which steadily blows air across the burn box via a manifold 
running lengthwise along the top of the burnbox and above the biomass, 
thus blocking smoke and minimizing ember escapes and reburning gases 
for a cleaner, more efficient burn [19].

It has been reported that emissions can be reduced manifolds by 
using ACB biomass disposal technique compared to open burning 
[20–22]. Similarly, Susott et al. [22] reported that PM2.5 emissions can 
be reduced to 0.5 kg ton− 1 while burning ponderosa pine wood using a 
217 model of ACB over pile burn (11.6 kg ton− 1) and understory burn 
(16.3 kg ton− 1) [22]. The study showed that increased combustion time 
and air turbulence leads to a complete combustion of the biomass. 
Another study comparing air quality impacts between ACB burning and 
open burning found that improved combustion conditions with lower 
PM and CO emissions resulted due to better air flow, containment of 
heat around the combustion zone, and more controlled introduction of 
debris [18]. A literature review conducted by Miller and Lemieux [18] 
on emissions from a burning biomass in Air Curtain Destructors (Air 
Burners Model S-127) reported the average CO concentration of 54 ppm, 
CO2 levels of 0.2 % and PM concentrations of 6600 μg m− 3, while 
emission rates were reported at 0.97 kg h− 1.

More recently, Page-Dumroese et al. [21] reported a summary of a 
trailer-mounted ACB unit trials producing biochar which employs the 
same principle of the ACB technology, producing high-carbon content 
biochar as well as disposing woody biomass. This new technology 
further enhances environmental performance by not only reducing 
emissions from ACB burning but also storing carbon in a form of biochar. 
Further, a life cycle analysis was performed by Johannesson et al. [23] to 
calculate net emissions from biochar used as a carbon sink when an ACB 
machine (CharBoss) was used. Applying the puro.earth methodology to 
the activity data, this project estimated that it has the potential to 
generate 2403.81 metric tonnes CO2eq of Carbon Dioxide Removal 
(CDR) certificates from biochar during a 12-month period, through use 
of the CharBoss machine and subsequent application of the biochar to 
forest soils. The study demonstrated that use of the CharBoss machine to 

process forest fire reduction harvest biomass into biochar has the po-
tential to effectively improve the sustainability of the National Forests in 
the US. The ash component of the biomass typically remains in the 
bottom of the box or on the ground in ACBs that do not have an engi-
neered floor.

One company producing ACBs is Air Burners, Incorporated (Palm 
City, Florida, USA). They manufacture a variety of equipment designed 
for mobility and heating efficiency, including the FireBox® (FB), 
BurnBoss® (BB), and CharBoss® (CB) machines. In general, the use of 
ACBs requires that biomass be loaded into the equipment using an 
excavator, loader, or skid-steer and arranged to maximize combustion 
within the system [19]. Depending on the model, ACBs reduce biomass 
to ash (the residual mineral fraction remaining after complete com-
bustion) or biochar (a high carbon product for land application). Air 
curtain burners have been used for years for biomass management and 
details on the methodology and production rates can be found in Lee and 
Han [20]. Biochar produced on-site can be used to restore degraded soil 
conditions associated with roads, log landings, wildfire, erosion, past 
burning and mining by improving water and nutrient holding capacity 
and thereby facilitating vegetative cover, or removed from the site to use 
in agriculture, horticulture, and other applications [21,24,25].

The rate of burning of biomass using ACBs is highly variable 
depending on the type of equipment used, feedstock species and diam-
eter, moisture content, and rate of loading, [20]. Lee and Han [20] 
compared the rates of burning and costs for two different sizes of ACBs 
(Air Burners, Inc. S-220 and BurnBoss), and performance in air quality 
and operational logistics between BurnBoss and hand piles prepared for 
open burning. The costs of burning per green metric ton per scheduled 
machine hours (SMH) were 70 % higher when using a BB as compared to 
the larger S-220 ACB, however the BB was 40 % more efficient and had 
lower smoke emissions as compared to open burning of a hand-pile. 
These results demonstrate that burning variability using similar 
biomass is related to technology type. In addition, Jang et al. [26] noted 
that heat transfer from open burning reached a maximum of 389 ◦C 1 cm 
beneath the soil surface but was only 133 ◦C at a similar depth under the 
BB indicating that the creation of a coal bed under the burning biomass 
limits heat transfer resulting in minimal impacts on soil physical and 
chemical properties.

As noted above, ACBs generally increase low value woody biomass 
management efficiency, provide greater fire control, reduce particulate 
matter and greenhouse gas (GHG) emissions, and have fewer negative 
soil impacts. ACBs make it easier to dispose of biomass and, depending 
on the model, result in biochar production. The CB unit has the added 
advantage of continuous biochar production. Furthermore, when 
compared to the FB, a CB is towable. Both the FB and CB are designed to 
burn variable infeed biomass quantities using the same burning princi-
ple, but there is a need to determine the variability in burning efficiency 
between FB for biomass disposal without biochar production and CB for 
biomass disposal and biochar production to assist land managers in 
determining the best tool for biomass management in specific cases. 
Given the recent development and deployment of the CB, there is also a 
need to understand the operational tradeoffs between FB and CB to 
guide their efficient deployment.

While previous work detailed the use of the FB S-220 series [20], the 
CB is a new product that has not been previously evaluated for pro-
duction and costs. Since FB and CB provides alternatives to open pile 
burning, quantifying their operations and outputs can help increase 
their use by giving land managers baseline data. Therefore, our goal was 
to evaluate the performance of the FB for biomass disposal and CB for 
biomass disposal plus biochar production, including understanding the 
tradeoffs, benefits, and limitations of these alternatives. The specific 
objectives were to: i) determine the rate of biomass burning for FB and 
CB machines, ii) quantify the amount and rate of biochar produced using 
the CB machine, iii) determine the operational cost of biomass disposal 
using FB and CB, and iv) perform cost-benefit analysis for using FB for 
disposal of biomass and CB for biomass disposal and biochar production. 

Abbreviations:

ACB Air curtain burner
BDT - Bone Dry Ton
CAT – Caterpillar Incorporated
CB – CharBoss
FB - FireBox
GT - Green Ton
USDA – United States Department of Agriculture
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We also discuss operational considerations for these machines deployed 
in the forest sector as an alternative to open pile burning of low-value 
woody biomass generated by forest management activities.

2. Materials and methods

2.1. Study area and design

The study was conducted for four-days (April 24–28, 2023) at the 
eastern side of Flagstaff, Arizona, at a public works facility owned and 
managed by the Coconino County Flood Control District that is desig-
nated for burning woody biomass. This facility is in an open area which 
facilitated prediction of wind speed and direction, key variables for 
operating FB and CB. For purposes of fire safety and operational effi-
ciency, Air Burners, Inc. [19]. recommends burning using the FB and CB 
when wind speeds are below 32 km/h.

We used fire-killed ponderosa pine (Pinus ponderosa Lawson & C. 
Lawson) trees removed by the Coconino County Flood Control District, 
and freshly cut (green) pruning waste from a local golf course. The fire- 
killed trees were salvage logged and removed using rubber tracked 
Caterpillar Inc. CAT308 excavator and CAT299D2 skid-steer front-end 
loader. During the post-fire harvest the biomass tended to pick up soil as 

it was loaded onto dump trucks. The wood was kept in large piles for ten 
months prior to the experiment (Fig. 1A). Removal of trees killed by fire 
was not a typical timber harvesting salvage operation, but rather a 
cleaning process to remove flooding debris and fire-killed ponderosa 
pine trees in the affected district. The green biomass from the golf course 
was from tree trimmings and tops that were up to 20 cm in diameter 
(Fig. 1B). They were obtained from a local resident who considers them 
as woody biomass wastes from periodic property maintenance and 
cleaning. Foliage was not removed from the green materials. A sche-
matic overview of the study design is shown in Fig. 2.

2.2. Data collection

2.2.1. Biomass measurements
We sorted each pile of biomass into five diameter classes (Fig. 3): i) 

small (<5 cm), ii) medium (5–10 cm), iii) large (>10 cm), iv) mixed 
(combination of small, medium, and large diameter classes), and v) 
mixed green (pruned biomass from golf courses). The ‘mixed’ biomass 
did not have specified size and moisture content amounts but was 
created to mimic a typical slash pile created from fire-killed or pruned 
trees. According to the Biomass Energy Foundation [27], based on 
proximate and ultimate analysis a typical Ponderosa pine (biomass 
generally has a fixed carbon of 17 %, a high volatile matter (~83 %) and 
an ash content of 0.29 %. It has a high elemental carbon content of ~50 
% and has high content of H (5.99 %), O (44.36 %); and a trace amounts 
of N (0.06 %) and S (0.03 %).

Wood samples for moisture measurements were randomly chosen 
from the small, medium, large, and green storage piles of woody biomass 
material. Moisture content for samples picked from each storage pile of 
woody biomass was collected using Lignometer K Pin Meter designed to 
measure a range of moisture from 5 to 99 % [28]. To determine the 
moisture content in percent, the 3.8 cm long electrode pins of the 
Lignometer K moisture meter were driven into the woody biomass 
samples and moisture readings obtained from the digital display. The 
average moisture content for each pile of woody biomass was deter-
mined by adding the individual reading of the random samples and 
dividing by the total number of samples. For the large and medium 
biomass materials, the cross-sectional area not exposed to ambient 
weather was cut using a chainsaw and tree moisture readings taken 
diagonally across the cross-section and averaged to give the moisture 
reading for a randomly chosen sample. The moisture content for the 
mixed-size biomass was determined as the average for small, medium, 
and large biomass materials. For each storage pile of biomass (e.g., 
small, medium, large, mixed, and green), the average moisture content 
was recorded on a wet basis as percent of water contained within the 
woody biomass.

The weight of each storage pile of woody biomass by diameter class 
was determined by taking the difference in the axle loads of an empty 
and loaded truck using a portable scale (PT300 RFX Solar Weighing 

Fig. 1. Biomass materials used in the study: (A) biomass from fire-killed trees and (B) fresh-cut biomass with foliage.

Fig. 2. A graphical flowchart depicting the study design.
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System). The tare weight of the empty truck was determined by taking 
and summing the steering and driving axle loads when the truck was 
standing on the portable weighing system. The weight of the truck when 

fully loaded with biomass was determined by the same way. For every 
truck loading cycle, the weight of biomass was determined as the dif-
ference between the gross and tare weight of the truck. The total weight 

Fig. 3. Diameter classes for post-fire biomass that were used for the study.

Table 1 
Summary of each size-class moisture content and mass of each type of biomass used for testing the FireBox (FB) and CharBoss (CB).

Diameter Class Description of biomass Average moisture 
(%)

Weight of biomassa

FB CB

Green tons 
(GT)

Bone dry tons 
(BDT)

Green tons 
(GT)

Bone dry tons 
(BDT)

Small (<5 cm) Biomass salvaged from a wildland fire and with no pine 
needles

13.1 3.1 2.7 1.5 1.3
Medium (5–10 cm) 19.4 4.1 3.3 2.6 2.1
Large (>10 cm) 40.1 4.8 2.9 2.6 1.6
Mixed (small, medium, 

and large)
24.2 2.8 2.1 2 1.5

Green biomass Biomass obtained from tree trimmings toppings with up 
to 20 cm in diameter

43.8 12.3 6.9 4.7 2.6

a GT: Green ton (metric); BDT: Bone Dry Ton (metric).

Fig. 4. (A) The roll-off FireBox S-119 Air Curtain Burner and (B) CharBoss used in the current study.
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of each pile of woody biomass was determined as a summation of all the 
truck cycle loads for each pile of biomass by diameter class in green 
metric tons (GT). The weight in GT of each pile of biomass by diameter 
class was also calculated as weight equivalent in bone dry metric tons 
(BDT) at zero moisture content. Table 1 is a summary of the description 
of biomass materials used by diameter class, average green moisture 
content, and weight of each pile of biomass burned by each machine.

2.2.2. Equipment, tools and site preparation
To facilitate travel and loading machines between the FB, CB, and 

biomass piles, the soil around each piece of equipment was leveled using 
a CAT299D2. This tracked compact skid-steer machine is commonly 
used for vegetation-management applications such as mastication, 
mulching, brush-removal, and mowing, and was equipped with a 
grapple bucket for this study. Piles were located at least 15 m from either 
machine to mitigate unintended ignition. The required burn permit was 
obtained from the Coconino County Fire Department. The Roll-Off 
FireBox S-119 and CB used for the study were manufactured by Air 
Burners, Inc. (Fig. 4). The FB was loaded using a rubber tracked CAT 308 
excavator with a bucket and thumb (Fig. 5A). This machine is typically 
used for excavation tasks like digging and loading, but is effective for 
loading ACB when the bucket is equipped with a thumb. The CB was 
loaded using a combination of the CAT299D2 with grapple bucket 
(Fig. 5B) and manually loading by ground personnel. The skid steer 
dumped wood next to the CB following which ground personnel would 
toss wood into the CB burnbox. The CB can be loaded effectively with an 
excavator or loader, but the decision to hand load the CB allowed precise 
and consistent loading to maximize biochar productivity. Hand loading 
also mimics a situation where the equipment is run by a wildfire crew, 
which typically does not deploy heavy equipment for seasonal burning 
operations. Biochar exiting CB is extinguished in a quench pan full of 
water, which was measured during operations. Biochar is removed from 
the quench pan and piled using hand tools, including a landscape rake 
and a mud/sifting shovel. Though land application of biochar was 
beyond the scope of this study, biochar could then be spread on a site by 
a variety of manual or mechanical methods [29]. Other operational 
protocols are found in Page-Dumroese et al. [21]. To reduce smoke, 
wood is kept below the manifold producing the air curtain. Wood 
ignition is enhanced by using diesel fuel or some other ignition aid. 
Typically, a base fire is established and when approximately 2/3 of the 
wood is gone, then the air curtain is established. The motor generator 

sucks in atmospheric air and blows across the top of the combustion 
zone as a uniform air curtain above the biomass material. The air curtain 
is maintained throughout the burning period with biomass loaded at a 
rate consistent with the rate of burning, depending on biomass charac-
teristics such as size and moisture content.

2.2.3. Load timing
The loading cycle times for the CAT308 excavator and CAT299D2 

loader (for piling biomass for loading into CB machine) were determined 
by recording and summing the individual times for all loading cycle 
elements. Average loading cycle time for each loading machine was 
determined by dividing the total cycle times by the total number of 
loading cycles (n = 79 for CAT308 and n = 49 for CAT299D2). A 
stopwatch AX PRO (AX705 Accusplit®) was used to record each loading 
time decimal time measurements on a scale of 1/100 of a minute (dec-
imal seconds). The recorded cycles for CAT308 and CAT299D machines 
were: i) driving empty to a pile of biomass located 15 m from either the 
FB or CB machines, ii) grabbing the biomass, iii) driving back loaded to 
the burning machine, and iv) dropping and arranging biomass material 
into the FB or adjacent to the CB for hand loading. Delay-free loading 
cycles for each of the loading machines were recorded and analyzed. 
Loading cycles with partial hand loading of the CAT308 and CAT299D2 
buckets were excluded. It was not practical to determine the average 
weight of each cycle load for each loading machine because some 
biomass was dropped for hand loading and the loader operator used 
both CAT308 and CAT299D2 loaders interchangeably to load one pile of 
biomass into FB and drop biomass near the CB. It was also impractical to 
weigh each bucket load because it significantly disrupts the workflow 
with research delays. Accordingly, average weights were estimated 
based on calculations using the known weights of the biomass piles as 
described below.

2.2.4. Weather measurements
The daily relative humidity, wind speed, and atmospheric tempera-

tures during burning were recorded using Kestrel 3500 Light Metal 3091 
(Kestrel Instruments, Nielsen-Kellerman Company) weather measuring 
equipment. The FB could not be used on the second day due to fore-
casted high wind speed, similarly the CB was shut down midday. Op-
erations were shut down approximately 2 h before departing the site to 
ensure the fire was out and coals cooled to reduce the chance of an 
unintended fire. Average daily relative humidity, wind speed, and air 

Fig. 5. (A) Loading FB with CAT 308 tracked loader and (B) Loading CB with CAT299D2 skid-steer tracked loader. The four-day burning schedule was based on 
hourly burning throughput for FB and CB machines, predicted wind speeds, and the quantity of biomass available for burning.
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temperatures are listed in Table 2. Weather conditions can impact the 
operation and productivity of ACBs (e.g., winter versus summer opera-
tion), but weather-related variables were not considered explicitly in 
this study, which focused on quantifying differences between machines 
under identical conditions.

2.2.5. Daily operations
Daily start and end times were recorded using a standard wristwatch. 

Starting time was recorded 20 min after initializing the air curtain over 
the FB and CB. Stop time was recorded when the biomass was fully 
burned. It often takes up to an hour or more for the material in the FB to 
burn down after the last load, and hence the shutdown time was 
included in the cycle time. Waiting 20 min after starting the air curtain 
ensured sufficient biomass ignition, preventing a strong air curtain 
speed from extinguishing the flames. The 20-min lag time is considered 
for the total cycle time which is calculated as the difference between the 
start and stop times for each size-class. The rate of burning or 
throughput was determined by dividing the volume of biomass in green 
tons (GT) burned by the total burning time. Since the biochar is 
quenched, we measured its wet weight for each diameter class by 
weighing the total amount of biochar collected from the start to the end 
of the burning period. The moisture content of the wet biochar was 
determined by weighing then drying at 105 ◦C for 24 h and weighing 
again. The mass of oven dry biochar was determined as bone dry tons 
(BDT) at zero moisture content, from which the yield was determined as 
percent of the infeed quantity BDT of biomass burned. The wet-based 
moisture content in percent of biochar was determined using the 
following formula: 

Moisture Content (%)=

(
Initial Moisture Content − Final Moisture Content

Initial Moisture Content

)

∗ 100 

During burning, temperature inside the FB and CB were measured 

using Omegascope laser scanner-OS523E-1 (Omega Engineering, 
Incorporated). Peak burning temperatures were recorded when the heat 
waves above the air curtain manifold were visible. The laser scanner was 
configured to measure up to a maximum of 1371 ◦C at distances ranging 
from 1 m to 26 m [30]. The maximum burning temperatures of biomass 
was determined by pointing and scanning the laser gun at the target 
burning biomass within the FireBox positioned at about 2 m from above 
the FireBox.

2.3. Economic evaluations and statistical analyses

The variables used in the statistical model were biomass diameter, 
equipment type, moisture content, burning rate, burn temperature, and 
biochar mass (Table 3). Statistical software R [31] was used for the 
statistical analyses apart from this, MS-EXCEL was used for graphical 
representation. The diameter variable was grouped by each equipment 
type (FB or CB) and biomass moisture content, burn rate, burn tem-
perature, and biochar quantity were grouped by diameter size class.

Multiple linear regression and extra sum of squares F-test using a 
backward selection method were used to test whether the explanatory 
variables accounted for a significant amount of variation in Rate and 
Biochar while looking for correlation. In the extra sum of squares F-test, 
a full model was considered as the model with all the explanatory var-
iables included, a reduced model as the model with the variable of in-
terest removed, and an intercept only model was the model without any 
explanatory variable. In the backward method used in the extra sum of 
squares F-test, an explanatory variable was retained in the model when 
the p ≤ 0.05, otherwise it was excluded. Retaining the removed variable 
with a low p-value in the model meant that it explained a significant 
amount of variation observed in the continuous response variable. All 
the data on continuous response variables were checked for any viola-
tion of the assumptions of normality of the distribution and constant 
variance before regression modeling and analysis. In the regressions 
models, the variation in Rate was determined using Machine, Diameter, 
and Moisture as explanatory variables, while variation in Biochar was 
determined using Diameter and Moisture as explanatory variables. The 
intercept only models for Rate and Biochar were analyzed for any sig-
nificant variation in the response variable without including any of the 
explanatory variables. Significant variation (if any) in the response 
variable was first established using the intercept only model to provide 
the basis on which the variation in the response variable (if any) was a 
function of the explanatory variables used in the model.

Machine cost ($/hour) was calculated using the standard machine 
rate method developed by Miyata [32] and cost assumptions specific to a 
machine used in performing a given function. The assumptions used for 

Table 2 
Daily average relative humidity, wind speed, and air temperature.

Day Diameter class Relative 
Humidity 
(%)

Wind 
speed 
(km/hr)

Air 
Temperature 
(◦C)FB CB

1 Small & 
Medium

Small & 
Medium

22 13 20

2 No 
burning

Mixed 23 21 18

3 Green Green 24 11 13
4 Large & 

Mixed
Large 13 14 22

Table 3 
Variable descriptions and types that were included in regression models.

Variable 
name

Type Description Variable Type

Machine Explanatory Equipment type Class (2 
levels)a

Diameter Explanatory Size class of biomass Class (5 
levels)b

Moisture Explanatory Moisture content at the time of 
burning

Continuous

Biochar Response Quantity of biochar produced in 
BDT

Continuous

Rate Response Quantity of BDT of biomass 
burned per unit time

Continuous

Temperature Response Burning temperature of biomass 
within the FireBox

Continuous

a Machine: 1 = FireBox (FB),2 = CharBoss (CB).
b Diameter: 1 = Small (<5 cm),2 = Medium (5–10 cm),3 = Large (>10 cm),4 

= Mixed materials (small, medium, and large)5 = Green biomass (≤20 cm).

Table 4 
Cost factors and assumptions used in machine rate calculation.

Cost factors FB CB (Hand 
Loading)

CAT308

Purchase price ($) 153,383 148,861 150,000
Salvage value ($) 500 500 15,000
Economic life (years) 10 10 10
Interest, Insurance, & Taxes (% average 

annual investment)
12 12 10

Repair & Maintenance (% of 
depreciation)

47 47 47

Fuel consumption (l/hour) 7.3 4.2 6.1
Fuel cost ($/l) 1.31 1.31 1.31
Horsepower (kw) 74.5 – 74.3
Lubrication and oil cost (% fuel cost) 40 – 40
Operator wages ($/hour) – 25 25
Fringe benefits (% of wages) 35 35 35
Scheduled machine hours (SMH/year) 1800 1800 1800
Productive machine hours (PMH/year) 1620 1620 1350
Utilization rate (%) 90 90 75
Machine cost ($/SMH) 30.14 58.30 55.66
Machine cost ($/PMH) 33.49 64.77 75.55
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the cost factors (Table 4) for FB, CB, and CAT308 machines are based on 
the actual values obtained from Air Burners, Inc., and sales information 
from equipment users (e.g., the Director of Coconino County Flood 
Control District). The machine costs were calculated and reported per 
scheduled machine hours ($/SMH) and per productive machine hours 
($/PMH). The cost ($/GT) of disposing biomass was determined for base 
case scenarios for i) FB loaded with a CAT3038, and ii) CB loaded 
manually (i.e., hand loading).

Break-even analyses for the disposal of mixed diameter biomass 
using FB and CB machines for a base case scenario were performed to 
determine the point of indifference for the volume of biomass burned 
(GT) and the break-even cost ($/GT). The break-even volume burned 
and cost per unit volume burned is integral to determining the marginal 
cost of burning an additional unit of biomass during disposal above the 
point of indifference for the base case scenario. In addition to opera-
tional considerations unique to each machine, this can be used as a 
decision refence point in choosing the optimal method for disposal of 
biomass. Sensitivity analysis for disposal of mixed diameter biomass for 
the base case scenario was performed to evaluate the operating costs of 
disposing biomass by burning based on assumed annual operating hours. 
In the break-even and sensitivity analyses of the base case scenarios, the 
results of burning mixed biomass material were used because biomass is 
typically burned without sorting in open pile burning [20], making 
mixed-diameter biomass a likely field scenario. The rate of burning 
obtained for the mixed biomass in the economic analyses assumed there 
would be no economic justification in separating biomass material into 
various diameter classes under normal operating conditions.

3. Results and discussion

3.1. Biomass loading rates into the FireBox and CharBoss

Delay-free loading cycle times for CAT299D2 and CAT308 loading 
machines were determined based on complete loading cycles (Table 5). 
The average delay-free loading cycle time for CAT308 loader was 1.59 
min, while that of CAT299D2 loader was 1.25 min. The return trip after 
loading accounted for the largest component of total loading cycle time 
for CAT299D2 (32 %) and CAT308 (30 %). During field observations, we 
noted that the variability in the total loading cycle time was associated 

with a single machine operator driving both loaders. This meant they 
would spend more time picking up the shorter (approximately 1 m long) 
biomass. In addition, the loaders would be slowed when traversing over 
dropped wood that was scattered along the travel path. The type and size 
of biomass material being handled during loading explained variation in 
the total loading cycle time. For example, handling freshly cut biomass 
with needles was more efficient with CAT308 loader while CAT299D2 
loader with a bucket was the most appropriate tool for picking up wood 
only. As expected, hand loading freshly cut biomass that still had needles 
attached into CB was more difficult as compared to loading the post-fire 
biomass without the pine needles. Loading and arrangement of biomass 
into FB using the CAT308 was more efficient than the D2 loader due to 
its longer arm reach. Although hand loading of the CB was ideal for 
consistent rather than pulsed loading and resulted in higher biochar 
throughput, actual field use of the equipment could include a small 
excavator, skid steer, or loader to reduce the work of the crew.

3.2. Burning rates for various biomass types and sizes

Burning rate for the large (>10 cm) diameter biomass using the FB 
was 1.1 GT/h at an average burning temperature of 924 ◦C. Small 
diameter (<5 cm) biomass burned at the rate of 2.4 GT/h at an average 
temperature of 814 ◦C (Table 6). When mixed biomass was used in the 
FB the burning rate was 2.5 GT/h, with the highest recorded burning 
temperature of 1089 ◦C. The rate of burning for mixed sized biomass is 
important as it represents the typical biomass type that would likely be 
burned when a FB or CB are used to dispose of low value biomass. 
Similar to the FB, the rate of burning of biomass using the CB increased 
with the decrease of the size of biomass material (Table 6), but the mixed 
size material was similar to that of the small material. Small diameter 
biomass has a greater surface area exposed to the heat, which enhances 
heat transmission during combustion. This increased surface area allows 
for faster heat transfer, leading to more efficient burning. Though the 
combustion kinetics of the mixed materials are not precisely known in 
this case, the high rate for mixed materials likely has something to do 
with the relatively higher temperature and potentially better air flow 
through the fuel bed offered by the heterogeneous mix of sizes.

The FB throughput was 3.0–5.0 GT/h depending on feedstock and 
operating conditions, which is similar to other operations testing [19]. 
However, the FB’s burning rate for the mixed sized materials was 2.5 
GT/h in this study. Low burning throughput might have been caused by 
under-optimized operations by using one loader operator to feed the 
biomass between FB and CB machines. Occasionally the FB was not 
filled with biomass since this was conducted using only a loader while 
the CB had biomass added by hand when needed. Further, burning ca-
pacities of both machines were not maximized when loading was 
stopped when each size class of biomass was depleted, and the equip-
ment readied for the next size class. The CB throughput is listed as 
0.5–1.0 GT/h by the manufacturer when using typical woody feedstock 
such as clean wood waste and woody biomass [19].

Variability in the rates of burning for the FB was below the burning 
throughput for which the machines were designed, but the CB 
throughput was within the range detailed in the company specification 

Table 5 
Average loading cycle times for each cycle element for a CAT308 and CAT299D2 
loader.

Loading cycle element Mean cycle time (minutes)a

CAT308 (n =
79)

CAT299D2 (n =
49)

Drive empty to pile (average distance of 
15.2 m)

0.39 (24) 0.38 (30)

Grab biomass 0.44 (27) 0.28 (22)
Drive loaded back to machine 0.47 (29) 0.40 (32)
Drop biomass and arrange in FireBox 0.29 (18) 0.20 (16)
Average cycle time 1.59 (100) 1.25 (100)

a Values in parentheses are percentage of the average cycle time.

Table 6 
Average feedstock moisture content, FireBox temperature, and burning rate for the FireBoxand CharBoss air curtain burner.

Diameter Class Average moisture (%) (n = 90) Temperature (◦C) Burning rate (GT/hr)a

Minimum Maximum Average

FB CB FB CB FB CB FB CB

Small (<5 cm) 13.1 683 706 963 1027 814 826 2.4 0.9
Medium (5–10 cm) 19.4 687 721 1026 1082 886 925 2.0 0.6
Large (>10 cm) 40.1 581 541 1052 1036 924 915 1.1 0.5
Mixed (small, medium, & large) 24.2 669 683 1089 1000 879 863 2.5 0.8
Green biomass 43.8 576 642 887 961 789 836 1.9 0.9

a GT: Green ton (metric).
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sheet. The lower rates of burning recorded for FB may be due to only one 
person operating both loading machines that resulted in operational 
delays that were not accounted for in throughput measurements based 
on start-stop times. In other words, a focused operator in a dedicated 
loader operating one burner rather than two, would likely achieve the 
throughput rates of 3.0–5.0 GT/h. Hand loading is not typically done for 
the CB, but it is likely the reason for the high burning efficiency because 
we were able to efficiently load and arrange biomass within the box to 
maximize ignition and biochar production. This method is more labor 
intensive but could be used if the wood is dry, cut to manageable sizes, 
and there is a larger (>3) crew [21].

3.3. Correlation analysis of machine types and biomass variables

A significant correlation was found between the response variable 
Rate with the explanatory variables (Table 7). Setting Model 1 as the full 
model and Model 2 as the reduced model, Diameter was not statistically 
significant in explaining the variation in the rate of burning (ESSF-stat =
1.8281, dfNumerator = 1, dfFull=6, p-value = 0.2251). This indicates that 
all biomass size classes burned at similar rates. However, in general the 
large diameter biomass burned slower in both machines, but at a higher 
average temperature when compared to other biomass sizes (Table 6). 
Setting Model 2 as the full model and Model 3 as the reduced model, 
Machine and Moisture were significant in explaining the variation in the 
Rate of burning (ESSF-stat = 13.85, dfNumerator = 2, dfFull = 7, p-value =
0.004). Machine and Moisture variables were significant, indicating that 
the variation in Rate of burning was due to differences in the functional 
design of the equipment and biomass moisture content, further 
explaining what the previous study found [20]. Model 3 was the inter-
cept only model. The intercept was non-zero (t-statistic = 4.787, df = 9, 
p-value = 0.001) indicating that there was a significant variation in the 
rates of burning when Machine, Diameter, and Moisture were held 
constant.

One possible explanation for this is the polymers within the larger- 
sized material is more highly compact and denser compared to 
smaller-sized biomass [33]. During burning, the heat flux is faster when 
the wood is dry and the polymers degrade faster at low moisture con-
tents releasing combustible gases, char, and ash [33,34]. Moreover, 
during thermochemical decomposition a considerable amount of time is 
required to expel the moisture, bond water, and volatile matter firmly 
held within the lignocellulosic structure of the larger woody material 
before heat can penetrate and decompose it [33,34]. Minimum tem-
peratures for burning biomass dropped for both machines. A possible 
reason being that the addition of biomass in the burn chambers expels 
the moisture and bond water before active burning of the wood substrate 

[34].
In addition to the operator considerations noted previously, the 

variability in the rate of burning between machines was due to differ-
ences in the arrangement of biomass within the box and machine 
functional designs. It was relatively easy to load and arrange biomass 
within the CB using hand loading techniques as compared to machine 
loading used for the FB. To achieve higher burning efficiency in the FB 
and CB Air Burners, Inc. [19]. suggests that the loader operator 
constantly load biomass into the box to keep the rate of burning 
consistent with air curtain speed, rather than loading large pulses of 
material periodically. Maintaining burning efficiency minimizes pres-
sure build-up within the box and over agitation of embers that may lead 
unintended fire starts. It is further advised that the ACBs should not be 
operated at low air curtain speeds since this allows smoke to penetrate 
through the air curtain thus reducing burning efficiency and increasing 
emissions.

3.4. Biochar production from the CB machine

The biomass used for biochar production was separated into different 
size classes to understand the effect of size on burning and biochar 
production rate in a CB (Table 8). Medium and mixed diameter classes 
had the highest biochar yield per unit of biomass burned. Both size 
classes yielded 17.2 % biochar under similar experimental conditions. 
We also found, however, that biochar production rate varies with 
burning rate and feedstock moisture content. Except for the green 
biomass feedstock, the quantity of biochar recovered from large diam-
eter biomass was lower than those of small, medium, and mixed diam-
eter classes. During the pyrolysis process, it takes longer for heat to 
penetrate and decompose the wood polymers as the outer surface is first 
reached by heat, burns, and turns into ash (or biochar) before pene-
trating the interior of woody material [33].

In Model 4 (Table 9), neither Diameter (t-stat = 0.629, df = 4, p-value 
= 0.594) nor Moisture (t-stat = − 0.748, df = 4, p-value = 0.533) were 
significant factors, implying that biochar quantity is unrelated to wood 
size or moisture content.

Model 5 is the intercept only model and is non-zero (t-statistic =
6.775, df = 4, p-value = 0.0025). A non-zero intercept indicates that the 
quantities of biochar produced in the CB for different size classes of 
tested biomass were different when Diameter and Moisture were kept 
constant. Bartlett et al. [33] reported that pyrolysis is preceded by the 
movement of free water out of the wood, which evaporates when wood 
is heated. The moisture moves into the inner wood structure and 
re-condenses thereby requiring more heat energy to evaporate it further. 
Large cross-sectional areas of woody biomass require additional heat 
energy to evaporate moisture to create the dry zone within the polymer 

Table 7 
Correlation models used with the FireBox and CharBoss air curtain burners.

Model Explanatory variables

1 Intercept Machine Diameter Moisture
2 Intercept Machine Moisture
3 Intercept

Table 8 
Biochar production, moisture content, yield, and recovery by diameter class from the CharBoss air curtain burner.

Diameter Class Quantity of biochar Moisture contenta (%) Oven dry moisture (%) Yield (BDT) Recovery (% BDT)

Volume (m3) Wet weight (GT)

Small (<5 cm) 0.59 0.44 64.2 35.8 0.17 13.2
Medium (5–10 cm) 1.08 0.87 62.4 37.6 0.36 17.2
Large (>10 cm) 0.39 0.40 62.0 38 0.17 10.7
Mixed (small, medium, and large) 0.74 0.64 62.8 37.2 0.26 17.2
Green biomass 0.55 0.55 62.0 38 0.23 8.8

*GT: Green ton (metric); BDT: Bone Dry Ton (metric).
a Moisture content of biochar when removed from quench pan.

Table 9 
Models for biochar production in the CharBoss air curtain burner.

Model Explanatory variables

4 Intercept Diameter Moisture
5 Intercept
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structure allowing decomposition of the log interior and pyrolysis to 
occur. Further, vapor release slows down the removal of bound water 
and this occurs at higher temperatures and before pyrolysis occurs, 

making large diameter biomass burn slower compared to smaller pieces 
of wood [33]. Large wood is also denser and has a greater proportion of 
sapwood than small-size biomass, requiring more time for heat to expel 
bound water before pyrolysis can occur [32]. Large wood has a high 
proportion of heartwood which contains more extractives than smaller 
wood, making the release of volatile gases and pyrolysis of larger 
biomass slower [34]. Hand loading biomass into the CB meant that the 
wood had to be small enough to be lifted overhead and positioned within 
the box for maximum burning efficiency [21].

3.5. Economics of disposing biomass using FB and producing biochar 
using CB

The hourly cost (USD$/hour) for base-case scenarios when using i) 
FB and CAT308 loader, and ii) CB and hand loading is summarized in 
Table 10. The total cost of disposing mixed biomass material using FB 
and CAT loader is $32.28/GT while that of CB and hand loading is 
$80.97/GT, which were higher than the biomass disposal costs using 
ACBs that were previously reported [12]. At a higher rate of burning, 
more volume of biomass would be burned by both machines and more 
biochar would be recovered, thus reducing the unit cost of biomass 
disposal and production of biochar.

The point of indifference for the quantity of biomass burned for the 

Table 10 
Productivity and cost of onsite biomass disposal by FireBox and CharBoss for a 
base case scenario.

Cost variabled FB CB (Hand Loading) CAT308 Loader

Machine rate (USD$/PMH) 33.49 64.77 75.55
Burning rate (GT/PMH) 2.5 0.8
Loading productivity (GT/ 

PMH)a
4

Machine cost (USD$/GT) 13.40 80.97 18.89

Total cost of disposal (USD$/GT)
ACB + CAT308 Team 32.28/GTb

CB + hand loading 80.97/GTc

a Average hourly biomass loading recommended for ACB machine by Air-
Burners Inc.

b Disposal of biomass using ACB machine when loading with CAT308 loader.
c Disposal using CB and hand loading.
d GT: Green ton (metric); BDT: Bone Dry Ton (metric); PMH: productive 

machine hour.

Fig. 6. Break-even analysis for biomass disposal using ACB and CB machines [GT: Green ton (metric)].

Fig. 7. Effect of annual operating hours on the total cost of disposal of biomass and production of biochar [GT: Green ton (metric)].
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base case scenario is 2.64 GT (Fig. 6). It would be cost effective to 
dispose ≤2.64 GT using CB and hand loading, but when the biomass 
volume is > 2.64 GT using FB and CAT308 loader would be more 
effective and economical because of the large capacity for burning in FB. 
Importantly, the marginal cost of burning an additional unit of biomass 
decreased when the FB and CAT loader team was used.

In sensitivity analyses for the base case scenarios, hourly operational 
costs ($/GT) decreased with increased annual operating hours (Fig. 7) 
and were a function of the total volume of biomass burned, as burning 
for a greater length of time has the benefits of economies of scale, 
spreading fixed costs over higher throughput. It was observed for both 
machines, but the operating cost of running the CB + hand loading team 
decreased with the increase of annual operating hours more than the FB 
+ CAT 308 team. This result highlights the importance of utilizing the 
machines throughout the year to keep the operating cost low, especially 
for the CB + hand loading team.

The sensitivity analysis of biochar revenue was based on market 
prices obtained from a study on the financial viability of biofuel and 
biochar by Campbell et al. [35]. The analysis was completed based on 
the hourly cost of burning ($/GT), volume of woody biomass, 17.2 % 
rate of biochar recovery from the burned biomass (GT/hour), and three 
market price scenarios of $750/BDT, $1000/BDT, and $1500/BDT 
(Fig. 8). Burning rate determines the quantity of biomass burned per 
hour, thus at higher rates of burning, more biomass is burned thereby 
reducing hourly operational costs. Similarly, the rate of burning affects 
biochar quantity as faster burning produces more biochar, resulting in 
reduced production costs. At a higher unit price of $1500/BDT of bio-
char produced, a combination of higher burning rates and lower oper-
ational costs results in greater revenues from biochar. In addition, if 
consideration is given to creating biochar for carbon credits, then it is 
possible that using a CB would align with sustainable development goals 
for climate change mitigation and result in additional income for the 
operator [36,37].

3.6. Operational advantages and disadvantages

The advantages and disadvantages of using FB and CB were analyzed 
against key machine attributes such as cost, machine capacity, opera-
tional logistics, and safety (Table 11). Benefits and limitations of using 
FB and CB for management of low value woody biomass were 

summarized based on economic analysis for the base case scenarios 
while focusing on the initial capital expenditure, functional design, rate 
of burning, mobilization, operational safety, and environmental benefits 
associated with each machine. We also had focused discussions with 
engineers from Air Burners, Inc., and machine operators during the 
experiment to develop recommendations for the efficient use of each 
machine for biomass management.

Both the FB and CB effectively disposed of biomass to result in 
environmental benefits compared to open pile burning. The FB and a 
loader are appropriate for large-scale woody residue disposal piled at a 
central location. Additional biomass can be hauled into the central 
burning site using trucks such as roll-off and dump trucks. The CB ma-
chine is appropriate for place-based biochar production and managing 
small-to-large piles of biomass scattered near a harvest unit where the 
equipment can be moved along a road or sited at a log landing. Biochar 
can be used locally for soil restoration purposes and as a climate change 
mitigation tool to sequester carbon and reduce soil greenhouse gases 
[38] or it can be transported for use at other sites. Hand loading is an 
option to maintain burn efficiency when the loading machine equipment 
is not readily available.

4. Study limitations

The assumptions used for the loaders and subsequent rate calcula-
tions for FB and CB were obtained from CAT dealers within Flagstaff, AZ 
and the Director of the Flood Control District of Coconino County, AZ. 
Our experimental design and biomass layout at the test site followed the 
machine-to-biomass pile distances recommended by Air Burners, Inc. 
The fire safety regulations and requirements for biomass burning were 
set by Coconino County. Another limitation was the use of relatively 
short production runs between full-startup and cool-down cycles during 
only four days. Extended observations of FB and CB operations using 
different logistical and operational settings would illustrate the concept 
quantified in Fig. 8. Shift-level production data over long periods of 
operation could be used to assess commercial production rates. Future 
research should evaluate operations in other settings under full pro-
duction conditions and consider the machine loading of the CB 
compared to manual loading, as well as quantifying maximum 
throughput of the FB with a dedicated loader operator. Fuel treatment 
thinning and other forest restoration treatments can incorporate the use 

Fig. 8. Change in the cost of burning biomass and biochar revenues over different rates of biomass burned using CharBoss [GT: Green ton (metric); BDT: Bone Dry 
ton (metric)].
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of numerous place-based technologies [39], including mobile equip-
ment such as the CharBoss, BurnBoss, or TrackBoss® and on operations 
where biomass is removed and processed simultaneously. In this case, a 
joint-production model of the entire restoration process could be 
developed and compared to pile burning. Improving emissions from 
biomass disposal is a critical benefit of ACB deployment, and the 
research team plans to conduct high resolution emissions testing on the 
CB under controlled conditions. In addition, other values associated 
with biochar, such as carbon sequestration and soil improvement along 
with other nonmarket goods and ecosystem services associated with 
production and use of biochar, could be quantified and considered in 
addition to the financial costs of operations.

5. Conclusion

Both the FB and CB can provide climate-smart forestry practices that 
reduce the volume of low-value woody biomass and, in the case of the 
CB, also produce a carbon-rich biochar that can improve soil properties 

and sequester carbon in the soil, thus adding a value-added product 
beyond mere disposal of low-value woody biomass waste material. 
Burning rates were variable with machine, diameter class, and moisture 
content. Mixed size biomasses are the most commonly available, and not 
sorting biomass saves the time and cost of sorting before processing an 
ACB. The rate of burning for FB was 2.5 GT/h for mixed biomass ma-
terial, while that of CB was 0.8 GT/h. Both machines have been shown to 
reduce emissions when compared to open burning. The equipment we 
tested varies in how biomass is moved, i.e., central or dispersed opera-
tions, and the ability to reduce the risk of wildfire. Accummulating large 
quantities of biomass next to the equipment enables more efficient 
loading and higher burning throughput, and also reduces the need for 
moving the equipment frequently, which can be costly. Disposal costs 
and biochar production rates are representative of onsite biomass ma-
terials with no stump-to-truck thinning and hauling costs. Future 
research should focus on quantifying the burning rates for FB and CB 
under variable field conditions, site configurations, and equipment 
pairings over longer cycles and extended periods of field operation. 
Further, more rigorous economic analyses should be pursued to quantify 
the relative advantages/disadvantages of the FB and CB technologies.
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Table 11 
Advantages and disadvantages of the FireBox S-119 and CharBoss air curtain 
burners.

Machine attributes FireBox (FB) CharBoss (CB)

Operational costs • Higher capital 
expenditure

• Lower capital expenditure

Functional design • Appropriate for disposal 
of large quantities of 
biomass

• Can be used for disposal of 
smaller, distributed 
quantities of biomass

• No production of biochar • Production of biochar, 
therefore complete use of 
forest biomass

Productivity 
efficiency

• Higher rate of biomass 
disposal

• Lower rate of biomass 
disposal

• Longer average loading 
cycle time using CAT308 
loader

• Shorter average loading 
cycle time using 
CAT299D2 loader

• Machine loading most 
appropriate and efficient 
for biomass arrangement 
within the box, hand 
loading not practical

• Hand loading can be 
efficient for arrangement 
of biomass within the box, 
can also be loaded using a 
machine

• High ash accumulation 
due to larger surface area

• Low ash accumulation, 
significant mass removed 
in the form of biochar

• Removal of ash requires 
cool down to clear the box 
of accumulated ash

• Ash accumulates under the 
machine and removal 
requires moving the 
machine to a new 
footprint.

Portability, 
mobilization, 
and set-up

• Mobilization, transport, 
and set-up is expensive 
and requires specialized 
loading, hauling and off- 
loading equipment and 
skilled personnel; best for 
a central location

• Easy to mobilize and 
transport because the box 
is mounted on a movable 
trailer

Operational safety • Requires large area for 
set-up.

• Requires relatively smaller 
area for set-up.

• Storage piles of biomass 
should be placed at least 
15.2 m from ACB

• Storage piles of biomass 
should be placed at least 
9.1 m from CB machine

Environmental 
benefits

• Reduces smoke
• Reduces soil damage
• Removes waste biomass 

that can be a fire risk

• Reduces smoke
• Reduces soil damage
• Removes waste biomass 

that can be a fire risk
• Biochar sequesters carbon 

compared to open burning
• Biochar has additional 

benefits when used as a soil 
amendment

• Biochar conveys several 
nonmarket and ecosystem 
service benefits to society
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