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ABSTRACT: Pyrolysis is a viable option for the production
of renewable energy and agricultural resources from diverted
organic waste streams. This high temperature thermochemical
process yields material with beneficial reuses, including bio-oil
and biochar. Gaseous forms of carbon (C) and nitrogen (N)
are also emitted during pyrolysis. The effluent mass emission
rates from pyrolysis are not well characterized, thus limiting
proper evaluation of the environmental benefits or costs of
pyrolysis products. We present the first comprehensive suite of
C and N mass emission rate measurements of a biomass
pyrolysis process that uses chicken manure as the feedstock to
produce biochar and bio-oil. Two chicken manure fast pyrolysis experiments were conducted at controlled temperature ranges of
450−485 °C and 550−585 °C. Mass emission rates of nitrous oxide (N2O), nitric oxide (NO), carbon monoxide (CO), carbon
dioxide (CO2), methane (CH4), and ammonia (NH3) were measured using trace gas analyzers. Based on the system mass
balance, 23−25% of the total mass of the manure feedstock was emitted as gas, while 52−55% and 23% were converted to bio-oil
and biochar, respectively. CO2 and NH3 were the dominant gaseous species by mass, accounting for 58−65% of total C mass
emitted and 99% of total reactive N mass emitted, respectively. Temperature variations within the two set of temperature ranges
had a perfunctory effect on bio-oil production and gaseous emissions, but the higher temperature range process produced more
bio-oil and slightly less emissions. However, a larger effect on the relative amounts of CO and CO2 produced were observed
between the different temperature regimes. These results have important implications for greenhouse gas and reactive N life cycle
assessments of biochar and bio-oil.

KEYWORDS: biochar, pyrolysis, gas flux, poultry char, greenhouse gases, chicken manure

■ INTRODUCTION
Biochar is a byproduct of pyrolysis (anaerobic) or gasification
(aerobic) thermal decomposition processes of organic matter.
While pyrolysis and gasification technologies have been in use
for decades, these processes have received greater attention in
recent decades as bio-oil and/or syngas could be used as a
renewable biofuel alternative to fossil fuels and biochar soil
amendments could reduce the negative consequences of
fertilizer for air quality, climate change, and aquatic and
terrestrial acidification.1,2 Biochar has revealed promise in
promoting carbon (C) sequestration,3−5 minimizing green-
house gas emissions,6,7 increasing soil fertility,8 and crop
productivity,6,8 increasing water availability in drought-prone

conditions,9 increasing bioavailability of adsorbed ammonia10

and preventing nutrient leaching.11 In addition, biochar
products minimize volume and mass of the original feedstock,12

reducing transportation costs of organic waste resources.
Biochar has been produced from many organic feedstocks,

including grasses, woody biomass, and manures.3,12,13 Manure-
based biochar use could mitigate greenhouse gas emissions and
reactive nitrogen (Nr) pollution to air and water from
concentrated animal feeding operations.14 Fast pyrolysis of
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organic feedstocks for biochar produces bioenergy resources
(i.e., bio-oil) that can displace a portion of fossil fuel-based
energy, and biochar as a coproduct.15

While evidence for pyrolysis product benefits for agriculture
and renewable energy is mounting, a key uncertainty remains in
the assessment of their biogeochemical life cycle impacts. The
magnitude and forms of mass emission rates during pyrolysis of
organic feedstocks to produce biorenewable products are not
well quantified. Carbon gases emitted during pyrolysis include
major greenhouse gases: carbon dioxide (CO2), methane
(CH4), and air pollutant carbon monoxide (CO). Nitrogen
gases emitted during pyrolysis include nonreactive dinitrogen
(N2), as well as several forms of Nr such as ammonia (NH3),
nitrous oxide (N2O), and nitrogen oxides (NOx). Reactive
forms of N have cascading impacts on environmental systems
and human health.2,16 Therefore, it is critical to understand the
potential unintended losses of C and N during the production
of biochar and bio-oil in order to assess the net benefits of its
utility for mitigating climate change and/or Nr pollution,
particularly from high N-content feeds such as chicken
manure.17 In this study, we measure total C and Nr mass
emission rates during fast pyrolysis of chicken manure to
quantify and characterize the dominant Nr and C species
emitted during the pyrolysis process. Experiments were
conducted at two temperature ranges (450−485 °C and
550−585 °C) to determine the effect of temperature as a
proximal control on mass emission rates. This work constitutes
some of the first C and Nr mass emission rates during the
pyrolysis of chicken manure to produce bio-oil and biochar,
which can be compared with future experiments under different
conditions. These measurements provide a foundation for
future C and N life cycle analyses, which can address
applicability of this technology at large and small scales and
analyze the cost benefit of reducing manure in pollution
hotspots.

■ EXPERIMENTAL (MATERIALS AND METHODS)
Experimental Design. Effluent gas fluxes of Nr species (NO and

NH3), greenhouse gases (N2O, CH4, and CO2), and carbon monoxide
(CO) were measured during the pyrolysis of chicken manure. Chicken
manure was collected from conventional broiler poultry production
houses raising the Cobb chicken breed with unlimited grain feed
rations according to standard industry practices (Frye Poultry, West
Virginia). Manure consisted of fresh scrapings of house floors and
included chicken manure and sawdust.18 All manure was dried, sieved
and homogenized to 2 mm grain size for pyrolysis efficiency13 (see
sections: Exp 1: Low Temperature (450−485 °C and Exp 2: High
Temperature (545−585 °C) for more details). Small particles are
needed for rapid heat transfer to the entire biomass material for fast
pyrolysis.19

Manure was pyrolyzed using U.S. Department of Agriculture’s
bubbling fluidized bed pyrolysis development unit (PDU) located at
the Eastern Regional Research Center (Wyndmoor, PA). The reactor
bed consisted of a 7.6 cm diameter pipe filled to static bed depth of 20
cm sand, heated electrically to the temperatures mentioned above.
Manure was fed by an auger directly into a bubbling sand bed fluidized
with N2. The entrained pyrolysis solids and vapors travel to a cyclone
separator where the biochar is removed from the vapor stream and
collected. The vapors continue onto a train of four chilled condensers
in series to remove condensable vapors followed by two electrostatic
precipitators used for capturing aerosols. This pyrolyzer is capable of
producing bio-oil under variable temperature conditions, with the
additional coproducts of this process including biochar and non-
condensable gas (NCG). A detailed description of the bench-scale
pyrolysis instrument used, evidence of fast pyrolysis efficiency using 2

mm grain size and controls on exhaust flow rate is available in Boateng
et al. 2007.13

Two experiments were conducted starting with a fully cleaned
pyrolyzer. Experimental conditions for each run are provided in Table
1. Temperature was set at 450−485 °C (low temp, exp 1) and at 550−

585 °C (high temp, exp 2) and constraints were placed on feed rate,
N2 dilution and flow rate. A TGA study shows that chicken manure
experiences maximum loss at similar temperatures to most
lignocellulosic biomass.20 It has also been well established that
temperatures between 450 and 600 °C maximize bio-oil production
for biomass,19 and the temperatures chosen provide two regimes
within this range to evaluate emissions associated with fast pyrolysis of
chicken manure. However, future work should consider testing the
effect of other temperature ranges, as well as repeatability on gas
effluent during this process.

Gas Measurements. Trace gas concentration measurements were
performed using an open-path quantum cascade laser for NH3,

21 cavity
ring-down spectroscopy for CH4 and CO2 (Picarro, model G2301),
ICOS (integrated cavity output spectroscopy) for CO and N2O (Los
Gatos Research, model 907−0014); and chemiluminescence for NO
and NOx (ThermoFisher Scientific, Model 42i analyzer). The NH3
sensor provides 0.1 s resolution concentration measurements and
retrievals were calibrated before and after experiments from 10 ppbv
(ambient NH3) to 9 ppmv NH3 to within 0.20 ppbv ±20% using
methods described in Miller et al. (2014).21 Linear calibration curve
fitting was applied up to 2 ppmv and logarithmic fitting from 2 to 9
ppmv NH3. Above 9 ppmv NH3, concentrations were estimated using
offline spectral fitting of direct absorption spectra up to a maximum of
12 ppmv NH3 (assuming nonlinear absorption with concentration in
this range as optical saturation limits were approached).21 CH4, N2O
and CO were measured at 1 s and CO2 at 5 s resolution. The precision
of these measurements is discussed in section Mass Balance and Gas
Flux Uncertainties. The NOx Analyzer was used for 8 s resolution NO
and NOx measurements and were calibrated to within ±5% accuracy
using a dilution calibrator (ThermoFisher Scientific, model 146i):
using 50.2 ppmv NO in N2 and 10 ppmv NO2 in N2 gas standards
diluted with zero air (ThermoFisher Scientific, model 111) over a
range from 0 to 500 ppbv NOx. All data was recorded in real-time by a
laptop computer.

All gases were captured within a static flux chamber designed to
enclose the NH3 sensor and a three-stage measurement process (2−3
min per stage) was conducted as follows: (1) NH3 desorption flux
from the chamber surface was monitored before introducing the flux to
the chamber, (2) fluxes for all gaseous species were measured, and (3)
NH3 adsorption onto the chamber walls was monitored while flux to
the chamber stopped. A slipstream of gas exhaust (typical slipstream
flow rate was ∼150 mL min−1) was piped from the pyrolyzer to a 6.5 L
static flux chamber using one PTFE Teflon tubing (1/8″ ID x 1/4″
OD) where all gases could be measured simultaneously at the same

Table 1. Experimental Conditions, Product Masses and
Percent Composition by Mass from Pyrolysis of Chicken
Manure

experimental constraints Exp 1 Exp 2

temp range (°C) 450−485 546−588
run time (minutes) 110 159
average feed rate (kg/h) 2.78 2.11
average N2 Dilution (L/min) 80 93
manure moisture (%) 27.21 27.51

product masses post pyrolysis Exp 1 Exp 2

biochar (kg) 0.825 1.14
bio-oil (kg) 0.378 0.838
gas (kg) 0.711 1.10
biochar (% composition by mass) 23.3 23.2
bio-oil (% composition by mass) 51.9 54.6
gas (% composition by mass) 25.0 23.3
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inlet. Two PTFE particle filters (1.0 μm, 47 mm) were used to remove
particulate matter from the exhaust slipstream prior to entering the
chamber. The total exhaust flow rates were 80 or 93 L min−1 during
experiments one and two, respectively. The flow rate was increased for
the second experiment in an effort to dilute the analyte gases
(particularly NH3) to provide a better concentration range for the
NH3 sensor. Both flow rates provided residence times appropriate for
fast pyrolysis and were not expected to have a significant effect on the
chemical reactions (although examining the impact of flow rate
variability on gas fluxes could be considered in future research).
During the flux measurements, a microcontroller unit (Arduino Uno)
recorded temperature, pressure and relative humidity simultaneously
within the flux chamber with a digital relative humidity and
temperature sensor (HYT 271, IST Innovative Sensor Technology,
accuracy ±1.8% RH and ±0.2 C) as well as a digital pressure sensor
(MS5803−01BA, Measurement Specialties Inc., accuracy ±0.5 hPa).
Exhaust temperature ranged from 23.7−29.3 °C, pressure was steady
at 999.48 ± 1 hPa and relative humidity ranged from 25−59%.
Exp 1: Low Temperature (450−485 °C). The first batch of

manure was sieved and homogenized to 2 mm grain size using a seven-
bladed Wiley Mill (Thomas Scientific, model 4, Swedesboro, NJ). All
manure was sealed and stored at room temperature until pyrolysis
measurements could take place (<1 month since collection). Storage
times were kept to a minimum to reduce potential ammonia
volatilization and changes in N content. Manure was kept tightly
sealed and stored in buckets lined with compostable bags. There were
no obvious signs of decomposition during storage. After the fluidized
bed was heated to 450−485 °C, manure was incorporated into the
feedstock funnel at a constant rate and the primary gas stream was
diluted with N2 (Table 1). Over 110 min, 10 flux measurements (6−8
min per chamber measurement) were taken of all six gaseous species.
The first three measurements reflect background levels prior to any
chicken manure feedstock addition, which occurred at around 40 min.
Exp 2: High Temperature (545−585 °C). The second batch of

manure was oven-dried at 60 °C overnight and then homogenized
using the Wiley Mill to 2 mm grain size to produce a drier feedstock. A
drier manure is less likely to slow pyrolysis reactions and will make the
process more efficient. Fluidized bed temperatures were set from 550−
585 °C using drier manure to conduct mass emission rate
measurements under a steady feed rate and N2 dilution (Table 1).
Over 159 min, 18 flux measurements were (6−8 min per chamber
measurement) were taken of all six gaseous species with the first four
measurements reflecting background levels before the addition of
feedstock at around 40 min.
Subsamples of manure, biochar and bio-oil were weighed, oven-

dried at 60 °C overnight and reweighed to calculate the moisture
content for each experiment. These samples were analyzed for percent
total organic C and total N using Elemental Analysis (Thermo EA1112
CHNS/O Analyzer), which were used for mass balance calculations.
The uncertainties of C and N content estimates from elemental
analysis were quantified by the standard deviation (1σ) between
multiple replicate samples for each pyrolysis coproduct as well as the
original biomass for each experimental batch with mean %C or %N ±
1σ reported in Supporting Information (SI) Table S1.
Mass Balance Approach. Exhaust losses were also calculated

using a mass balance approach. With known initial masses of manure
and final masses of biochar and bio-oil, initial and final masses of C
and N were calculated using the following equations:

= × ⎜ ⎟⎛
⎝

⎞
⎠I I

P
100Cmass dry manure

%Cmanure

(1)

= × ⎜ ⎟⎛
⎝

⎞
⎠F F

P
100Cmass biochar mass

%Cbiochar

(2)

where IC mass is the initial manure C mass, Idry manure is the initial mass
of manure prior to pyrolysis, P%C manure is the %C of manure, FC mass is
the final biochar C mass, Fbiochar mass is the final mass of biochar post
pyrolysis and P%C biochar is %C of the biochar. These were used to
calculate losses (from the system) in total C mass (3) and total N mass

(4). Total mass lost is the gas estimated from the difference in N2
input−N2 output from the GC used at the USDA facility, whereas C
and N mass loss are calculated by difference from that contained in the
bio-oil and biochar.

= − − ‐total C mass lost initial manure C final biochar C final bio oil C
(3)

= −
− ‐

total N mass lost initial manure N final biochar N
final bio oil mass N (4)

Uncertainty in mass loss differences was calculated using error
propagation for mass balance using eq 5, where δa, δb, and δc is the
uncertainty associated with C or N for manure, biochar and bio-oil,
respectively and results are shown in SI Table S2.

δ δ δ δ δ= + +C a b cNor 2 2 2 (5)

Effluent Gas Flux Approach. Gas flux measurements were used
to calculate total mass emitted for each C and N species. First, all gas
analyzer timestamps were synchronized to the laptop computer time
before recording data. Each flux measurement period was picked out of
the time series during rising gas concentrations. A single gas (NO) was
selected to ensure appropriate temporal alignment of the fluxes for
synchronous flux calculations. Least squares linear regression was used
to estimate the slope of each concentration time series and assumed
that the slope was constant during the 2−3 min of each chamber
measurement. The mass emission rate of each C and N species in
kilograms N or C per minute (kg min−1) was determined using

= × ×E
VP
RT

c
d
d

t
mw

(6)

where V was the fixed volume of the flux chamber (6.5 L or 0.0065
m3), P and T were measured pressure (1 atm) and temperature (25
°C), c

t
d
d
was defined as the slope of the regression fit (ppmv min−1) and

mw is the molecular weight of the corresponding element (C or N) in
g mol−1.

The adsorption and desorption flux monitoring was conducted to
evaluate how the surface affinity of NH3 affected the chamber
measurements. For a majority of flux measurements, within 1 min of
beginning the flux stage NH3 inside the chamber reached levels of
optical absorption saturation above which concentrations could not be
retrieved and flux corrections could not be performed. However, based
on measurements below these limits, NH3 concentrations (>10 ppmv)
during flux measurements were higher than the wall saturation point
and adsorption was the dominant process for NH3 losses. For all gases,
we scaled the flux chamber measurements to the total exhaust stream
using the ratio of total exhaust to slipstream flow. During experiment
one, the slipstream flow rate was stable at 150 mL min−1. However,
flow was more difficult to stabilize during the second experiment due
to issues with filter clogging in the line, but was typically 309 mL
min−1. Periodic flow measurements with a flow meter (Dry Cal Pro,
MesaLabs, model Defender 520) were linearly interpolated to estimate
flows across the emission measurement period (SI Table S3). The
total emission mass uncertainties were quantified. Each flux measure-
ment uncertainty was estimated using the root mean squared error
(RMSE) of the regression slope as in Laville et al. (2011)22 (SI Table
S4). The mass emission rate time series was integrated across the
experimental period to obtain total mass (kg N or C) of each species
emitted. The total mass of N and C gases were compared with the
mass balance results to assess differences between both methods of
calculating gaseous loss. Uncertainty in mass loss differences were
calculated using the average gas emission rate and the experimental
time duration to characterize total mass emitted (SI Table S5), at
which point mass uncertainty was calculated by taking into account the
instrumental error (δF) to calculate the δM for each gas measured (SI
Table S5). Total N and C error was propagated using eq 5, where δa,
δb and δc were uncertainties associated with each species (Table S5).
After propagating the elemental error separately by approach (MB vs
GF), the total error for C and N between methods was calculated
using the same approach (Table S6). Differences might reveal whether
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the gases we measured account for most of the gaseous losses or if our
measurements are missing gases such as organic N, other NOy,
particulate ammonium nitrate, hydrocarbons or organic particulates
not removed by precipitators. All data processing was performed using
a commercial software package (MATLAB 8.6, The MathWorks Inc.,
Natick, MA, R2015b).23

■ RESULTS
Pyrolysis product masses and experimental conditions shown in
Table 1 show that differences between experimental conditions
resulted in similar outcomes for the redistribution of mass by
product. As shown in Table 1, the percent composition by dry
mass of each product was 23% (biochar), 25% (gas), and 52%
(bio-oil) for experiment 1 and 23% (biochar), 23% (gas), and
55% (bio-oil) for experiment 2. The manure moisture contents
were ∼27% in both experimental batches (Table 1), which
suggests that the predrying treatment for the second batch was
either ineffective at creating a drier manure or the initial
manure moisture was greater than 27%. While C and N gases
were the focus of this study, ash content and other elements
(hydrogen, oxygen and sulfur) were characterized on a dry-
basis mass (see SI Table S1).
C & N Emissions by Mass Balance. C and N dry-basis,

percent composition of each coproduct had lower %C and %N
contents for manure, biochar and bio-oil in experiment 1
compared to experiment 2 (SI Table S1). Standard deviations
for %C and %N were 0.84% or less for all measurements (SI
Table S1). Mass balance calculations suggest that 0.71 kg
(27.6%) of the total initial manure mass was emitted as mostly
gas during the pyrolysis process, but small amounts of
particulate matter, uncondensed reaction water and uncon-
densed volatile organics are also emitted. There was a 0.562 kg
mass loss as some form of C (51.1% of input C), while there
was only a 0.052 kg mass loss as some form of Nr (52% of
input N) (Table 2). Mass balance calculations indicate that

1.104 kg (23.3%) of total mass was lost during pyrolysis in
experiment 2 (Table 2). Of this total mass, there was a 0.623 kg
(36.6%) emission of C and a 0.059 kg (36.2%) emission of N
(Table 2).
C & N Emissions by Effluent Gas Flux. During

experiment 1, produced CO2 and NH3 were the highest source
of gas emissions (Table 3 and SI Table S7) for C and N species

measured, respectively, which equates to 66% of total C
emissions as CO2 and ∼99% of total N as NH3 gaseous
emissions measured (Table 3). The next prominent emissions
were as CO and CH4 for carbon and NO and N2O for nitrogen
(Table 3 and SI Table S7). The total C and N mass emitted
during pyrolysis (of what we measured in the gas phase) was
0.089 kg (Table 3). Of this mass, 0.080 kg was emitted as total
C and 0.010 kg was emitted as total N (Table 3). Carbon
species (CO2, CH4 and CO) accounted for 66%, 5.2% and 29%
of the total C emissions (Figure 1; Table 3). Nitrogen species
(NO, N2O and NH3) comprised 0.34%, 0.08% and 99% of total
N emissions (Figure 1; Table 3). These compositions are
further illustrated by mole percent for entire gas emissions for
both C and N (SI Figure S1, panels a, c).
Similar patterns were observed in gaseous abundance and

composition of the pyrolysis exhaust during both experiments

Table 2. Mass balance calculations illustrating mass losses
using biochar, manure and bio-oil components for
experiments 1 and 2

Exp 1 Exp 2

mass loss calculations from mass
balance kg % kg %

initial manure mass, dry (kg) 2.574 4.075
initial manure C mass (kg) 1.098 1.720
initial manure N mas (kg) 0.099 0.165
final biochar mass, dry (kg) 0.825 1.140
final biochar C mass (kg) 0.274 24.9% 0.486 28.2%
final biochar N mass (kg) 0.017 17.1% 0.035 21.1%
final bio-oil mass, dry (kg) 0.378 0.838
final bio-oil C mass (kg) 0.263 23.9% 0.611 35.5%
final bio-oil N mass (kg) 0.028 28.8% 0.071 23.0%
total mass lost (kg) 0.711 1.104
total C mass lost (kg) 0.562 51.1% 0.623 36.2%
total N mass lost (kg) 0.052 52.5% 0.059 35.7%
total C + N mass lost (kg) 0.614 51.3% 0.682 36.1%

Table 3. Total Masses of Each Element by Species Emitted
(e.g C Content of CO2 Emitted) For Experiment 1 Over 110
min Scaled by the Ratio of Slipstream:Full Exhaust Flowa

gas total mass (kg C or N) % C or N mass of measured gases

CO2−C 5.2 × 10−02 66
CH4−C 4.2 × 10−03 5.2
CO−C 2.3 × 10−02 29
total C 8.0 × 10−02 100.2
NO−N 3.3 × 10−05 0.34
N2O−N 7.4 × 10−06 0.08
NH3−N 9.7 × 10−03 99
total N 9.7 × 10−03 99.42

ratio of slipstream: full flow 85L min−1:150 mL min−1 566.667
C+N mass lost 8.9 × 10−02

total C mass lost (kg) 8.0 × 10−02

total N mass lost (kg) 9.7 × 10−03

missing C (kg) 4.8 × 10−01

missing N (kg) 4.2 × 10−02

aGas emissions were broken down by the percent measured of the
total composition using total mass emitted as kg C or kg N. See SI
Table S4 for experiment 2 results. C+N mass lost is the cumulative gas
emissions.

Figure 1. Gas flux time series during Low Temp (exp 1) and High
Temp (exp 2) of each gas species in kg C or N/min. N2O is not
present in the second experiment because measurements indicated
that fluxes were near zero. Note the change in scales for experiment 2.
Feedstock was introduced at 40 min after initial background gas levels
were recorded.
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where CO2 and NH3 had the highest emissions (SI Tables S7
and 4). Using the area of the total mass emitted, the total C and

N mass emissions were 0.21 kg during experiment 2 (Table 4).
Of this mass, 0.20 kg was lost as total C and 0.0078 kg was lost
as total N (Table 4). The relative variations of all gas emission
rates were very similar between experiments and total mass
emitted was higher for the longer second experiment (Figure 1;
SI Table S7 and Table 4). CO2, CH4, and CO accounted for
58%, 5.9%, and 36% of the C emissions measured (SI Figure
S2; Table 4). N2O, NO, and NH3 comprised 0%, 0.68%, and
99% of total N emissions measured (SI Figure S2; Table 4).
Elemental composition is represented for both C and N in
mole percent, which further demonstrates that CO2, CO and
NH3 are the dominant gaseous components for C and N (SI
Figure S1, panels b, d). The concentrations of N2O were near
ambient atmospheric concentrations in the flux chamber during
experiment 2, therefore are not currently incorporated into the
emission calculations for the second experiment. The percent
differences in emission rates between the first (lower
temperature) and second (higher temperature) experiments
were −7.3% for CO2, + 0.65% CH4, and +6.7% for CO while
NO changed by +0.33% and −0.32% for NH3.
Mass Balance vs Effluent Gas Flux. The gas flux

approach produced estimates of total mass losses, which were
a factor of 3−6 (for carbon) and 5−8 (for nitrogen) lower than
those calculated from the mass balance approach. Mass loss
differences/deficits for C+N mass, total C mass and total N
mass between the two methods are as follows: 0.525 (43.8% of
total input), 0.482 (43.9%) and 0.042 kg (42.4%) for low
temperature conditions (Figure 2, SI Table S8) while mass loss
differences appear much lower during high temperature
conditions of experiment 2 (0.470 kg or 24.9%, 0.419 or
24.3%, and 0.051 kg or 30.9%) for C+N mass, total C and total
N − Figure 2, SI Table S8). The discrepancies between each
method potentially suggest that the gas flux method under-
estimates mass loss compared to the mass balance approach
and/or that the mass balance approach is overestimating the

emissions. It is likely that the gas flux measurements are an
underestimation possibly due to concentration measurement
uncertainties, slipstream flow stability, particulates, or additional
C and N sources unaccounted for by our measurements,
particularly with respect to C species, are discussed in the next
section. On the other hand, the mass balance emissions may be
overestimated because organic bio-oil that deposits within the
pyrolysis system is unaccounted for as emissions. This source of
error in the mass balance is lower in experiment 2 likely
because of the large amount of manure run, which makes the
percentage amount of bio-oil deposited on surfaces within the
pyrolysis system lower. Although each approach had sources of
error associated with them, the combination of the two
approaches provides a range of likely emissions from chicken
manure pyrolysis at these conditions.

Mass Balance and Effluent Gas Flux Uncertainties.
Regression slope uncertainties are less than 0.2% during both
experiments for all species with the exception of that for NO
with 13% median uncertainty for experiment 1 (SI Table S4).
Since regression slope uncertainties (<0.2%) were generally
much lower than concentration uncertainties (≥1%), linear
regression slope fitting does not introduce significant
uncertainties above the concentration uncertainty levels for
the majority of our gas measurements (SI Table S5). Therefore,
we estimate gas flux uncertainties using the concentration
uncertainties in SI Table S5 and average flux values across the
experimental period. The error propagation for total N and C
gas emissions results in 2.3 × 10−03 and 1.6 × 10−03 kg N and
6.8 × 10−04 and 1.5 × 10−03 kg C (for experiments 1 and 2,
respectively) uncertainties that cannot account for the 50−450
g discrepancies in mass lost derived from the MB and GF
methods (Figure 2). Although the 6−16 g mass balance
approach uncertainties (Table 2 and SI Tables S2, S6)
dominate the error bars in Figure 2, these errors also cannot
account for the mass discrepancies.
We assess the potential for biases due to instability of flow

rates and unmeasured C and N gases/particles to account for
these discrepancies, especially for C species. The mean
slipstream varied by 20% (1σ) during experiment two (SI
Table S3) and could cause underestimation of gas emissions.

Table 4. Masses of Each Element by Species Emissions (e.g
C Content for CO2) for Experiment 2a

gas total mass (kg C or N) % C or N mass of measured gases

CO2−C 1.2 × 10−01 58
CH4−C 1.2 × 10−02 5.9
CO−C 7.3 × 10−02 36
total C 2.0 × 10−01 99.68
NO-N 5.3 × 10−05 0.68
NH3−N 7.8 × 10−03 99
total N 7.8 × 10−03 99.42
ratio of slipstream: average full flow 93L min−1: 309 mL min−1 301.113
C+N mass lost 2.1 × 10−01

total C mass lost (kg) 2.0 × 10−01

total N mass lost (kg) 7.8 × 10−03

missing C (kg) 4.2 × 10−01

missing N (kg) 5.2 × 10−02

aThe calculated ratio of slipstream:full exhaust flow was used in
tandem with the integrated area of each gaseous element to calculate
the total mass emitted during the experimental period by gas and
element. Slipstream flow rate was ∼309 mL min−1 Gas emissions were
broken down by the percent measured of the total composition using
total mass emitted as kg C or kg N. C+N mass lost is the cumulative
gas emissions.

Figure 2. C+N mass, total mass as C and total mass as N differences
(% of total dry input; exp 1:2.574 kg, exp 2:4.075 kg) between mass
balance and gas flux approaches used for each experiment (1 =
magenta, 2 = cyan) discussed in section Mass Balance vs Gas Flux.
Errors were derived from propagation of both mass balance and gas
flux approach uncertainties (explained in section Mass Balance and
Gas Flux Uncertainties).
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Altering the gas flow within this uncertainty could make up an
estimated missing C mass (∼0.05 kg), but not all of it (∼0.36
kg would still be missing). A major source of overestimation in
the mass balance approach for both C and N is bio-oil that
condenses in the piping of the pyrolysis system and is therefore
not recovered in the collection vessel. Additional sources of
error could be C loss as noncondensable particulates we are not
incorporating in our calculations or other organic C gases not
measured during this study (e.g., ethylene and other light
hydrocarbon gases). For N gases, NH3 emissions are likely
underestimated due to adsorption/surface reaction losses.
Although the chamber walls provided a sink for NH3, the
dominant adsorption flux losses in our system were associated
with the slipstream tubing/filters at ambient temperature and
relative humidity before entering the flux chamber.

■ DISCUSSION
Production conditions and biomass feedstock are important
considerations when assessing the overall potential benefits of
biochar for soil quality improvements, pyrolysis coproduct
yield, biomass management and environmental impact. Using
fast pyrolysis, our results suggest that both experimental
temperature regimes resulted in similar (∼23%) biochar yields,
while a slightly greater proportion of C and N gas production
occurred under low temperatures (∼25%) and slightly higher
yields in bio-oil occurred at high temperatures (∼55%) (Table
1, SI Figures S3, S4). This observation is opposite of what is
normally observed under varied temperature conditions in
pyrolysis studies, although the differences are very small. Other
studies have found larger differences in biochar yield and
nutrient properties over larger temperature ranges (300 and
600 °C), which also vary by biochar material.14,15 The flux
measurements presented here will enable progress on
constraining optimal pyrolysis conditions while optimizing
bio-oil and biochar yield and minimizing noxious gas emissions
during manufacturing. Moreover, the release of gases implicated
in climate forcing and air quality degradation are important
considerations in a life cycle net cost benefit analysis and
assessment of the economic feasibility of biochar production
from manure.
Technologies that convert poultry manure into bioenergy

and soil amendments have the potential to improve the
environmental sustainability of poultry waste management from
operations at small- and large-scales.24 Poultry production is the
fastest growing livestock sector globally.25 Its intensification
poses increasing challenges for best treatment and use of
manure nutrients. This work has direct implications for future
life cycle assessments that can compare net benefits and trade-
offs of manure management practices in hotspots of
concentrated chicken manure production, such as the
Chesapeake Bay Watershed. Additionally, this work will provide
beneficial information to aide in structuring future poultry
waste management strategies, such as large-scale biochar
production, which will become more important as global
poultry production continues to rise. As of 2016, poultry
production comprised 115.8 million tons of the 320 million
tons of global meat produced annually.26

Of the gaseous components measured, NH3, CO2, and CO
comprised the largest emissions during each experiment. NH3
made up ∼99% of the gaseous Nr emissions (by mass) for both
experiments, while NO and N2O contributed to less than 5%
(SI Figures S2; Tables 3, 4). At the lower temperature, CO2
comprised 66% of the total C gaseous content, while CO was

29% (Table 3). These percentages were likely observed due to
reducing, anaerobic conditions or possibly hydrocarbon
exchange. However, at the higher temperature CO2 emissions
dropped to 58% and CO increased to 36% of total C (Table 4).
Interestingly, varying temperature conditions seemed to have
an effect on the composition of CO2 and CO present (Tables 3
and 4). Since pyrolysis is an anaerobic process, the presence of
oxidized nitrogen species, such as NO, is somewhat surprising,
but perhaps is a function of high moisture, mineral content or
reaction with organic oxygen contained in the manure.
Manure wastes have high ammonium content, thus NH3

volatilization was expected to occur, especially under high heat
conditions and is a likely explanation for the abundance of NH3
measured in total N yield as has been suggested in other
work.17 This result suggests that the process of producing
biochar via pyrolysis could emit a substantial amount of NH3 if
manure wastes are utilized as the feedstock and gaseous
emissions are not contained or reused, such as in gasification
systems. High NH3 emissions during pyrolysis may also offset
potential reactive N mitigation effects of transitioning from raw
manure to manure-derived biochar agricultural soil amend-
ments.
In an effort to address the significance of these measure-

ments, conservatively scaling up these NH3 pyrolysis emissions
to an annual production estimate, our gas flux measurements
suggest that 1.4 × 10−3 to 2.7 × 10−3 kg NH3−N would be
produced from pyrolysis of one kg of manure (SI Table S9).
Within the Chesapeake Bay Watershed, an estimated 8.64
billion kg of excess manure is applied in the region to
agricultural soils every year.14 According to the measurements
conducted in this study, if this excess manure was turned into
biochar via pyrolysis prior to land application, as much as 1.2 ×
107 kg of NH3 could be emitted into the air every year
increasing the potential impact of atmospheric N deposition
without a mechanism to capture the gas exhaust. However, this
is potentially a better option than NH3 volatilization from
chicken manure applications onto agricultural land, which can
be as high as 20−60% of the total N applied and vary with
environmental conditions, such as temperature.27 Compared
with pyrolysis, emissions for chicken manure applications can
be up to an order of magnitude higher ranging from 3.4 × 107

to 1.0 × 108 kg NH3−N yr−1. Within the context of the
Chesapeake Bay Watershed and similar regions challenged with
the management of concentrated livestock wastes, pyrolysis
could minimize water pollution with reduced runoff and
improve air quality. However, without a mechanism for
capturing or recycling the exhaust the pyrolysis process
would still emit 12−35% (SI Table S9) of what would naturally
volatize from land applications of manure. Given this
information, it may be more practical to implement a pollution
control system on a pyrolysis plant than attempting to control
emissions in agricultural fields.
While many studies have tested the utility of wood-based

feedstocks for biochar production, recent attention has been
focused on the benefits of biochar produced by manures,
agricultural wastes, and crop biomass, which can be plentiful in
the environment and challenging to dispose of properly.
Biochar made from chicken manure has been found to enhance
N, potassium and phosphorus availability in soils,28,29 but may
also contribute to reactive N losses to the environment when
used as a soil amendment. Field experiments have also shown
that crop yields increase and greenhouse gas emissions of
species such as N2O decrease when poultry char is applied to
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cornfields in sandy and silty-loam agricultural plots.6 Addition-
ally, biochar products minimize volume and mass of the original
feedstock,12 which reduces transportation costs allowing for the
transport of nutrients within and across watersheds. Enhanced
capacity for transportation would alleviate N pollution
hotspots.14 Further investigations into life cycle cost-benefit
analyses15,30,31 would allow for estimating regional scale
impacts of each of these factors, including production,
transportation and utilization in agricultural settings, to assess
its realistic applicability and role in mitigating air quality and
climate impacts, nutrient leaching and promoting C sequestra-
tion.
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