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Abstract

Agricultural residues (wheat/barley/oat straw) can be used to produce charcoal, which can then
be either landfilled off-site or spread on the agricultural field as a means for sequestering carbon.
One centralized and five portable charcoal production technologies were explored in this paper.
The centralized system produced 747.95 kg-COseq/tonne-straw and sequestered 0.204 t-C/t-
straw. The portable systems sequestered carbon at 0.141 — 0.217 t-C/t-straw. The net energy ratio
(NER) of the portable systems was higher than the centralized one at 10.29 — 16.26 compared to
6.04. For the centralized system, the carbon sequestration and the cumulative energy demand
were most sensitive to the charcoal yield. Converting straw residues into charcoal can reduce
GHG emissions by 80% after approximately 8.5 years relative to the baseline of in-field

decomposition, showing these systems are effective carbon sequestration methods.

Keywords: Greenhouse gas emissions; charcoal production; net energy ratio; life cycle

assessment; lignocellulosic biomass.



1. Introduction

Capturing energy from biomass that would otherwise decay is one of many options available to
mitigate the impact of GHG emissions from fossil fuel use. There are various ways to use this
biomass energy, such as conversion into heat, electricity, or other forms of energy, like liquid
biofuels, biogas, or solid fuels (e.g., charcoal). One form of biomass processing is thermo-
chemical conversion. In this process, heat is the dominant agent used to convert biomass into
another chemical form. This analysis focuses on using charcoal produced through the thermo-

chemical conversion of biomass.

Charcoal is different from other biomass-based solid fuels, with the main difference being that it
is a very stable fuel with a high percentage of carbon. Charcoal can be deposited into the soil
where it can be stored for a long time with minimal degradation. It can also be spread onto the
soil; this has many environmental benefits. When the charcoal is produced from agricultural
residues, a significant amount of the organic carbon found in the biomass can be returned to the
same soil where the crops were grown. This practice increases soil fertility, (defined as an
increase in bioavailable water, soil organic matter, and enhance nutrient recycling), and
sequesters the carbon to mitigate climate change [1-4]. Charcoal, moreover, has a very long half-
life compared to raw biomass or organic matter [5]. The stability of charcoal depends on the
feedstock properties and the pyrolysis process [6]. Some studies on charcoal production systems
discuss variations in charcoal yield from biomass in theoretical terms [6—8]. In reality, there are

constraints on charcoal yields due to the design and capacity of the plants.



In 2012, the Canadian province of Alberta emitted approximately 249 million tonnes of COzeq
GHGs [9], more than any province in the country. Although the energy sector had the largest
contribution to these emissions, the agriculture sector contributed 17 million tonnes of COzeq
GHGs [9]. One way to mitigate these emissions is to produce charcoal from agricultural
residues, that is, straw left on the field to decompose, where it ultimately emits carbon dioxide to
the atmosphere [10,11]. Agricultural residue charcoal has the potential to reduce N2O emissions
from soil by modifying the microbial activity, pH, aeration, and the concentrations of available
nitrate and organic carbon [12—15]. There are not enough data to identify the net sequestration
realized by spreading the charcoal back on the field; however, this practice can potentially
mitgate GHGs. In addition, charcoal enhances plant growth, possibly by increasing the pH of the
soil and its organic content, and hence increases the rate of absorption of CO2 by biomass
[13,15]. The possible increase in agricultural productivity was not considered in this study

because there are few estimates available.

Various studies have estimated GHG emissions in agricultural activities such as harvesting,
baling, and transportation [16,17], but none have evaluated the mitigation potential of converting
harvest residues to charcoal. The aim of this research is to use a life-cycle assessment to assess
the total carbon sequestration in the conversion of agricultural residues (e.g., wheat straw) to
charcoal in Western Canada. Two types of production scenarios were evaluated, centralized and
portable systems. In centralized production, charcoal is made in a plant that takes in biomass
from several farms. The biomass is transported to the plant by truck and converted to charcoal by
pyrolysis. The charcoal is then transported by truck to a landfill for sequestration. Portable

charcoal production takes place in a mobile plant, which moves around an individual farm and
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produces charcoal, also by pyrolysis. The charcoal is then sequestered by spreading it on the
same field where the straw was collected. The energy use, GHG emissions, carbon sequestration,
and net energy ratio (NER) were calculated for various unit operations of charcoal production for
both production scenarios. The CO; abatement estimate depended on the quantity of carbon in
the sequestered charcoal, which for this study was assumed to be 80% carbon by mass
[1,2,18,19]. The effect of charcoal sequestration on the agriculture fields was also assessed by
analyzing the N>O soil emission reduction for the portable systems. Finally, a sensitivity analysis

determined which variables have the largest effect on the results.

2.  Materials and Methods

The net carbon mitigation in the production of charcoal and its sequestration was estimated by
taking into account the GHG emissions in various unit operations, which include the harvesting
and collection of straw, transportation, pyrolysis, and the spreading of charcoal. The carbon
emissions were calculated from the fuel consumption in each unit operation. Table 1 summarizes
the energy use and emission factors used for the life-cycle calculations of charcoal production
[20-25]. Figure 1 shows the system boundary and the unit operations involved in this life-cycle

assessment (LCA) study.

2.1.  Input Data and Assumptions

An LCA of the pathway for the production and spreading of charcoal would help assess the net
impact of this process on the environment. This study is based on the LCA methodology
documented in ISO 14040 and ISO 14044. The overall process followed four steps as defined by

the standard methodology: goal and scope definition, inventory analysis, impact assessment, and
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interpretation. An LCA was used in this study to determine the net carbon sequestered in the soil
through the conversion of agricultural biomass to charcoal. The GHGs emitted in each of the unit
operations involved in this pathway were also considered in determining the net carbon

sequestration. In this study, the functional unit was one dry tonne (t) of straw.

2.1.1. Unit Processes

The charcoal production and sequestering pathway was divided into five major unit operations
over the life cycle: straw processing (UP1), straw transport (UP2), plant operations and charcoal
production (UP3), charcoal transport (UP4), and landfilling or spreading in the field (UP5).
These major unit operations have several sub-unit operations. The system omits processes for the
growth of biomass because it was assumed that the straw is a byproduct of production and all
growth impacts would be burdened to the crop. Figure 2 shows the detailed unit operations

involved in the production of charcoal from straw and the spreading of that charcoal.

2.1.2. Impact Assessment

2.1.2.1. Straw Harvesting, Collection, and Processing (UP1)

This study focused on the use of straw from wheat, barley, and oats for the production of
charcoal. Under current practices in Western Canada, farmers remove grains and leave the straw
in the field to decompose. Some of the straw is used for bedding and other applications but the
level of use is very small compared to the total volume of straw produced. Harvesting straw
involves raking, baling, tarping/stringing, and road-siding. The amount of straw harvested per
year depends on the size of the charcoal production plant. In this study, the size is based on a

detailed assessment of current technologies of charcoal production. Section 2.1.2.3.1 describes
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the technology and size of the centralized and portable charcoal production plants. The LCA
assumes conventional equipment used for harvesting in Western Canada, and data were collected
from earlier studies. Wherever possible, the largest size of the machinery was considered in order

to get better processing efficiency.

This study assumed that a baler picks up the straw and makes rectangular bales (4" x 4" x 8").
After baling, the automatic bale collector collects the bales and puts them onto the side of the
field. It was assumed that 10% of the biomass would be lost during baling, meaning it would
remain on the field. Equipment capacities and fuel requirements were determined from earlier

studies [16,17] and equipment specifications [17,26,27], which are summarized in Table 2.

Residues that remain on the field contain nutrients that can be used by crops after the residue
decomposes. .Removing residues means that some nutrients need to be replaced. The fate of
nutrients from fertilizers and residues is different in the soil [28], but their uptake efficiency is
thought to be similar. It was assumed for this paper that the amount of nutrients lost in the
residues would be comparable to the amount needed from fertilizers. The nutrient contents of
wheat, barley, and oat straw were taken from Kumar et al. and Bailey-Stamler et al. [10,29].

The nitrogen, phosphorus, and potassium contents were averaged over the three residues and
then multiplied by the biomass needed per tonne of charcoal, which gave the mass of N, P, and K

to be replaced.

2.1.2.2. Straw Transport (UP2)



The transportation of biomass is a critical unit operation in the centralized system because the
straw was transferred away from the farm. In this study, it was assumed straw is collected from a
circular area. The transportation distance is the radius of a circular area, with the plant located at
the center. The amount of straw required by the charcoal plant depended on its size. Hence the
area and radius of the field were proportional to the size of the plant. For GHG emission
calculations, the average yield of straw was considered, which for Western Canada was 0.754
t/ha [10]. This number is not the total amount of straw available, rather the amount that would
prevent adverse effects from removal; it is assumed there will still be straw left on the field for
soil conservation as well as some used for livestock feeding and bedding needs [30]. The lower
value from Kumar et al.’s research [10] was used in this analysis. Based on this yield, an area of
196,774 ha and a radius of 21.19 km were estimated. Because the portable system does not
involve straw transportation, that unit operation (biomass transport) is not considered for the

portable system.

2.1.2.3. Types of Charcoal Production Technologies and their Construction, Operation, and
Commissioning (UP3)

2.1.2.3.1. Types of Charcoal Production Technologies

In this paper, two types of charcoal production technologies were considered. The first is the

production of charcoal in a centralized plant where the required biomass is transported to the

facility by truck and is converted to charcoal through pyrolysis. The charcoal produced through

this process is then transported to the landfill for sequestration. The pyrolysis system capacity

assumed in this study was 5,500 kg/hr, with a lifetime of 10 years [31]. It was also assumed this

system would operate 24 hours a day and an average yield of 20 —35% [31]. This study
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assumed a 30% efficiency, which would produce 1,650 kg of charcoal/day. The fuel use and time

required for various unit operations are summarized in Table 3.

The second scenario was the production of charcoal in a mobile plant. Charcoal is produced
while it moves around and was then spread in the same field. There are three types of portable
systems (the Big 22, the Big 1000, and the Adam), evaluated here in five different scenarios. The
Big 22 system can process 1000 kg straw/hr and produce 200 kg charcoal/hr[31]. This study
developed three scenarios in which this system operated for 12, 21, and 24 hours per day. The
Big 1000 system capacity is 200 kg straw/hr, with a charcoal production of 40 kg/hr [31]. The
manufacturer of the final system, Adam, provides processing information in terms of batches.
The system can process five batches per week at 620 kg straw/batch, while producing 186 kg of
charcoal per batch [32]. The lifetime of the Adam system is 3 years, while all other portable

systems have a 10-year lifetime [31].

2.1.2.3.2. Plant Construction, Operation, and Decommissioning

GHG emissions and energy consumption in plant construction, operation, and decommissioning
were not considered for the portable system. Nor were emissions and consumption for equipment
set-up considered, as the portable equipment travels to the field for processing. So the sections
that follow consider GHG emissions and energy consumption for the centralized system. It was
assumed that during the first year, the plant would not operate at full capacity and it would take
three years to get to the maximum operational capacity. The capacity during the first year would

be 80%, 85% during the second, and 90% from the third year on [10,33].



Plant Construction

Energy use and plant construction materials were considered to determine the GHG emissions
for plant construction. Primary energy inputs and GHG emissions during construction were
difficult to determine and, moreover, were considered negligible compared to the construction
materials’ embodied impacts. Earlier studies on natural gas-combined power generation systems,
hydrogen production via natural gas steam reforming [34], bio-hydrogen production [35,36],
and power production from triticale [37] were used to approximate the plant size and material

required. GHG emissions and energy requirements for plant construction are detailed in Table 4.

Plant Operation

Energy input and GHG emissions involved during plant maintenance were assumed to be from
2.5 to 5% of plant construction energy and GHG emissions [21]. For this study, it is assumed

that the GHG emissions are 3% of the plant construction.

Conversion — Pyrolysis

It was assumed that CO» emitted during the biomass conversion step is balanced by the CO»
absorbed during the growth phases [19,38]. Hence, GHG emissions during the energy
conversion stage of straw (pyrolysis) are assumed to be zero. No additional fossil fuel or
electricity is needed to operate a pyrolysis plant as the plant is self-sufficient in terms of energy

[39].

Biomass Feeding Mechanism
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A chain conveyer is used to transfer biomass to the pyrolysis equipment. The conveyer

considered had a capacity of 50 dry t/hour and a fuel consumption of 8.29 L/hour [40].

Plant Decommissioning

For all plants, the decommissioning impact is assumed to be 3% of the construction impact
[37,41]. After decommissioning, non-recyclable materials were transported by truck for 50 km
to a landfill site. It was assumed that 25% of the steel (the remaining 75% recycled) and 100% of
all the other non- recyclable materials (concrete and aluminum) are landfilled [34,35,41,23].
The GHG emissions of recycling the steel after decommissioning were not included in this
analysis. It was assumed that energy required for recycling the material into a usable product
would be burdened to the recycled steel itself and is outside the boundary of this analysis.
2.1.2.4 Transportation (UP4) and Sequestering of Charcoal (UP5)

In the centralized system scenario, charcoal is sent to a landfill and in the portable system, it is
spread directly back onto the field along with fertilizers. The landfilling operation requires two
machines, an excavator and a truck to transport the charcoal. GHG emissions were calculated
based on the amount of fuel used by these vehicles, and this depends on how long the machines
operate. In the case of trucks, GHG emissions are calculated for hauling as well as for the
waiting time while loading or unloading of the charcoal. Table 2 gives details on charcoal

transportation and landfilling.

In the portable system, which produces considerably less charcoal than in the centralized system,
charcoal is spread on the field with existing farming equipment; there is a minimal increase in
energy use as the charcoal is spread with fertilizers and therefore extra energy and CO»

emissions are considered to be negligible. It was assumed that any CO> released due to the
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application of charcoal with fertilizers would be attributed to the fertilizers. As the equipment
used in the portable system travels to the field and charcoal is spread in the field along with

fertilizer, no additional transporting equipment is required.

2.2 Overall Biomass Requirement and Charcoal Production

The biomass requirement is found from the pyrolysis system capacity, the plant operation
efficiency, and the lifetime of the plant. To find this value, first the amount of biomass needed
was estimated. For the centralized system, the annual biomass requirement was found by
multiplying the pyrolysis system capacity of 5,500 kg/hr by the total number of hours in a year.
It was assumed the biomass would be stored for three months due to the difficulty in transporting
the biomass from the field during spring in Western Canada. The mass of biomass stored was
found by dividing the annual biomass requirement by four (the number of times biomass would
be put into storage for a three-month storage time). The gross biomass required was found by
dividing the mass of biomass stored by the percentage of overall biomass that is collected during
baling (assumed to be 90%). Performing these calculations gave an overall biomass requirement
0f 49,459 t-biomass/year. When accounting for the operational capacity of the plant, the final
biomass requirement increased from 39,567 t-biomass/year in year one, 42,040 t-biomass/year in
year two, to 44,513 t-biomass/year for years 3 — 10. The total biomass produced was estimated
based on the production in different years and the lifetime of the plant. This gave an overall
biomass requirement of 43,771 t-biomass/year. The charcoal production was found by

multiplying the biomass requirement by the charcoal production efficiency.

2.3 Energy Use and GHG Emission Calculations
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The calculations of energy use were based on the hours required by the equipment to complete
the process for the selected size of production. Tables 3 and 4 give the details of energy
requirement and GHG emissions for all unit processes in the centralized system. To find the
GHG emissions, energy and material use were aggregated over the lifetime of the plant (see

section 2.1.2.3.2). These values were then multiplied by the emission factors from Table 1.

3. Results and Discussion

3.1.  Energy and Emissions for the Centralized Production System

The above steps comprised the net fuel consumption for each unit operation in the production of
biomass-based charcoal. The GHG emissions and energy consumptions for each unit process are
summarized in Figures 3 and 4 and Tables 3-5. Biomass collection comprises 51% of GHG
emissions followed by biomass transport at 43%. The other unit processes contribute only 6% of
the GHG emissions. Fertilizer replacement is the largest contributor to biomass collection,
followed by baling, then shredding. Biomass truck transport is the largest contributor to biomass
transport and consitutes almost 97% of the transport GHG emissions. The largest contribution of
consumed energy is from biomass transport (57%), followed by biomass collection at 36%. As
with the GHG emissions, the other processes contribute only 7% to the energy consumption. The
largest consumer of fuel to biomass processing comes from the baler, followed by shredding,
then the tractor used for the baler. The largest consumer of fuel to biomass transport is the

biomass truck transport, which contributed almost 97% to this process.

The total average fuel consumption per year to transport and process straw is 26.1 L-diesel/t-

straw, which amounts to GHG emissions of 107.1 kg-CO»/t-straw. When the GHG emissions for
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plant construction and fertilizer replacement are included, the emissions increase to 143.58 kg-
COo/t-straw. Biomass-based charcoal consists of 80% carbon [1,2,18,19]; thus, using the
molecular weight of carbon dioxide, the net carbon sequestered was estimated to be 0.204 t-C/t-

straw .

The net energy ratio (NER) of the system is defined as the energy produced in the form of
charcoal divided by the life cycle of fossil fuel energy consumption [36,41,43]. This value gives
the efficiency of fossil fuel consumption and can be used as a benchmark to compare other GHG
mitigation pathways. Life-cycle efficiency, on the other hand, is a measure of overall system
efficiency. It is the relationship of total output energy in the form of charcoal to total fossil fuel
input energy. The calorific value of charcoal was assumed to be 28 MJ/kg. The total energy
consumed during production was 1,355.1 MJ/t-straw while the total energy produced in the form
of charcoal was 8,187.1 MJ/t-straw. Hence, the net energy ratio for the centralized system is

6.04.

3.2.  Energy and GHG Emission Results for the Portable Production System

The results for energy and emission calculations for both the centralized and portable systems are
given in Table 5. The centralized system produces more charcoal per unit of straw (0.292 t-C/t-
straw) than all of the portable systems (0.141 t-C/t-straw) except the Adam system (0.217 t-C/t-
straw). However, the centralized system has a lower net emission reduction than the portable
systems. This is because GHGs are emitted in transporting biomass to undergo pyrolysis, while
the portable systems process the residues on site. The centralized system also has a lower NER

(6.04) than the portable systems, whose NERs range from 10.29 — 16.26. The NER results show
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a higher efficiency for the portable system. The carbon sequestration for the Adam portable
system was the highest at 0.217 t-C/t-straw, followed by the centralized system at 0.204 t-C/t-
straw, then the other portable systems at 0.141 t-C/t-straw. Of the portable systems, Adam has
both the highest NER and the most carbon sequestered. For the centralized system, most (94%)
of the GHGs are emitted in straw processing (UP1) and straw transport (UP2) (Table 6). For the
Big 22 portable system, almost all (99%) of the emissions come from straw processing (UP1).
Portable systems seem advantageous when considering these parameters, but there are
drawbacks, the biggest of which is the amount of biomass each can process per year. The Adam
system can only process 170 dry-t biomass/year, while the Big 22 (operating for 24 hours per
day) can process 9,200 dry-t biomass/year. In contrast, the centralized system can process
437,713 dry-t biomass/year. The portable systems would be advantageous on small farms. One
of the other key factors that should be considered before making decision on the type of system

is the economics of charcoal production and its sequestration.

3.3.  Benefits of Charcoal Production

Two benefits of producing charcoal from agricultural residues include carbon sequestration and
GHG emission reduction over standard practice. For carbon sequestration to be beneficial, it
should release less carbon into the atmosphere than that released through the decomposition of
the residues left on the field. When the residues decompose, some carbon goes into the soil and
the rest degasses into the atmosphere. After 5 — 10 years, only 10 — 20% of the carbon from the
residues remains in the soil [44]. The carbon content of wheat straw is estimated to be 45.6% by

weight [45], meaning the straw contains approximately 0.456 t-C/t-straw. Assuming an average
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of 15% remains in the soil after 10 years, 1.42 t-COa/t-straw would be released to the

atmosphere.

The centralized production process releases 0.143 t-COx/t-charcoal. The charcoal is in a stable
form in the soil [44], but approximately 6% could be converted to CO; after 8.5 years [46].
Assuming that 6% of the charcoal is converted to CO2, 0.176 t-CO»/t-charcoal will be released
after 8.5 years. This means an estimated 0.319 t-COy/t-charcoal is released, 20% less than the

amount released (after approximately 8.5 years) through decomposition in the field.

Another benefit of charcoal production is the mitigation of N>O emissions from fertilizer use in
crop growth [14]. In Alberta soils, most of these emissions are released after the soil thaws in
spring [47]. With the portable systems, charcoal was put back into the same field the straw was
taken from, potentially mitigating emissions from the soil. To estimate this mitigation potential, a
field study done near Ellerslie, Alberta showed a nitrous oxide emission of 3.5 kg-N>O-N/ha

[47] and a study based on 14 different agricultural soils from the United States, Spain, and Brazil
showed that biochar can mitigate 10 — 90% of the N>O emissions were used [14]. No
information was found on biochar N>O emissions specifically for Alberta, so using the estimates
from [14] with the N>O releases from the Alberta field study [47], it was found that 0.35 — 3.15
kg-N20-N/ha could be mitigated. Using the GWP of N2O (298 for the 100-year time horizon)
and the straw yield of 0.754 t/ha for Western Canada, the N>O mitigation potential was found to
be 138.3 — 1,245.0 kg-COeq/t-straw. Compared to the net emission reduction of the portable
systems from Table 5, charcoal can mitigate the GHG emissions from 16 — 151% depending on

the system type. The largest potential net emission reduction would be 2,108.16 kg-COzeq/t-
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straw from the Adam system with a 90% N>O emissions reduction from charcoal. Experimental
studies should be carried out to determine the maximum nitrous oxide mitigation in Alberta soils

used for crop production.

3.4.  Sensitivity Analysis

A sensitivity analysis was performed for the centralized system to evaluate the impact of four input
parameters. The original values were varied by £25% to show what effect these parameters have
on carbon sequestration and cumulative energy demand (CED). The baseline values for carbon

sequestration and CED were 0.204 t-C/t-straw and 1,355.2 MJ/t-straw.

Charcoal yield: Charcoal yield is a critical characteristic of the charcoal production equipment. It has a
significant impact on the energy produced in the form of charcoal. Based on current equipment
specifications and biomass quality, the energy produced for the base case was found to be 30%.

Increasing and lowering the charcoal yield by 25% changes the yield range to 22.5 — 38.3%.

Straw-to-grain ratio: The straw-to-grain ratio impacts the biomass yield. A higher ratio results in a
higher yield of straw per unit area of biomass harvested, and the transportation distance for the
straw is shorter for higher yields. A shorter distance means lower GHG emissions than for the
base case. The base case yield was 0.754 t/ha. The yields found in the sensitivity analysis ranged

from 0.566 — 0.943 t/ha.

Biomass transportation distance: As described before, the study assumed a circular field and a plant that

draws biomass from the area around it. The radius of the circular area is the biomass
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transportation distance. Biomass transport (UP2) constitutes over 50% of energy consumption
and emissions involved in charcoal production. The distances evaluated ranged from 15 — 25.5

km.

Charcoal transportation distance: The location of landfill sites for charcoal can vary. The base case
assumes a distance of 20 km. The impact of charcoal transport was studied by varying the

transportation distance from 15 —25.5 km.

The net impact of the above parameters on carbon sequestration is shown in Figure 5. The largest
effect comes from charcoal yield. Decreasing the yield by 25% reduced the carbon sequestration
from 204 t-C /t-straw to 0.195 t-C /t-straw. The straw-to-grain ratio has a smaller, but still
noticeable, effect. The biomass and charcoal transportation distance has a minor effect, but this is
due to small increases in the range of transportation distances evaluated. If the biomass
transportation distance is increased to 200 km, the carbon sequestration falls to 0.195 t-C/t-straw.
There is a similar effect seen with the charcoal transportation distance, with a 200 km

transportation distance resulting in a carbon sequestration of 0.202 t-C/t-straw.

For the sensitivity analysis of the CED, shown in Figure 6, the charcoal yield has the largest
effect, with a 25% decrease resulting in an increase of the CED to 1,789.1 MJ/t-straw. The effect
is the same for the straw-to-grain ratio, with a 25% decrease resulting in an increase of the CED
to 1,462.0 MJ/t-straw. There is once again only a minor effect when the biomass and charcoal
transportation distances change. Increasing distances to 200 km results in CED values of 1,767.0

and 1,462.2 MJ/t-straw for the biomass and charcoal transportation distances, respectively.
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4. Conclusion

The GHG emissions, cumulative energy demand, and net energy ratio for biomass conversion to
charcoal and its sequestration in either a landfill or spreading onto the growth field were
assessed. For both the centralized and portable systems, biomass collection was the largest
contributor to GHG emissions and energy demand. Carbon sequestration and NER were higher
in the portable systems than the centralized, but the amount of biomass they can process is
substantially smaller. Both the carbon sequestration and the cumulative energy demand were
most sensitive to the charcoal yield. Fixing the carbon of straw residues as charcoal can reduce
the amount of carbon released to the atmosphere compared to allowing the residues to

decompose on the field.

Acknowledgements

The authors are grateful to Canadian School of Energy and Environment (Grant No. U
Calg/CSEE thermo Kumar, A) for the financial support to carry out this project. The authors are
thankful to Astrid Blodgett for assistance with editing. However, all the results, justifications,

and conclusion are solely the authors and have not been endorsed by any other party.

19



References

[1] J. Lehmann, A handful of carbon, Nature. 447 (2007) 143—144. doi:10.1038/447143a.

[2] J. Lehmann, Biochar for Mitigating Climate Change: Carbon Sequestration in the Black,
(2007). http://www.geooekologie.de/download forum/forum 2007 2 spfo072b.pdf.

[3] J. Lehmann, M.C. Rillig, J. Thies, C.A. Masiello, W.C. Hockaday, D. Crowley, Biochar
effects on soil biota — A review, Soil Biol. Biochem. 43 (2011) 1812-1836.
doi:10.1016/j.s0i1bi0.2011.04.022.

[4] D.A. Laird, The Charcoal Vision: A Win—Win—Win Scenario for Simultaneously Producing
Bioenergy, Permanently Sequestering Carbon, while Improving Soil and Water Quality,
Agron. J. 100 (2008) 178. doi:10.2134/agrojnl2007.0161.

[5] J.A. Baldock, R.J. Smernik, Chemical composition and bioavailability of thermally altered
Pinus resinosa (Red pine) wood, Org. Geochem. 33 (2002) 1093—1109. doi:10.1016/S0146-
6380(02)00062-1.

[6] J.L. Gaunt, J. Lehmann, Energy Balance and Emissions Associated with Biochar
Sequestration and Pyrolysis Bioenergy Production, Environ. Sci. Technol. 42 (2008) 4152—
4158. doi:10.1021/es0713611.

[7] J. Hammond, S. Shackley, S. Sohi, P. Brownsort, Prospective life cycle carbon abatement
for pyrolysis biochar systems in the UK, Energy Policy. 39 (2011) 2646-2655.
doi:10.1016/j.enpol.2011.02.033.

[8] R. Ibarrola, S. Shackley, J. Hammond, Pyrolysis biochar systems for recovering
biodegradable materials: A life cycle carbon assessment, Waste Manag. 32 (2012) 859—-868.
doi:10.1016/j.wasman.2011.10.005.

[9] Environment Canada, National Inventory Report: Greenhouse Gas Sources and Sinks in
Canada Part 1, 2014.

[10] A. Kumar, J.B. Cameron, P.C. Flynn, Biomass power cost and optimum plant size in
western Canada, Biomass Bioenergy. 24 (2003) 445-464. doi:10.1016/S0961-
9534(02)00149-6.

[11] A. Sultana, A. Kumar, D. Harfield, Development of agri-pellet production cost and
optimum size, Bioresour. Technol. 101 (2010) 5609-5621.
doi:10.1016/j.biortech.2010.02.011.

[12] E.W. Bruun, P. Ambus, H. Egsgaard, H. Hauggaard-Nielsen, Effects of slow and fast
pyrolysis biochar on soil C and N turnover dynamics, Soil Biol. Biochem. 46 (2012) 73-79.
doi:10.1016/j.s0i1bi0.2011.11.019.

[13] E.W. Bruun, D. Miiller-Stover, P. Ambus, H. Hauggaard-Nielsen, Application of biochar to
soil and N>O emissions: potential effects of blending fast-pyrolysis biochar with
anaerobically digested slurry, Eur. J. Soil Sci. 62 (2011) 581-589. doi:10.1111/5.1365-
2389.2011.01377 x.

[14] M.L. Cayuela, M.A. Sanchez-Monedero, A. Roig, K. Hanley, A. Enders, J. Lehmann,
Biochar and denitrification in soils: when, how much and why does biochar reduce N20
emissions?, Sci. Rep. 3 (2013). doi:10.1038/srep01732.

20



[15] N. Rogovska, P. Fleming, D. Laird, R. Cruse, Greenhouse Gas Emissions from Soils as
Affected by Addition of Biochar, (n.d.). http://www.biochar-
international.org/images/Rogovska et al..pdf (accessed May 1, 2014).

[16] C.N. Nagy, Coefficient for Agricultural Inputs in Western Canada, (1999).
http://www.csale.usask.ca/PDFDocuments/energyCoefficientsAg.pdf.

[17] S. Sokhansanj, A.F. Turhollow, E. Wilkerson, Development of the Integrated Biomass
Supply Analysis and Logistics Model (IBSAL), (2008). doi:10.2172/932647.

[18] ECN, Phyllis database for biomass and waste, (2010).
http://www.ecn.nl/phyllis/DataTable.asp (accessed May 1, 2014).

[19] K.G. Roberts, B.A. Gloy, S. Joseph, N.R. Scott, J. Lehmann, Life Cycle Assessment of
Biochar Systems: Estimating the Energetic, Economic, and Climate Change Potential,
Environ. Sci. Technol. 44 (2009) 827—-833. doi1:10.1021/es902266r.

[20] (S&T)2 Consultants, GHGenius Model 4.02, (2012). http://www.ghgenius.ca/.

[21] M.A. Elsayed, R. Matthews, N.D. Mortimer, Carbon and Energy Balances for a Range of
Biofuels Options, 2003. http://airburners.com/PUB/Sheffield-studie-mei2003.pdf.

[22] D.J.M. Flower, J.G. Sanjayan, Green house gas emissions due to concrete manufacture, Int.
J. Life Cycle Assess. 12 (2007) 282—-288. doi:10.1065/1ca2007.05.327.

[23] ICF Consulting, Determination of the Impact of Waste Management Activities on
Greenhouse Gas Emissions, 2005.

[24] A. Horvath, Construction Materials and the Environment, Annu. Rev. Environ. Resour. 29
(2004) 181-204. doi:10.1146/annurev.energy.29.062403.102215.

[25] Argonne National Laboratory, GREET 2 Model, (2014). https://greet.es.anl.gov/.

[26] Caterpillar, Cat (R) 320C and 320B Hydraulic Excavators, (n.d.).
http://Impequipamentos.com.br/img/CAT%20320%20B-C.pdf.

[27] Caterpillar, Equipment Excavators, (n.d.).
http://www.cat.com/en_US/products/new/equipment/excavators.html.

[28] M. Hartman, Estimating the value of crop residues, Alberta Agriculture, Canada, n.d.

[29] S. Bailey-Stamler, R. Samson, C. Ho Lem, Assessing the Agri-Fibre Biomass Residue
Resources for Creating a BIOHEAT Industry in Alberta, Resource Efficient Agricultural
Production (REAP) - Canada, 2007.

[30] S. Sokhansanj, S. Mani, M. Stumborg, R. Samson, J. Fenton, Production and distribution of
cereal straw on the Canadian praries, Can. Biosyst. Eng. 48 (2006) 3.39-3.46.

[31] T. Bigchar, Black s Green Pty Ltd  BiGchar 2200, (2011).
http://www.ehp.qld.gov.au/ecobiz/network/previous-forums/pdf/mackay-2011/chris-
gruhler.pdf.

[32] J.C. Adam, Improved and more environmentally friendly charcoal production system using
a low-cost retort—kiln (Eco-charcoal), Renew. Energy. 34 (2009) 1923-1925.
doi:10.1016/j.renene.2008.12.009.

[33] S. Sarkar, A. Kumar, Techno-Economic Assessment of Biohydrogen Production from
Forest Biomass in Western Canada, Trans. ASABE. (2009). http://agris.fao.org/agris-
search/search.do?recordID=US201301643626 (accessed December 12, 2014).

[34] P.L. Spath, M.K. Mann, Life Cycle Assessment of Hydrogen Production via Natural Gas
Steam Reforming, National Renewable Energy Laboratory, 2001.

[35] R.P. Anex, A. Aden, F.K. Kazi, J. Fortman, R.M. Swanson, M.M. Wright, et al., Techno-
economic comparison of biomass-to-transportation fuels via pyrolysis, gasification, and

21



biochemical  pathways, Fuel. 89, Supplement 1 (2010) S29-S35.
doi:10.1016/j.fuel.2010.07.015.

[36] M.R. Kabir, A. Kumar, Development of net energy ratio and emission factor for
biohydrogen production pathways, Bioresour. Technol. 102 (2011) 8972—-8985.
doi:10.1016/j.biortech.2011.06.093.

[37] G.D.M. Dassanayake, A. Kumar, Techno-economic assessment of triticale straw for power
generation, Appl. Energy. 98 (2012) 236-245. doi:10.1016/j.apenergy.2012.03.030.

[38] S.C. Gupta, A Practical Way Out of the GHG Emissions Problem, J. Can. Pet. Technol. 49
(2010) 33-42.

[39] M. Ringer, V. Putsche, J. Scahill, Large-Scale Pyrolysis Oil Production: A Technology
Assessment and Economic Analysis, 2006.

[40] S. Sokhansanj, A. Kumar, A.F. Turhollow, Development and implementation of integrated
biomass supply analysis and logistics model (IBSAL), Biomass Bioenergy. 30 (2006) 838—
847. doi:10.1016/j.biombioe.2006.04.004.

[41] M.R. Kabir, B. Rooke, G.D.M. Dassanayake, B.A. Fleck, Comparative life cycle energy,
emission, and economic analysis of 100 kW nameplate wind power generation, Renew.
Energy. 37 (2012) 133—141. doi:10.1016/j.renene.2011.06.003.

[42] J. Major, Guidelines on Practical Aspects of Biochar Application to Field Soil in Various
Soil Management Systems, International Biochar Initiative, 2010. http://www.biochar-
international.org/sites/default/files/IBI%20Biochar%20Application%20Guidelines web.pdf

[43] M.C. Heller, G.A. Keoleian, M.K. Mann, T.A. Volk, Life cycle energy and environmental
benefits of generating electricity from willow biomass, Renew. Energy. 29 (2004) 1023—
1042. doi:10.1016/j.renene.2003.11.018.

[44] F. Wu, Z. Jia, S. Wang, S.X. Chang, A. Startsev, Contrasting effects of wheat straw and its
biochar on greenhouse gas emissions and enzyme activities in a Chernozemic soil, Biol.
Fertil. Soils. 49 (2013) 555-565. doi:10.1007/s00374-012-0745-7.

[45] Teagasc, Straw for Energy - Tellage Specialists, (2010).
http://www.teagasc.ie/publications/2010/868/868 strawforenergy.pdf.

[46] Y. Kuzyakov, I. Bogomolova, B. Glaser, Biochar stability in soil: Decomposition during
eight years and transformation as assessed by compound-specific 14C analysis, Soil Biol.
Biochem. 70 (2014) 229-236. doi:10.1016/j.s01lbi0.2013.12.021.

[47] M. Nyborg, J.W. Laidlaw, E.D. Solberg, S.S. Malhi, Denitrification and nitrous oxide
emissions from a Black Chernozemic soil during spring thaw in Alberta, Can. J. Soil Sci.
77 (1997) 153-160. doi:10.4141/S96-105.

22



—_—
T T frommmnmmne- .
) | >
¥

—

Figure 1: Life cycle assessment and energy methodology for the centralized system.
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Figure 2: Unit operations involved in charcoal production from agricultural biomass.
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Figure 3: GHG emissions for charcoal production in the centralized system.
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Figure 4: Cumulative energy demand (CED) for charcoal production in the centralized system.
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Figure S: Sensitivity analysis of the net carbon sequestered for the centralized production
system.
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Figure 6: Sensitivity analysis of the cumulative energy demand for the centralized
production system.
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Table 1: Emissions and energy factors

Items Energy GHG % To be Source / Comments
required emissions land-
(GIn)! involved filled®
(kg -CO»
eq./t)?
Steel (used 25.5 2500 25% For material acquisition, manufacturing,
30%) and transportation [23]
Recycled steel 9.7 1820
(used70%)
Aluminum 120.3 3470 100%
Landfilling 0.08 7.45 Based on transportation of charcoal to a

distance of 200 km for landfilling [23]

Concrete 0.87 120 100% Includes procurement, processing, and
transportation of concrete [22,24]

Diesel 51.5 4.1 Values for IL of diesel combustion
[20,21,23]

Nitrogen (as N) 3,518 Production of nitrogen fertilizers [25]

Phosphorus (as 675 Production of phosphorus fertilizers [25]

P>0s)

Potassium (as 654 Production of potassium fertilizers [25]

K>0)

Energy required in GJ per tonne of raw material consumption due to its manufacturing,
transportation, acquisition, and other related operations.

>GHG emissions involved per tonne of raw material consumption (manufacturing, transportation,
acquisition, and other related operations).

3This column indicates the % of material that is assumed to be landfilled after the plant is
decommissioned.
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Table 2: Equipment specifications used for the production of charcoal (derived from

[17,26,27]).
. Fuel
Horsepower | Work . Operational
Requirement Rate Unit Efficiency' Economy
(g/hr)
Shredder 225 25 t/hr 0.8 9.86
Raker 30 t/hr 0.7 3.72
Baler 275 20 t/hr 0.65 15.33
Telescopic Stacker 0.65 35
Bales/Load 2
Weight/Bale 0.55 tonne
Load Time 0.25 minutes/load
Unload Time 0.2 minutes/unload
Speed 30 kmph
Farm Wheel Loader 120 2 bales/load 0.65 14.81
Load Time 0.25 minutes/load
Unload Time 0.2 minutes/unload
Truck Transport 40' Bale 550 26 bales/load 0.75 24.09
BC 4075
Average Travel Speed 24 kmph
Load/Unload Time 2.6 minutes/bale
Inspection Time 1.3 minutes/bale
Tractor 45-P 275 160 horsepower 1 5.26
Excavator 138 1 25.15
Charcoal Loader 20
Charcoal Transport 16

! Assumed to be one unless literature provided a value
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Table 3: Energy and emissions for various unit operations in a centralized production
system

Time Fuel Energy Emissions
Up* Operation Required Economy Required (kg- COseq/t-
(hrs/t-straw) (L/ hr)! (MJ/t-straw)? straw)
UPI
1 Shredding 0.050 37.32 96.2 7.7
2 Tractor for shredder 0.050 5.26 51.3 4.1
3 Rake 0.047 14.08 34.6 2.7
4 Baler 0.076 58.03 230.0 18.3
5 Tractor for bailer 0.076 19.91 78.9 6.3
6 Fertilizer Replacement 344
Total SUaW collection and 0.301 490.9 735
processing
UP2
1 Loader field 0.006 56.06 16.8 1.3
2 Biomass loading 0.006 13.25 4.0 0.3
3  Biomass truck 0.158 91.19 747.8 59.5
transport
4 Unloaded 0.006 13.25 3.2 0.3
Total  straw transport 0.175 771.8 61.4
UP4
1 Charcoal loader 0.001 75.71 4.0 0.3
2 Truck transportation 0.006 60.57 18.3 1.5
Total  Charcoal transportation 0.006 22.3 1.8
UP5
1 Excavator 0.003 95.20 7.5 0.6
Dump gravel (loadin
2 PP unl(()a ding)g 0.015 60.57 48.9 3.9
Total Landfilling 0.018 56.4 4.5

*UP: Unit operations.
1Fuel economy is obtained from [17,26,27].
2Energy and emissions calculations are based on factors taken from Table 1.
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Table 4: Energy and GHG emissions for plant operations (UP3) in a centralized production
system

Material required in plant Amount of material ~ Energy required GHG emissions
construction required (kg/t-straw)  (MJ/t-straw)’ (kg-CO2eq/t-
straw)
Plant
Construction?
Concrete 2.222 1.92 0.27
Steel 0.702 10.14 1.42
Aluminum 0.006 0.56 0.01
Total 12.62 1.70
Plant Operation
3% of 0.38 0.05
Construction
Plant
Decommissioning
Landfilling 100% 0.18 0.27
concrete
Landfilling 25% 0.01 0.001
steel
Landfilling 100% 0.0003 0.00003
aluminum
Decommissi- 0.51 0.07
oning process
3% of
construction
Conveyer
0.0003 0.03

'Energy and emissions calculations are based on parameters from Table 1.

*Materials required for the construction of the size of the charcoal production plant considered in
this study were estimated based on data from earlier studies and adjusted using a scale factor of
0.76 [6,34,35,41].
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Table 5: Cumulative energy demand (CED), net energy ratio (NER), and GHG emissions
for all charcoal production systems.

Charcoal

Biomass . Net Emission Net Carbon
) Production . CED

Equipment Processed (t-charcoal/t- Reduction Sequestered (MJ/t-straw

(dry-t/yr) straw) (kg CO2eq/t-straw) (t-C/t-straw)
CENTRALIZED
SYSTEM

437,713 0.292 747.95 0.204 1,354.4

PORTABLE SYSTEM
Big 22 12 Hrs 4,600 0.285 835.04 0.141 517.00
Big 22 21 Hrs 8,050 0.285 835.04 0.141 517.00
Big 22 24 Hrs 9,200 0.285 834.76 0.141 517.00
Adam 170 0.282 863.16 0.217 490.68
Big 1000 1,840 0.285 825.63 0.141 506.74
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Table 6: Summary of results for cumulative energy demand (CED) and GHG emissions for the
centralized system and the Big 22 portable systems.

Unit Processes Emissions Produced CED
kgCOseq/t-straw MJ/t-straw
Central ‘ Portable ‘ Central ‘ Portable

UP1: Straw processing 73.5 74.7 490.9 517.1
UP2: Straw Transport 61.4 0 771.9 0?
UP3: Charcoal Production 2.1 0.8 13.7 14.2
UP4: Charcoal Transport 1.8 0 22.2 0?
UPS: Charcoal Landfilling 4.5 0 56.4 0

? These would be a very small amount as the transportation is in the farm itself.
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