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ABSTRACT
Carbon dioxide removal (CDR) practices are essential to mitigating the adverse impacts of climate change. Some CDR practices 
depend on the availability and accessibility of feedstocks. The climate change mitigation potential of these practices relies on the 
difference between their location-specific efficiency and the greenhouse gas (GHG) emissions associated with establishing them. 
Focusing on biochar from forestry harvest residues in British Columbia (Canada), this manuscript demonstrates that optimizing 
the selection of biochar application areas and transportation routes can double the climate change mitigation potential of the 
practice across the province, as compared to random selection. We argue that spatially explicit ex-ante modeling of CDR potential 
and transportation optimization should become the norm for any new relevant CDR project to ensure the maximization of its 
climate change mitigation potential.

1   |   Introduction

As greenhouse gas (GHG) emissions continue to rise, urgent 
actions are needed to mitigate the adverse impacts of climate 
change. This includes an imperative reduction in fossil fuel con-
sumption, the prevention of emissions from land-use changes, 
and the implementation of carbon dioxide removal (CDR) tech-
niques (Friedlingstein et  al.  2023). Among CDR techniques, 
some necessitate accessing and transporting specific feedstocks 
(e.g., biochar, enhanced weathering, and ocean fertilization). 
The effectiveness of these practices hinges upon the availability 
of feedstocks to remove CO2 from the atmosphere. Regardless 
of their renewability, their availability will ultimately determine 
the bottleneck of these practices' mitigation potential. Hence, ac-
knowledging the urgency of the climate crisis, there is a critical 
need to better understand and quantify CO2 emissions related to 

the accessibility and transportation of these CDR techniques if 
we are to maximize their potential for climate change mitigation.

Among these CDR practices, biochar production is rapidly gain-
ing traction (Cowie  2023), and currently stands as the largest 
engineered (i.e., excluding natural system (e.g., reforestation and 
cover cropping)) method for delivering CDR (Höglund et al. 2024). 
However, its climate change mitigation efficacy is influenced by a 
multitude of factors not yet sufficiently quantified. While certain 
factors, such as production parameters and feedstock character-
istics, are controllable and already well studied, others are intri-
cately linked to environmental and logistic parameters (Lehmann 
et al. 2021). Additionally, assessing the potential of any CDR prac-
tice mandates accounting for emissions associated with its setup 
and operation. Notably, feedstock-dependent CDR practices, in-
cluding biochar, require transportation for their implementation. 
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The emissions associated with transportation can accumulate, 
potentially offsetting a significant portion, if not all, of the prac-
tice's climate change mitigation potential (Lefebvre et  al.  2019). 
Understanding these adverse factors is critical to maximizing 
CDR practices' potential.

Building upon an existing assessment of biochar's climate change 
mitigation potential in British Columbia (Lefebvre et al. 2024), this 
study employs a life cycle assessment (LCA) approach and trans-
port optimization algorithm to assess the emissions linked to the 
production, transport, and application of forestry harvest residue-
derived biochar in the province of British Columbia, Canada. The 
novelty of this approach not only enhances the predictive capabil-
ities of CDR practices by considering emissions associated with 
feedstock accessibility and biochar transportation at large scale 
but also provides a new standard and comprehensive assessment 
of biochar potential for carbon sequestration, providing actionable 
insights for wider application.

The dispersed and remote nature of forestry and agricultural activ-
ities across the province, coupled with the diverse response of agri-
cultural soils to biochar addition (Lefebvre et al. 2024), provides an 
ideal context to observe the impact of application area and trans-
port route optimization on biochar's climate change mitigation po-
tential. By unraveling these intricacies, we aim to demonstrate the 
significant impact of effective planning on the efficacy of biochar 
in BC and beyond, and promote the use of similar approaches for 
all feedstock and location dependent CDR practices.

2   |   Methods

Previous biochar potential assessments (Ayer and Dias  2018; 
Brassard et al. 2018; Hammond et al. 2011; Lugato et al. 2013; 
Marzeddu et  al.  2021; Rajabi Hamedani et  al.  2019; Sahoo 
et al. 2021) model biochar transportation emissions using a sin-
gle or a limited number of representative travel distances. In this 
paper, we refine this approach by mapping individual forests, 
fields, and biochar production hubs, and considering the length 
of individual routes from each forest to each hub and from each 
hub to each agricultural field.

This manuscript studies the impact of optimizing two aspects 
of the entire CDR process: the selection of biochar application 
areas and the transportation of the biochar. Optimizing the 
first aspect means favoring fields with higher capture poten-
tial, instead of spreading the biochar evenly on all agricultural 
land. Optimizing the second aspect means favoring the forests 
and fields that are closer to production hubs, to decrease the 
total distance traveled. We use an optimization algorithm (see 
Section  2.4) that determines how much biochar to transport 
from each forest to each production hub, and from each pro-
duction hub to each field, in order to minimize the total (GHG) 
emissions.

2.1   |   Assumptions

This study relies on a set of requirements and assumptions re-
garding forest harvest residue production and biochar yield and 
application rate. First, this study assumes that 157,314 ha forest 

were harvested in 2021 (Government of Canada 2023), and that 
25 dry tonnes of forestry harvest residues are produced, on aver-
age, per hectare of forest harvested (Blackburn 2017). Therefore, 
3.9 Mt of forestry harvest residues were produced in 2021, esti-
mates in line with available numbers for different years (Smyth 
et al. 2020; Wang et al. 2020). We have assumed that the har-
vest residues are collected at 40% moisture, which affects the 
weight of forest residues transported and hence their emissions 
(Jacobson et al. 2021).

Second, we have assumed a biochar yield of 22% by weight, 
based on Veksha et  al.  (2014). This value represents a slightly 
conservative estimate for wood processed in advanced pyrolysis 
systems and was selected to ensure the robustness of our esti-
mates and maintain consistency with the first phase of this proj-
ect (Lefebvre et al. 2024). Hence, residues from 2021 harvested 
stands could have produced a total of 865,228 oven dry tonnes 
of biochar. If evenly spread over the 746,166 ha of agricultural 
land considered in this study (Lefebvre et al. 2024) the average 
biochar application rate would reach 1.16 oven dry tonnes per 
hectare. In addition, we have assumed a maximum biochar ap-
plication rate on any field of 10 tonnes per hectare as a realistic 
investment for farmers. This assumption also prevents the opti-
mization algorithm from choosing to transport all produced bio-
char to the single closest field. Finally, we have considered eight 
relatively high population areas as potential biochar production 
hubs throughout the province (Figure 6).

While alternative assumptions on biochar yield or produc-
tion parameters could have been used, the values selected are 
supported by the literature and ensure consistency with the 
first phase of this project described in Lefebvre et  al.  (2024). 
Crucially, this study aims to assess the influence of application 
area and transport route optimization on the CDR potential of 
the practice, which remains relevant regardless of the specific 
production parameters assumed.

2.2   |   Scenarios

Four optimization scenarios were explored in this study. In the 
“Optimal” scenario, both aspects previously mentioned (field 
selection and transportation routes) are optimized. This means 
that both the modeled climate change mitigation potential of 
each field and the route distances are considered to maximize 
climate change mitigation. In the “Even” scenario, we opti-
mized transportation routes but maintained the same biochar 
application rate across all fields, disregarding the area-specific 
climate change mitigation potential. In the “Random” scenario, 
no optimization is performed as both the production hub and 
field for biochar application are selected randomly. Finally, the 
“Worst-Case” scenario represents the extreme inverse of the 
“Optimal” scenario. In this scenario, transportation routes and 
field selection are determined to minimize climate change mit-
igation efforts.

The distinction between the first two scenarios (Optimal and 
Even) underscores the impact of targeting application in fields 
with higher relative climate change mitigation potential. On 
the other hand, the “Worst-Case” scenario, though improbable 
across the entire province, provides insight into the detrimental 
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effects of extended transportation routes and suboptimal field 
selection, which may result from specific commercial partner-
ships or lack of insight.

2.3   |   Life Cycle Assessment

This study relies on an attributional “cradle to grave” LCA ap-
proach to quantify the emissions associated with the biochar 
production, transportation, and use (Figure  1). When avail-
able, processes were extracted from the EcoInvent database 
version 3.9.1 for consistency (Wernet et al. 2016). We selected 
the IPCC 2021 impact category, using global warming poten-
tials at 20-year period (GWP—20 years) to correspond with 
the biochar climate change mitigation potential modeled in 
Lefebvre et al. (2024). This study looked at a unique applica-
tion of 1 tonne of biochar, hence the impacts were modeled 
considering a 20-year time horizon to account for the dura-
tion and magnitude variation over time of biochar effect on 
plant biomass and nitrous oxide emissions from soil (Lefebvre 
et al. 2024). The functional unit of this assessment is “per dry 
tonne of biochar produced and applied to agricultural field”. 
Additionally, we have assumed that the bio-oil and syngas 

generated alongside biochar during pyrolysis are combusted 
during the process. Consequently, all emissions are attributed 
solely to biochar production.

In the absence of a project, it is assumed that forestry harvest 
residue piles are burnt on site in the fall, following wildfire pre-
vention regulations (BC Hydro, and Industrial Forestry Service 
Ltd 2018; Wang et al. 2022) (Figure 1).

Our project scenario starts with the chipping of harvest res-
idues at the forest road using a diesel mobile chipper. Those 
chipped residues are then loaded onto trucks and transported 
to a pyrolysis plant. The pyrolysis plant is assumed to be an 
industrial-scale continuous facility, capable of processing 
10 tonnes of dry biomass per hour and with an estimated life-
time of 20 years. It utilizes natural gas for preheating while ex-
cess heat during steady operation from pyrolysis is employed 
to dry incoming feedstock. This assumption is supported by 
several biochar LCAs, which report excess electricity gener-
ation even after utilizing part of the heat for drying incom-
ing feedstock (Hammond et al. 2011; Leme et al. 2018; Muñoz 
et  al.  2017; Quirk et  al.  2012; Rajabi Hamedani et  al.  2019). 
The plant processes the feedstock at approximately 600°C. 

FIGURE 1    |    Life cycle assessment system boundary. Blue represents the different processes with their associated input source in yellow. The 
boundary account for the non-CO2 emissions associated with the open combustion and pyrolysis process.
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Once the biochar exits the pyrolizer, it undergoes pelletiza-
tion, a regular process to ease handling and enhance health 
and safety. Subsequently, the biochar is loaded onto trucks and 
transported to the receiving area and spread on the topsoilus-
ing an agricultural spreader (Figure 1).

We conducted the uncertainty analysis using the Monte Carlo 
method with 10,000 iterations. Additional information, includ-
ing a comprehensive list of data and processes utilized for the 
LCA and Monte Carlo analysis, is available in the Supporting 
Information.

2.4   |   Transport Optimization Algorithm

Our analysis relies on the optimization of biochar transporta-
tion routes and the selection of biochar application areas at the 
provincial level of BC. Our model is a graph, where each node 
represents either a forest, a field, or a biochar producing plant, 
and edges connect each forest to each plant, and each plant to 
each field (see Figure 2 for a simplified case).

We then define attributes that reflect the desired flow of feed-
stock (biochar) in the graph: demand, capacity, and cost. The 
demand describes how much feedstock is needed, while sup-
ply describes availability at each location. The cost describes 
the transport cost, and capacity refers to the maximum feed-
stock flow along each route. Note that field climate change 

mitigation potentials can be seen as negative CO2e costs. 
These attributes can thus define a minimum-cost flow prob-
lem (Ahuja et  al.  1993) on the graph, that is, finding a flow 
of feedstock through the graph, from the supply nodes to the 
demand nodes, that minimizes the flow cost while respecting 
the capacities. For the Optimal, Even, and Worst-Case scenar-
ios, this problem has been solved using the network simplex 
algorithm (Király and Kovács 2012), whereas the Random sce-
nario does not require any optimization and has been solved 
by generating random assignments from forests to plants, and 
then from plants to fields.

The attributes were computed the following way: the forest ca-
pacities were calculated based on their area and expected resi-
dues production ratio per quantity harvested (see Section 2.1). 
The transportation emission/cost of each route is its length 
multiplied by a transport emission/cost factor depending on 
the transportation leg (forest to biochar plant or biochar plant 
to field) accounting for the mass of either wet residue or bio-
char transported and including an empty return (Supporting 
Information). Route lengths have been computed as the short-
est itinerary between the start and end location through the ac-
tual road network, using the OpenStreetMap API. The climate 
change mitigation capacities for each field were calculated based 
on the modeling described in (Lefebvre et al. 2024), by assuming 
a maximum biochar application rate of 10 tonnes per hectare. 
In-depth description of the model and implementation details 
can be found in the Supporting Information.

FIGURE 2    |    Graph model for the transport optimization. Each forest has a production capacity, each route a transportation cost, and each field a 
climate change mitigation potential and an application capacity (all arbitrary units). The network simplex algorithm is used to find the way of trans-
porting the biochar from the forests to the fields through the pyrolysis plants, that minimizes cost and maximizes capture. The demands and supplies 
at each forest and field are not shown here as they are optimized by the algorithm, see Supporting Information for more details.
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2.5   |   Software

EcoInvent 3.9.1 (Wernet et  al.  2016) database was accessed 
through the OpenLCA software (version 2.1.1) (Ciroth et al. 2020). 
The Monte Carlo analysis, figures, and graphs were made using R 
software (version 4.3.1) (R Core Team 2023) and the package “gg-
plot2” (Wickham 2016). Access to the British Columbian road net-
work was done using OpenStreetMap data through the “OSRM” 
R package (Giraud 2022). The transport optimization was done in 
Python (version 3.8.17), using the NetworkX package (version 3.1).

3   |   Results

3.1   |   Life Cycle Assessment

Our baseline assumptions consist of the open-air combustion of 
4.55 tonnes of forest harvest residues (amount required to produce 
1 tonne of biochar) which emits 2257 ± 465 kg CO2e considering 
methane and nitrous oxide emissions only (Wernet et al. 2016).

Excluding transportation, our theoretical pyrolysis plant emits 
634 ± 151 kg CO2e per tonne of biochar produced and applied to 
the field. The contribution of each process to the final carbon 
footprint is shown in Figure 3.

Sensitivity analysis of our hypothetical biochar producing chain 
shows that the plant construction and operation is the most sen-
sitive process, followed by the biochar pelletizing and feedstock 
chipping process (Figure 4).

3.2   |   Optimization Effect

Each scenario leads to different total distance traveled, thus dif-
ferent transportation emissions. Figure  5 presents the average 
distance and average transport related GHG emissions of each sce-
nario for the two transportation legs. Optimal and Even scenarios 
both optimize transportation and, as such, minimize the distances 
of the first transportation leg (from forest to biochar production 
hub) as this leg needs to transport 7.6 tonnes of feedstock per tonne 
of biochar (accounting for biochar yield and feedstock moisture 
content) and rely on smaller trucks than that for biochar transport 
(hence higher emission factors) to drive on forestry roads.

Similarly, each scenario leads to different field application strat-
egies; hence, different climate change mitigation potentials. In 
the Optimal scenario, transportation distance of the forestry har-
vest residues to the biochar production site is minimized which 
leads to each biochar production hub being put to use while 
biochar application is focused (up to 10 tonnes per hectare) on 
the southwestern corner of the province, where the fields show 
the highest climate change mitigation potential in the province 
due to a combination of relatively high temperature, high pre-
cipitation, and crops with high nitrogen requirement (Lefebvre 
et al. 2024) (Figure 6). In the Even and Random scenario, every 
field receives an equal amount of biochar (around 1.16 tonne 
per hectare), but in the Even scenario, transportation is opti-
mized leading to minimum transportation distances between 
forest, biochar production hub, and fields, while the Random 
scenario selected the production hub and field randomly (fig-
ures in Supporting Information—section 3). In the Worst-Case 
scenario, transportation distances are maximized to a couple of 
production hubs while biochar application is focused on fields in 
the northeastern part of the province where fields show the low-
est climate change mitigation potential in the province (Lefebvre 
et al. 2024) (figures in Supporting Information—section 3).

3.3   |   Climate Change Mitigation Potential

Including the process and transport emissions and consid-
ering the assumptions made in this study (Section  2.1), the 
optimal scenario leads to the average yearly climate change 
mitigation potential of 2662 ± 153 kg CO2e per tonne of biochar 
or 2.29 ± 0.134 Mt. CO2e over the entire province over a 20-year 
period (Figure  7). This corresponds to 3.9% of the total emis-
sions of the province in 2021 or 100% of the emissions attributed 
to agriculture in BC the same year (Environment and Climate 
Change Canada  2023). These results are lowered to 3.3% and 
1.7% of the total emissions of the province for the Even and 
Random scenario, respectively.

FIGURE 3    |    Contribution analysis. Average impact of each process 
group in kg CO2e per tonne of biochar produced and applied. The whis-
kers result from the Monte Carlo analysis and represent ±1 SD.

FIGURE 4    |    Sensitivity analysis. Impact on total emission of a 10% 
increase (red) or a 10% decrease (blue) on the activity data of each pro-
cess included in the production and application of biochar (except trans-
portations legs).
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FIGURE 5    |    Average transport distance (km) and associated emissions (kg CO2e per tonne of biochar—red diamond and labels) for each of the 
scenario modeled in this study. Description of each transportation scenario is made in Section 2.2. The whiskers represent ±1 SD.

FIGURE 6    |    Biochar application strategy for the optimal scenario. Green polygons depict agricultural fields receiving biochar. Red polygons in-
dicate untreated fields. The green density plot aids in identifying latitudes of fields with biochar application. Left aligned labels represent biochar 
production hubs. Point size and label value reflect the annual biochar production requirements of each hub in kilo tonne for processing the incoming 
feedstock.
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Including the avoided emissions from preventing the open-air 
burning of the pile residues, these climate change mitigation 
potentials become 4919 ± 489 kg CO2e, 4535 ± 490 kg CO2e, 
3438 ± 504 kg CO2e, and 2166 ± 538 kg CO2e per tonne of bio-
char for the Optimal, Even, Random, and Worst-Case scenario, 
respectively.

4   |   Discussion

4.1   |   An Improved Assessment of CDR Potential 
of Biochar

Our Optimal climate mitigation potential scenario includes bio-
char impact on organic carbon stocks, plant biomass, nitrous 
oxide emissions from soils, and lime requirement (Lefebvre 
et  al.  2024) and accounts for the emissions to produce, trans-
port, and apply the biochar to fields. Although results from bio-
char LCA studies cannot be reliably compared as both biochar's 
climate change mitigation potential and associated emissions 
are location, method, and boundary specific, our “Optimal” net 
(including all emissions to setup the practice) emissions reduc-
tion results are in line with the literature (Figure  8A) (Cowie 
and Cowie 2023; Lefebvre et al. 2023; Matuštík et al. 2021). It 
is important to note that previous LCAs in this comparison use 
GWP100, whereas our analysis employs GWP20, which places 
greater emphasis on short-lived greenhouse gases such as meth-
ane and nitrous oxide. This therefore does not allow for a di-
rect comparison of the net emission reduction potential of our 
scenarios with the existing literature. Nevertheless, we consider 
this comparison a reasonable representation that our net emis-
sion reduction assessments align with the range reported in ex-
isting biochar LCAs.

However, most biochar potential assessments focus on well-
defined systems within specific geographical areas. This is 
evidenced by the typically short transportation distances re-
ported in these studies (e.g., ranging of 32–190 km in (Ayer and 
Dias 2018; Brassard et al. 2018; Hammond et al. 2011; Lugato 
et al. 2013; Marzeddu et al. 2021; Rajabi Hamedani et al. 2019; 
Sahoo et  al.  2021)) (Figure  8B). While those studies have 

significantly supported the understanding of biochar's CDR po-
tential, their claims of net climate negativity may not hold true 
as the practice scales beyond their system boundaries due to 
transportation-related emissions.

Our provincial scale assessment, taking into account the reality 
of BC's eco-cultural context, reveals transportation distances or-
ders of magnitude larger than system-scale assessments, signifi-
cantly impacting the net CDR potential of the practice. With the 
number of biochar projects growing rapidly and more CDR proj-
ects emerging (Geden et al. 2024), the search for available feed-
stock will become broader, and transportation distances will 
increase. It is crucial to start updating CDR potential models at a 
wider geographical scale to maximize their mitigation potential 
while revealing any limitations and potential challenges, thus 
emphasizing the need for ex-ante modeling and optimization of 
CDR practices and transportation routes.

4.2   |   Opportunities for Improvement

4.2.1   |   Including Biogenic Emissions

Carbon dioxide is emitted during pyrolysis or open combustion 
of forest residues. Those emissions are considered biogenic (of 
biological origin) and are usually excluded from LCA calcu-
lations because the CO2 emitted from combustion of organic 
feedstocks is assumed to be captured back as the biomass re-
grows. This assumption may be an elegant shortcut for annual 
feedstocks, but marketable forest plots in BC have a lifecycle of 
25 to 90 years (Watts and Tolland 2005) hence, assuming all the 
CO2 emitted during pyrolysis is offset by the growing tree is an 
unrealistic claim when accounting for the 20-year timeframe 
climate change mitigation potential of the practice (Matuštík 
et al. 2021).

The emitted biogenic CO2 fraction of pyrolysis was computed 
using the model described in Kane and Miller (2024) and reached 
7599 ± 1615 kg CO2 per tonne of biochar produced, using biomass 
composition from Moriana et al. (2015) and setting the pyrolysis 
efficiency to 75%, as a conservative assumption for large-scale 

FIGURE 7    |    Yearly climate change mitigation potential over a 20-year period of the different scenario, including process and transport emissions, 
averaged per tonne of biochar produced (A) and over the entire province (B). The red points signify that the scenario's mitigation potential is below 0 
and therefore is a net emitter of CO2e. The whiskers result from the Monte Carlo analysis and represent ±1 SD.
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industrial pyrolysis systems. This puts our optimal scenario as an 
overall net emitter of 4944 ± 1622 kg CO2e per tonne of biochar. 
The biogenic emissions associated with the open-air burning of 
the forestry residues amount to 6249 ± 1091 kg CO2 per tonne of 
biochar (Wernet et al. 2016). When methane and nitrous oxide 
emissions are included, this results in a total of 8506 ± 1186 kg 
CO2e per tonne of biochar. Therefore, when incorporating bio-
genic emissions, our optimal scenario remains carbon negative, 
with a net climate change mitigation potential of 907 ± 2003 kg 
CO2e sequestered per tonne of biochar. Ideally, this value needs 
to be subtracted from the average CO2e captured in the first 
20 years of a growing BC forest plot to truthfully represent the 
emissions associated with biochar production. Since including 
biogenic emissions into LCAs is not yet the norm, it does not 
allow for comparison with other systems. The LCA community 
as a whole needs to change this approach and start including 
biogenic CO2 in their calculations to more truthfully represent 
process-associated GHG emissions.

4.2.2   |   Consider On-Site Biochar Production

Utilizing forestry harvest residues poses a significant challenge 
due to their widespread and remote distribution throughout the 
province (Wilson et  al.  2024). Consequently, on-site biochar 

production is often considered the optimal method for man-
aging those residues and avoiding transportation legs (Wilson 
et al. 2024). In addition, converting forest slash to biochar on-
site has many ecological advantages over the current practice of 
slash disposal by open burning (accounting for 4.6% of the prov-
inces total CO2e emissions (Environment and Climate Change 
Canada 2023)), including reduced soil heating, gas and partic-
ulate emissions, along with multiple benefits of the biochar to 
forest soil health and water-holding capacity when left in place 
(Wilson et al. 2024). Additionally, on-site production and appli-
cation of biochar are less extractive, maintaining carbon pools 
in forest ecosystems.

However, on-site production necessitates mobile pyrolysis sys-
tems, which are typically less efficient and lack afterburners and 
filters, leading to lower efficiency and higher GHG emissions. 
Lowering feedstock moisture content has been shown to sig-
nificantly reduce methane emissions from low-tech pyrolizers 
(Cornelissen et al. 2023), but on-site moisture management and 
drying are much more challenging compared to industrial dry-
ing systems, especially given the wet nature of BC's climate.

Although, on-site biochar production is more ecologically advan-
tageous than slash burn piles, it is more logistically difficult and 
currently lacks economic incentive. Due to the aforementioned 

FIGURE 8    |    Comparison of net emissions reduction results (A) and assumed transportation distances (B) between this study and values found 
in the literature (Ayer and Dias 2018; Barry et al. 2019; Brassard et al. 2018; Field et al. 2013; Hammond et al. 2011; Jeswani et al. 2022; Lu and El 
Hanandeh 2019; Lugato et al. 2013; Marzeddu et al. 2021; Muñoz et al. 2017; Rajabi Hamedani et al. 2019; Robb and Dargusch 2018; Sahoo et al. 2021; 
Xia et al. 2024). The whiskers represent ±one standard deviation (when available).
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inefficiencies of mobile systems, those methods have gained 
few accreditations for verified carbon removal; therefore, the 
emissions reduction is not currently valued by the marketplace. 
Additionally, the yield and market access of remote, mobile bio-
char production will be less than that of a centralized facility.

With that said, we welcome the continued innovation of future 
mobile systems which may address those concerns. Considering 
the remote and diverse landscape of BC, there may be instances 
when mobile production is the most fitting solution. Additionally, 
mobile production provides opportunity for in situ biochar ap-
plication to amend degraded forest soils. Although spreading 
and incorporating biochar into forest soils presents its own set 
of logistical and ecological challenges, applying it in easily ac-
cessible areas, such as forestry landings, could be an interesting 
solution for further exploration.

4.3   |   Optimization Impact

Based on our case-study context, the Optimal scenario for cli-
mate change mitigation potential (optimizing transportation 
routes and field selection) is, on average, 17% higher than the 
Even (optimizing transportation routes only) scenario. This 
means that maximizing biochar application in geographical 
areas with high expected biochar climate change mitigation po-
tential (Lefebvre et al. 2024) can have an important impact on 
the potential of the practice.

Similarly, the Even scenario's climate change mitigation poten-
tial is almost double the Random scenario's potential (random 
selection of production hub and fields), highlighting the impor-
tance of optimizing transportation routes to maximize the cli-
mate change mitigation potential of the practice.

However, BC is a relatively large territory, and the optimiza-
tion results from this case study should not be directly extrap-
olated to regions with significantly different spatial scale and 
geographical contexts. As modeled transportation distances 
decrease (while all other parameters remain constant), the rel-
ative benefits of optimization in terms of net CO2 sequestration 
potential (when comparing the Optimal and Random scenarios) 
decline significantly (Figure 9). This suggests that while our ap-
proach may be particularly beneficial in regions with long trans-
portation routes, its impact may be less pronounced in regions 
where transportation distances are inherently shorter.

Similarly, advancements in transportation technologies, par-
ticularly the shift from diesel to electric vehicles and renewable 
fuels, will have significant implications for the results presented 
here. These developments will reduce the overall greenhouse 
gas emissions associated with transportation, diminishing the 
benefits of optimization. Nevertheless, resource use and opera-
tional efficiency will remain critical. By minimizing transpor-
tation distances and maximizing carbon mitigation potential 
per tonne of biochar, the Optimal scenario remains relevant, 
offering both environmental and financial advantages to non-
optimized scenarios. Indeed, the total transportation distance 
in the Optimal scenario is, on average, one-third of that in the 
Random scenario (Figure  5), leading to lower transportation 
costs, while the average mitigation potential per tonne of biochar 

in the Optimal scenario is more than double that of the Random 
scenario (Figure 7), thereby enhancing potential revenue from 
carbon credits. By simultaneously minimizing costs and maxi-
mizing financial returns, the Optimal scenario is expected to be 
the most economically viable among the alternatives. However, 
implementing the Optimal scenario across BC would require 
province-wide transportation logistics oversight, which may 
not be fully feasible in practice. Nevertheless, our approach can 
serve as a guideline or be applied to aggregated forest and field 
areas rather than being constrained to the specific granularity 
examined in this study.

The Worst-Case scenario is a net emitter of CO2e and, although 
unlikely, must serve as a reminder that CDR practices' potential 
should not be taken for granted but that each application should 
be contextualized and assessed ahead of implementation.

5   |   Conclusion

This study shows that planning and optimizing the implemen-
tation of biochar systems can have an important impact on its 
climate mitigation benefits. In the context of British Columbia, 
considering biochar derived from forestry residues, its applica-
tion in agricultural settings, and current transportation tech-
nologies, ex-ante modeling of biochar climate change mitigation 
potential along with optimization of field selection and trans-
portation logistics can enhance biochar's net potential by 126%.

We argue that this approach should be applied to all transport-
dependent CDR practices and that project funding should not 
only be approved by proof of carbon negativity (usually incum-
bent for CDR practices) but also through comparison of CDR ap-
plication scenarios to ensure maximization of its climate change 
mitigation potential.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Life cycle assessment sys-
tem boundary. Blue represents the different processes with their asso-
ciated input source in yellow. The boundary account for the non-CO2 
emissions associated with the open combustion and pyrolysis process. 
Figure S2: We show the graphs used for each scenario, in a simplified 
case with 4 forests (FO-*), 3 pyrolysis plants (FC-*), and 6 fields (FI-*). 
Numbers in black indicate the cost of each edge (in gCO2e/kgBC). We 
introduced artificial forest and field nodes (FO-COM, FI-COM) and ar-
tificial edges to each forest/field, which let us specify: the forest produc-
tion capacities and field application capacities (in red, in kgBC), the field 
capture potentials (in black, in gCO2e/kgBC) that are specified as nega-
tive costs, and finally the total supply and demand at the artificial nodes 
(in green, in kgBC). The edge attributes in green (in kgBC) indicate the 
solution found for that specific scenario, that is, how much feedstock 
must travel through each edge to satisfy the constraints and objective 
of the scenario. In this example, an arbitrary amount of 2500 kgBC is 
transported through the network. (a) Optimal scenario: the biochar is 
transported along the route with the minimum cost, while respecting 
field capacities. (b) Even scenario: here, we didn't need an artificial field 
node, as we had to specify demand (in green) on individual field nodes 
to ensure an even distribution proportional to field areas. (c) Random 
scenario: no optimization is performed. (d) Worst-Case scenario: here 
the goal is to maximize cost, therefore, we simply specified the negative 
of the actual costs, so that the minimization turns into a maximization. 
Figure S3: Equal scenario biochar application strategy. Green poly-
gons depict agricultural fields receiving biochar. Red polygons indicate 
untreated fields. The green density plot aids in identifying latitudes of 
fields with biochar application. Left aligned labels represent biochar 
production hubs. Points size and label value reflect the annual biochar 
production requirements of each hub in kilo tonne for processing the 
incoming feedstock. Figure S4: Worst-Case scenario biochar applica-
tion strategy. Green polygons depict agricultural fields receiving bio-
char. Red polygons indicate untreated fields. The green density plot aids 
in identifying latitudes of fields with biochar application. Left aligned 
labels represent biochar production hubs. Points size and label value 
reflect the annual biochar production requirements of each hub in kilo 
tonne for processing the incoming feedstock. Figure S5: Random sce-
nario biochar application strategy. Green polygons depict agricultural 
fields receiving biochar. Red polygons indicate untreated fields. The 
green density plot aids in identifying latitudes of fields with biochar ap-
plication. Left aligned labels represent biochar production hubs. Points 
size and label value reflect the annual biochar production requirements 
of each hub in kilo tonne for processing the incoming feedstock. 
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