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The global urgency of more damaging wildfires calls for proactive solutions. Integrating fire-smart fuels
management with bioenergy could reduce wildfire risk while providing feedstock for bioenergy. We
explore this strategy in off-grid communities in Canada who are heavily dependent on diesel for their
energy needs, many of which are home to Indigenous peoples. Combining national remote sensing
data and community-based information, we identify 33 diesel-dependent communities at high wildfire
risk due to a large accumulation of undisturbed flammable forest. We demonstrate that 30 of these 33
communities could theoretically meet their annual energy needs by harvesting less than 1% of the
surrounding biomass, which with thoughtful planning could constitute effective fuel treatments. Given
the growing wildfire risk and the need for energy security in Indigenous communities, Indigenous
leadership, and collaboration with wildland fire agencies, are essential for developing integrated fuel
management strategies and identifying synergies with the bioenergy sector.

Globeally, wildfire is an increasing threat and costly hazard to human beings,
carbon sinks, natural resources, and infrastructure'”. Financial losses due to
wildfires are increasing and are estimated to constitute 1-2% of the gross
domestic product of most developed countries, with global annualized losses
estimated to range from US$63.5 billion to US$285 billion™. Given the
increasing cost of wildfire suppression around the world, many governments
have been calling for proactive and holistic strategies to mitigate risks’. The
year 2023 was another record-breaking fire season in many regions across
the globe, like the Mediterranean and boreal biomes, experiencing longer
and increasingly challenging wildfire seasons driven by more severe and
frequent fire-conducive weather and fuel accumulation®". Population
growth, combined with the rapid expansion of the Wildland-Human
Interface (WHI; where forest fuels intermingle with or abut housing,
industry, and infrastructure) in Canada'* and around the world®, are putting
a strain on wildland fire management agencies and local economies, thereby
enhancing the need for enhanced safety through wildfire protection.

The year 2023 was Canada’s worst wildfire season on record®’
accounting for 30% of total carbon emissions from wildfires worldwide®.
Additionally, over 230,000 people were evacuated from communities due to
the potential dangers to life and health and eight firefighters died in theline of
duty. Approximately 15 million ha burned across the country, and greatly

surpassing the 10-year average of 2.5 million ha per year®. Northern com-
munities in Canada, many of which are home to Indigenous peoples, are
disproportionately exposed to wildfire”. Indigenous peoples only make up
5% of the population in Canada but 42% of wildfire evacuation events
occurred in their communities'*'® Approximately 80% of the Indigenous
communities in Canada are located in fire-prone forested areas, and 32% of
the on-reserve First Nations population reside within the WHI". Many of
these remote communities, Indigenous and non-Indigenous, lack up-to-date
emergency planning, security infrastructure, have limited evacuation routes,
and limited resources and capacity to respond to potential wildfires'"*.

In Canada, as in most countries, wildland fire management over the
past century has focused primarily on preventing and suppressing wildfires.
Although suppression has been effective in many areas of the boreal forest,
its efficacy is likely to diminish as wildfire suppression resources become
increasingly strained due to projected climate changes". More recently,
based on the FireSmart™ Canada guidelines™, proactive fuel management
measures (e.g., thinning, pruning, surface fuel reduction, species con-
versation to low flammability trees and shrubs), have been initiated in the
WHI to help individuals and communities mitigate the risk of loss from
wildfires (Supplementary Table Al). At the landscape level, forest man-
agement activities (such as site preparation, regeneration, stand tending,
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harvest scheduling and systems, block layout and design, and road con-
struction) when conducted with wildfire in mind can also be used to reduce,
isolate, and convert forest fuels and, in turn, decrease the potential area
burned by undesirable wildfires*. In this study, these two approaches are
combined in the term “fire-smart” which refers to fuel management activ-
ities taken at both the site and landscape levels to reduce the flammability of
forests and other vegetation in and around communities.

Reducing fuel accumulation and disrupting the vertical and horizontal
continuity through prescribed burning” and mechanical treatments can be
a cost-effective strategy for reducing potential wildfire spread and
intensity””°. However, unmerchantable biomass from fuel treatments is
typically considered a waste product that is disposed of through piling and
burning on-site or transported and disposed of off-site to reduce fuel
hazard””*. For some communities in Canada, especially those with limited
financial resources and capacity, the cost and logistics of disposing of bio-
mass can present considerable challenges™. As a result, they may be hesitant
to invest in fuel treatment activities, even if they recognize the importance of
wildfire risk mitigation.

Bioenergy refers to the production of renewable energy derived from the
combustion of organic biomass, accounting for 27% of Canada’s renewable
energy supply. This primarily consists of solid biofuels, such as wood chips
and pellets, sourced from forest biomass. Currently, the majority of biomass is
produced from harvesting and processing residues, but several studies have
suggested that non-merchantable biomass from fuel treatment could be used
as a feedstock to produce bioenergy in a cost-effective manner . For
example, initiatives in the southern United States™ and in European medi-
terranean ecosystems have explored the potential of producing bioenergy
from fire-prone biomass not only to reduce greenhouse gas (GHG) emissions
from wildfires, but also to reduce the vulnerability of rural communities
to wildfires™. In boreal and temperate forests of Canada, the amount
of biomass resulting from fuel reduction treatments can be substantial.

For example, it has been estimated that the volume of biomass available from
fuel treatments could be 2.5 million oven-dry tonnes (odt) per year in British
Columbia and 850,000 odt per year in Alberta®. However, to date, no
quantitative study in Canada has assessed the amount of biomass sur-
rounding communities vulnerable to wildfire, and whether the biomass
collected through fuel management could meet communities’ long-term
energy needs. That is, there is still no clear picture of whether fuel treatments
could supply enough biomass to support community-based bioenergy stra-
tegies while concomitantly mitigating wildfire risk.

The impetus for community-based bioenergy development has
increased recently in Canada and represents an opportunity to examine the
nexus between fire-smart fuel treatments and bioenergy strategies. In
addition to being vulnerable to wildfire, about 70% of remote communities
in Canada are off-grid and dependent on local diesel-powered generators as
their main source of electricity and heat (Box 1).

Diesel-dependent communities in Canada are collectively home to
some 200,000 people, mostly Indigenous and many of whom face major
socio-economic and environmental challenges, such as climate change and
energy insecurity”’. Diesel-dependent remote communities pay approxi-
mately 2-6 times more for energy (US$0.20 kWh™' to US$0.80 kWh™)
than the average Canadian, even with subsidies (US$0.11 kWh™')***.
Wood-based bioenergy in Canada can cost as low as U$0.07 kWh™"**. For
example, in Fort McPherson, Northwest Territories, the costs vary between
US$0.07 kWh™" to US$0.15 kWh™" for locally harvested wood chips®, and
US$0.50 kWh ™ for a combined heat and power system in the community of
Lac Brochet (Northlands Denesuline First Nation) located in Manitoba™. In
addition, transitioning from diesel to bioenergy offers many environmental
benefits, including reducing GHG emissions and eliminating or reducing
local environmental damage such as soil, water and air pollution caused by
leaking diesel storage tanks and inefficient generators**. Bioenergy can also
bring socio-economic advantages in terms of job creation and new sources of

Box 1 | Canada’s Diesel-dependent Communities

According to the Remote Communities Energy Database (RCED)'"", there
are 276 remote communities in Canada, defined as permanent or long-
term settlements (lasting five years or more) with at least 10 dwellings, not
connected to the North American electrical grid or to the piped natural
gas network. All-year road access is only available in some of these
communities, and over half are fly-in only. About 70% of these commu-
nities rely on inefficient diesel generators for electricity, while 13% utilize
hydroelectric power and 17% use a mix of other fossil fuels'®.
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Additionally, remote communities depend heavily on fossil fuels for space
and water heating, with diesel primarily fulfilling their heating needs.

As of 2020, remote communities in Canada collectively consumed
approximately 682 million liters of diesel per year, serving an estimated
population of 200,000 people'®. This consumption translates to around 9
tonnes of CO2 equivalent emissions per person annually—more than
three times the average GHG emissions of Canadian households'®.
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income, as well as the development of new skills that contribute to energy
security and sovereignty, and hence to community empowerment". Since
2017, the Government of Canada, has supported over one hundred clean
energy projects including bioenergy via its Clean Energy for Rural and
Remote Communities program** and many fire-prone communities have
expressed the need to integrate local biomass management with wildland fire
management plans®.

As wildfire threatens a growing number of communities across Canada,
the integration of fire-smart fuel management and bioenergy can represent a
win-win solution for communities that are simultaneously vulnerable to
wildfires and face energy insecurity. The aim of this study is to identify
pathways for integrating bioenergy development with wildfire mitigation
efforts, and specifically: 1) Identify diesel-dependent communities present-
ing high wildfire risk across Canada; 2) Estimate the amount of biomass
available from fuel treatments (BAFT) and fuel treatment area (FTA) at the
community level that could be used as feedstock for bioenergy purposes; and
3) Rank priority communities that could also meet their annual energy
demand using BAFT. To standardize our spatial analyses across Canada, we
have developed a unique framework combining a national environmental
remote sensing dataset with community-based data (Fig. 1). To select the
communities and identify their energy needs, we used the Remote Com-
munities Energy Database (RCED), which comprises 276 communities as of
2022. Amount of BAFT and FTA were determined with spatial analyses
between the national above ground biomass dataset, time since disturbances,
and the national WUTI layers and 10 km buffers around each community. To
determine which communities would benefit the most from using BAFT as
feedstock for bioenergy, we performed a hierarchical clustering analysis of
the communities. Although the data used are static over time, and do not
account for forest regrowth after treatment or disturbances, the study aims to
provide an initial national assessment to help identify and prioritize com-
munities where fuel treatments and biomass mobilization could be com-
bined for both wildfire mitigation and bioenergy purposes.

Results

Selection of diesel-dependent communities at risk from wildfire
Of the 276 communities available in the RCED in 2022, 201 relied on diesel as
their main energy source (filter 1). Then, communities with a population
smaller than 100 inhabitants, as well as those lacking both energy use and
population information in the RCED, were filtered out (filter 2). If there was
no listed population for a community in the RCED, but there was an annual
energy demand, the 2021 and 2016 Canada Census were referenced to ensure
the population was over 100. To ensure the inclusion of only permanent
communities, 9 temporary settlements (e.g., related to mining and oil and
gas or temporary subsistence settlements) were removed (filter 3). Lastly, the
41 communities outside of the boundaries of the homogeneous fire regime
zones (HFRZ; filter 4) as defined by Boulanger et al.” or in coastal areas,
within 10-km of an ocean, (25; filter 5) were excluded. This resulted in a total
of 53 communities being selected for further analysis, of which all are
Indigenous.

Among these 53 communities, we determined that 33 were at a high
risk from wildfire (Fig. 2). The risk from wildfire at the community level was
assessed by quantifying the accumulation of undisturbed forest area defined
as a forest 230 years old within a 10 km buffer around each community as
per Parisien et al.*. Undisturbed forest area was used here as an indicator of
fuel accumulation and therefore if the undisturbed forest area was greater
than 90% of the total forested area within the 10 km buffer a community was
classified as at high risk from wildfire. Profile details of the 33 selected
communities are provided in Table 1.

The 33 selected communities are not evenly distributed across Canada
but rather form distinct clusters from the southern limits of the boreal forest
to the arctic regions (Fig. 2). The first group is made up of 2 communities in
central southern Quebec, plus one in northern Quebec. The second group is
made up of 16 communities located in northwestern Ontario and northern
Manitoba. The third group composed of 14 communities extends from
northern Alberta, Northwest Territories, Yukon and British Columbia.

Quantifying biomass available for fuel treatment

The amount of BAFT at the community level was estimated from national
aboveground biomass” older than 30 years old including branches, foliage,
bark, and stemwood in odt ha™', and specifically located within the WHI
using the national dataset*’. The BAFT was then calculated by the overlap of
these two databases within a 10 km buffer around each community
excluding the biomass categorized as nonfuel and the biomass located at
least 30 m from water bodies to reduce stress on sensitive riparian ecosys-
tems and water resources” (see close-up in Fig. 2).

The amount and density of biomass among the 33 communities
selected are highly variable. In addition, the BAFT and the FTA are largely
influenced by the extent of the WHI. The mean biomass density is 58 odt
ha!, the mean BAFT is estimated at 4 Modt for a total of 139 Modt
(Table 1). The community with the highest BAFT is Watson Lake, YT (18
Modt) and the community with the least is Shamattawa (0.2 Modt). The
total FT'A across all 33 communities is 196,328 ha and the average is 5949 ha
(Table 1). Watson Lake had the largest FTA (16,278 ha) and Shamattawa
had the smallest FT A (482 ha; Table 1). The average percentage of the total
biomass within 10 km available for fuel treatment is 27% and there are 3
communities with greater than 50%, Clova (54%); Fort Simpson (60%); and
Watson Lake, (58%).

Potential for meeting annual energy demand
Based on the annual fossil fuel consumption of each community, we esti-
mated that the AED for the 33 communities at high risk from wildfire ranged
from 627 to 20,333 MWh year ' with an average of 4753 MWh year™
(Table 1). The AED is directly proportional to population size;therefore, the
highest AED is in Kuujjuagq, with a population of 2754. Based on Egs. (1)-(4),
the average theoretical biomass needed to meet AED, across the 33 com-
munities is 897 odt (Table 1). All 33 communities can theoretically meet their
annual energy needs by collecting less than 1% of their BAFT, with an
average of 0.06%, minimum of 0.001%, and a maximum of 0.63% (Table 1).
This means that all the communities could meet their energy demand for
more than 100 years without considering the potential forest regrowth after
fuel treatment. In terms of area to be treated, the average theoretical FTA
needed across the 33 communities to meet AED is 20 ha (Table 1). Clova had
the lowest theoretical FTA needed to meet their AED, 2 odt, and Kuujjuaq
had the highest, 104 odt (Table 1). Most communities (30 out of 33) can also
theoretically meet their AED by collecting less than 1% of their FT A per year,
with the average being 0.62%, a minimum of 0.01%, and maximum of 7%.
Communities that would have to harvest more than 1% of their FTA are
Aklavik (2.4%), Kuujjuaq (1.9%), and Shamattawa (7.0%). For the com-
munities with the highest AED, which are Fort Chipewyan, Fort Hope,
Kuujjuaq, Sandy Lake, and Watson Lake, the theoretical percentage of FTA
needed to meet AED varies between 0.18% and 1.92% annually (Table 1).
In the operational scenario where we consider that wood pellets are
used to meet energy need, the average operational biomass needed to meet
AED across the 33 communities increased to 1188 odt per year (Table 1). All
33 communities would still be able to meet their AED by collecting less than
1% of their BAFT, with the maximum of 0.84% for Shamattawa. The average
operational FTA needed across the 33 communities to meet AED is 26 ha, a
6-ha increase from the theoretical estimate (Table 1). Clova’s operational
FTA need, the lowest of all communities, was the same as their theoretical
(2 ha), but Kuujjuaqs, the highest, increased from 103 to 137 ha (Table 1).
The number of communities that can operationally meet their AED by
harvesting less than 1% of their FT A per year decreases to 28 out of 33, with
the maximum of 9.31% for Shamattawa (Table 1). The two additional
communities that would need to harvest slightly more than 1% of their FTA
are Déling and Fort Good Hope (both 1.1%) (Table 1).

Suitability of communities for fire-smart bioenergy development
Finally, we performed a hierarchical clustering analysis to identify and rank
the communities best suited to a fire-smart bioenergy program (Fig. 3). The
first group contains the three highest priority communities (Clova, QC; Fort
Simpson, NT; and Watson Lake, YT) given their high percentage of BAFT
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Fig. 1 | Methodology of the study. The framework integrates a pan-Canadian
environmental remote sensing dataset with community-level data. The process
consists of three main steps. The first step involves identifying diesel-dependent
communities at high wildfire risk across Canada from the Remote Communities
Energy Database (RCED) using six specific criteria. The second step aims to quantify
the amount of high-wildfire-risk biomass available for fuel treatment (BAFT) and

the corresponding fuel treatment areas for each selected community. The third step
aims to calculate the percentage of fuel treatment areas required and the amount of
high-wildfire-risk biomass needed to meet the communities’ annual energy demand
(in MWh year "), based on their current fossil fuel consumption. More details are
available in the supplementary information section (Supplementary Fig. Al and
Supplementary Table A2).
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Fig. 2 | National map showing the selection and location of the 33 communities at
high risk from wildfire. The circles below also show a close-up of two communities

illustrating the spatial boundaries of the biomass available for fuel treatment (BAFT).

BAFT is defined as the accumulation of undisturbed above ground biomass older than
30-years old located within the wildland human interface (WHI) and constrained by a
10 km buffer around the community and excluding biomass located within 30 m of water
bodies. The age of the biomass was determined with the time since last disturbance, i.e.

Lowest BAFT:

burned or harvested areas. On the left, Watson Lake located in Yukon is the community
with the largest amount of BAFT. On the right, Shamattawa, located in Manitoba with the
smallest amount of BAFT (see Table 1 for more details of each community; Abbreviations
for Canadian provinces and jurisdictions: AB Alberta, BC British Columbia, MB Man-
itoba, NB New Brunswick, NL Newfoundland and Labrador, NS Nova Scotia, NT
Northwest Territories, NU Nunavut, ON Ontario, PE Prince Edward Island, QC Quebec,
SK Saskatchewan, YT Yukon).
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(=54%) of total biomass within 10-km, and low theoretical percentage of The second group includes 7 communities clustered together in
FTA needed to meet AED (<0.22%; Tablel). This group is also exposedtoa  Northwestern Ontario with a high current (AAB of 0.52%) and future
moderate current wildfire risk (AAB of 0.15-0.32%) and future wildfire risk ~ wildfire risk (AAB of 1.84%). This group also has a low FT'A needed to meet
(AAB of 0.23-0.82%; Supplementary Table A3). AED ofless than 0.73%, but less BAFT than the first group (12-32% BAFT)

Ranking of the 33 communities at
high risk from fire

Priority 1
Priority 2
Priority 3
Priority 4
Priority 5

Priority 2 - Muskrat Dam Lake (ON)
-North Spirit Lake (ON)

- Keewaywin (ON)

- Deer Lake (ON)

-Sandy Lake (ON)
-Sachigo Lake (ON)

- Poplar Hill (ON)

- Aklavik (NT)

- Colville Lake (NT)
- Fort McPherson (NT%
- Fort Good Hope (NT
-Déline (NT)

- Tsiigehtchic (NT)
- Fort Hope (ON)
- Webequie (ON)
- Neskantaga (ON)

0.5 - Wapekeka Reserve 1 (ON)
| - Weagamow Lake (ONE

- Kitchenuhmaykoosib (ON)
-Lutselk'e (NT)

- Fort Chipewyan (AB)

- Fort Providence (NT)

- Kingfisher Lake (ON)

- Clova (QC)

Priority 3

Priority 1

Priority 5

Fig. 3 | Hierarchical clustering analysis. The 33 communities at high risk from AAB (2011-2041). The map above shows the location of the communities with the
wildfire were grouped based on percentage of the BAFT, the theoretical percentage of  priority ranking. See Supplementary Table A3 for the data used in the analysis.
fuel treatment area (FTA) needed to meet AED, and current (1981-2011) and future
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(Table 1). The third group contains 16 communities spread across Canada
with moderate-to-high current AAB ranging from 0.36 to 0.59%, and a
moderate future AAB ranging from 0.55 to 0.69%. This group has low-to-
moderate BAFT (5-40%), and low-to-moderate FTA needed to meet AED
(0.10-2.37%; Table 1). The fourth priority group includes 6 communities
with alow current and future AAB (both <0.23%), with BAFT less than 27%
and low to moderate FTA needed to meet AED (0.04-1.92%; Table 1).
Lastly, the fifth priority group includes only one community (Shamattawa,
MB), which stands out from the other communities because of its relatively
high proportion of FTA needed to meet AED (7.03%; Table 1).

Discussion
This study presents the first nationwide assessment of the potential of local
biomass extraction for bioenergy and wildfire risk mitigation for energy-
compromised communities in Canada. Our findings reveal a high wildfire
risk among 63% of these diesel-dependent communities, due to the accu-
mulation of undisturbed forest within their vicinity. Although we conducted
the analysis on a limited number of off-grid communities, our findings
clearly demonstrate that remote off-grid communities, which are pre-
dominantly Indigenous, face the dual threats of wildfire and energy inse-
curity. With impacts of climate change increasing wildfire risks in northern
Canada, it is likely that communities not currently deemed high-risk will
quickly become vulnerable to wildfires. Therefore, our study highlights the
urgent need for adaptive solutions to enhance both the well-being and
resilience of these communities. Many of these communities are already
marginalized, operating with limited infrastructure and enduring harsh
environmental conditions'*. Moreover, while our study focuses on northern
Canadian communities, its implications reach far beyond these regions. The
increased wildfire activity in the circumboreal forest has global repercus-
sions, affecting air quality and contributing to GHG emissions worldwide*”.
Additionally, we have shown that the biomass classified as high wildfire
risk serves as an abundant local feedstock capable of meeting the bioenergy
needs of the 33 diesel-dependent communities selected. Regardless of their
energy needs, all communities selected in this study can theoretically meet
their AED by harvesting less than 1% of the FTA per year on average. Despite
the variability in biomass density between Arctic and southern communities
(for example, 28 odt ha™" in Aklavik, Yukon, versus 155 odt ha™ in Tsay Keh
Dene, British Columbia, Table 1), this study shows that even the most remote
northern communities have the potential to develop their own local biomass
supply chains given the proximity of the hazardous biomass. Given the
relatively low community energy needs, the areas to be treated each year at the
community level remain relatively small, ranging from 2 ha to 137 ha for an
average of 26 ha, and are well below the areas currently reported in the
literature. For example, a project in Arizona utilizes the output of fuel treat-
ments on 1100 ha to supply a 3-MW biomass plant, burning 87 odt of woody
biomass™. In Fort McPherson (NT), annual fuel treatments of 400 odt over
15 ha have been estimated to supply an 85-kW boiler”. Despite variability
among communities in terms of energy needs and BAFT, biomass sourced
from fuel treatment operations can therefore represent a consistent feedstock
for their energy needs without compromising the sustainability of the eco-
system. Besides, our estimates of BAFT are likely conservative since they are
based on the current above ground biomass inventory and therefore do not
include potential increases in volume over time due to forest regrowth nor
depletions arising from insect and disease outbreaks, drought, and wildfires.
Thoughtful planning and mobilization of local hazardous biomass can
address many challenges in the bioenergy sector. Despite increasing interest
in bioenergy projects led by remote and Indigenous communities in
Canada, barriers to biomass supply remain. Although Canada has abundant
biomass, communities and private companies struggle to develop viable
business cases for mobilizing woody biomass as feedstock’*. Key obstacles
include the complexity and length of biomass supply chains—some
northern communities rely on imported wood pellets transported over
3000 km on variable roads and climate conditions®, inertia from utility-
owned energy systems, and inconsistent legislation and infrastructure across
the country™. Utilizing local biomass instead of imported feedstock can not

only reduce these barriers but also reduce transportation costs and asso-
ciated GHG emissions while creating jobs, generating revenue, and fostering
expertise to support community leadership and socio-economic develop-
ment. Additionally, sourcing feedstock from local biomass can improve
bioenergy ecological footprint, which has been scrutinized for its potential
impacts on forest ecosystems™ . For remote Canadian communities,
where GHG emissions per capita from electricity and heating are three times
the national average (Box 1), bioenergy also presents GHG mitigation
opportunities. Studies show substantial GHG benefits within 0-20 years for
local wood chips and 2-37 years for imported sawmill residue pellets
compared to fossil fuels”. Using slash piles as feedstock can also mitigate the
ecological impacts of slash pile burning, such as soil degradation and
immediate GHG emissions, delivering faster GHG savings compared to
alternative disposal methods™.

Given the substantial amount of BAFT within a 10 bkm radius in most
communities, the next steps will require further analysis to determine the
optimal fuel treatment at the community level. This treatment should
effectively reduce wildfire risk while ensuring there is sufficient biomass to
meet the community’s bioenergy need. While an abundant literature has
shown that thinning and biomass removal can be effective in reducing fire
risk, the effectiveness remains variable depending on factors such as fuel
load, fire weather, forest type, site characteristics, topography, and treatment
intensity and scale”*'. Meanwhile, a recent meta-analysis in coniferous
forests of the western United States demonstrated that a combination of
thinning and prescribed burning can result in a 62-72% reduction in fire
severity compared to untreated areas”.

The next steps will therefore require spatial planning at the community
level to design and optimize fuel treatment and determine which areas to
treat with which fuel management technique, what type of fuel to prioritize
for disposal, and when to conduct treatments in order to minimize risks. In
addition, implementing fuel treatments and biomass operations, such as
woody debris collection, drying, processing and storage, will require adapted
equipment and logistics due to the remoteness of these communities and
their location outside managed forests.

Further economic analyses are also needed to assess cost-sharing
opportunities between the bioenergy sector and wildfire risk mitigation
strategies. Conceivably, bioenergy could be part of a proactive strategy to
offset the cost of fuel treatments and wildfire suppression. In Canada, the
total cost of wildfire suppression has risen approximately US$110 million
per decade since 1970, a trend that is expected to continue®’ and has
exceeded US$725 million per year for six of the last ten years®. Depending
on various factors such as the type of treatment, fuel load, forest age and
structure, accessibility, terrain, and specific treatment goals™**, the cost of
fuel treatments can vary widely from 500 hundreds to over US$15,000 ha.
For example, in the province of British Columbia, where piling and burning
of harvest residues to reduce the potential wildfire risk has been mandated
for decades™”, efforts are in progress to eliminate the practice by 2030 and
instead utilize the material as a feedstock for bioenergy™.

Although we are not yet in a position to recommend fuel treatments at
the community level, we stress the need to create synergies between the
bioenergy sector and those undertaking fire-smart activities in order to
design biomass disposal operations based on existing fuel treatment stan-
dards. Currently, these standards and guidelines are developed by a variety
of organizations, including municipalities, industries, academia, Indigenous
organisations, government agencies, non-governmental associations, forest
managers, and wildland fire practitioners, but the bioenergy sector is not
explicitly mentioned”. Fuel treatment prescriptions are also often designed
according to a broad range of local factors including biodiversity, water and
soil protection, riparian and visual concerns’”" and consideration of forest
practices legislation, and higher-level plans and land-use objectives of the
community”’. Therefore, engagement and collaboration with communities
will be essential to design and integrate effective wildfire mitigation strate-
gies combined with bioenergy development adapted to local needs and
context, including scale of the treatment, type of fuel, but also other land uses
such as conservation of areas of cultural or ecological importance, and
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integration of traditional land use’’. Also, recent research in Europe
underscores the importance of compensating landowners for the wildfire-
regulation ecosystem services their activities provide”. Similarly, innovative
financing instruments, such as payments for ecosystem services schemes,
could reward communities for their role in wildfire prevention and incen-
tivize local communities to adopt fuel treatments for bioenergy as a fire-
smart strategy.

The relevance of this study’s results extends far beyond the local
context of northern communities in Canada. Off-grid communities exposed
to wildfires are a concern in many parts of the world, particularly in rural
areas of low-income and developing countries, but also in developed
countries”, For example, western U.S. states, which are exposed to increased
wildfire activity, have long advocated finding ways to manage the accu-
mulation of woody debris after insect infestations or droughts, with bioe-
nergy production seen as a viable social and economic solution’”. In 2024
the California Department of Conservation and the USDA announced a US
$50 million investment to launch innovative technologies designed to
convert biomass into carbon-free energy, with the aim of reducing wildfire
risk, improving forest health, reducing GHG emissions and improving air
quality in Tribal Lands and prone-fire communities””. Australia has tested
similar initiatives in remote Indigenous communities’. Also, in southern
Europe where decades ofland abandonment resulted in the accumulation of
highly flammable vegetation, bioenergy is considered within fire-smart
initiatives to develop fire-resilient landscapes and increase ecosystem
services”**"

The approach proposed in this study represents a win-win opportunity
that can only be realized with the integration of wildfire risk mitigation and
bioenergy planning expertise and, most importantly, community involve-
ment. There is growing acknowledgement of the key role that Indigenous
knowledge and stewardship can play in informing land management
practices, including mitigation prevention and restoration®"*”. Indigenous
fire stewardship has proven to be an effective way to reduce the risk from
wildfire while protecting and restoring biodiversity and cultural values**.
Similarly, recognizing and supporting Indigenous leadership in the devel-
opment of bioenergy projects is key to unlocking the multiple benefits of
clean energy transition in the North and de-risking biomass supply
chains**®.

In conclusion, we also stress the need to increase education and
funding to enable communities to design cost-effective fuel treatments
tailored to their bioenergy needs and infrastructure®. Given the complexity
of the land-use planning required in wildfire-prone areas, successful
implementation of fire-smart fuel management for bioenergy will require
empowering communities to strengthen coordination and collaboration
with local governments and wildland fire agencies to build capacity to
respond to increased wildfire risk.

Methods

Selection of the communities

As of 2021, the RCED provides energy profiles and other socio-economic
information for 276 remote communities, but the database is not complete
because data are missing or not standardized. To homogenize the database
and identify which of these communities are both diesel-dependent and at
risk from wildfire, we developed a selection procedure based on 6 filters and
published literature on wildfire risk. First, we selected the communities with
reliance on diesel as their main power source (filter 1). Then, communities
with a population smaller than 100 as well as those lacking both energy use
and population information in the RCED were filtered out (filter 2). If there
was no listed population for a community in the RCED but there was an
AED, the 2021 Canada Census were referenced to ensure the population was
over 100 inhabitants”. If population information was listed but AED was
nonexistent, we estimated AED by linear regression between the population
size and the AED (Supplementary Fig. A2 in the Supplementary Informa-
tion section). To ensure the inclusion of permanent communities only,
temporary settlements (e.g., related to mining and oil and gas) were
removed (filter 3). Then, we removed the communities outside of the

boundaries of the homogeneous fire regime zones (HFRZ; filter 4) as defined
by Boulanger et al.”’. The 16 HFRZ’s available across Canada are a key
indicator of wildfire exposure at national level since they have been devel-
oped based on the annual area burned (AAB) and wildfire occurrence with
each zone having similar weather, fuel, and fire regime characteristics®.
Coastal communities defined as being located less than 10 km of an ocean
were excluded (filter 5) due to the impossibility of calculating biomass
(within a 10 km buffer) given their proximity to the ocean. Finally, to
identify communities at high risk from wildfire, we estimated the accu-
mulation of undisturbed forest (filter 6) based on the method of Parisien
et al.* and the recommendations of FireSmart Canada. FireSmart Canada
and the Government of Alberta™ suggest a 10 km buffer serves as the
FireSmart Community Zone for wildfire planning and protection purposes.
If the undisturbed forest area was greater than 90% of the total forested area
within 10 km, a community was classified as at high risk from wildfire, as in
Parisien et al.*’. Note that two Ontario communities (Armstrong and
Whitesand) had overlapping buffers and therefore were merged into a single
buffer, as it was assumed that the proximity of communities would allow
them to share any local wood biomass supply for bioenergy, as well as fuel
treatment expenditures.

Within each 10-km buffer, undisturbed forest area was identified using
the time since last disturbance, namely fire or harvested areas, based on the
National Burned Area Composite from the National Wildland Fire
Database”, the updated version of Canada Landsat Disturbance (CanLaD)
from 1985 to 2020°°, and the most recent national aboveground biomass
inventory”. Forests younger than 30 years old can burn”' but are usually less
flammable, with a reduced wildfire ignition and propagation potential, than
older forests due to having less fuel after disturbance’”. Therefore, we
excluded any areas that were burned between 1990 and 2020 in the National
Burned Area Composite or harvested between 1990 and 2020 in the Can-
LaD layer from the undisturbed forest area. Also, any pixel without
aboveground biomass was excluded from the undisturbed forest area. All
data layers utilized in the analysis are included in the Supplementary
information section in Supplementary Table. A2.

Quantifying biomass available from fuel treatments (BAFT)
BAFT is defined as the accumulation of undisturbed biomass (older than 30-
years old) considered to be hazardous due to its proximity to the community
and therefore should be targeted in priority for fuel treatment to reduce
wildfire risk. In addition to the previously established 10 km buffer around
the community, the amount of BAFT was specifically calculated within the
WHI at the community level using the national WHI dataset* (Fig. 2 and
Supplementary material section). The WHI layer used in our analysis is an
aggregation of 3 types of anthropogenic interfaces: the wildland-urban
interface, the wildland-infrastructure interface, and the wildland-industrial
interface. Each interface is defined by the intersection of human-built
structures and wildland fuels with a variable-width buffer surrounding
human-built structures up to a maximum distance of 2.4 km, determined by
the burning potential of the fuel type**. BAFT was calculated using a national
aboveground biomass dataset in oven dry tonne per hectare (odt ha™')*.
The aboveground biomass estimate includes branches, foliage, bark, and
stemwood from trees in forest stands from 2020 at 30 m resolution. In order
to focus on flammable vegetation, biomass characterized as non-fuel was
masked and excluded from the analysis. Finally, we excluded biomass
located within 30 m of water bodies, a conservative average buffer width
used throughout Canada to reduce stress on sensitive riparian ecosystems
and water resources”.

Bioenergy meeting community energy needs
To determine the amount of BAFT required to meet the annual energy
demand (AED) of each community, biomass and fuel treatment area
requirements for energy production were calculated based on their annual
fossil fuel consumption (in Megawatt hours per year; MWh year ™).

We developed two scenarios to meet the AED of each community - a
theoretical one and the other more applied. The theoretical scenario
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considers raw biomass without further processing transformations using an
energy conversion factor of 5.3 MWh per metric tonne of dry woody bio-
mass (with calorific value of 19 MJ kg ™" at 0% moisture content), as com-
monly reported in bioenergy standards™. A conversion factor assuming
oven-dried wood was used because aboveground biomass estimates are in
units of oven-dried tonnes in the national inventory"”. The theoretical
biomass amount needed at the community level was calculated as follows:

_ AED(MWh yr — 1)

=—+ -~ (1)
5.3 (MWh odf — 1)

Theoretical biomass need (odt yr — 1)

The theoretical FTA needed to meet AED was calculated using the
mean biomass density within the FTA of the community as follows:

Theoretical area to be treated annually (ha yr — 1)

__ Theoretical biomass need (odt yr — 1) (2)
" Mean biomass density (odt ha — 1)

The theoretical percentage of the FTA to be treated annually was
calculated as follows:

Theoretical percentage of FTA needed to meet AED (%)

__ Theoretical area to be treated annually (ha) 100 (3)
= FTA (ha) *

The more applied scenario considers further biomass conversion into
the form of commercial pellets, which are commonly used in biomass
boilers. An increased energy content was used for premium-grade pellets
(5.5 MWh odt ') It was assumed that the loss of biomass during the
pelletization process (i.e. when raw biomass is converted into pellets), was
25%, which was accounted for by increasing the volume of biomass needed
to meet AED by 25% (multiplying by 1.25). This also accounts for the
portion of aboveground biomass, such as bark and foliage, that is not usable
in the pelletization process. Excluding these components helps avoid con-
tamination, reduces ash content, and improves the energy efficiency of the
pellets. An energy efficiency of 90% was assumed for biomass boilers based
on their current operating average in Canada’"”. This was accounted for by
increasing the volume of biomass needed by 10% (multiply by 1.10). The
equation to calculate the operational biomass need is presented below. The
operational area to be treated annually, and percentage of FT'A needed to
meet AED were calculated using the same steps presented above for the
theoretical amounts, using mean biomass density and FTA.

Operational biomass need (odt yr — 1)

d 4
= (<AED(MWh yr— 1)x%)x1.10)x1.25 @

Hierarchical clustering analysis of the communities

To determine which communities would benefit the most from using bio-
mass from fuel treatments as feedstock for bioenergy, we performed a
hierarchical clustering analysis of the communities based on the BAFT, the
theoretical percentage of FT'A needed to meet AED, and current and future
projected annual area burned (AAB). We used the heatmaply R package™ to
perform the hierarchical clustering method and the data was scaled by
subtracting the minimum and dividing by the maximum of all observations.
This transformation brings the data for all variables to a 0 to 1 scale, while
preserving the shape of each variable’s distribution. The clustering method,
centroid, was chosen using the dendextend R package” and the optimal
number of clusters, five, was determined based on a consensus of many
methods using the parameters R package'”. Further details on the cluster
analysis, including the R code, is available in the Supplementary information
section. For each of the 33 communities, the current and future AAB was
estimated from the HFRZ’s" according to the community’s centroid.

Estimates for current (1981-2010) and future (2011-2040) AAB were
projected based on a refined version of the multivariate adaptive spline
regression models developed by Boulanger et al.** for each HFRZ, which
estimates monthly AAB from current and future fire-weather and
meteorological parameters. End-of-century climate conditions as simulated
under the RCP 4.5 were used for future AAB projections.

Data availability

The data used in this analysis are publicly available from various open-access
government sources, including the Government of Canada Open Data
portal and Natural Resources Canada’s national data repositories. Com-
munity dataset were downloaded from the Remote Communities Energy
Database  https://open.canada.ca/data/en/dataset/0e76433c-7aeb-46dc-
a019-11db10ee28dd. The Homogenous Fire Regime Zones (HFRZ)
calculated with the Canadian National Fire Database were downloaded
from https://open.canada.ca/data/en/dataset/779f9b2d-d010-4ddc-b3b3-
57a9ac7631b2. The Wildland Human Interface dataset was downloaded
from the Mapping Canadian wildland fire interface areas project https://doi.
org/10.1071/WF16221 available at https://osdp-psdo.canada.ca/dp/en/
search/metadata/NRCAN-CFS-1-38282. The aboveground biomass data-
set was downloaded from the new The Spatialized CAnadian National
Forest Inventory data product (SCANFI) available at https://open.canada.
ca/data/en/dataset/18e6a919-53fd-41ce-b4e2-44a9707c52dc. Canada
Landsat Disturbance data (wildfire, harvest, and insect) were downloaded at
https://open.canada.ca/data/en/dataset/660b7c6a-cdec-4c02-90c7-
d63e91825c¢42. National Burned Area Composite dataset was downloaded
from the Canadian Wildland Fire Information System available at https://
cwfis.cfs.nrcan.gc.ca/datamart/metadata/nbac.

Code availability

Code and data for replicating the analysis are archived at the Centre for
Open Science OSF data repository OSF Fire-smart Bioenergy nexus https://
doi.org/10.17605/OSF.I0/ZQPTS5.
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