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A B S T R A C T   

Heating buildings in Northern communities is carbon-intensive and existing low-carbon technologies are ill- 
suited for northern conditions. Pyrogenic carbon capture and storage (Pyro-CCS), which heats biomass anoxi-
cally to produce fuels and biochar, could provide low-carbon heat in this climate. We calculate the carbon 
footprint of Pyro-CCS in Northwest Territories (NWT), Canada using wood-pellets and a novel feedstock of fire- 
killed trees and compare these to conventional heat sources. We find that Pyro-CCS emits 40.9 g CO2 eq. MJ-1 

using wood-pellets and sequesters -10.3 g CO2 eq. MJ-1 using fire-killed trees, compared to emissions of 59.7 g 
CO2 eq. MJ-1 for wood-pellet combustion, and 79.4-89.9 g CO2 eq. MJ-1 for fossil fuels. Scenarios suggest that 
widespread Pyro-CCS could allow the heating sector in NWT to achieve 1.5◦C-aligned emissions reductions 
targets using only 121 km2 of burned forests annually (~ 2% of annual burn in NWT). We propose five policies to 
promote Pyro-CCS and transform NWT into a model for northern decarbonization.   

1. Introduction 

Millions of residents of the Arctic and Sub-Arctic are experiencing 
climate change firsthand. In Northwest Territories (NWT), Canada, the 
2014 Summer of Smoke burned 34,000 square kilometres (km2) of forest, 
causing evacuations and doubling emergency room visits for asthma 
(Dodd et al., 2018, Howard et al., 2018). Unprecedented flooding, 
thawing permafrost, and coastal erosion are making communities un-
inhabitable and jeopardizes natural and built infrastructures (Paulson, 
2021). Supply chain disruptions are increasingly frequent as trucks fall 
through thawing ice roads (Scott, 2020). Declining animal populations 
threaten traditional subsistence hunting and livelihoods (Worden et al., 
2020). 

Northern communities in Canada and elsewhere must urgently adapt 
to climate change and decarbonize. These communities have some of the 
highest per-capita emissions globally due to long and harsh winters, 
automobile dependence, and importing consumer goods by aircraft. Per- 
capita emissions are 14.2 tons CO2 equivalent (t CO2 eq.) for Yukon 
Territory, 15.4 t CO2 eq. for Nunavut, and 30.9 t CO2 eq. for NWT 
compared to just below 5 t CO2 eq. globally in 2021 (Canada Energy 
Regulator, 2020, Statista, 2021, The World Bank, 2020). Space and 
water heating alone account for roughly 30% of energy use and 

emissions (Canada Energy Regulator, 2020). 
Heat in NWT is primarily from fossil fuels – natural gas, propane, 

heating oil– and biomass – wood pellets and firewood (Canada Energy 
Regulator, 2020. Decarbonization strategies for milder climates, such as 
electric heating with photovoltaics or passive solar work poorly in arctic 
conditions (Pinto and Gates, 2022). Current drop-in biofuels cannot 
meet demand, and their carbon benefits remain contested (Maia and 
Bozelli, 2022, Barnabe et al., 2013, Saskatchewan Research Council, 
2021, International Energy Agency, 2022). An emerging alternative to 
these technologies is pyrolysis. 

1.1. Pyrogenic Carbon Capture & Storage 

Pyrogenic carbon capture and storage (Pyro-CCS) heats solid 
biomass under low-oxygen conditions (Schmidt et al., 2019). Long-chain 
organic molecules in the biomass decompose to gaseous alkanes and 
hydrogen, also called pyro-gas, and bio-oils (Hoang et al., 2021). The 
remaining biomass becomes biochar. The ratio of biochar (30-50% C), 
bio-oil (25-50% C), and biogas (15-45% C) varies by residence time, 
feedstock, particle size, oxygen levels, and pyrolysis temperature 
(Schmidt et al., 2019). For example, biochar production decreases with 
higher temperature (Demirbas, 2004, Zhang et al., 2020, McBeath et al., 
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2015). 
Pyro-gas and bio-oil can be burned for heat or in a turbine for elec-

tricity. Pyro-CCS has been deployed for heating in Finland (Smart 
Tampere, 2018), Sweden (Azzi et al., 2019), and Norway (Kar-
achristianidis, 2019). Biochar is also combustible but is typically spread 
on soil as an amendment. Indigenous Peoples have mixed biochar with 
bone, broken pottery, and food waste for thousands of years as Terra 
Preta to enhance soils (Sohi et al., 2010). The carbon in biochar is 
exceedingly stable (Wang et al., 2016)— buried, it remained 97% stable 
after 100 years (Leng et al., 2019). Burying biochar essentially moves 
carbon from the fast- (biospheric) to the slow-carbon (fossil) cycle. 
Bio-oil can also be buried to sequester additional carbon (Peters, 2021). 
The ability for Pyro-CCS to produce heat and stable carbon positions the 
technology as a low-carbon or potentially carbon-negative energy 
source. 

Most solid biomasses can be used as a feedstock in Pyro-CCS. Wood 
pellets, primarily imported from southern provinces, are a viable feed-
stock in the Canadian North. A local alternative is dead biomass (nec-
romass) in trees killed by wildfire. In NWT alone, this amounts to 6,000 
km2 annually. Harvesting necromass for energy through Pyro-CCS, and 
then returning the biochar to regenerating forests presents an opportu-
nity for a local, sustainable, circular, carbon-negative energy economy. 
Fig. 1 details what such a system might look like. 

Previous studies suggest that the decarbonization potential of sus-
tainable bioenergy with CCS is immense when residual biomass that 
does not compete with food crops is used (Bui et al., 2018) . Globally, the 
technology can contribute between 6% and 35% of the negative emis-
sions needed to stabilize the climate under optimistic scenarios (Werner 
et al., 2022). Studies in China suggest that agricultural residues, forestry 
residues, and municipal waste can provide significant shares of local 
energy demands (Zhou et al., 2011), albeit unevenly across the country 
(Yanli et al., 2010). Spatial analysis shows that Pyro-CCS could supply 
222 GW of power using 0.9 Gt biomass (50% agricultural residues) 
(Xing et al., 2021) and that CCS more broadly can offset sunk emissions 
in planned coal plants (Li et al., 2022). 

Despite the promise of Pyro-CCS to aid decarbonization, none of the 
above studies analyzed the technology in northern regions nor did they 
consider fire-killed trees (FKT) as a novel bioenergy feedstock. As such, 
the carbon footprint of Pyro-CCS using traditional feedstocks and FKT, 
and its potential contributions to decarbonizing the North are presently 
unknown. 

We address this gap through a case study of Pyro-CCS in NWT. NWT 
covers 1,346 million km2 in the Canadian North with a population of 
44,826 in 2019. NWT typifies the many decarbonization challenges 
faced by similar northern communities. Thus, assessing Pyro-CCS in 
NWT contributes to broader knowledge on how to decarbonize some of 

the planet’s most carbon-intensive communities. 
Here, we estimate the carbon footprint of heat from fossil fuels, wood 

pellets combustion, and slow Pyro-CCS (600-800 ◦C) of imported wood 
pellets. We also provide the first carbon footprint estimate for Pyro-CCS 
with FKT. To properly estimate emissions from this previously unstudied 
feedstock, we develop a new model of post-wildfire forest-carbon dy-
namics. We then use scenario analysis in NWT to perform the first 
regional assessment in the far-north of the decarbonization potential of 
Pyro-CCS. 

Results show that Pyro-CCS has a lower carbon footprint per unit 
heat delivered than wood pellets combustion and a much lower footprint 
than fossil fuels. When carbon sequestration is included, Pyro-CCS with 
FKT provides a sustainable, carbon-negative heating solution to help 
NWT meet its 2030 and 2050 climate targets. Although we only analyze 
NWT, we demonstrate for the first time the broader potential for Pyro- 
CCS to contribute to decarbonization in far-north communities in Can-
ada and beyond. We conclude with policy recommendations for gov-
ernments in the Canadian North to support this transition. 

2. Methods 

We estimated the carbon footprints of supplying heat using six 
technologies in the capital of NWT, Yellowknife. We included Scope 1 
direct, on-site emissions (e.g. burning heating oil); Scope 2 direct, off- 
site emissions (e.g., electricity production); and Scope 3 indirect, off- 
site emissions (e.g. equipment manufacturing). Our analysis covered 
material extraction, manufacturing, and use stages of the life cycle. We 
also included disposal of fuel by-products but excluded disposal of heat 
distribution equipment and furnaces as they are assumed identical 
across systems. Below we describe the heating systems, data, assump-
tions and decarbonization scenarios. 

2.1. Unit of analysis, systems descriptions, and inventories 

We estimated carbon emissions to supply 1MJ of heat delivered at 
98% reliability in a 160 kW boiler running 5,000 hours annually in 
Yellowknife (800 MWh total heat annually). We chose a 160 kW system 
to align with commercially-available Pyro-CCS units suitable for com-
mercial, industrial and residential applications. We assessed six heating 
systems: Pyro-CCS using imported wood-pellets, Pyro-CCS with locally- 
harvested FKT (chipped), and combustion of heating oil, propane, nat-
ural gas, and wood pellets. All systems were analyzed over a 25-year 
timeframe, the common lifespan of a boiler. Below we describe each 
system. Fig. 2 summarizes the inputs to our systems and Table 5 through 
Table 12 detail the Ecoinvent 3.8 processes in our OpenLCA model. 

Fig. 1. Representation of the proposed Pyro-CCS system with examples from around the world. 1B, 7, author photo. 1A, 3, 4, 5, 6, 8 with permission.  
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2.2. Pyro-CCS With Wood Pellets from Alberta, Canada 

This system uses wood pellets produced as a by-product of the 
forestry sector. Economic value is used to allocate carbon emissions 
between lumber and pellets. Pellets are produced in LaCrete, Alberta 
and shipped 890 km by diesel truck to Yellowknife, NWT, and fed into a 
Biomacon C160-F Pyro-CCS plant, a turnkey commercial-scale plant used 
in Northern Europe that is housed and operated inside a standard 45’ 
shipping container (Biomacon GmbH, 2021). The system is shipped from 
Rehburg, Germany. We assumed that installing this novel system will 
necessitate in-person meetings resulting in 200 hotel-nights and 300, 
000 passenger-air kilometres (12 long-haul, and 40 short-haul flights). 

Wood pellets are fed into the pyrolysis chamber via a feeding screw, 
and then heated under anaerobic conditions at 600-800◦C for approxi-
mately 60 minutes. The residence time and pyrolysis temperatures are 
feedstock-dependent. Ninety-five kilograms of biomass can be processed 
hourly (Biomacon GmbH, 2021), transformed into biogas and com-
busted for heat, which is distributed to users by a hot water jacket sys-
tem. Given a wood-pellet energy density of 16.5 MJ/kg (Natural 
Resources Canada, n.d.) and an energy conversion of 86%, the system 
requires 255,319 kg of wood pellets and produces 55,504 kg of biochar 
annually. We assumed biochar is trucked 4,200 km from Yellowknife to 
California, United States for application to soils as California is a major 
market for biochar and because this provides a conservative estimate of 

Fig. 2. Overview of inputs and outputs for the system. Images and icons from Freepik, AbtoCreative, Kosonicon and Biomacon (Flaticon, 2023).  
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environmental and economic performance of our system. We tested the 
influence of this assumption on the results using a sensitivity analysis. 
We assumed daily visits by a technician travelling 4 km by car to operate 
the system and a nominal electrical power requirement of 3.5 kW, based 
on available industry data (Biomacon GmbH, 2021). 

2.3. Local Pyro-CCS With Fire-Killed Trees 

The only difference from the Pyro-CCS with wood pellets is feed-
stock. Assuming a 10 MJ/kg energy density (Natural Resources Canada, 
n.d.), the system requires 413,793 kg of necromass annually. It is har-
vested from the 2014 wildfire area 30 km Southwest of Behchokǫ,̀ 
NWT— approximately 130 km from Yellowknife— and chipped and sent 
to the same Pyro-CCS plant as above. As a result of the increased 
quantity of biomass fed into the unit, more biochar is also produced— 
89,955 kg annually. The bark of the FKT is charred, but the interior is 
largely unburned biomass (author photographs in Figure 7). We 
assumed that 99% of the carbon in the necromass thermally decomposes 
during pyrolysis, with the remaining 1% already present as pyrogenic 
carbon. Fuel is processed, distributed, and used as above, but biochar is 
returned to the harvest site. 

2.4. Combustion of Wood Pellets 

As above, wood-pellets are produced in Alberta and shipped to Yel-
lowknife. Assuming 85% thermal efficiency and a 16.5 MJ/kg energy 
density (Natural Resources Canada, n.d.), 202,250 kg of wood pellets are 
required annually. Pellets are combusted in a 160 kW system (e.g. 
Viessman Vitoflex 300-RF 150, or equivalent) (Viessman, 2023). The 
large volume of pellets necessitates a delivery truck and storage silos in 
Yellowknife. An automatic system feeds pellets to the furnace. Ash 
(approximately 1% by mass) is regularly removed from the furnace and 
landfilled. We assume a technician travels 15 km once a week for 
maintenance. 

2.5. Fossil Fuel Systems 

We modeled three fossil fuel systems, each with a typical efficiency; 
natural gas (95%) (Series, 2023), heating oil (80%) (Viessman, 2023), 
and propane (95%) (Series, 2023). Heating oil and propane are extrac-
ted and refined in Alberta, Canada and then transported to Yellowknife 
(1,500 km) by truck for storage in outdoor tanks. Natural gas is assumed 
to be extracted in NWT (Beaufort Delta and Norman Wells) and 
distributed locally by truck. For our unit of analysis, we need either 92, 
241 L of heating oil, 80,842 m3 natural gas, or 119,825 L of propane. All 
three are combusted in 160 kW furnaces. The heating oil furnace is fed 
by a 200 W pump, while the natural gas and propane systems use a 100 
W pump. 

2.6. Accounting for biogenic carbon 

We calculated biogenic carbon emissions using a mass balance 
method similar to Brassard et al (Brassard et al., 2021). This method 
takes emissions from the combustion of pyrolysis products and subtracts 
emissions from a counterfactual situation where the feedstock decays or 
is used elsewhere. We advance previous work by incorporating 
forest-carbon dynamics, both for necromass decay and biochar appli-
cation. Equation 1 outlines the general approach. 

Cflux =
[
Ccase − Ccounterfactual

]
∗ GWPbio ∗ 3.67 (1)  

Cflux is the net biogenic carbon flux (emissions or sequestration) for Pyro- 
CCS. Ccase represents biogenic emissions from operating Pyro-CCS and 
Ccounterfactual represents emissions that would have occurred had the 
biomass not been used for Pyro-CCS (subtracted because these emissions 
are avoided). A factor of 3.67 converts carbon to CO2. GWPbio converts 

CO2 to CO2 eq. and varies by feedstock; 0.3 for wood-pellets from fast- 
growing managed forests and 0.55 for necromass from slow-growing 
forests in NWT (Fan et al., 2021, Cherubini et al., 2011, Liu et al., 
2017, Cherubini et al., 2016). 

We use Equation 2 to determine Ccase, where min is the mass of 
feedstock required for our unit of analysis and χfs is the carbon content of 
the feedstock. We then subtract the carbon that remains as stable bio-
char, taken as the product of γbiochar —the biochar yield, χbiochar —the 
carbon content of biochar (assumed 85% carbon) (Basu, 2018), and 
ρbiochar —the percentage of undegraded biochar after 100 years (Wang 
et al., 2016). 

Ccase = min ∗ χfs[1 − γbiochar ∗ χbiochar ∗ ρbiochar ] (2) 

To determine min, we use Equation 3. Here, Ein is 1 MJ, ηf is the 
furnace efficiency (assumed 85% (US Dept of Energy n.d.)), and ρfs is the 
heating value of the feedstock (Natural Resources Canada, n.d.). 

min = Ein ∗
1
ηf

∗
1
ρfs

(3) 

Equations 4 and 5 determine counterfactual emissions for FKT and 
wood pellets as feedstocks, respectively. In both instances, the mass of 
carbon in the feedstock is multiplied by the most likely outcome. For 
wood-pellets, the counterfactual is combustion whereby all carbon goes 
to CO2 except for the percentage that becomes ash, χash. The counter-
factual for necromass is natural decomposition. Given the paucity of 
data on decomposition rates of necromass in the far-north, we assumed 
90% natural decomposition, ηdecay, over 100 years due to the cold 
climate (Campbell et al., 2016). 

Ccounterfactual, necromass = min ∗ χfs ∗ ηdecay (4)  

Ccounterfactual, wood− pellets = min ∗ χfs ∗ [1 − χash] (5) 

Net biogenic carbon flux is then combined with other carbon emis-
sions as calculated in OpenLCA. Table 14 in the supplementary infor-
mation shows these calculations in more detail. 

2.7. Scaling up: Decarbonization Scenarios for Northwest Territories 

Total emissions in NWT were 1.40 MT in 2020, and energy use was 
20.8 PJ in 2019, of which 94% was from fossil fuels (Canada Energy 
Regulator, 2020). NWT does not publish energy statistics by end use (i.e. 
heat vs electricity), but it does provide sectoral use. In 2019, 44% was 
used by industry, 40% for transport, 10% for commercial, and 6% for 
residential. Excluding electricity, which is seldom used for heating in 
NWT, and transport, there remains 9.7 PJ for industrial, commercial, 
and residential uses. Given the lack of data, we assumed that between 
22% (Canada Energy Regulator, 2020) and 28% (6 PJ) (Cunningham, 
2022) are used for heat— resulting with a baseline assumption of 0.308 
MT for 2020 from the space heating sector. Despite considerations for 
population growth and an increase in energy needs, global warming is 
also expected to reduce the number of heating degree days— therefore it 
was assumed that the energy demand would remain stable, for lack of 
better modelling. We modeled decarbonization using two scenarios. The 
1.5◦C Paris Agreement scenario charted the decarbonization of the 
heating sector in NWT to remain below the 1.5◦C target of the Paris 
Agreement by reducing emission to 45% below 2010 levels before 2030, 
and to net-zero before 2050 (Allen et al., 2018). The Sequester scenario 
tested how much further NWT could go into decarbonization and how 
much the heating sector could sequester annually. It models deep 
decarbonization by replacing existing heating systems and converting 
significant portions to wood-pellet boilers or to Pyro-CCS with FKT. We 
used conversion rates to capture the different types of systems that 
might replace conventional boilers. For example, a 30% conversion rate 
represents a 30% conversion to Pyro-CCS, and 70% to wood pellets 
combustion. Our model assumes that the carbon performance of 
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Pyro-CCS improves by 5% every year, a conservative assumption 
considering that several clean tech sectors have been improving at 10% 
or more annually (International Energy Agency, 2023, IEA, 2022, In-
ternational Energy Agency, 2022, IEA, 2023) and that a significant share 
of those emissions, related to transportation, are forecasted to see drastic 
emissions reductions in the next decade (Vaillancourt et al., 2017). 

Table 13 in the Supplementary Information provides detail on con-
version and replacements rates under each scenario. 

2.8. Parameter Uncertainty 

To assess the impact of parameter uncertainty on the results, we first 
determined the reasonable maximum and minimum values of parame-
ters with high uncertainty and significant contributions to baseline re-
sults. We then tested the cumulative effects of the impacts of the results 
of having these parameters all at their maximum or minimum values. 
The key parameters were:  

• Fraction of biochar sequestered in soil: 80% to 100%— researchers 
refer to up to 20% loss after 100 years (Brassard et al., 2021);  

• Furnace efficiencies: between 50% to 95% efficiency (US Dept of 
Energy n.d.);  

• Fuel production upstream emissions: assuming reported emissions 
are more optimistic and adding 20% for fugitive or unaccounted for 
emissions, lacking better data (Brandt, 2012);  

• Fuel and biochar transportation: 25% of baseline emissions intensity 
for transportation electrification, and 150% for winter conditions, 
delays, remoteness, idling.;  

• GWPbio: from 0.1 to 0.5 for imported pellets, and 0.4 to 0.7 for fire- 
killed wood chips (Fan et al., 2021);  

• Electricity production: allocating 10% or 1000% of the reference 
value depending on project location in a hydroelectrical community 
(lower emissions), or in a diesel-community with frequent system 
failure (Canada Energy Regulator, 2020);  

• Travel and accommodation: allowing for 5 times the referenced 
amount of travel and accommodation allocated (up to 500 hotel 
guest-nights, 200 short-haul flights and 40 long-haul flights) (Wer-
net et al., 2016);  

• Equipment lifespan (years): allowing for boilers lasting from 5 years 
to 50 years (Wernet et al., 2016);  

• Operation & Maintenance (passenger-km/day): allocating for only 
20% and 300% of the referenced required trips;  

• Fire-killed biomass decay rates: from 80% to 98% decayed biomass 
in 100 years (Campbell et al., 2016). 

3. Results 

Results show that Pyro-CCS outperforms any combustion heating 
technology. Scenario analysis of ambitious substitution of Pyro-CCS into 
NWT heating portfolio suggests that the technology significantly helps 
NWT and other northern regions decarbonize. Below, we present our 
findings in detail. 

3.1. Carbon footprint of different heating systems 

Fig. 3 shows the carbon footprints of the different heating systems 
and the largest contributing processes in grams of CO2e per MJ heat (g 
CO2e MJ− 1). Propane has the highest emissions, at 89.9 g CO2e MJ− 1 

(77.8 g to 141.5 g CO2e MJ− 1), followed by heating oil at 83.1 g CO2e 
MJ− 1 (69.09 g to 138.2 g CO2e MJ− 1) and natural gas at 79.4 g CO2e 
MJ− 1 (68.6 g to 125.1 g CO2e MJ− 1). Wood-pellet combustion emissions 
are significantly lower, at 59.7 g CO2e MJ− 1 (26.6 g to 85.3 g CO2e 
MJ− 1). Emissions from Pyro-CCS of pellets are 40.9 g CO2e MJ− 1 (7.6 g 
to 88.1 g CO2e MJ). The carbon footprint of Pyro-CCS using FKT is -10.3 
g CO2e MJ− 1, but ranges from -66.3 g CO2e MJ− 1 to 50.1 g CO2e MJ− 1 

with our assumptions. 
Our results agree with similar carbon footprint studies. The carbon 

footprint of natural gas heat production is between 51.4, 56 g (Forest 
Research, 2023) and 200 g CO2e MJ− 1 (DEFRA, 2007) compared to 79.4 
g CO2e MJ− 1 here. For heating oil, estimates range between 70 g 
(United States Energy Information Administration U.S, 2021), 72 (For-
est Research, 2023) to 300 g of CO2e MJ− 1 (Cherubini et al., 2009), in 
line with our results (83.1 CO2e MJ− 1), although studies use different 
system boundaries which hinder direct comparisons. Our results agree 
with literature values for emissions from wood pellet combustion, 59.7 g 
CO2e MJ− 1 here compared to 6 to 10 (Pehnt, 2006), 30 (Cherubini et al., 

Fig. 3. Carbon intensity of heat in Yellowknife, NWT. Carbon intensity in grams CO2e per MJ for six heating systems in NWT. Error bars represent the range of values 
given uncertainty in modeling parameters. 
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2009), and 92 g CO2e MJ− 1 (Partnership for Policy Integrity n.d.). This 
suggests that combusting biomass residues in NWT is favorable to fossil 
fuels for heat. 

A shortage of studies of Pyro-CCS for heat hinders direct compari-
sons, but others estimate the carbon footprint of heat from pyrolysis 

without significant CCS as 16 (Yang et al., 2016), 25 (Gaunt and Leh-
mann, 2008), 29 (Hsu, 2012) and 70 g CO2e MJ− 1, which aligns with our 
results when excluding carbon sequestration. One study considering 
heat production and carbon sequestration estimated 0 g CO2e MJ− 1 

(Yang et al., 2016). Other studies of carbon sequestration with pyrolysis 

Fig. 4. Decarbonization forecasts for Northwest Territories, Canada. The 1.5◦C scenario requires heavy innovation investments to spur rapid conversion rates this 
decade followed by very high replacement rates next decade (top). The “Sequester” scenario is similar but keeps a higher pace throughout the 2030s and 2040s, to 
become carbon-negative by 2044 (bottom). 
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reported near-zero or negative net emissions per unit of biochar pro-
duced (Rajabi Hamedani et al., 2019) or per unit of land harvested 
(Tisserant et al., 2022), which supports our finding of net negative 
emissions for Pyro-CCS. 

3.2. Sources of Emissions 

Combustion is the largest driver of emissions for all systems. Natu-
rally, fossil fuel systems have particularly high combustion emissions 
(75-95% of total). The only other major contributor (>1%) for the fossil 
fuels systems is fuel production which accounts for 4% in the fuel oil 
system, and 23% in the propane and natural gas systems. 

For the biomass systems, combustion is the largest emissions driver; 
65.2% for burning wood-pellets, 44.4% for Pyro-CCS from wood pellets, 
and 77.4% from Pyro-CCS from FKT. Fuel production is the second 
largest source of emissions for combustion (18.8%) and pyrolysis 
(19.3%) of wood-pellets, and for Pyro-CCS of FKT (12.0%). Emissions 
from fuel transport are more significant for the biomass systems (5.2%- 
18.0%) than the fossil fuel systems (0.7% to 1.8%) because of the lower 
energy density of these fuels (Natural Resources Canada, n.d.). Opera-
tions and maintenance emissions, primarily from electricity, are visible 
on the wood-pellet (5.4%) and FKT (5.1%) Pyro-CCS systems but barely 
visible for biomass combustion (1.5%) and <1% for fossil fuel systems. 
System manufacturing and installation is barely visible on the graphs for 
the biomass systems, even though we included significant employee 
travel for installation. 

Carbon sequestered as biochar is represented as negative bars in 
Fig. 3. Sequestered carbon is -20.2 g CO2e MJ− 1 for the pellets feedstock, 
and -60.1 g CO2e MJ− 1 for the chipped FKT, resulting in low and net- 
negative emissions, respectively. However, the transport of biochar is 
an important source of emissions. For CCS with wood pellets, where 
biochar is sent to California, biochar transport is the second largest 
emissions source (15.0%). This suggests that local biochar markets are 
needed to maximize the benefits of CCS— the local distribution of bio-
char only represents 1.2% of emissions. 

3.3. Decarbonization Scenarios 

Fig. 4 shows projected decarbonization pathways and required 
annual heating system replacement rates and rates of conversion to 
biomass systems. Results from the 1.5◦C Paris Agreement scenario sug-
gest that Pryo-CCS can plan an important role in helping the heating 
sector meet these targets. Reducing emissions by 45% emissions by 2030 
based on 2010 levels and 100% by 2050 means replacing 103% of 
heating sources in the next 27 years. Replacement rate exceeds 100% 
because units have lifespan of 25 years and so some units were replaced 
twice in our model. Of those, 90% are converted to Pyro-CCS. Meeting 
this target requires a significant phase out of fossil fuels-based heating, 
from 90% in 2020 to 56% and 0% in 2030 and 2050, respectively, for 
biomass heating (either combustion or Pyro-CCS). 

Our model shows that this transition need not happen overnight. On 
average, 3.7% of heating capacity must be replaced annually in NWT. 
However, accelerated rates are needed in the next 7 years (average 
5.4%) to meet the 2030 target, with particularly high rates in 2028-30 
(15%), to level off to 3.5% in the 2030s, and to 2.5% in the 2040s. 
Required conversion rates to Pyro-CCS start at 10% in 2024-25 (1% 
replacement rate), then to 70% in 2026-27 (3% replacement rate) and 
finally at 85% in 2028-29 (15% replacement rate). Government inno-
vation investment support is needed to catalyze that level of Pyro-CCS 
adoption. 

Fig. 4B depicts results of the Sequester scenario, where carbon cap-
ture and storage capacity is increased significantly in the heating sector 
after 2030. The years prior to 2030 were kept unchanged from the 
previous scenario, but the replacement rate in the 2030s and 2040s was 
kept steady at 4% per year. This would meant that 115% of all heating 
systems in NWT would be replaced— a likely scenario considering a 

boiler lifespan of approximately 25 years. With this scenario, the heating 
sector in the territory can achieve a 112% emissions reduction from 
2010 levels by 2050. 

Fig. 5 shows the area of FKT to support Pyro-CCS in the Sequester 
scenario. Historical annual area burned is shown in grey and the his-
torical annual average of 6,000 km2 (Pisaric et al., 2018) is projected in 
yellow to 2050. Our model suggests that only 121 km2 annually are 
needed for our ambitious scenario in 2050 under the most aggressive 
decarbonization scenario; just above 2% of annual forest-fire area in 
NWT. Annual area of FKT is projected to grow as forest fires increase in 
severity and frequency under climate change (Girardin and Mudelsee, 
2008). Hypothetically, the 6,000 km2 of area burned yearly could sup-
port the annual heating needs of 2 million Canadians and promote 
sustainable economic growth in NWT— making Pyro-CCS a sustainable 
technology for the 45,000 residents of NWT. 

4. Discussion 

Results suggest that Pyro-CCS with wood-pellets or FKT can be a low- 
or negative-emissions heat source that can help NWT and similar regions 
decarbonize. Below we discuss policies to support implementation of 
Pyro-CCS in NWT and outline future research needs. 

4.1. Policy Recommendations 

We suggest four policies for Pyro-CCS implementation in NWT: [1] 
innovation investments, [2] improved data and monitoring, [3] incen-
tivizing district energy, and [4] working with local stakeholders; they 
are discussed below. 

Policy 1: Innovation investments with mandated phase-out of fossil fuel 
heating 

Meeting decarbonization goals necessitates quickly converting old 
furnaces to low-carbon technologies. However, Pyro-CCS must first be 
technically and commercially feasible in NWT. The Government of 
Northwest Territories (GNWT) and the Government of Canada (GC) can 
provide grants funding to support local Pyro-CCS research and demon-
stration projects. To avoid carbon lock-in (Seto et al., 2016), innovation 
investments must happen quickly so that Pyro-CCS is a viable alternative 
to fossil fuels when policies to boost replacement rates are introduced. 

To accelerate replacements and conversions, the government could 
mandate a cap of 120 g CO2e MJ− 1 for new installations in 2023. This 
cap could decrease by 5 g CO2e MJ-1 annually, effectively eliminating 
new fossil fuel installations by 2030 and biomass combustion in the mid- 
2030s. A progressive carbon price will further incentivize retrofits by 
penalizing late adopters. GNWT should lead by example by adopting 
these rules for public buildings earlier. 

Decarbonizing heating requires 3-15% annual replacement rates, far 
above those of other Canadian jurisdictions (International Energy 
Agency, 2022). GNWT can take inspiration from Ireland which aims to 
retrofit 8% of its homes annually (O’Sullivan, 2021). GNWT can use 
carbon tax revenues to catalyze decarbonization by creating a fund to 
offset longer payback periods of energy retrofits and to support a green 
jobs initiative. Fig. 6 shows that modest carbon taxes will provide 
payback for decarbonizing heat in NWT, in the order of approximately 
$150M by 2050 in NWT alone. 

Carbon pricing is only one revenue stream to make this technology 
financially feasible in NWT— alongside heat and biochar sales. Heating 
costs in NWT fluctuate between $0.10 to $0.16 per kWh for biomass 
combustion and fossil fuels combustion. Pricing for bulk biochar is be-
tween USD $571 and USD $2,200 per ton (Jirka and Tomlinson, 2015), 
although higher-end, smaller quantities consumer products can go as 
high as CAD $60k per tonne (Jirka and Tomlinson, 2015, State, 2021, 
Kim et al., 2015, Nematian et al., 2021). Revenue from biochar and heat 
should be considered in future techno-economic analysis. 

Policy 2: Improved energy and emissions data 
Existing data on energy and emissions in NWT are unavailable at the 

W. Gagnon and B. Goldstein                                                                                                                                                                                                                 



Resources, Conservation & Recycling 199 (2023) 107189

8

community level, by fuel type, or by end use (Canada Energy Regulator, 
2020). The GNWT and the GC must provide these data in a barrier-free, 
open-access, and user-friendly form. The United States Energy Infor-
mation Administration’s Energy Atlas provides a template for this (US 
EIA, 2021). Private energy providers can assist by publishing anony-
mized, aggregate consumption data. 

Plugging data gaps will help businesses and residents identify op-
portunities for district energy, Pyro-CCS, and community energy hubs. 
Robust emissions data can support further research, including detailed 
forecasts of decarbonization pathways across sectors. Transparent, up- 
to-date data will also motivate GNWT to stop missing its decarbon-
ization targets (Auditor General of Canada, 2017). 

Policy 3: Promote district heating 
Results show that decarbonization is maximized if replacement rates 

ramp up after Pyro-CCS is widely available to supplant fossil fuels. 
District energy systems (DES) can help convert swathes of homes and 
business to low-carbon heat once Pyro-CCS or another low-carbon 
technology is established in NWT. DESs have been deployed success-
fully in northern communities including Yellowknife (Cools, 2022). 
Hybrid-DES could combine heat pumps (for days above -15◦C) with 
low-carbon or carbon-negative technologies like biomass combustion or 
Pyro-CCS for the cold winter months when heat pumps are ineffective 
(Berardi and Jones, 2022). DES can simplify decarbonization for the 
customer, as it is handled privately (Yoon et al., 2015). Establishing an 
energy governance structure, leading public engagement, and devel-
oping legal frameworks can eliminate barriers for low-carbon energy 
adoption (Angelidis et al., 2023). 

Policy 4: Include local stakeholders 
NWT and the two other Canadian territories house a large Indigenous 

population (Statistiques Canada, 2019). Deploying Pyro-CCS using FKT 
at scale demands 121 km2 of land annually. Indigenous stakeholders 
should lead any project harvesting FKT to honour and put forward 
Traditional Knowledge on sustainable land management. For example, 
First Nations and Métis communities have long practiced controlled 
burns (Hoffman et al., 2022, Hoffman et al., 2021), which are likely to 
enhance soil carbon. Some Indigenous communities leave fire-killed 
areas in fallow for 7 years prior to harvesting the biomass to allow the 
Land to gain maximum benefits from the wildfire— other Indigenous or 
Métis practices continue to be utilized today (Souza, 2023). These and 
other practices can be incorporated into NWT’s future bioenergy 
economy. 

4.2. Future Research 

Additional research is needed to better understand the potential of 
Pyro-CCS. One challenge is accounting for post-fire carbon-pool dy-
namics in forests. Equations 1 through 4 show that sequestered carbon 
depends on emission from decaying FKT and regenerative carbon uptake 
(accounted using the biogenic emission factor) (Fan et al., 2021). There 
exists only a handful of studies on post-fire carbon dynamics in boreal 
forests (Campbell et al., 2016, Mkhabela et al., 2009, Milakovsky et al., 
2012), none of which are in the Canadian far-north. Using conservative 
values (slow decay and uptake) in our uncertainty analysis can cause 
Pyro-CCS with FKT to be a net emitter, albeit, still less so than fossil 
fuels. Studies of carbon-pool dynamics in NWT and other far-north re-
gions would reduce this source of uncertainty in future carbon footprint 
studies. 

Relatedly, better data are needed on carbon uptake from biochar in 

Fig. 5. Forest area killed by wildfire and fire-killed forest area utilized for energy purposes for the Sequester scenario, from 1975-2050, hectares (km2).  

Fig. 6. Cumulative Savings for Pyro-CCS in NWT (CAD $M) from 2022 to 2050. More than $150M could be saved annually by the territory. These prices are all in 
2022 dollars and represent regulatory market savings from avoided carbon taxes. Carbon tax rate increases of $15/year (Government of Canada, 2020) is assumed 
sustained post-2030. 
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northern regions as most research has focused on southern climates 
(Sohi et al., 2010, Wang et al., 2016, Leng et al., 2019). All studies point 
towards high stability of biochar in soil (McBeath et al., 2015, Sohi et al., 
2010, Wang et al., 2016, Leng et al., 2019, Mašek et al., 2013, Al-Wabel 
et al., 2013, Steiner, 2016, Leng and Huang, 2018). However, research 
on soil-carbon dynamics in circumpolar regions could reduce uncer-
tainty and determine if biochar produces knock-on carbon benefits 
through enhanced primary production immediately after fires. Another 
outstanding question surrounding biochar is its application at large 
scales. Solutions for local markets need to be identified as they are 
essential to financial viability (Maroušek et al., 2019, Shackley et al., 
2011). Potential uses include filler for local roads (Zhang et al., 2022) or 
for mining remediation (Gao et al., 2022, Anawar et al., 2015). If it is 
spread on land, technologies to do this at immense scales are needed (e. 
g. drones, airplanes). Additional work should investigate when biochar 
should be applied to minimize effects on forest albedo and local 
warming (Meyer et al., 2012). 

The pyrolysis system we modeled produced a specific ratio of biochar 
to fuel. Given the ample surplus of FKT in NWT an alternative is to tune 
the pyrolysis process to produce less pyro-gas and more biochar. Future 
work should study how seasonal shifts in pyrolysis outputs could align 
with heating demands. For instance, in the summer biochar and bio-oil 
could be maximized assuming a healthy market exists to use these 
products, or for carbon storage— carbon dioxide removal credits 
allowing for increased revenues. 

Future analysis should consider a broader portfolio of heating tech-
nologies. For instance, air-source heat pumps, which we excluded in our 
model, can offer heating and cooling when temperatures are mild and 
provide strategic redundancy, and energy and carbon optimisation to 
energy systems (Berardi and Jones, 2022). Studies should look at com-
plementing Pyro-CCS and biomass combustion with heat pumps pow-
ered by photovoltaics in summer months. Electric resistance heating 
should also be considered in models, as it might be part of the solution 
for jurisdictions with lower electricity prices than NWT, such as the 
Yukon. 

Lastly, further research is needed to develop small-scale Pyro-CCS. 
Systems below 40 kW are not yet commercially available. Connecting 
this to multiple homes ramps up complexity and hinders adoption. A 5 to 
10kW system would be more appropriate for individual homes— 
although likely less carbon-efficient— and would present an opportunity 
for a just workforce transition through maintenance requirements. The 
innovation funding suggested above could support this research. 

5. Conclusions 

NWT and other northern communities urgently need to decarbonize. 
These communities are at the front-lines of climate change and have 
some of the highest per-capita emissions globally. Local conditions make 
it challenging to decarbonize in the same manner as communities in 
milder climates. The “electrify everything” mantra is simply not feasible. 
Heating is a major energy use and source of emissions in northern 
communities. Decarbonizing this carbon-intensive sector will require 
creative solutions. 

This study suggests that using Pyro-CCS to produce heat and bury 
carbon is one such solution. We demonstrated this through an analysis of 
Pyro-CCS of a previously unstudied feedstock that incorporates forest 
carbon dynamics that are often ignored in bioenergy studies. Under our 
modeling scenarios, Pyro-CCS is the lowest currently-available tech-
nology on the market. Even under conservative modeling assumptions, 
it provides significant carbon savings over fossil fuels. Policies sup-
porting Pyro-CCS could move NWT towards a carbon-negative, sus-
tainable, circular bioenergy economy, under Indigenous leadership. This 
is the first study to consider this possibility in the far-north. At scale, the 
technology could make significant contributions to economy-wide 
decarbonization and provide a useful outlet for the billions of trees 
that will inevitably be killed as the planet heats and forest fires ravage 

the northern boreal forests. 
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