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Large-scale production of renewable synthetic natural gas
from biomass (bioSNG) in Canada was assessed for its ability
to mitigate energy security and climate change risks. The
land area within 100 km of Canada’s network of natural gas
pipelines was estimated to be capable of producing 67-210 Mt
of dry lignocellulosic biomass per year with minimal adverse
impacts on food and fiber production. Biomass gasification and
subsequent methanation and upgrading were estimated to
yield 16 000-61 000 Mm3 of pipeline-quality gas (equivalent to
16-63% of Canada’s current gas use). Life-cycle greenhouse
gas emissions of bioSNG-based electricity were calculated to
be only 8.2-10% of the emissions from coal-fired power.
Although predicted production costs ($17-21 GJ-1) were much
higher than current energy prices, a value for low-carbon
energy would narrow the price differential. A bioSNG sector
could infuse Canada’s rural economy with $41-130 billion of
investments and create 410 000-1 300 000 jobs while developing
a nation-wide low-carbon energy system.

1. Introduction
In North America, the demand for natural gas is expected to
continue to rise as a result of a growing population and fuel
shifting in response to high oil prices and concerns about the
carbon/greenhouse gas (GHG) intensity of coal-fired power
generation (1, 2). However, Canadian natural gas production
is expected to peak by 2011 and then slowly decline thereafter
(2). Although this decline may be partially or fully offset by
shale gas production, especially in the US (1), there is interest
in finding alternative Canadian sources of natural gas.

Synthetic natural gas (SNG) from either anaerobic digestion
or gasification of biomass has attracted attention because it
can be produced from a wide range of feedstocks while
generating a low carbon footprint. Anaerobic digestion to a
methane-rich biogas and upgrading can be used with wet
biomass sources such as manure and organic waste. However,
for most feedstocks, relatively little (<35%) of the thermal energy
content of the feedstock ends up as SNG (3). This is especially
the case for lignocellulosic biomass such as forest residues or
straw that can be readily grown in Canada. For such biomass
feedstocks,gasification, followedbymethanationandupgrading

can produce a bioSNG with 55-70% of the energy in the
feedstock at large scales and more rapidly (4–7). For these
reasons, this preliminary environmental and economic study
focuses on the gasification and subsequent processing to
bioSNG of a wide range of lignocellulosic biomass feedstocks
that can be grown in lands near the nation’s network of natural
gas pipelines. A systems approach was used to assess the bioSNG
production potential of lands adjacent to Canada’s pipelines
and track the flows of mass and energy throughout the process
while assessing life-cycle energy use, GHG emissions, and
economic costs using a range of assumptions.

2. Methodology
To model bioSNG production from the field to the pipeline,
a set of boundary conditions were defined as illustrated in
Figure S1 of the Supporting Information.

The analysis began with an assessment of the sustainable
biomass production capacity of the land adjacent to Canada’s
existing network of natural gas pipelines. Sustainability was
defined as the ability to produce biomass in perpetuity while
limiting adverse impacts on the environment (water use,
biodiversity, nutrient loading, etc.) and on food and fiber
production.

Biomass was then transported to processing sites along
the pipeline where it was first gasified into a syngas
(predominantly carbon monoxide and hydrogen), converted
to methane, upgraded to natural gas quality, and compressed
into the pipeline. Gasification plants were assumed to be
spaced at regular intervals along the pipeline. Greater spacing
required larger gasification plants and longer biomass
transportation distances. The analyses determined mass and
energy flows for different scales of operation from which
life-cycle direct energy use, GHG emissions, and economic
costs could be evaluated.

Two basic scenarios were assessed, each scenario defined
by a number of “base case” or “optimistic” assumptions for
parameters such as land area available, biomass productivity,
and conversion efficiency. The “base case” was a best estimate
of parameter values whereas the “optimistic” scenario was
based on advanced technologies and policies that work to
maximize bioSNG production. Throughout the paper, base
case assumptions and calculated values will be presented in
the flow of the text, whereas optimistic values will be shown
in parentheses (i.e., {...}) if they differ from the base case.

2.1. Land Area. In Canada, most natural gas pipelines
originate in western Canada (northern British Columbia,
Alberta, and Saskatchewan) and extend to population and
industrial centers across the country. A scaled map of
Canada’s pipelines (8) and a reference map with updated
information were used to calculate Canadian land area
located within 50 {100} km of one or more pipelines (see
Figure S2 of the Supporting Information). Land areas were
assigned to one of three categories: forest, good agricultural,
or marginal based on current land use practices, soil types,
and water availability (9, 10). Table 1 summarizes the base
case and optimistic land area estimates.

2.2. Forest Biomass Production. Forest biomass was
assumed to be derived from two major sources: residues
from existing forestry and whole trees. To calculate residue
availability, 80% of the forest land area was assumed to be
managed and harvested by clear-cutting at a rate of 0.60%
{0.48%} of the managed land area per year. The base case
estimate (0.60%) was based on current harvest rates (11),
whereas the optimistic estimate (0.48%) predicted a 20%
decline due to pulp and paper mill closures. Mill closures
reduced residue availability from conventional harvesting
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but expanded the resource base for bioenergy applications.
On the harvested land, average total production was 120
{140} t(dry) ha-1 where 30% of the biomass was residue of
which 70% {80%} could be sustainably removed. Previous
estimates vary widely for the amount of residues that need
to be left at the harvest site to prevent erosion, maintain soil
carbon stocks, protect emerging tree seedlings, and minimize
moisture loss from the forest floor (12). This study assumed
that, on average, 70% {80%} of residues could be sustainably
removed although the actual amount depends on local site
characteristics.

The biomass potential of whole trees was estimated based
on harvesting the unused annual allowable cut (AAC), trees
killed by fire, pests, and disease, and replanting with fast-
growing species. Some of this biomass may also come from
diverting resources from pulp and paper systems, which have
been in decline due to changing global markets (13). Another
possibility is to make more of Canada’s forests available for
harvesting since only half of potentially harvestable forests
are subject to management practices (11). Additional re-
sources could be procured by harvesting the unused portion
of the AAC (approximately 20%) or by replanting with fast-
growing species such as poplar and willow. Overall, an
additional 0.15% {0.47%} of forested land could be harvested
each year at 120 {140} t(dry) ha-1 where 91% {94%} of the
biomass could be sustainably removed.

2.3. Agricultural Biomass Production. Agricultural bio-
mass for energy was assumed to come from food/forage crop
residues and dedicated biomass crops. The estimated 17 {25}
Mha of good agricultural land reserved for food/feed
production within 50 {100} km of pipelines was estimated to
produce 1.0 {1.5} t(dry) ha-1 of residues (14, 15). However,
only 50% of residues were predicted to be available (12).

Dedicated biomass crops such as switchgrass were
assumed to be grown on 10% {15%} of the total marginal
land area at a productivity of 8 {10} t(dry) ha-1 (16). These
crops were also grown on diverted pasture and feed produc-
tion land since it was assumed that domestic ruminant
production would decline given concerns about the GHG
footprint of meat production (17) and the effect of biomass
markets on land values and animal feed costs. Biomass
production was calculated on 20% {30%} of the estimated 8.5
{12} Mha of pasture land and 3% {5%} of the 17 {25} Mha of
cropland at 10 {14} t(dry) ha-1 (18). Of the dedicated
production, 80% {85%} of the aboveground biomass could
be available for energy use.

2.4. Mass, Energy, and GHG Emissions. The material and
energy flow (Figure 1) was based on 1 dry tonne each of forest
and agricultural biomass while dry matter losses were estimated
from the literature (19). A lower heating value (LHV) of 9.2 and

12.4 GJ t(wet)-1 was calculated from a higher heating value of
20.0 and 18.5 GJ t(dry)-1 (16), hydrogen content of 6.0% and
5.5% (dry basis) (20), and moisture content of 45% and 25% for
woody and herbaceous biomass, respectively.

Biomass production required natural gas, diesel, and
electricity inputs for fertilizer production, harvesting operations,
and preprocessing. Energy inputs were estimated from the
literature (21), and their associated GHG emissions were cal-
culated using life-cycle emission factors for diesel (22), natural
gas (23), and electricity (24). Improved production technology
reduced energy inputs by 15% in the optimistic scenario (21).

Herbaceous crops required the application of synthetic
nitrogen (N) fertilizer at a rate of 5 kg N per harvested dry
tonne, which leads to GHG emissions of nitrous oxide (N2O).
As a reference, biomass crops producing 12 t(dry) ha-1

required 60 kg ha-1 of fertilizer and released 0.5 kg N2O-N
ha-1 of direct and indirect emissions (25). Emissions were
calculated in proportion to this reference case. A 100-year
global warming potential of 310 was used to convert N2O
emissions into CO2-equivalents (CO2e) (25).

Since thermochemical conversion processes operate more
efficiently with low-moisture feedstocks, biomass was dried
to 15% moisture, which increased LHV but resulted in an
additional 3% loss of dry matter when combined with losses
associated with storage. A previous study investigating the
GHG emissions resulting from the storage of wood chips
(moisture content 40-60%) over a 6-month period found
that emissions ranged from 16-40 kgCO2e GJ-1 (26). Our
model predicted that woody and herbaceous biomass was
dried to 15% moisture before storage, which minimized

TABLE 1. Assumed Parameters and Results for the Base Case (A) or Optimistic (B) Estimate of Land Area and Biomass
Production within 50 or 100 km of Natural Gas Pipelines for Forest (FOR), Good Agriculture (GA), and Marginal (MAR) Land

land
type

land area
(Mha)

biomass
type

accessible land
area (% y-1)

yield
(t(dry) ha-1)

available land
area (Mha y-1)

biomass
(Mt(dry) y-1)

A. base case
FOR 68 residues 0.48 25 0.33 8.2

whole trees 0.15 110 0.10 11
GA 34 residues 49 0.50 16 8.2

biomass crops 6.5 8.0 2.2 18
MAR 34 biomass crops 10 6.4 3.4 22
total 136 23 67

B. optimistic
FOR 98 residues 0.38 34 0.38 13

whole trees 0.47 130 0.46 61
GA 49 residues 48 0.75 23 17

biomass crops 10 12 4.9 58
MAR 49 biomass crops 15 8.5 7.4 62
total 196 36 210

FIGURE 1. Base case {optimistic} estimates of mass and energy
flow in the bioSNG production process assuming inputs of 1
tonne herbaceous biomass at 25% moisture plus 1 tonne woody
biomass at 45% moisture. All weights in bold are dry tonnes
while lower heating values (LHVs) are in italics.
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methane and N2O production. Altogether, dry matter losses
prior to gasification were 8% (19).

Dry biomass was converted to bioSNG through gasifica-
tion and subsequent methanation of the syngas. We assumed
the use of a pressurized, oxygen-blown gasifier because of
its good scale-up potential and ability to produce a nitrogen-
free syngas (27, 28). The methanation system selected was
based on adiabatic reactors and intermediate cooling (29),
followed by removal of CO2 to yield pipeline-quality gas.
Attaining a tar-free syngas cleaned of impurities that could
foul downstream catalytic equipment is the primary technical
challenge in commercialization of biomass gasification (30).
In comparison, methanation (31) and CO2 removal (3) are
mature technologies. Base case {optimistic} estimates of the
energy conversion efficiency of biomass to bioSNG were 55%
{65%}. Therefore, for every 2 dry tonnes of biomass (half
forest, half agricultural), 18 {21} GJ of bioSNG was produced.

A large amount of exothermic heat was generated during
bioSNG production. It was assumed that 70% {80%} of the
heat was used in drying and a power generation cycle while
30% {20%} was lost to the surroundings. The dryer’s heat
demand was determined based on the rate of water removed
from the incoming feedstock at 80% efficiency. The remaining
useful heat was used in a power generation cycle at an
electrical efficiency of 25% {30%} (24), which produced 1.9
{1.9} GJ of electricity. BioSNG production was estimated to
require 330 kWh of electricity per tonne of dry biomass
harvested (32), which was partially met by auxiliary power.

2.5. Economics. Overall production costs were calculated
as the sum of delivered feedstock, capital, and operating
costs. The delivered cost of biomass was broken down into
the cost of producing wood chips (33) or straw bales (25) and
truck transportation (34) to a storage facility adjacent to the
plant. Although technological improvements reduced energy
inputs in biomass production in the optimistic scenario, the
price of biomass was not assumed to change due to higher
seed and equipment costs, and greater demand for biomass.

Economies of scale decreased unit capital costs at larger
plant sizes. Scale factors derived from studies on biomass
gasification (27, 28) and methanation (29) were used to calculate
investment and operating costs at different plant sizes. Invest-
ment costs were then amortized over a 20-year project lifetime
at 10% interest and added to annual feedstock and operating
costs to determine total production costs. Unless otherwise
stated, all costs were calculated as 2005 USD.

3. Results and Discussion
3.1. Canadian Biomass Potential Adjacent to Natural Gas
Pipelines. The land area within 50 {100} km of pipelines was
estimated to be 136 {196} Mha (Table 1), equivalent to 14%
{20%} of Canada’s total land area (980 Mha) (11). However
most of this land is in southern Canada, where biological
resources are abundant. About 50% of the adjacent land was
assessed to be forest, 25% agriculture, and 25% marginal.

Residues from Existing Forest and Agricultural Production.
Using the assumptions identified in the footnotes to Table
S1 (see the Supporting Information), forest and agricultural
residues contributed 8.2 {13} and 8.2 {17} Mt(dry) y-1 of
bioenergy potential, respectively.

To put these values into perspective, residues from
traditional forest harvesting were estimated from 2004 values
for the Canadian harvest of industrial roundwood (206 Mm3

or 90 Mt(dry)) (11). Assuming roundwood represented 70%
of the total harvest, with 30% as residue, the residue fraction
would be 40 Mt(dry). Therefore, sustainable forest residues
adjacent to pipelines would be 21% {33%} of Canada’s total
forest residues.

Moreover, average annual food crop residues from 2003
to 2007 were 55 Mt(dry) (14). Therefore, sustainable agri-

cultural residues adjacent to pipelines would be 15% {31%}
of Canada’s total crop residues.

Whole Forest Harvest. Given the assumptions in Table S1,
we estimated that 0.10 {0.46} Mha y-1 of forest land could be
harvested for energy production, thereby providing 11 {61}
Mt(dry) y-1 of biomass. The primary sources were trees having
little commercial value such as dead trees, trees in unman-
aged forests, and trees unused by the forestry sector. To put
this into perspective, these values are equivalent to 11% {51%}
of the annual forest harvest (0.9 Mha y-1) and 12% {68%} of
the 2004 roundwood harvest in Canada.

Biomass Crops. The potential of biomass crops was
calculated from estimates of total good agricultural and
marginal land area adjacent to pipelines as well as assump-
tions regarding accessible land area and biomass yields on
the different land types. A total of 2.2 {4.1} Mha of good
agricultural land (equivalent to 3.2% {6.0%} of the estimated
68 Mha of farmland in Canada (35)) was calculated to be
available to produce 8.0 {12} t(dry) ha-1 when 20% {15%} of
the crop was left in the field, yielding 18 {58} Mt(dry) y-1. In
comparison, 3.4 {7.4} Mha of marginal land (equivalent to
20% {44%} of the estimated 17 Mha of unused marginal land
suitable for biomass crops in Canada (36)) was calculated to
be available to produce 6.4 {8.5} t(dry) ha-1 when 20% {15%}
of the crop was left in the field, yielding 22 {63} Mt(dry) y-1.

The potential from residues, whole trees, and biomass
crops within 50 {100} km of pipelines was combined to
generate an estimate of 67 {210} Mt(dry) or 1100 {3500} PJ
y-1 of thermal energy, a value equivalent to 8.9% {28%} of
Canada’s total primary energy demand in 2004 (12.3 EJ) (2).

3.2. Canadian BioSNG Potential. On the basis of the
calculated efficiencies of mass and energy flow (Figure 1) and
the estimated potential for sustainable biomass production in
the corridor around natural gas pipelines (Table 1), total bioSNG
production was predicted to be 16 000 {61 000} Mm3 y-1. Since
Canada’s gas consumption was 97 000 Mm3 in 2004 (2), bioSNG
could fulfill 16% {63%} of current domestic demand.

3.3. Scale Effects. The effects of the scale of biomass
transportation and processing on life-cycle energy use, GHG
emissions, and economic costs were calculated for plant
operations ranging from 500-5000 t(dry) biomass harvested
per day. The energy return on investment (EROI) was
calculated as the ratio of useful energy produced to life-cycle
direct energy use. Larger scales of operation were predicted
to lower EROI (Figure 2A) and increase GHG intensity (Figure

FIGURE 2. Base case and optimistic estimates of EROI (A), GHG
intensity (B), and cost (C) of bioSNG at different scales of operation.
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2B) due to higher diesel use over longer transportation
distances. The optimistic EROI estimate ranged from 7.2-8.0
(unitless), which was higher than the base case (5.1-5.8)
due to fewer energy inputs in biomass production and higher
energy conversion efficiencies. As a comparison, the EROI
of corn-based ethanol and synthetic crude from oil sands
(excludes energy involved in mining and transporting the
raw oil sands) has been reported as 0.8-1.6:1 (37) and 5:1
(38), respectively. The conversion efficiency to bioSNG was
assumed to be independent of scale for the type of gasifier
considered (39).

The economy of scale was most pronounced at small plant
sizes (Figure 2C). Capital cost reductions were estimated by
an overall scale factor of 0.74 for plants up to 400 MWth and
0.91 for larger sizes (27). The base case estimate ($20-25
GJ-1) was about 20% higher than the optimistic estimate
($16-21 GJ-1). Although larger plant sizes resulted in higher
biomass transportation costs, overall production costs
plateaued beyond 2500 t(dry) day-1 (equivalent to a thermal
input slightly more than 400 MWth) as economies of scale
canceled out escalating transportation costs. This type of
cost profile is common in biomass projects (40, 41).

3.4. System Components. The supply chain consisted
of biomass production, transportation, and bioSNG produc-
tion. Average values of EROI, GHG intensity, and cost were
calculated from scales ranging from 500 to 5000 t(dry) day-1.
The EROI declined from 15 {17} to 5.5 {7.6} (Figure 3A) while
the carbon footprint increased from 5.9 {5.2} to 14 {10} kgCO2e
GJ-1 (Figure 3B) mainly due to conversion losses during
bioSNG production.

Production costs increased as biomass was transformed
into more useful forms of energy (Figure 3C). Costs increased
about 5-fold from $3.8 {$3.7} GJ-1 for virgin biomass to $21

{$17} GJ-1 for bioSNG. A combination of high capital costs
and energy losses made bioSNG production the largest
contributor to overall costs.

3.5. Sensitivity Analysis. A sensitivity analysis was per-
formed to ascertain the impact of key parameters on
calculated values of EROI, GHG intensity, and cost (Table 2).
The analysis was conducted by independently varying key
parameters in the base case scenario such as the price of
biomass, energy and economic cost of transportation, bioSNG
conversion efficiency, energy recovered in bioSNG plant, and
bioSNG plant electricity demand. All parameters were
increased 20% above the base case.

Energy recovery and electricity demand had the most
impact on EROI. Recovering a larger fraction of energy from
the process increased auxiliary power generation and sub-
stantially raised the EROI while increasing electricity demand
had the reverse effect. The corresponding impact on GHG
intensity was not as pronounced because of the low carbon
footprint of Canada’s electricity sector (224 gCO2e kW-1 h-1)
(24).

Although perturbing bioSNG conversion efficiency had
widespread impact, its most profound effect was on cost. A
20% increase in bioSNG production decreased costs by 16%,
but the higher conversion rate reduced energy recovery,
which increased electricity demand.

Sensitivity to variations in the price of biomass and truck
transportation was not as significant. The design and
integration of the bioSNG production facility and the
conversion efficiency were the most important parameters.

3.6. Comparison to Fossil Fuels. A low carbon footprint
and high electrical conversion efficiency (45% compared with
33% for coal) could make bioSNG an effective substitute for
coal as a feedstock for power generation. The calculated GHG
intensity of bioSNG-based electricity was only 8.2-11% of
the life-cycle emissions of coal-fired power (1030 kgCO2e
MW-1 h-1) (23). However, production costs were higher than
average coal prices ($2-3 GJ-1).

BioSNG could be cost competitive by placing a value on
the GHG benefits relative to coal. Figure 4 shows how the
price of carbon affects the cost of bioSNG when replacing
coal as a feedstock for power generation. When GHG emission
reductions had zero value, the feedstock cost was simply the
production cost of bioSNG ($21 {$17} GJ-1). However, at $60
tCO2e-1, costs decreased to $6.0 {$1.7} GJ-1, which makes
bioSNG cost competitive with coal as a feedstock for power
generation.

TABLE 2. Sensitivity of EROI, GHG Intensity, and Cost of bioSNG to Changes in Key Parameters

parameter EROI GHG intensity (kgCO2e GJ-1) cost ($ GJ-1)

base case 5.5 14 21
price of biomass (+20%) 0% 0% +6.4%
energy and economic cost of transportation (+20%) -2.2% +2.8% +1.9%
bioSNG conversion efficiency (+20%) -12% -3.7% -16%
energy recovered in bioSNG plant (+20%) +43% -13% -0.73%
bioSNG plant electricity demand (+20%) -22% +12% +1.9%

FIGURE 3. Base case and optimistic estimates of EROI (A), GHG
intensity (B), and cost (C) of bioSNG at different stages in
production.

FIGURE 4. Base case and optimistic estimate of bioSNG
production costs at different carbon prices when replacing coal
as a feedstock for power generation.
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There are additional benefits associated with a national
bioSNG strategy that are harder to account for but important
from a public policy perspective. For example, the industry
would directly impact rural communities in need of an
economic stimulus. If Canada’s annual potential was 16 000
{61 000} Mm3 and a 400 MWth plant produced 230 {270} MW
of bioSNG, 89 {280} such plants would be required. The cost
of a 400 MWth plant was estimated to be $460 million (27–29),
leading to a total investment of $41 {$130} billion over a
20-year period. Since the bioenergy sector produced 10 jobs
for every $1 million invested (42), rural economic develop-
ment could be promoted through the creation of 410 000
{1 300 000} new jobs.

While large-scale bioSNG production could offer benefits
for energy security, climate change, and rural economic
development, it may also have adverse environmental and
socio-economic impacts. Competition for access to produc-
tive agricultural land could increase food prices or drive
deforestation in an effort to replace displaced agricultural
production (43). If poorly managed, land use change towards
biomass production could generate a “carbon debt” that
could take many years to repay (44) and destroy biodiversity.
Higher rates of fertilizer and water use to improve biomass
productivity could impair water resources (43) and adversely
impact biodiversity.

Nevertheless, properly managed and regulated, a national
bioSNG strategy could support the decarbonization of
Canada’s energy system by providing a major new fuel to
take market share from more carbon-intense energy sources
like coal and petroleum. The ability of a renewable fuel to
integrate into the existing supply infrastructure would be a
major advantage. Although costs are prohibitive today,
bioSNG would provide a hedge against volatility in natural
gas markets and prepare North America for a future where
high energy prices and low-carbon fuels are the standard,
not the exception.

Acknowledgments
The authors thank Brant A. Peppley from the Department of
Chemical Engineering at Queen’s University for his input
during this research project. Funding was provided through
Ontario Graduate Scholarships for K.H. and NSERC Discovery
Grants for P.J.M. and D.B.L.

Supporting Information Available
Figures that illustrate the model, system boundaries, and
Canada’s pipelines are included; more detailed information
on land area and biomass resource estimation methods. This
information is available free of charge via the Internet at
http://pubs.acs.org/.

Literature Cited
(1) U.S. DOE. Annual Energy Outlook; Energy Information Ad-

ministration: Washington, DC, 2009.
(2) National Energy Board. Canada’s Energy Future; Calgary, AB,

2007.
(3) McKendry, P. Energy production from biomass (part 2):

conversion technologies. Bioresour. Technol. 2002, 83 (1), 47–
54.

(4) Duret, A.; Friedli, C.; Marechal, F. Process design of Synthetic
Natural Gas (SNG) production using wood gasification. J. Cleaner
Prod. 2005, 13 (15), 1434–1446.

(5) Zwart, R. W. R.; Boerrigter, H. High efficiency co-production of
synthetic natural gas (SNG) and Fischer-Tropsch (FT) trans-
portation fuels from biomass. Energy Fuels 2005, 19 (2), 591–
597.

(6) Felder, R.; Dones, R. Evaluation of ecological impacts of synthetic
natural gas from wood used in current heating and car systems.
Biomass Bioenerg. 2007, 31 (6), 403–415.

(7) Schulz, T. F.; Barreto, L.; Kypreos, S.; Stucki, S. Assessing wood-
based synthetic natural gas technologies using the SWISS-
MARKAL model. Energy 2007, 32 (10), 1948–1959.

(8) Natural Gas Pipelines. Natural Resources Canada: Ottawa,
ON, 1984; atlas.nrcan.gc.ca/site/english/maps/economic/
transportation/pm_pipelines (accessed on 10 Feb, 2010).

(9) Soil Capability for Agriculture. Natural Resources Canada:
Ottawa, ON, 1980; atlas.nrcan.gc.ca/site/english/maps/archives/
5thedition/economic/resourceindustries/mcr4023 (accessed on
10 Feb, 2010).

(10) Land Capability for Forestry. Natural Resources Canada:
Ottawa, ON, 1988; atlas.nrcan.gc.ca/site/english/maps/archives/
5thedition/economic/resourceindustries/mcr4079 (accessed on
10 Feb, 2010).

(11) Canadian Forest Service. The State of Canada’s Forests 2005-
2006; Natural Resources Canada: Ottawa, ON, 2006.

(12) Wood, S. M.; Layzell, D. A Canadian Biomass Inventory:
Feedstocks for a Bio-based Economy; BIOCAP Canada Founda-
tion: Kingston, ON, 2003.

(13) Towers, M.; Browne, T.; Kerekes, R.; Paris, J.; Tran, H. Biorefinery
opportunities for the Canadian pulp and paper industry. Pulp
Pap. Can. 2007, 108 (6), 26–29.

(14) Field and Specialty Crops (Production). Statistics Canada:
Ottawa, ON, 2007; www40.statcan.ca/l01/cst01/prim11b.htm.

(15) Field and Specialty Crops (Seeded Area); Statistics Canada:
Ottawa, ON, 2007; www40.statcan.ca/l01/cst01/prim11a.htm
(accessed 10 Feb, 2010).

(16) Klass, D. L. Biomass for Renewable Energy, Fuels, and Chemicals;
Academic Press: San Diego, CA, 1998.

(17) Food and Agriculture Organization of the United Nations.
Livestock’s Long Shadow: Environmental Issues and Options;
United Nations: Rome, Italy, 2006.

(18) Khanna, M.; Dhungana, B.; Clifton-Brown, J. Costs of producing
miscanthus and switchgrass for bioenergy in Illinois. Biomass
Bioenerg. 2008, 32 (6), 482–493.

(19) Hamelinck, C. N.; Suurs, R. A. A.; Faaij, A. P. C. International
bioenergy transport costs and energy balance. Biomass Bioenerg.
2005, 29 (2), 114–134.

(20) van Loo, S.; Koppejan, J. Handbook of Biomass Combustion and
Co-firing; Twente University Press: Enschede, The Netherlands,
2003.

(21) Turhollow, A. F.; Perlack, R. D. Emissions of CO2 from energy
crop production. Biomass Bioenerg. 1991, 1 (3), 129–135.

(22) Börjesson, P. I. I. Emissions of CO2 from biomass production
and transportation in agriculture and forestry. Energy Convers.
Manag. 1996, 37 (6-8), 1235–1240.

(23) Jaramillo, P.; Griffin, M. W.; Matthews, S. H. Comparative life-
cycle air emissions of coal, domestic natural gas, LNG, and SNG
for electricity generation. Environ. Sci. Technol. 2007, 41 (17),
6290–6296.

(24) Office of Energy Efficiency. Energy Use Data Handbook 1990
and 1998 to 2004; Natural Resources Canada: Ottawa, ON, 2006.

(25) Samson, R.; Stamler, S. B.; Dooper, J.; Mulder, S.; Ingram, T.;
Clark, K.; Lem, C. H. Analysing Ontario Biofuel Options; BIOCAP
Canada Foundation: Kingston, ON, 2008.

(26) Wihersaari, M. Evaluation of greenhouse gas emission risks from
storage of wood residue. Biomass Bioenerg. 2005, 28 (5), 444–
453.

(27) Tijmensen, M. J. A.; Faaij, A. P. C.; Hamelinck, C. N.; Van
Hardeveld, M. R. M. Exploration of the possibilities for produc-
tion of Fischer-Tropsch liquids and power via biomass
gasification. Biomass Bioenerg. 2002, 23 (3), 129–152.

(28) Hamelinck, C. N.; Faaij, A. P. C. Future prospects for production
of methanol and hydrogen from biomass. J. Power Sources 2002,
111 (1), 1–22.

(29) Zwart, R. W. R.; Boerrigter, H.; Deurwaarder, E. P.; van der
Meijden, C. M.; van Paasen, S. V. B. Production of Synthetic
Natural Gas (SNG) from Biomass; Energy Research Centre of
the Netherlands: Petten, The Netherlands, 2006.

(30) Faaij, A. Modern biomass conversion technologies. Mitigation
Adaptation Strategies for Global Change 2006, 11 (2), 343–375.

(31) Seiffert, M.; Kaltschmitt, M.; Miranda, J. A. The biomethane
potential in Chile. Biomass Bioenerg. 2009, 33 (4), 564–572.

(32) Mozaffarian, M.; Zwart, R. W. R. Feasibility of Biomass/Waste-
related SNG Production Technologies; Energy Research Centre
of the Netherlands: Petten, The Netherlands, 2003.

(33) Kumar, A.; Flynn, P.; Sokhansanj, S. Biopower generation from
mountain pine infested wood in Canada: An economical
opportunity for greenhouse gas mitigation. Renewable Energy
2008, 33 (6), 1354–1363.

(34) Searcy, E.; Flynn, P.; Ghafoori, E.; Kumar, A. The relative cost
of biomass energy transport. Appl. Biochem. Biotechnol. 2007,
137 (1-12), 639–652.

VOL. 44, NO. 6, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 2187



(35) Total Farm Area, Land Tenure and Land in Crops. Statistics
Canada: Ottawa, ON, 2006; www40.statcan.ca/l01/cst01/
agrc25a.htm (10 Feb, 2010).

(36) Samson, R.; Girouard, P.; Zan, C.; Mehdi, B.; Martin, R.; Henning,
J. The Implications of Growing Short-rotation Tree Species for
Carbon Sequestration in Canada; REAP-Canada: Ste-Anne-de-
Bellevue, QC, 1999.

(37) Farrell, A. E.; Plevin, R. J.; Turner, B. T.; Jones, A. D.; O’Hare, M.;
Kammen, D. M. Ethanol can contribute to energy and envi-
ronmental goals. Science 2006, 311 (5760), 506–508.

(38) Homer-Dixon, T. The Upside of Down: Catastrophe, Creativity,
and the Renewal of Civilization; Island Press: Washington, DC,
2003.

(39) Dornburg, V.; Faaij, A. P. C. Efficiency and economy of wood-
fired biomass energy systems in relation to scale regarding heat
and power generation using combustion and gasification
technologies. Biomass Bioenerg. 2001, 21 (2), 91–108.

(40) Boerrigter, H. Economy of biomass-to-liquids (BTL) plants.
Biomass, Coal & Environmental Research; ECN: Petten, The
Netherlands, 2006.

(41) Searcy, E.; Flynn, P. The impact of biomass biomass availability
and processing cost on optimum size and processing technology
selection. Appl. Biochem. Biotechnol. 2009, 154 (1-3), 271–286.

(42) The Institute for America’s Future. New Energy for America, the
Apollo Jobs Report: for Good Jobs & Energy Independence; Apollo
Alliance: Washington, DC, 2004.

(43) Gopalakrishnan, G.; Negri, M. C.; Wang, M.; Wu, M.; Snyder, S. W.;
Lafreniere, L. Biofuels, land, and water: a systems approach to
sustainability. Environ. Sci. Technol. 2009, 43 (15), 6094–6100.

(44) Fargione, J.; Hill, J.; Tilman, D.; Polasky, S.; Hawthorne, P. Land
clearing and the biofuel carbon debt. Science 2008, 317 (5867),
1235–1238.

ES901561G

2188 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 44, NO. 6, 2010


