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Forest harvest residues, which include limbs, branches, and tree tops, have the potential to generate
energy. This paper uses a life-cycle assessment to determine the energy input-to-output ratios for each
unit operation in the use of these residues for power generation. Two preparation options for obtaining
the biomass were evaluated. For Option 1, the forest residues were chipped at the landing, while for
Option 2 they were bundled and chipped at the power plant. Energy use and greenhouse gas (GHG) emis-
sions were found for power plants sizes ranging from 10 to 300 MW. For power plants with capacities
greater than 30 MW, the transportation of either bundles or woodchips to the power plant used the most
energy, especially at larger power plant sizes. Option 1 used less energy than Option 2 for all power plant
sizes, with the difference between the two becoming smaller for larger power plants. For the life-cycle
GHG emissions, Option 1 ranges from 14.71 to 19.51 g-CO,eq/kW h depending on the power plant size.
Option 2 ranges from 21.42 to 20.90 g-CO,eq/kW h. The results are not linear and are close to equal at
larger power plant sizes. The GHG emissions increase with increasing moisture content. For a 300 MW
power plant with chipping at the landing, the GHG emissions range from 11.17 to 22.24 g-CO,eq/kW h
for moisture contents from 15% to 50%. The sensitivity analysis showed both energy use and GHG
emissions are most sensitive to moisture content and then plant lifetime. For the equipment, both the
energy use and GHG emissions are most sensitive to changes in the fuel consumption and load capacity
of the chip van and the log-haul truck used to transport either bundles or wood chips to the power plant.
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1. Introduction power generation [3-9]. However, these analyses were mostly

based on agricultural biomass production or construction/

Forest biomass for energy generation is considered nearly carbon
neutral [1,2] because the amount of CO, released during combustion
is nearly the same as taken up by the tree during growth. Some GHGs
are emitted during the transportation and processing of forest har-
vesting residues, but they are substantially lower than the total
GHG emissions in the production of energy from fossil fuels. Several
studies are available for life-cycle emissions for biomass-based
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demolition wood waste. The amount of GHGs emitted depends upon
the type of biomass and the way it is burned [7].

In 2011, Canada emitted 702 million tonnes of CO,eq GHGs
[10]. Of this, the western province of Alberta had the largest emis-
sions [10], which were driven by the petroleum industry. A sink for
some of these GHGs is the 404 million ha of forests and woodlands
located in the country [10,11]. These plants and trees make up
approximately 20% of all the forests and woodlands in the world.
In Canada approximately 250 million m* of the forest is allowed
to be harvested for wood products [12]. British Columbia has the
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highest average harvest at approximately 67 million m>, followed
by Quebec at 16 million m>, then Alberta at 14 million m>. Resi-
dues left from the harvesting of these trees can provide biomass
that can be used to produce bioenergy [13].

In cut-to-length tree harvesting, trees are dragged to the road-
side so that the roundwood can be taken out. The removal of the
roundwood generates logging residues in the form of tops, limbs,
and branches, which are called forest harvest residues. Forest har-
vest residues collection, piling, processing, and transportation are
the key unit processes in which an energy input is required before
biomass reaches the boiler. Logging residues (wood chips) have
low bulk density and energy content, resulting in low energy per
truckload of wood chips transported. To increase the bulk density
and transport the maximum allowable load, logging residues are
bundled and transported to the power plant for chipping, where
a high productivity chipper can be used. Some studies have
analyzed GHG emissions and energy input-output ratios for forest
biomass bundling in Scandinavian countries [14,15].

Western Canada, which includes Alberta and British Columbia,
provides opportunities to use these forest residues for energy
generation. In British Columbia, 87 million m? of roundwood is har-
vested per year [16]. Twenty-five percent or 11.6 million bone dry
tonnes end up as harvest residues, for which 80% is available at
roadsides for easy collection. In Alberta, approximately 23.5
million m? of roundwood is harvested per year. Residues constitute
ten percent or 1.04 million bone dry tonnes, of which 95% is avail-
able at the roadside. Currently residues are burned to prevent
wildfires [12]. There is concern that using forest residues removes
nutrients used for forest growth that would otherwise return to
the soil. To help maintain the forest soil nutrients, ash can be
returned back to the forest floor after the biomass is used for energy
[17]. Adding this step in the forest biomass to energy generation
process is negligible for both the energy balance and GHG emissions
and keeps the forest nutrients in balance. Because the nutrient sys-
tem is maintained and the residues are considered a waste by their
burning, the forest harvest residues can be considered to be a good
source for bioenergy production.

This study uses a life-cycle assessment to evaluate the energy
input and GHG emissions for two pathways of biomass used for
electricity production in Western Canada. The first pathway
(Option 1) involves residue collection, piling, chipping at the road-
side (landing), and transportation of the chips to the power plant.
The second pathway (Option 2) involves residue collection, piling,
bundling of slash, transportation of the bundles to the power plant,
and chipping at plant. This study considers a maximum unit size of
300 MW for biomass-based electricity generation. A comparative
analysis for net energy input over the 30-years life of plant for both
the options is presented, along with the life-cycle GHG emissions,
which are given in g-CO,eq/kWh. This study also analyzes the
effect of power plant size and biomass moisture content on the
above-mentioned parameters. Finally, a sensitivity analysis was
done to show which variables have the greatest effect on energy
use and GHG emissions.

2. Life-cycle assessment of biomass power generation
2.1. Goal and scope

In this study, a life-cycle assessment (LCA) of power generation
using forest harvesting residues was carried out. The study pre-
sents results for two pathways, Option 1 and Option 2, of fuel sup-
ply in Western Canada. The unit processes involved in the
production steps considered for power generation and the system
boundary are shown in Fig. 1. Biomass production, collection, and
piling operations are common to each option. The other unit
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Fig. 1. Unit processes of power production from forest harvest residues for two
different options, chipping at the power plant or the landing.

processes involved in Option 1 are biomass processing (chipping
at landing), chip transportation, power plant construction, and
recycling of materials. The other unit processes involved in Option
2 are bundling, bundle transportation, chipping at the plant, power
plant construction, and recycling of material. The number inside
the bracket for each unit process is arbitrarily assigned to each unit
process. For unit process 1 (biomass collection), energy consump-
tion and GHG emissions are taken from a detailed literature
review. For all other unit operations, energy consumption and
GHG emissions are estimated. No credits are taken for sequestra-
tion of carbon dioxide during tree growth.

2.2. Life-cycle inventory

2.2.1. Biomass collection and piling

Logging slash is dispersed at the landing site of tree-length har-
vesting. One way of dealing with the slash is to collect and pile it
before a chipping or bundling operation. Normally, a forwarder is
used for collection and piling. For this analysis, the Caterpillar
322L excavator is used, with the assumption that a different exca-
vator with similar capacity will not significantly affect the overall
results. Table 1 shows the input parameters used in this study
for all the equipment used to move and process forest residues.
Information on bundling, chipping, and transportation equipment
is presented in later sections.

Timberjack, a John Deere company, has conducted life-cycle
assessments for several forestry machines. One study presented
by this company states that 92.4% and 91.8% of material, for har-
vesters and forwarders respectively, can be recycled [18]. The same
study also mentions that steel, cast iron, and tires are the main
materials used in manufacturing and their contributions to the
total weight of the machine are 65.5%, 11.2%, and 12.8%, respec-
tively. In this study only these three materials and their percentage
contributions in the total equipment weight are considered to esti-
mate lifetime energy and emissions from the unit processes. Minor
changes in percentage contributions are possible but these would
not change the overall results.

2.2.2. Bundling of harvesting residues
Wood fuel has a lower heating value than do fossil fuels. Apart
from the lower heating value, biomass has a low bulk density
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Table 1

Characteristics of the equipment used for the moving and processing of forest
residues. (Option 1 represents chipping at the landing and Option 2 represents
chipping at the power plant.)

Value  Unit References

Forwarder (Option 1 and Option 2)

Gross equipment weight 25 Tonne [19]

Productivity 20 Tonne/h [20]

Fuel consumption 30 L/h [20]

Machine life 5 Year [21]

Annual availability 90 % Assumed

Annual operating hours 2000 h/year Assumed
Bundler (Option 2)

Gross equipment weight 24.5 Tonne [22]

Fuel consumption 11 L/h [23]

Machine life 5 Year [21]

Annual operating hours 2100 h/year [23]

Productivity 40 Bundle/h [24]

Average bundle weight 0.5 Tonne/bundle [23]
Roadside chipper (Option 1)

Gross equipment weight 26 Tonne [25]

Productivity 100 Tonne/h [25]

Fuel consumption 85 L/h [20,26]

Machine life 5 Year [21,27,28]

Annual operating hours 2000 h/year Assumed
Plant chipper (Option 2)

Gross equipment weight 37.8 Tonne [25]

Productivity 170 Tonne/h [25]

Fuel consumption 125 L/h [26]

Machine life 5 Year [21,27,28]

Annual operating hours 2000 h/year Assumed
Chip van (Option 1)

Gross equipment weight 60 Tonne [29]

Maximum payload capacity 30 Tonne [20]

Fuel consumption 40 L/h [30]

Maximum highway speed 90 km/h [30]

Vehicle life 10 Year Assumed

Annual availability 90 % [30]
Log-haul truck (Option 2)

Gross equipment weight 60 Tonne [29]

Maximum payload capacity 39 Tonne [31]

Fuel consumption 40 L/h [30]

Maximum highway speed 90 km/h [30]

Vehicle life 10 Year Assumed

Annual availability 90 % [30]

ranging from 120 to 150kg/m3. To achieve the maximum
allowable load for transportation, biomass must have a minimum
bulk density of approximately 250 to 280 kg/m? [32]. By bundling
residues into composite residue logs (CRL) or bundles this density
can be reached. Log-haul trucks and other conventional logging
equipment can be used during processing [22,23]. Operational
results and performance data available for the John Deere 1490D
bundler [22,23,33] were used for this analysis, with the assump-
tion that any other bundler with the same capacity would not
significantly affect the overall results. A forwarder is used to load
forest residues onto the bundler. Table 1 gives the characteristics
of the bundler considered in this study.

The bundler’s productivity is an important parameter used in
determining the energy use and GHG emissions of this unit pro-
cess. Species of tree, moisture content, forest residue density and
arrangement, size, and operator skill are critical parameters that
affect the bundler’s productivity [22]. To estimate energy use and
emissions for this unit process, the material requirement and its
percentage share in total equipment weight were assumed to be
the same as in Section 2.2.1 for the forwarder and piler.

2.2.3. Comminution of harvesting residues
Woody biomass should be ground or chipped before it can be
fired into a boiler for energy production. When forest residues

are transported to the power plant in the form of CRLs, chipping
is done at the plant (Option 2). In the other case the forest res-
idues are chipped at the roadside and chips are transported to
plant using chip vans (Option 1). Large-scale chippers can reduce
the cost of chipping, and large-scale chipping can take place at
the power plant with a stationary chipper. The largest chipper
size available from Bandit Beast, 4680, was used in this analysis
[25]. The maximum rated production capacity was taken for the
Beast Recycler [25], and fuel consumption was estimated using a
methodology provided in an earlier study [26]. For roadside
chipping, a chipper with a lower capacity, the Bandit Beast
3680, was used [20]. The chipper was also accompanied by a
forwarder to load either CRLs or forest residues. It was also
assumed that the chipper in both scenarios operates at the
maximum rated production capacity. Table 1 shows the charac-
teristics of the chippers for both options. To estimate energy and
emissions associated with equipment manufacturing for this unit
process, the material requirement and its percentage share in
total equipment weight were assumed to be same as in
Section 2.2.1.

2.2.4. Biomass transportation

Transportation distances were found from the amount of bio-
mass needed within a circular area to support a specific power
plant size. First, the annual heat requirement was calculated by
multiplying together the power plant size, operation days per year,
and power plant capacity factor, then dividing by both generation
cycle and boiler efficiencies. The annual biomass requirement was
found by dividing the annual heat requirement by the higher heat-
ing value of the biomass. Next, the yearly production per unit area
of the residues was divided by the dry matter of biomass to give
the biomass yield. For the production per area, results for forests
in Alberta using a rotation of 100 years were used, which gave
0.247 dry-tonnes/ha [34]. The harvest area is the annual biomass
requirement divided by the biomass yield. It was assumed that
the area would be circular, and a radius was found. Finally the
transportation distance was the average radius of the circle, which
was two-thirds of the overall radius, multiplied by an assumed tor-
tuosity of 1.27 [12] that accounts for the non-linear path of the
roads.

The Super B-Train chip van was considered for the transporta-
tion of the chips from the roadside to the power plant. For this
analysis, a Super B-Train trailer with a combined double trailer
capacity of 177 m> and a maximum payload of 45.4 tonnes for Can-
ada was used [32]. The payload of the van is highly dependent
upon the bulk density of chips being transported. It was assumed
that the chips would be compacted into the van so that vehicle
would reach its maximum payload capacity. Chips would also be
directly fed into the chip van from the chipper. Log-haul trucks
are used for transporting bundles to the power plant [31] and are
accompanied by a loader for both loading and unloading CRLs. Fuel
consumption for the log-haul truck was estimated from work by
Harrill et al. [35]. Table 1 provides characteristics of the chip van
and log-haul truck.

Many materials are used to manufacture trucks and trailers
[36]. Table 2 gives the amount and percentage composition of dif-
ferent materials used, excluding any fluids or other materials not
defined in [36]. The percentages were recalculated, assuming there
would be no contribution from the two excluded categories.
Parameters in this table for the tractor were used to calculate the
materials used in the forwarder, bundler, chippers, chip van, and
log-haul truck. The percentages for the trailer were used for the
log-haul trailer. The weight of each piece of equipment was
multiplied by the percentage to determine the amount of each
material.
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Table 2
Materials used for the manufacturing of trucks and trailers [36]. The percentages were
recalculated by omitting fluids and the “other” category presented in [36].

Table 3
Emission factors and production energy of materials and fuels used during the life-
cycle assessment.

Material Tractor (% of total weight) Trailer (% of total weight)
Steel 59.08 48.70
Cast iron 17.48 7.60
Cast aluminum 3.57 0.00
Wrought aluminum  3.53 31.20
Plastic 4.99 0.00
Rubber 8.28 12.50
Copper 1.61 0.00
Lead 0.82 0.00
Glass 0.63 0.00

2.2.5. Power generation plant

The size of the biomass power plant needed depends upon the
availability of biomass within the region. All energy use and GHG
emissions were evaluated for the optimum plant size. The impact
of a change in size is discussed in subsequent sections. The plant
life is assumed to be 30 years with a capacity factor of 85% [37].
A boiler efficiency of 95% and a higher heating value of biomass
of 20 GJ/tonne-dry-biomass [37] are used to estimate the annual
fuel requirement. The power plant construction material
requirement was assumed to be same as a coal-fired power plant.
The material requirements were 158,758 kg-concrete/MW,
50,721 kg-steel MW, 419 kg-aluminum/MW, and 619 kg-iron/
MW [38].

2.2.6. Recycling of material

It was assumed that recyclable material used in the above-
mentioned unit processes will be recovered and recycled for
further use. The energy requirement and emissions are highly
dependent upon collection efficiency and the type of material used.
The collection efficiency was assumed to be 90% of total material
used.

2.3. Life-cycle assessment

All material and energy use were aggregated for the entire
process. Concrete, aluminum, cast iron, and steel are used in the
construction of the power plant, while diesel is used for all
equipment operation. Various materials were also used for vehicle
construction, as discussed in previous sections. Emission factors for
these materials were found from GREET 1 and 2 [39,40] and are
summarized in Table 3. GREET 2 [40] contains many types of mate-
rials, so emission factors were chosen based on the best guess of
material source. Emission factors included emissions for steel, cast
iron, averaged plastic, rubber, and averaged cast aluminum. The
energy use and emissions for recycled versions of these materials
were also found from GREET 2 [40]. The emission factor for diesel
was found from GREET 1 [39], specifically for heavy duty trucks.

2.4. Sensitivity analysis

Variables used to calculate energy consumption and GHG emis-
sions can have either a small or large effect on the results. To deter-
mine the importance of these variables, a sensitivity analysis was
performed. Parameters evaluated include the power plant life,
moisture content, and equipment characteristics, which included
productivity, fuel consumption, and load capacity. For the analysis,
a base case was chosen. This included all of the equipment param-
eters discussed above and the characteristics of the power plant.
The baseline moisture content was 47% on a wet basis. For the
power plant size, a value of 137 MW was chosen because it is
the optimum size based on cost for a power plant built in Alberta
[37]. Each individual variable was both increased and decreased by
25% of its baseline value for analysis.

Material Emission factor Production energy  Source
(kg-CO,eq/tonne) (M]/kg-material)
Concrete 406 0.24 [40]
Recycled steel 1804 4.8 [40]
Virgin steel 4961 11.52 [40]
Virgin cast aluminum 12,190 34.56 [40]
Recycled cast 1364 3.84 [40]
aluminum
Virgin cast iron 1113 7.2 [40]
Recycled cast iron 156 0.41 [40]
Rubber 4180 11.52 [40]
Plastic 4330 18.24 [40]
Virgin wrought 11,334 155.5 [40]
aluminum
Copper 2868 39.6 [40]
Virgin lead 882 27.9 [40]
Glass 1570 20.95 [40]
Diesel 73.98 (kg-C0,eq/GJ) [39]

3. Results and discussion
3.1. Life-cycle energy consumption

Fig. 2A and B shows the energy consumption for each of the unit
processes in Option 1 and Option 2 respectively, presented as the
percentage of thermal energy produced for varying power plant
size. The thermal energy is the annual heat requirement as dis-
cussed in Section 2.2.5. The percent energy consumption for the
transportation unit process increases as the size of power plant
increases, but the percent energy consumption for all other unit
processes remains relatively constant. This result is expected
because as the size of the biomass power plant increases, the har-
vest residue transportation distance also increases.

The bundle transportation method for the fuel supply in Option
2 (Fig. 2B) followed the same energy consumption pattern as for
Option 1 (Fig. 2A). Transportation again had the highest energy
consumption for any given power plant size. A few points are
worth noting at this stage. The transportation energy exhibits an
overall increase in life-cycle energy consumption, but there are
discontinuities at various points. The overall increase is due to
the increase in plant efficiency with an increase the plant size.
The efficiency increases with increasing power plant size at the
values of 25%, 30%, 35%, and 40% for power plant ranges of
<50 MW, 50-100 MW, 100-250 MW, and >250 MW respectively.
For the discontinuities, when estimating the number of pieces of
equipment operated per year, the next nearest integer was consid-
ered because this number can never be a fraction. Hence, for a
range of power plants, the same number of pieces of equipment
is possible. Also, when the plant efficiency increases, the amount
of biomass needed to produce a specific energy decreases. A
decreased biomass requirement means a smaller transportation
distance and lower diesel consumption. These variables lead to
the sawtooth nature of the fuel transportation curve seen in
Fig. 2A and B.

Fig. 3 provides a comparison of energy consumption for both
options. For all plant sizes, the method of chipping at the landing
consumes less energy overall than chipping at the plant. However,
as the plant size increases the difference between the two becomes
smaller, suggesting that at sizes much larger than 300 MW, it
would be advantageous to chip bundles at the power plant. How-
ever, this option was not considered because it is much larger than
the optimum forest residue power plant size of 137 MW [37].

When comparing the unit processes between the two options,
power plant construction, fuel collection and piling, and recycling
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are the same. Hence energy consumption remained the same in
these areas for a given power plant size. The energy consumption
in the chipping process between the two options was approxi-
mately the same (~0.01%) for all power plant sizes. Bundling is
an additional process needed in Option 2 but not in Option 1. Addi-
tional energy due to this unit process was approximately 0.29%.
The difference between the energy consumption for transportation
between the two options decreases as the plant size increases, with
Option 1 initially being lower than Option 2. The values are equal
at approximately 200 MW, after which Option 2 becomes lower
than Option 1.

3.2. Life-cycle emissions

Fig. 4A and B shows the GHG emissions (g-CO,/kW h) for Option
1 and Option 2, respectively, as a function of power plant size. Most
of the energy is consumed as diesel fuel during equipment opera-
tion. Hence, more energy consumption means more CO, emissions.
For each option, the emissions (g-CO,/kW h) during transportation
increase with increasing plant size, which is to be expected. A few
points are worth noting at this stage. For a plant size less than
250 MW, there is a stepwise decrease in life-cycle emissions for
fuel collection and fuel processing (as shown in Fig. 4A and B). This
stepwise decrease is due to the increase in plant efficiency with
increasing plant size, as discussed earlier. Plant efficiency affects

the GHG emission results in the same way as the energy consump-
tion in Section 3.1. When the number of pieces of equipment oper-
ated per year for a given unit process is estimated, the next nearest
integer is considered because this number can never be fractional.
Hence, for a range of power plants the same number of pieces of
equipment is possible. These variables lead to the saw-tooth nat-
ure of the curve, as shown in Fig. 4A and B.

Fig. 5 shows the overall GHG emissions (g-CO,/kW h) for both
fuel supply options. It can be concluded from this figure that the
gap between the two options is higher for smaller plants
(<100 MW), and this gap reduces with increasing plant size. If only
transportation is compared for both fuel transport options, Option
1 (chipping at the landing) emits less CO, per unit power generated
compared to Option 2 (chipping at the plant) for smaller plant
sizes. For this unit process, the estimated emissions of CO, per unit
power output are approximately the same at 150 MW for both
options. Transportation emissions for plant sizes greater than
150 MW are smaller for Option 2 than Option 1. This is the only
reason for the gap in the reduction of emissions of CO, per unit
for larger plant sizes. For other unit processes like fuel collection,
processing, etc., the emissions (gCO,/kW h) are higher for smaller
plants (<100 MW) and remain constant for larger plants.

3.3. Comparison to other studies

Studies have been done evaluating the energy use and GHG
emissions for harvesting, processing, and transporting forest resi-
dues in the United Kingdom [41], Finland [17], and Sweden [42].
The first paper [41] evaluated chipping either at the landing or
the power plant for specific types of residues included whole tree
thinning, roundwood, and brash bundles. That study found that
chipping at the power plant resulted in fewer GHG emissions than
chipping at the landing, which is contradictory to our study. The
reason for this contradiction may be that all of their forest residues
were bundled, regardless of chipping location. In our study, bun-
dling only occurs if chipping takes place at the power plant.

The results of the Finland study [17] are similar to ours. The
authors of that study reported that 2-3% of the energy produced
was needed during production, which is similar to our range of
1.1-3.1% for both options. Also, more fuel was consumed for chip-
ping at the plant than at the landing, which is the same as the
result from our study. The GHG emissions of their processes for
chipping at the roadside or chipping at the plant were 4.3 and
7.5 g-CO,/kKW h, respectively. Our study included power plant
construction and recycling, while the Finland study did not. Not
including emissions from these steps, our values are more than
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twice as high, ranging from 13.3 to 19.8 g-CO,/kW h, depending on
option and power plant size. The Swedish study [42] evaluated five
different scenarios, all of which included chipping after transporta-
tion. One scenario is similar to our Option 2, which includes
collection of residues, baling, transporting, chipping at the facility,
and combustion. Their energy use per amount of fuel produced
was approximately 8% higher, but it is not clear why this is. For
their results, the baling of residues used more energy than trans-
portation, which is contradictory to our study and which probably
explains the increase in energy.

3.4. Effect of moisture content

Moisture content impacts the life-cycle energy consumption
and emissions for both options considered in this study by
changing the heating value of the biomass, which in turn affects
the harvest area required to achieve a particular energy produc-
tion. The results presented above were based on a harvesting
residue moisture content of 47% (wet basis). This is the average
moisture content of roadside logging residues in Alberta [20].
The GHG emissions for two power plant sizes, 50 and 300 MW,
at varying moisture contents of 15-50% are presented in Fig. 6.
Some results are worth noting. For a given moisture content, an
increase in power plant size shows a decrease in overall emissions
(g-CO,/kKW h). For a given plant size, higher moisture content
results in higher emissions per unit of electricity generation. The
same results were also found for energy consumption. For both
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Fig. 6. Effect of moisture content on life-cycle emissions for both Option 1
(chipping at the landing) and Option 2 (chipping at the power plant).

power plant sizes, graphs for Option 1 lie below those for Option
2. This is because, as mentioned above, higher emissions were
found with Option 2 than with Option 1. For the 50 MW power
plant, emissions are 30% higher with Option 2 than Option 1 at
15% moisture content. This difference falls to 25% at 50% moisture
content. For the 300 MW power plant, the trend is the same but at
lower values. The difference is 7% at 15% moisture content and 6%
at 50%. This happens because for a larger power plant size, there
are fewer emissions with Option 2 than with Option 1 due to an
increase in the efficiency of the processing equipment.

3.5. Sensitivity analyses

Sensitivity analyses for Option 1 and Option 2 are presented in
Table 4. Results are presented for a 137 MW power plant. The GHG
emissions and energy required both show a 25% increase and
decrease for parameters above the reported baseline parameters
in the table. For Option 1, the biggest changes to both emissions
and energy come from changing the plant lifetime and the mois-
ture content, with the largest change from the latter. There is a
greater change from increasing the moisture content than from
decreasing it. Changes to the load capacity and fuel consumption
during chip transportation also have a greater than 10% effect on
both parameters. However, changes to the productivities and fuel
consumptions of the forwarder and chipper have only a minor
effect. Results for Option 2 are similar to those for Option 1. The
effect of the plant lifetime is similar, but the moisture content



252 A. Thakur et al./Applied Energy 128 (2014) 246-253

Table 4

Sensitivity analysis for Option 1 (chipping at the landing) and Option 2 (chipping at the plant), with a base case defined as a 137 MW power plant, a plant lifetime of 30 years, and

a forest residue moisture content of 47%.

Baseline value

GHG emissions (% change) Energy required (% change)

+25% —25% +25% —25%
Option 1
Baseline GHG emissions (g-CO,eq/kW h) 18.83
Baseline energy required (% of thermal produced) 1.82%
Plant lifetime (years) 30 -1.1% 1.9% 24.0% —24.0%
Moisture content (%) 47% 40.9% —-21.7% 41.7% —22.1%
Harvesting
Forwarder:
Productivity (tonne/h) 20 —3.2% 5.4% -3.2% 5.4%
Fuel consumption (L/h) 13 3.6% —3.6% 3.7% -3.7%
Processing
Chipping at the landing:
Productivity (tonne/h) 920 —4.2% 7.0% -4.3% 7.2%
Fuel consumption (L/h) 85 5.2% -5.2% 5.4% —5.4%
Transportation
Chip transportation:
Load capacity (tonnes/trip) 30 -10.1% 18.5% -10.3% 19.0%
Fuel consumption (L/h) 40 12.8% -12.8% 13.1% -13.1%
Option 2
Baseline GHG emissions (g-CO,eq/kW h) 21.7
Baseline energy required (% of thermal produced) 2.09%
Plant lifetime (years) 30 -0.9% 2.0% 24.1% —23.9%
Moisture content (%) 47% 37.5% —20.7% 38.0% -21.0%
Harvesting
Forwarder:
Productivity (tonne/h) 20 -2.7% 4.4% —-2.7% 4.5%
Fuel consumption (L/h) 13 3.1% -3.1% 3.2% -3.2%
Bundler:
Productivity (bundles/h) 40 —2.6% 3.9% —2.6% 3.8%
Fuel consumption (L/h) 11 2.7% -2.7% 2.8% -2.8%
Processing
Chipping at the plant:
Productivity (tonne/h) 170 -3.3% 6.6% -3.3% 6.5%
Fuel consumption (L/h) 125 3.9% —3.9% 4.0% —4.0%
Transportation
Bundle transportation:
Load capacity (tonnes/trip) 39 —7.3% 11.5% —7.5% 11.8%
Fuel consumption (L/h) 40 8.8% —8.8% 9.1% -9.1%

change is slightly lower. All other values show a less than 10%
change except for decreasing the load capacity during bundle
transportation to the power plant.

Plant lifetime is a variable that cannot be changed easily, but
moisture content can be decreased by allowing the residues to
dry at the roadside [41]. One effect of adding this step to dry the
wood is a change in the overall area required to meet a specific
power plant size, which in turn would affect transportation dis-
tances, thereby changing fuel consumption during harvesting and
processing. Allowing the residues to dry at the roadside would
decrease the transportation distance required. Reducing the
moisture content would also raise the lower heating value of the
biomass [32], which would affect operations at the power plant.
To reduce energy consumption and emissions, focus should be
placed on transportation to ensure that the chip vans and log-haul
trucks are hauling the maximum amount of material and operating
at the highest fuel consumption.

4. Conclusion

Forest residues can provide an almost carbon neutral energy
source that has lower GHG emissions than fossil fuels and requires
very little energy for processing and growth compared to what is
produced. Forest residues can be chipped at the landing or at the
power plant. Results for both methods show that only fuel trans-
portation, as a percentage of total energy produced, increases with

increasing power plant size. All other parameters remain relatively
constant. The same trend is seen in the GHG emissions. When com-
paring both chipping options, for smaller power plant sizes less
energy is needed and lower GHG emissions are produced when
chipping takes place at the landing. Larger power plants would
benefit from chipping at the plant. While a larger size may not
be possible at an individual plant, multiple plants could be built
near each other. These results are most dependent on the plant
lifetime and the moisture content of the residues, the latter of
which affects the residue transportation distance and heating
value.
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