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PEER REVIEWED

S TUDIES THAT CONSIDER LIFE

cycle processes are becom-
ing increasingly important
methods of assessing the

possible environmental effects of
any novel processing. These studies
provide valuable data that can be
considered in conjunction with
other technical and economic feasi-
bility data. In a recently reported
pulp and paper example, Bradley (1)
used life cycle assessment (LCA) to
identify the sources of environmen-
tal burdens associated with the pro-
duction of a weekly European con-
sumer magazine.

Using the terminology of the
Society of Environmental Toxicology
and Chemistry (SETAC),LCA consists
of three phases: goal definition and
scoping, inventory analysis, and
impact assessment. In an inventory
analysis, data are collected, inter-
preted, and presented as mass flows
and environmental loadings. Life
cycle study methodologies are con-
tinually evolving; this may contribute
to both the difficulty and the useful-
ness of the life cycle process. It
should be emphasized that life cycle
studies, such as this study, are
designed to optimize processes and
hence minimize waste rather than to
promote specific points of view (2).

A recently renewed interest in
the use of agricultural residues for
pulp and paper manufacture has
been motivated by three factors:

• concerns over long-term wood
fiber supply requirements as
long-term paper product demand

is projected to increase
• increasing restrictions on conven-

tional means of agricultural
residue disposal (i.e., open-field
burning)

• significant environmentalist inter-
est in substituting such fibers for
virgin wood fiber.

These factors led to this cradle-to-
gate inventory (CGI) study, which
considers the relative effects of the
substitution of wheat straw chemical
pulp, produced in the Canadian
prairies, for the British Columbia soft-
wood mechanical pulp component
of telephone directory (TD) paper.
TD paper is a lightweight, strong,and
opaque paper grade that is extremely
demanding of quality. In this inven-
tory, technical and economic feasibil-
ity data were not considered. We
evaluated the sources of environ-
mental burdens associated with the
production of 1 metric ton of TD
paper in a North American context
using specific pulping scenarios.The
purpose of this paper is to provide
the reader with a snapshot of the
results; hence, only raw materials,
energy, and water consumption are
reported. SETAC guidelines were fol-
lowed (3), and a comprehensive
external peer-review process was
undertaken in accordance with inter-
nationally accepted practices.A copy
of the full report is available form
Paprican.

DATA COLLECTION AND QUALITY
Wood pulping operational data were
collected using questionnaires.
Additional data obtained were aver-

age data on pulp yields from the dif-
ferent pulping methods (Paprican),
harvest volume and fuel consump-
tion by the tree harvest method from
the Forest Engineering Research
Institute of Canada (1996), data on
electric power from Energy, Mines
and Resources Canada (1994), and
energy contents of Canadian fuels
from the National Energy Board
(1994). When using published data,
Canadian data were preferred over
U.S. data, which, in turn, were pre-
ferred over data from other parts of
the world. Data for the straw mill
scenario were obtained from either
in-house studies or from the open 
literature.

There are three categories of CGI
data. Primary data are composed of
those inputs that form the functional
unit. Secondary data are those
major inputs that contribute to the
outputs arising from production of
the functional unit, such as process-
ing chemicals and by-products.
Tertiary data are considered to be
those inputs and outputs that are, by
comparison with the primary and
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secondary data, unlikely to con-
tribute significantly to the overall
environmental burdens. Data quality
was evaluated using the 1-to-5 rating
system (4). Primary data from the
wood-based operations were rated as
a 2 or higher. However, straw pulp
primary data were typically rated as a
3.

In this study, wood or straw, fiber,
pulp, water consumption, and
energy are all considered primary

data. Although the primary data
obtained from direct survey and
review literature included high and
low ranges, midpoints were used in
this study. Sensitive analysis indi-
cated that the range of primary data
did not significantly affect the out-
come of the study.

DESCRIPTIONS OF SCENARIOS
The starting point for the study was
growing both trees and wheat from
seed. In both cases, the life cycle
inventory concluded with the pro-
duction of 1 moisture-free metric ton
of TD paper, the functional unit.

TD paper contains 10% softwood
bleached kraft (SBK) pulp, 40%
deinked paper (DIP), and 50% soft-
wood mechanical pulp (SMP). The
SMP component is comprised of
equal proportions of chemithermo-
mechanical pulp (CTMP) and stone
groundwood (SGW) pulp. The soft-
wood scenario, which is in the cur-
rent practice, includes all inputs and
outputs of these processes. The
straw-based scenario used in this
study would substitute a wheat
straw chemical pulp for the SMP
component of the furnish (FFiigg..  11).
Other major assumptions are pre-
sented in TTaabbllee  II..

Nursery, woodlands, and
chipping operations

The average age of tree seedlings
when shipped for replanting is 35
weeks (Company A, 1996). Seedlings
were planted at a density of 1000 per

hectare (ha),and the average survival
rate was 87% over a 10-year period,
beyond which mortality is negligible
(5). The average harvest volume is
723 m3/ha, and average hauling dis-
tance is 40 km (6). The density of
western hemlock wood ranges from
409 to 477 kg/m3 (7). The average of
443 kg/m3 was used for the inven-
tory calculations. Moisture content
of green wood was set at 50% (8).
The estimated quantity and type of
fuel used by different harvesting
methods, expressed as a proportion
of wood harvested by that method, is
based on raw data obtained from
Forest Engineering Research
Institute of Canada (1996) survey
data.

Chipping is considered part of
the sawmilling activities. For every
metric ton of moisture-free wood,
42% is recovered as lumber, 39% as
chips, and 19% as sawdust and shav-
ings (Company B, 1996). Hence,1
moisture-free metric ton of chips is
produced from the sawmilling of
2.56 moisture-free metric tons of
wood. Accordingly, 39% of the envi-
ronmental burdens associated with
sawmilling are allocated to chipping.

Semibleached kraft (SBK)
pulping

Pulp yield from the semibleached
kraft process ranged from 40% to
45% and is set at 42% for this study.
Specifically,2.38 metric tons of chips
are needed to produce 1 metric ton
of semibleached kraft pulp (9). An

I. Major assumptions of this study

• The 10% SBK and 40% deinked pulps
were supplied by separate coastal
British Columbia mills.

• The 50% mechanical pulp component,
consisting of 25% SGW pulp and 25%
CTMP, is produced by an integrated
pulp and paper mill based in coastal
British Columbia—which prepared
the TD paper.

• Nursery, woodlands, and chipping
operations are based in coastal British
Columbia.

• Electricity generation fuel mix for
British Columbia was used in all
phases of the softwood-based direc-
tory paper.

• The 50% mechanical pulp (SMP) com-
ponent is directly sustained with
bleached wheat straw chemical pulp
(SCP) without consideration of any
adverse effects on paper quality.

• Straw pulps will perform as well as
softwood pulps under recycling con-
ditions.

• The ODED bleaching sequence was
adopted for the straw pulp with
expected effluents similar to those of
the kraft pulping process using the
same bleaching sequence.

• Spent liquors generated during straw
pulping could not be processed via
conventional recovery methods
because of high levels of silica.

• Disposal of spent liquors would
involve neutralization followed by aer-
obic biotreatment with no chemical
or energy recovery.

• Wheat farming, straw harvesting, and
straw pulping are based in
Saskatchewan, although Alberta and
Manitoba were included in the sensi-
tivity analyses.

• Straw pulp is transported from the
Prairies to the integrated pulp and
paper mill located in British Columbia.
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ODED bleaching sequence was used
(Company B, 1996). Based on a
recent design, about 9% of the fresh
water intake is assumed to be lost to
evaporation and sludge (10). The
SBK pulp is supplied to the inte-
grated pulp and paper mill in dewa-
tered or dry-lap form to reduce the
cost of transport. Moisture content
was 20% (11).

Deinked paper (DIP) pulping
The burdens associated with the col-
lection and transport of old newspa-
pers (ONP) and old magazines
(OMG) were assumed to be constant
for both the wood and straw pulp
scenarios; hence these burdens were
not considered in this inventory.The
average pulp yield from recycled
paper under the operating condi-
tions of the DIP plant is 84%
(Company C, 1996) The supply of
recycled paper consists of 74% ONP,
15% OMG,10% flexographics,and 1%
used telephone directories. Thirty-
five percent of the recycled paper
supply comes from British Columbia,
20% from Alberta, 5% from
Saskatchewan, 28% from
Minneapolis, and 7% from Kansas.All
of these are brought in by rail.
Deinked pulp is furnished to the
paper mill in wet-lap form, i.e., mois-
ture content=50%.

Softwood mechanical pulping
(SMP)

Under the baseline conditions, 50%
of the paper furnish is made up of
mechanical pulp, which is equally
divided into 25% SGW and 25%
CTMP. Pulp yields from the SGW
process range from 93% to 96%; for
CTMP, the values range from 90% to
93% (12). The midpoints of these
ranges were used for inventory pur-
poses. The softwood mechanical
pulp is brightened and then supplied
to the paper mill at a 20% moisture
content.

Wheat farming and straw
production

In the Canadian Prairies,1 ha of farm-

land produces 7.45 metric tons of
grain, straw, chaff, and other biotic
residues (13, 14). Of this amount,
30%—or 2.2 metric tons—is straw.
Stumborg has reported that 0.75–1.5
metric tons of straw must be
retained on the soil for erosion con-
trol (14). Agriculture Canada recom-
mended the higher figure of 1.5 met-
ric tons; hence this figure was used
for all calculations (14).

The percentage of dry matter in
wheat straw is typically 92.6% (15);
hence 1 ha of farmland yields 648 kg
of dry straw.This accounts for 9% of
the total wheat biomass produced
on 1 ha of land. Accordingly, 9% of
the environmental burdens associ-
ated with wheat farming were allo-
cated to straw pulping. Estimates for
the various wheat farm operations
were based on data published by
Boerma et al. (16) and Saskatchewan
Agriculture and Food (17). The aver-
age distance for the transport of
straw to the mill was set at 50 km
(14).

Straw chemical pulping (SCP)
Chemical pulping of wheat straw
was assumed to be accomplished
with a soda-based straw pulping
technology using a continuous
digester system horizontal tube.The
ODED bleaching sequence used for
the SBK pulp was also adopted for
the straw pulp, and data were
obtained from the literature (18). In
the absence of first-hand data, the
reported effluent rates for the kraft
mill were applied to straw chemical
pulping. Straw losses, energy used,

and emissions generated from straw
cutting and precleaning in the mill
were not taken into account. Steam
used in the mill was assumed to be
generated with a mixture of coal, oil,
and natural gas in the same propor-
tion as their contributions to elec-
tricity generation.

Pulp yields from straw range from
40% to 42% (9, 19) but have also
been reported to be as low as 35%.
Regardless, an average pulp yield of
41% was adopted, assuming that any
potential Canadian operation will use
the best available technology to max-
imize pulp yield among many other
parameters. Straw pulp (at 50% mois-
ture content) was transported from
the Prairies to British Columbia by
rail.

Chemical recovery from wheat
straw pulping remains the greatest
technological challenge to accep-
tance of this raw material as a viable
source of fiber.The problems associ-
ated with high black liquor viscosity
and inorganic contamination remain
to be overcome at the mill scale (9).
Consequently, it was assumed that
wheat straw pulping chemicals will
not be recycled, nor will the dis-
solved organic materials be com-
busted to recover heat. In Canada,
black liquor would require an effec-
tive means of treatment prior to dis-
charge. Using currently available
process technology, it is assumed that
the simplest means of disposal would
require neutralization, aerobic
biotreatment, and aqueous discharge
treatment. Neutralizing the spent
liquor from straw chemical pulping

II. Electricity generation fuel mixes used in the life cycle inventory, % (24)

Energy British
source Columbia Alberta Saskatchewan Manitoba Canada

Hydroelectric 96.9 3.6 22.3 99.0 61.1
Coal 0 87.9 72.6 0.9 18.0
Nuclear 0 0 0 0 16.4
Oil 0.1 0 0.1 0.1 2.8
Natural Gas 3.0 8.4 5.0 0 1.7
Other 0 0 0 0 0.1

Total 100.0 100.0 100.0 100.0 100.0
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