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Abstract — Carbon sequestration in wood products in Portugal was estimated for the 1990-2000 period using two accounting approaches: the
stock-change and the atmospheric-flow. Calculations rely on historical data for production and trade of wood products, and on tyﬁ)ical values
for their lifetimes. Carbon sequestration in wood products, calculated by the stock-change approach, increased from 310 Gg C yr—' in 1990 to
611 Gg C yr~! in 2000. The estimates of carbon sequestration using the atmospheric-flow approach, in the same period, varied from 322 Gg C yr! to
783 Gg C yr~!, and do not show the same increasing trend given by the stock-change approach, as they depend not only on the change in the
stocks of wood products but also on their trade. The sensitivity analysis performed shows that the results are significantly affected by the
parameters related with the lifetime of the products, the carbon fraction in paper and the biomass conversion factor.
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Résumé — Contribution des produits du bois a la séquestration du carbone au Portugal. La séquestration de carbone par les produits du
bois au Portugal a été estimée pour la période 1990-2000, par deux approches de calcul: le stock-change et I’atmospheric-flow. Les calculs se
basent sur des données historiques de production et de commerce de produits du bois, ainsi que sur les durées de vie caractéristiques de ces
produits. La séquestration de carbone par les produits du bois, calculée par 1’approche stock-change, a augmenté de 310 Gg C an~! 4 611 Gg C an™!
entre 1990 et 2000. La séquestration de carbone, estimée par I’approche atmospheric flow, pour la méme période, a varié entre 322 Gg C an™!
4783 Gg C an™l, et ne présente pas la méme tendance d’augmentation obtenue par I’approche stock-change, vu qu’elle dépend non seulement
de la variation des stocks des produits du bois, mais aussi du commerce des produits du bois. Une analyse de sensitivité réalisée montre que les
résultats sont significativement affectés par les parametres liés a la durée de vie des produits, la fraction de carbone dans le papier et le facteur

de conversion de la biomasse.
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1. INTRODUCTION

Wood products are a component of the carbon cycle for the
forest sector. Part of the carbon contained in harvested round-
wood is released to the atmosphere in the same year or within
a couple of years, by the decomposition and burning of fuel-
wood, wood processing residues, and short-lived wood prod-
ucts. Another part of the carbon remains stored in long-lived
wood products in use, which may persist for decades to centu-
ries [24]. The total lifetime of wood products may be extended
if they are disposed off in landfills, where they are only partially
decomposed, forming a permanent carbon sink [30]. The
worldwide carbon sequestration in wood products was esti-
mated by Winjum et al. [45] as about 139 Tg C yr—! in 1990.
Wood products can also mitigate carbon emissions from fossil
fuels when they are burnt to produce energy or when they sub-
stitute alternative materials such as concrete, steel or ceramic
materials used in the construction and interior works of build-
ings [44].

The current methodology used in the preparation of national
greenhouse gas inventories under the UNFCCC (United
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Nations Framework Convention on Climate Change), the
Revised 1996 IPCC (Intergovernmental Panel on Climate
Change) Guidelines [20-22], assumes as default, that all carbon
in the biomass harvested is oxidised in the removal year,
neglecting the carbon sink provided by the wood products.
However, the IPCC Guidelines allow the inclusion of this sink
in the national inventory if a country can document that existing
stocks of long term products are in fact increasing [22], but it
does not provide an accounting methodology.

Three alternative approaches for accounting carbon in wood
products were proposed: the stock-change approach, the pro-
duction approach, and the atmospheric-flow approach [4, 29].
They have been applied and compared in several studies [12,
13, 16, 25, 26,31, 36, 41, 45]. The approaches differ in the way
carbon emissions from traded wood and wood products are
allocated to consuming and producing countries. The stock-
change approach estimates the net change in carbon stocks in
the forest and in the wood products pool, within national bound-
aries. Stock changes in forests are accounted for in the produc-
ing country, whereas stock changes in wood products are
accounted for in the consuming country. The production
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Table I. Biomass conversion factors, bark fractions and carbon fractions for different categories of wood and wood products. Default values
are from Winjum et al. [45]; minimum and maximum values were used in the sensitivity analysis.

Wood/wood product Biomass conversion factor Bark fraction Carbon fraction
(Mg m™3)
Default Min Max Default Min Max Default Min Max

Industrial roundwood

Conifer 0.40 0.36 0.67 0.11 0.11 0.43 0.50 0.4627 0.552

Non-conifer 0.50 0.47 0.65 0.13 0.13 0.25 0.50 0.4627 0.552
Fuelwood 0.45 0.41 0.66 0.12 0.12 0.34 0.50 0.4627 0.552
Sawnwood

Conifer 0.42 0.36 0.67 - - - 0.50 0.4627 0.552

Non-conifer 0.53 0.47 0.65 - - - 0.50 0.4627 0.552
Wood-based panels 0.52 0.52 0.70 - - - 0.50 0.40 0.50
Other industrial roundwood

Conifer 0.56 0.36 0.67 - - - 0.50 0.4627 0.552

Non-conifer 0.64 0.47 0.65 - - - 0.50 0.4627 0.552
Paper and paperboard - - - - - - 0.50 0.30 0.50

approach also estimates net changes in carbon stocks in the for-
est and in the wood products pool. Stock changes in forests are
accounted for in the producing country, as well as the carbon
contained in exported wood products. The atmospheric-flow
approach estimates the flows of carbon between the biosphere
and the atmosphere within national boundaries. Uptake of car-
bon from forest growth is accounted for in the producing coun-
try, while carbon emissions from the oxidation of wood or
wood products are accounted for in the consuming country.

The increasing production and consumption of wood prod-
ucts in Portugal [10] indicate that they may be a carbon sink,
provided that new products are additional to the existing ones.
In this study, carbon sequestration in wood products in Portugal
was estimated for the 1990-2000 period using both the stock-
change approach and the atmospheric-flow approach. The pro-
duction approach was not attempted, due to the lack of reliable
data on the way domestically grown wood and wood products
are processed, used and disposed off in the countries where they
are consumed. Such estimates are highly uncertain, as they
must be based on approximations and assumptions.

Within each accounting approach (i.e., the conceptual
framework) there may be more than one estimation method
(i.e., the calculation framework), which can be applied with dif-
ferent levels of complexity, depending on data availability. In
this study, it was adopted the method described by Winjum
et al. [45], which is based on a lifetime analysis using some sim-
plified assumptions. It relies on statistical data of production
and trade of wood and wood products available in the FAO
(Food and Agriculture Organization) forestry database [10] and
provides default values for the conversion factors and lifetimes
needed in the calculations. Furthermore, a sensitivity analysis
was carried out in order to assess the effect of modifying these
default values, and to identify those contributing to the major
changes in the estimates of carbon sequestration.

2. MATERIALS AND METHODS

In the stock-change approach, carbon sequestration is estimated as
the sum of the change in carbon stocks in forest and the change in car-
bon stocks in wood products consumed in the country. In the atmos-
pheric-flow approach, carbon sequestration is equal to the one
estimated by the stock-change approach, plus the net export of carbon
in wood and wood products (as demonstrated by Flugsrud et al. [12]).
The change in carbon stocks in the forest ecosystem, which is similar
in both approaches, was excluded from this analysis. Only the addi-
tional sequestration (or emission) in relation to the IPCC default
approach was accounted for.

The change in carbon stocks in wood products was calculated as
the difference between carbon contained in wood products consumed
in a reference year, not decaying in that year, and inherited emissions
from wood products consumed in previous years.

The consumption of wood products, as well as the net export term
in the atmospheric-flow approach, were derived from the FAO data-
base [10], which provides data for the 1961-2000 period of produc-
tion, import and export of roundwood (industrial roundwood and
fuelwood) and semi-finished wood products (sawnwood, wood-based
panels, other industrial roundwood, and paper and paperboard).

Because the data for roundwood, sawnwood, wood-based panels
and other industrial roundwood are reported in volume, conversion
factors are required to express these products in terms of dry mass. In
the case of roundwood, as the volume is inside-bark, a bark fraction
must be also added to estimate the total volume of stem. The conver-
sion factors and the bark fractions are those used by Winjum et al. [45]
and are given in the “default” column of Table 1. The carbon content
in the wood was obtained by assuming a common carbon fraction of
0.5 in the dry mass (Tab. I).

Wood products were divided into two groups according to their
lifetimes. Short-lived products have a lifetime lower than five years
and were assumed to decay immediately. The remaining are long-lived
products and were assumed to decay at a constant decay rate estab-
lished for each product category. This decay rate is the inverse of the
lifetime: a decay rate of 0.01 yr~! means a lifetime of 100 years. The
fraction of long-lived products and the annual decay rate for each product
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Table II. Fractions of long-lived products and annual decay rates for different categories of wood products. Default values are from Winjum
et al. [45]; minimum and maximum values were used in the sensitivity analysis.

Wood product Fraction of long-lived products Annual decay rate (yr-!)
Default Min Max Default Min Max
Sawnwood 0.8 0.60 0.8 0.01 0.01 0.02
Wood-based panels 0.9 0.67 0.9 0.02 0.02 0.04
Other industrial roundwood 0.7 0.53 0.7 0.04 0.04 0.08
Paper and paperboard 0.6 0.45 0.6 0.01 0.01 0.02

category used in this study were taken from Winjum et al. [45] for tem-
perate regions (“default” column in Tab. II). These parameters take
into account not only the use period of the wood products, but also the
waste period in landfills. Inherited emissions resulting from the decay
of wood products consumed before 1961 were assumed to be negligible.

In the sensitivity analysis, the default parameters were allowed to
vary within realistic, or in some cases, probable ranges. Thus, maxi-
mum and minimum values were selected for the different parameters
(Tabs. I and II) and were combined in order to obtain maximum and
minimum estimates of the carbon sequestration in wood products.

The biomass conversion factor for industrial roundwood ranged
from 0.36 to 0.67 Mg m™3 for conifers [6] and from 0.47 to 0.65 Mg m™>
for non-conifers [43]. These values are typical for the conifer Pinus
pinaster and for the non-conifer Eucalyptus globulus, which are the
most important exported species in Portugal. The same ranges were
adopted for the imported species, mainly from tropical and temperate
forests, since the values reported in the literature [39, 40] are of the
same magnitude. The average values for conifers and non-conifers
were used for fuelwood. The minimum and maximum biomass con-
version factors used for industrial roundwood were also adopted for
sawnwood and other industrial roundwood, neglecting the likely
increase in the biomass conversion factor due to the shrinkage of wood.
The biomass conversion factor of wood-based panels varies between
0.52 Mg m™3 and 0.93 Mg m=3 [25], depending on the type of panel
(veneer sheets, plywood, particle board, hardboard, medium density
fibreboard and insulating board). The default value of 0.52 Mg m=3
was kept as a minimum value, and the value used by Ford-Robertson
etal. [13] for panels in general, 0.7 Mg m~3, was considered as a max-
imum.

The maximum values of the bark fraction for conifers and non-
conifers were derived respectively from the highest bark fraction
observed in P. pinaster and E. globulus. For P. pinaster this parameter
ranges from 0.25 to 0.43 [8, 42] of the volume of stemwood inside-
bark, while for E. globulus varies between 0.18 and 0.25 [15]. Because
default values are smaller than these, they were used as minimum val-
ues. Fuelwood was assumed to have a bark fraction equal to the aver-
age of the values taken for conifers and non-conifers.

The carbon fraction in industrial roundwood and fuelwood ranged
from 0.4627 to 0.552 [28]. The same fractions were employed for
sawnwood and other industrial roundwood as wood is not modified.
For wood-based panels and paper and paperboard, a smaller carbon
fraction is expected, since they incorporate materials other than wood.
For these wood products, the maximum carbon fraction was the default
value, 0.5, and the minimum value was set to 0.4 for wood-based pan-
els [25] and to 0.3 for paper and paperboard [2].

The fraction of paper and paperboard allocated to long-lived prod-
ucts was assumed to include the printing and writing paper in use plus
the paper and paperboard disposed in landfills and averaged approx-
imately 0.45 in Portugal, between 1961 and 2000 (printing and writing
paper accounted for 15 to 35% of the total consumption of paper and
paperboard [7, 8], and 15 to 40% of the discarded paper and paperboard
was landfilled [18, 19, 38]). This value was adopted for the minimum

value of the fraction allocated to long-lived products and the default
value was used for the maximum value. For sawnwood and wood-
based panels, the default values used for the fraction allocated to long-
lived products are similar to the average values that prevailed in Portugal
in the 1961-2000 period. In fact, some studies [1, 9, 33] suggest that
about 75 to 90% of the sawnwood and 80 to 90% of the wood-based
panels consumed in Portugal over the 1961-2000 period were used to
produce potentially long-lived products, such as furniture and con-
struction wood (for these kinds of products, the fractions going to land-
fills are expected to be very small). In this case, a conservative
procedure was adopted and, thus, the default values were used as max-
imum values and the minimum values were obtained by decreasing
the default values by the same percentage obtained for paper and
paperboard, i.e., 25%. The same procedure was applied for the other
industrial roundwood as information about the fraction allocated to
long-lived products is not available for the Portuguese conditions.

It is difficult to obtain measured values for the annual decay rates
of long-lived products, as they are not directly reported by any statis-
tical source. Thus, they are mainly estimated based on assumptions and
wood-using practices. The ranges of the lifetimes (the inverse of the
annual decay rates) of long-lived products found in the literature vary
widely, and, in general, the default values used in this study fit well
in those ranges. The average lifetime of long-lived sawnwood varies
from 15 years if it is used for furniture [5] to 145 years if it is used for
residential construction [41]. A variation between 15 years [37] and
90 years [27] was found for the average lifetime of long-lived wood-
based panels. For long-lived other industrial wood, the average life-
time ranges from 10 years if it is used for fences or gates [40] to
50 years if it is used for poles [25]. The total lifetime of long-lived
paper is more uncertain than those of solidwood products since it
includes the time paper lasts in use and in landfills (as referred previ-
ously, the amount of solidwood products disposed in landfills in Portu-
gal are expected to be insignificant). The average lifetime of long-lived
paper in use ranges from 6 to 20 years [27], while paper in landfills
can last much more. In fact, a part of landfilled paper decays within 5
to 30 years [23], but another part, amounting to 33 to 84% of the land-
filled paper [23, 30], is very resistant to decay. In conclusion, it seemed
to be reasonable to assume that the maximum values of the annual
decay rates are the double of the default values (and, consequently,
the lifetimes were reduced to half of the default values). The minimum
values of the annual decay rate were assumed to be equal to the default
values. A decrease in the annual decay rates was excluded from the
sensitivity analysis due to the lack of even more remote data needed
to calculate inherited emissions. Due to the limited time coverage by
the FAO database, when wood products have a lifetime longer than
40 years, inherited emissions from the decay of wood products con-
sumed prior to 1961 will be underestimated.

3. RESULTS

Wood products were a net sink of carbon in Portugal
throughout the studied period, regardless of the accounting
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Figure 1. Carbon sequestration estimated by both the stock-change
and the atmospheric-flow approaches.
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Figure 2. Relative contribution of each wood product category to the
total change in carbon stocks.

approach (Fig. 1). Carbon sequestration estimated by the stock-
change approach has been increasing from 310 Gg C yr!, in
1990, to 611 Gg C yr‘l, in 2000. The relative contribution of
each wood product category to the total change in carbon stocks
(equal to the carbon sequestration given by the stock-change
approach) is shown in Figure 2. These results are better under-
stood if complemented with the evolution of the consumption
of wood products in Portugal, shown in Figure 3. Paper was the
most important carbon sink during the whole period, with a rel-
ative contribution to the total carbon sequestration varying
from 41% in 1995, to 67% in 1992. This is due to the fact that
paper was the most consumed product in the 1990-2000 period.
Besides, its consumption has been increasing exponentially, so
that the corresponding inherited emissions are relatively small.
Sawnwood ranked second in the contribution to the total carbon
sequestration, except for the 1990-1992 period, with a share
that ranges from 13% in 1990, to 41% in 1997. This is the result
of its important consumption in the 1990-2000 period, in spite
of the inherited emissions, which are relatively large in this
case. However, the inherited emissions are likely underesti-
mated, since they cannot be calculated for the full lifetime of
sawnwood. The share of wood-based panels to the total carbon
sequestration varied from 10% in 1997 to 27% in 1992. The
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Figure 3. Consumption of wood products in Portugal.
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Figure 4. Portuguese net import of carbon in wood and wood pro-
ducts; positive values represent net import and negative values repre-
sent net export.

other industrial roundwood showed a very small contribution
of about 1% to the total carbon sequestration between 1997 and
2000. Before that period it was a net source of carbon.

The estimates of carbon sequestration by the atmospheric-
flow approach, which vary from 322 Gg C yr! to 783 Gg C yr!
in the 1990-2000 period, do not show the same increasing trend
given by the stock-change approach (Fig. 1). This is due to the
fact that they depend not only on the change in the stocks of
wood products but also on the import and export of wood and
wood products. Figure 4 shows the net import of carbon in wood
and wood products, in which positive values represent net
import and negative values represent net export. With a few
exceptions, Portugal was a netimporter of roundwood and a net
exporter of the different product categories. The estimates of
carbon sequestration with the atmospheric-flow approach were
higher than the ones obtained with the stock-change approach
from 1990 to 1996, as a result of a net export of carbon, mainly
as sawnwood and wood-based panels. After 1997, Portugal was
a net importer of carbon as the import of carbon in industrial
roundwood exceeds the export of carbon in wood products.

The results of the sensitivity analysis are presented in
Figures 5 and 6, respectively for the stock-change and the
atmospheric-flow approaches. The grey area in the graphics is
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Figure 5. Carbon sequestration estimated by the stock-change
approach in the sensitivity analysis; the grey area is delimited by the
minimum and maximum estimates.

delimited by the minimum and maximum estimates of carbon
sequestration.

Even in the minimum estimate of the stock-change
approach, wood products were still a carbon sink. The mini-
mum estimate of this approach was on average about 65%
smaller than the default estimate, during the 1990-2000 period.
The parameters contributing most to this reduction were the
annual decay rates, the fraction allocated to long-lived products
and the carbon fraction in paper and paperboard, which were
changed in 100%, 25% and 40% respectively. Changing each
one of these parameters alone, lead to an average decrease in
carbon sequestration of about 32%, 25% and 21% respectively.
The individual variation of the remaining parameters resulted
in an average decrease in carbon sequestration smaller than 4%.
The maximum estimate of the stock-change approach exceeded
the default estimate in about 20% on average in the whole
period. The largest contributions came from the biomass con-
version factor of sawnwood and wood-based panels, which
respectively increased the carbon sequestration in about 10%
and 7% on average when were changed alone. The minimum
estimate differs more from the default estimate than the maxi-
mum estimate, because in the latter, some parameters, includ-
ing the most influential, are kept equal to the default
parameters.

In the minimum estimate of the atmospheric-flow approach,
wood products behave like a small sink after 1995, and they
became into a carbon source in 1998. In this estimate the aver-
age carbon sequestration during the period decreased about
80% in relation to the default estimate. The decrease in carbon
sequestration after 1995 was larger than before that year. This
trend is mainly caused by the largest influence of both the bio-
mass conversion factor and the bark fraction of industrial
roundwood after 1995, due to an higher net import of industrial
roundwood. The annual decay rates, the fraction allocated to
long-lived products and the carbon fraction in paper and paper-
board were once again the parameters that produced the largest
changes. When they were changed individually, an average
decrease in carbon sequestration of about 27%, 21% and 20%
respectively was observed. Furthermore, as mentioned earlier,
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Figure 6. Carbon sequestration estimated by the atmospheric-flow
approach in the sensitivity analysis; the grey area is delimited by the
minimum and maximum estimates.

the change in the biomass conversion factor of industrial round-
wood had also an important contribution to the decrease of car-
bon sequestration after 1995. This decrease was particularly
significant in 1998, where the individual change of this param-
eter resulted in a decrease of carbon sequestration of about 40%.
For the maximum estimate of the atmospheric-flow approach,
carbon sequestration in the whole period was on average about
43% larger than for the default estimate. The biomass conver-
sion factor of sawnwood and wood-based panels originated the
major increases in carbon sequestration (22% and 16% on aver-
age, respectively) when they were changed individually.

Under the atmospheric-flow approach the difference
between the estimates obtained in the sensitivity analysis and
the default estimate was on average larger than under the stock-
change approach, due to the additional uncertainty caused by
the extra term concerning net export.

4. DISCUSSION

Wood products are often estimated as being a small carbon
sink in comparison with other parts of the forest sector [12, 32].
This was not the case of Portugal during the period analyzed
in this study, where wood products provided a carbon sink compa-
rable with the one of forest. From 1990 to 1994, carbon sequestration
in forest was even smaller than in wood products. According
to the last greenhouse gas inventory submitted to the UNFCCC
[11], carbon sequestration in forest equalled 1 Gg C yr—! in 1990 and
587 Gg C yr~! in 2000, achieving a maximum of 643 Gg C yr!
in 1999. The estimated carbon sequestration in wood products
was equivalent to almost 3% of the total carbon equivalent
emissions (excluding forestry) in Portugal in 2000, which
amounted to 22 430 Gg C yr-!. This percentage is similar to
the one obtained globally [45].

Jakel et al. [26] also estimated the carbon sink in wood prod-
ucts in Portugal using the same approaches as this study. They
reported a carbon sink of zero and 500 Gg C yr~!in 1990, using
respectively the stock-change and the atmospheric-flow
approaches, and about 300 Gg C yr~! in 1998 with the two
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approaches. These values show a general trend to be smaller
than the ones estimated in this study using default parameters,
as aresult of the use of a smaller carbon fraction in paper (0.25)
and of the inclusion of inherited emissions before 1961 by
assuming an exponential growth of the consumption of wood
products in that period.

The simplification made in this study, by assuming that
inherited emissions resulting from the decay of wood products
consumed before 1961 are negligible, resulted in a likely over-
estimation of carbon sequestration in sawnwood, wood-based
panels and paper and paperboard, as these products have default
lifetimes of respectively 100, 50 and 100 years, which are
longer than the period covered by the FAO database (40 years).
The minimum estimate of the sensitivity analysis is also likely
overestimated with respect to sawnwood and paper and paper-
board, due to the assumed lifetime of 50 years. However, this
simplification in the calculations has only a small effect in the
estimates of carbon sequestration in wood-based panels and
paper and paperboard, since their consumption prior to 1961 is
expected to be small (Fig. 3). By the contrary, the consumption
of sawnwood prior to 1961 is expected to be significant, given
the consumption in 1961 (Fig. 3), which results on important
inherited emissions, mainly when the lifetime is of 100 years.
In this case, the emissions associated with more than half of the
lifetime are not accounted for.

Another simplification of the method used in this study was
the consideration of carbon accumulation in finished products
(such as furniture, doors and books) equal to carbon accumu-
lated at the level of semi-finished products, because statistical
data of production of finished products are not systematically
collected for Portugal. This simplification can originate a mis-
leading picture if finished products are traded, because they
remain allocated to the producing country. However, this has
a limited effect in Portugal as the amount of carbon in traded
finished products is small compared with the amount of carbon
in consumed semi-finished products [17].

The estimation method used here is based on many simpli-
fications and assumptions, which introduce some uncertainty.
The results of the sensitivity analysis demonstrate that some
parameters significantly affect the estimates of carbon seques-
tration in wood products. This was the case of the annual decay
rates, which have an high uncertainty, specially if the decay in
landfills is included. More robust values for the annual decay
rates can be obtained by performing direct inventories of the
stock of wood products [3, 14, 34, 35] at different years. For
example, Pingoud et al. [35] estimated the average decay rate
of wood products used in the Finnish buildings, fitting the
stocks obtained with a dynamic model to the stocks obtained
by direct inventories, by tuning the lifetime parameter of the
model. However, direct inventories do not seem suitable to deal
with paper products, as reliable data on the paper stocks are dif-
ficult to obtain and the paper stocks may change rapidly due to
its short lifetime [12].

The criteria being used in the evaluation of the approaches
for carbon accounting in wood products [4, 29] include tech-
nical aspects, of which some were discussed in this study, and
policy aspects. In fact, different incentives or disincentives for
sustainable forest management and for use of wood and wood
products could be provided depending on the approach. For

example, the atmospheric-flow approach encourages the
exportation of wood, instead of its utilisation in the country. In
addition, no incentive for sustainable forest management is
given as the carbon contained in wood from non-sustainable
forests can be exported, generating emissions which will be
accounted for in another country. The stock-change approach
favours the use of long-lived wood products in the country and
stimulates sustainable forest management, in view of the
expansion of the domestic stocks in forests and wood products.

5. CONCLUSIONS

The carbon sink provided by wood products in Portugal was
estimated from 1990 to 2000 using the stock-change and the
atmospheric-flow approaches. The carbon sequestration calcu-
lated by the stock-change approach has been increasing from
310Gg Cyr1,in 1990, to 611 Gg C yr-!, in 2000. On the other
hand, in the same period, the atmospheric-flow approach pro-
duced results varying from 322 Gg C yr! to 783 Gg C yr!.
The estimates of carbon sequestration with the atmospheric-
flow approach were larger than the ones obtained with the
stock-change approach when there was a net export of carbon.

The sensitivity analysis demonstrated that the estimation
method used in this study is significantly affected by the param-
eters related with the lifetime of the products (annual decay
rates and fractions allocated to long-lived products), the carbon
fraction in paper and paperboard and the biomass conversion
factor. According to the sensitivity analysis, carbon sequestra-
tion under the stock-change approach may be, on average, over-
estimated in 65% or underestimated in 20%. Under the atmospheric-
flow approach, it may be, on average, overestimated in 80% or
underestimated in 43%.
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