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Abstract

Concern for the Earth’s changing climate, as a consequence of rising greenhouse gas (GHG)
concentrations in the atmosphere, has led to policies aimed at reducing GHG emissions and
increasing carbon sequestration. In Australia this has been acknowledged in the New South
Wales Greenhouse Gas Abatement Scheme and the Carbon Farming Initiative, which provide
price incentives for forest-based sequestration. However, the issue of the most appropriate
accounting scheme to account for the impermanence of forest based sequestration has been
debated and remains unresolved in policy documents. The objective of the paper is to investigate
the economic potential for forest-based sequestration to reduce carbon dioxide concentrations in
the atmosphere for three different accounting schemes. To this end, a model of the New South
Wales forest sector is developed to simulate changes in land use from agriculture to forestry; and
in forest management, for a range of carbon prices and accounting regimes. The model builds on
previous modelling of forestry in Australia and that of forest-based sequestration by
incorporating: endogenous timber prices; the probability of fire destroying a portion of the forest;
and an increasing opportunity cost of agricultural land. Importantly, the paper improves our
understanding of the sector wide potential for carbon sequestration for the different accounting
rules.
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1. Introduction
Over the past several decades concern within the international community has increased
regarding the rising concentration of greenhouse gases (GHGs) in the Earth’s atmosphere. This
trend is human induced and is contributing to an enhanced greenhouse effect. The global average
surface temperature has increased by 0.74 °C over the past century and is expected to rise further
above historical norms (IPCC 2007: 30). The expected impacts of climate change pose a long-
term threat to the Earth’ ecosystems, but the full extent of future damages are unknown.
Mitigating damages requires reducing GHG emissions, which can be achieved with the
development of carbon markets, taxes on carbon and subsidies to encourage technological

progress.

Policies that provide for an increase in carbon sequestration from land-use change and forestry
are also suggested as an approach to climate change mitigation (Richards and Stokes 2004). A
key motive is that land-use change and forestry is a cheap option to remove CO, from the
atmosphere (van Kooten et al. 2004). However, policy implementation, particularly the
development of accounting to ensure carbon sequestered is verifiable, additional, and permanent
and avoids leakage has proved difficult. The Kyoto Protocol provided the original context that
allowed for land use change and forestry to offset CO, emissions. This has guided the
development of policy in Australia, such as in the New South Wales Greenhouse Gas Reduction
Scheme (NGRS), the formerly proposed Carbon Pollution Reduction Scheme (CPRS) and the
Carbon Farming Initiative (CFI).

Forest-based sequestration in these schemes is limited to afforestation and reforestation in
accordance with Article 3.3 of the Kyoto Protocol. Restrictions are imposed to address the issue
of impermanence of forest-based sequestration. That is, a ton of CO, sequestered in forests can
be released through harvesting for timber or natural disturbance such as fire, whereas a ton of
CO; abated is assumed to be permanently removed from the atmosphere. The NGRS allows for
afforestation of ‘Kyoto’ compliant forests, which can be harvested, but forest managers must
demonstrate a capacity to maintain sequestered carbon for 100 years. The CPRS limited offsets

to the average store of carbon over a 70 year period. The CFI allows for a limited number of
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activities in the agricultural sector to be recognised as offsets. Forestry in this legislation is
limited to non-harvested ‘environmental’ forests and considers a 100 year period as equivalent to
emission abatement. In contrast the Garnaut Review (2008) proposed a method of full carbon

accounting.

The objective of this paper is to assess the economic potential for new forests to be established
with the financial incentives provided by pricing carbon under different accounting methods. A
partial equilibrium model of the forest sector, the NSW Forest Sector Model (NFSM), with
endogenous land-use change between forestry and agriculture is developed. The model
projections of land-use change indicate the potential for new forests to contribute to meeting
emission reduction targets. For carbon prices based on an emissions reduction target of 15
percent below 2000 levels by 2020, forests contribute to over 10 percent of emissions reductions
in NSW by 2020, although the extent of the contribution depends on the method of accounting.
The full carbon accounting (FCA) approach, where sequestration and emission are treated
symmetrically provides the greatest amount of sequestration relative to the average storage
method (ASM) and the renting of carbon offsets. In all carbon accounting schemes,
differentiating Kyoto and non-Kyoto forests for the opt-in schemes, leads to significant carbon
leakage. This reduces the effectiveness of the using forestry offsets to ameliorate the build-up of
CO; in the atmosphere and highlights the importance of including mandatory liability for the

emissions from land-use changes on non-Kyoto lands.

The results reinforce those of previous regional scale studies which indicate that forestry, in
competition with agricultural activities, has the biological and economic potential to contribute
to offsetting emissions in Australia (BTE 1996; Lawson et al. 2008; Burns et al. 2011; Polglase
et al. 2011). However, these do not incorporate impacts in timber markets or account for the loss
of carbon due to wildfire. Polglase et al. (2011) consider only ‘environmental’ forests established
for carbon returns which are not harvested for timber. In other studies, the return to timber and
carbon are based on a perpetual normal forest structure and so do not capture the transition of the

forest sector to such a steady state with the introduction of a carbon price (Lawson et al. 2008;



Burns et al. 2011). The NFSM simulates the transition to a steady state for the changes in the
supply of timber and carbon over time. In addition this paper contributes to previous analysis of
carbon pricing in Australia and elsewhere, by comparing the effect of three accounting regimes
on the regional potential for forest based sequestration. Most previous analysis of accounting
studies have focused single stand forest models and compared the present value of returns and

impact on the optimal rotation length (Cacho et al. 2003; Galinato et al. 2011).

The following section describes the formulation of the NFSM. The data specific to the case study
area of NSW is presented in the third section. The base scenario results, the description of
accounting methods and empirical results are described in the fourth section. The paper
concludes with a discussion of the main results, policy implications and limitations of the

modelling.

2. Model formulation
The NFSM is a partial equilibrium model, a method extensively used in forest and agricultural
sector policy analysis (Norton and Schiefer 1980; Hazell and Norton 1986). McCarl and Spreen
(1980: 92) note that the partial equilibrium modelling of a sector is a powerful tool for
policymakers as it “...allows the policy analyst to specify a change designed to meet some
governmental objective, and then observe the simulated sectoral response to the policy change”.
However, in relation to timber supply modelling in Australia, Jennings and Matysek (2000: 288)
argue “...economists have been slow to take up the challenge of research in this area (timber

supply modelling)...”. The development of the NFSM contributes to bridging this gap.

The NFSM is similar to other regionally based forest sector models where the key determinant of
the area of land in forestry and land-use change is the opportunity cost of land (Adams et al.
1999; Im et al. 2007). For example, in the Forest and Agricultural Sector Optimisation Model
(FASOM) land is endogenously allocated to either forestry or agriculture each period dependent
upon which has the highest present value of net returns (Alig et al. 1998). Land exchanges are

similarly endogenous in the present model, although the return to agricultural land is the annual



rental value, consistent with previous forest sector modelling (Brazee and Mendelsohn 1990;
Sedjo and Lyon 1990; Sohngen and Mendelsohn 2003). In the NSFM, the annual rental value is
a downward sloping function of the area in agricultural land, which implies an increasing

opportunity cost of converting agricultural land to forestry.

2.1 The calculation of returns to forestry and agriculture

The NFSM simulates the supply of timber and carbon sequestration and emissions from
plantation forests in NSW. The willingness to pay for logs by wood processors is calculated as
the area underneath the derived demand function for logs in the production of timber and
pulpwood in NSW. Producer surplus is computed as the revenue from the sale of timber less the
costs of production. The decision variables of the model are the area and age of the forest to

harvest each period and the area of land allocated to forestry and agriculture.

The log markets, assumed competitive, are differentiated by hardwood and softwood species,
denoted by the subscript s and two log types, sawlogs and pulplogs with the subscript I. The
domestic and export demand functions and the import supply schedule are represented as linear
functions. Supply is determined by representative risk neutral producers maximising the present
value of net returns from the sale of logs.

The net surplus (NS;) in the market for logs each period t is calculated as the integral of the

domestic and export demand schedules for logs less import supply and the costs of production.
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Where P;;s(Qt15) is the price dependent domestic demand function; Pets(Qets) is the export
demand schedule; and Pm;;s(Qm;,s) is the import supply curve. The costs of producing logs
include; (i) harvesting and transportation which is dependent on the harvested volume and (ii)
planting, establishment and ongoing maintenance which is a function of the area planted; and the

cost of investing in new processing capacity.



The quantity of logs consumed domestically (Qy;s), the volume exported (Qet,s), the volume of

logs harvested domestically (HV¢,s) and the quantity imported (Qm;, ) are constrained to:

Qt,l,s +Qet,|,s - HVt,I,s - ant,l,s =0 VL, land s (2)

The volume harvested is the hectares harvested (Ha 1) of age cohort a, in land productivity class

¢, multiplied by the estimated yield (yasc,), plus the exogenous native forest yield (nfyy ).

HVt,I,s :ZZHa,c,s,tya,s,c,l +nfyt,l,s ;VI’S’t (3)

The volume harvested is constrained by the available log processing capacity (PCAP;, s):

HV,, . <PCAP
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The first period processing capacity is exogenous and thereafter depreciates by ¢ each period and
new investment (INV;, ) adds to capacity:

PCAPR,

tl,s

=(1-8)PCAPR_,, . +INV,

tls

t=2,...,T:V,1,s (5)

It is assumed representative risk neutral landowners’ maximise the present value of returns to
forestry and/or agriculture over the suitable land area. The total return to agriculture (Agr;) is
determined by the area in productivity class ¢ (Ag:c); the period rental return (AGRET)); less the
cost (cvc) of converting forest to agricultural land (FAQacst) and burnt forest areas to agricultural
land (AFs):

Agr, =>" Ag, AGRET, - > > > FAg,,.cvC — > > AF, CvC ;Vt (6)

To reflect an increasing opportunity cost of agricultural land the rental return each period is a

function of the area in agriculture:

AGRET, (Ag,)=v—nAg, ; Vit (7)



2.2 The state and transition equations

The state variables of the model are the area of forest and agricultural land. The plantation forest
estate is structured as a set of even-aged stands of trees differentiated by species and land
productivity. The rules for the aging, regeneration and harvesting of the forest stands are
modelled using the Model Il form described by Johnson and Scheurman (1971). This method
reduces the number of decision variables and the size of the model compared to the Model 1
formulation, where the spatial characteristics of the forests structure are important to the

analysis.

Fire risk in multiple stand harvesting decisions in forestry is often modeled using a stochastic
programming approach where the probability of fire is a random event (Gassmann 1989;
Boychuk and Martell 1996; Armstrong 2004; Spring et al. 2005). This technique is not practical
in the NFSM as a result of the large number of potential states of the forest, differentiated by age
cohort, species and productivity classes. Instead, fire risk is incorporated using the Reed and
Errico (1986) certainty equivalence procedure where the random possibility of fire in a Model 11
formulation is treated in a deterministic fashion. It is assumed that fixed rather than random
proportions of the areas for each age cohort, species and productivity class are destroyed by fire
in each period. Reed and Errico (1986) show that the closeness of the deterministic solution to
the optimal stochastic policy depends on the variance of the random variables. As the area of
forest modeled increases, the variance in the proportions burnt decreases. So for a large forest

area the deterministic solution is a reasonable approximation to the optimal stochastic solution.

The Model 11 transition equations including the probability of fire destroying a portion of the
forest (k) are summarized in equations 8 to 12. Where X, IS the area of forest in each age
cohort a; R¢s; IS the area of newly regenerated forest; RF.s; is the area burnt and regenerated

back into plantation forestry; and AgF. . is the area of agricultural land converted to forestry.
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The possibility remains that some stands of trees are never harvested. This may be optimal where
the benefits from carbon payments or the carbon penalty from harvesting is greater than the
benefits from harvesting and replanting forest or harvesting and converting into agricultural land.
The standing forest in the oldest age cohort N is:

Xnest =@=K)X{ coi—Hyesia

(12)
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The area of agricultural land Agcadjusts according to:
A, =AUy + D AR+ D D FAD, .o — D ADF, ;VC;t=2,...,T (13)
The area converted from forestry to agricultural land is constrained:
FAQ, st <H, o 'V a,cst (14)

And both agricultural and forest activities are constrained by the area of suitable land (areac):

;; Xa,s,c,t + Agc,t = areac ;th C (15)

2.3 The planning horizon, terminal period valuation and the objective function

The model simulates land use change and interactions in the market for timber over a 150-year
time horizon in 5-year increments. This time frame and increment allows for multiple rotation
periods and, for constant parameter values, convergence to an optimal steady state area of forest

and agricultural land.



The terminal period valuation of land is the discounted value of an infinite stream of net returns.
For forestry the net returns are calculated as the annuity value of an infinite sequence of harvest
regeneration cycles. The present value of agricultural land in the final period is the perpetual
annuity value of period rental returns. In order to calculate the value of forestland in the final
period, the final inventory is structured as a normal or fully regulated forest (Davis and Johnson
1987). That is, given a total area of plantation forest A and a rotation length N, an equal area A/N
is harvested and immediately replanted each period. So in the last period, the areas in each age
cohort are constrained to be equal, that is:

X X ;a=1...,N; Ve, s;t=T (16)

a,c,s,T: a-1,c,s,T
The rotation age in the last period is determined by the solution length of the forest rotation prior
to the final planning horizon period. This is the optimal steady state rotation length for each

species observed during the planning horizon of the model.

The overall objective is to maximise the present value of net surplus (NS;) and the return to

agricultural land (Agr;) for the decision variables defined above.
T

Z=> (1+r)*[NS,+Agr ]+ [NS; + Agr, |(@+r)° -1 (17)
t=1

This is maximised subject to the supply-demand balance constraints; the land area constraint; the
transition equations for the aging of forest stands and land use change between forestry and
agriculture; and the initial inventory of the forest and agricultural land. All variables apart from
the objective function are constrained to be non-negative.

The model is programmed in GAMS and solved with the MINOS solver (Brooke et al. 1998).
The MINOS solver uses a reduced gradient algorithm for nonlinear programming models (Gill et
al. 2001). The numerical solution to the problem gives the optimal level of plantation forest each
period by age cohort, species and productivity class; sawlog and pulplog harvests, consumption,
export and imports, and the equilibrium prices of logs; carbon sequestration in standing forests
and in harvested wood products; land use change between agriculture and forestry; land and

forest values; and net welfare in the markets for logs.



3 A case study of New South Wales

The relationships and data in the model include: the demand functions; the predicted yields of
timber; the initial inventory of plantation forest; the costs of producing timber and the estimated
value of agricultural land. The predicted timber yields are grouped into three productivity classes
dependent on the historical average annual rainfall and the total area under analysis that is

suitable for commercial forestry and agriculture is 12.5 million hectares.

3.1 Timber yields and costs

The timber yields are estimated from tables that approximate proportions of sawlog and pulplog
products as a function of the age of trees, land capability and species (Burns et al. 1999). The
productive capability of the land is simplified into three categories: high, medium and low. The
two production species modelled are Pinus.radiata (Softwood) and Eucalyptus.pilularis
(Hardwood). The yields for each species are based on a management regime that includes the
number of stems per hectare planted, fertiliser treatment and thinning of the P.radiata stands
(Table 1).

Table 1: Plantation yield parameters

Softwood Hardwood
Productivity High Medium Low High Medium Low
Average Rainfall (mm/yr) >900 700-900 700-600 >900 700-900 700-600
SPH Planted* 1000 1000 1000 1100 1100 1100
Approx MAI? (m*/halyr) 22 15 12 17 14 10
Ages stand are thinned 7 7 7

Notes: 1. Stems per hectare (SPH) and 2. Mean annual increment (MAI)

Sources: Burns et al. (1999), ABARE and BRS (2001).

The predicted annual yields are fitted to an exponential growth curve to estimate yields without
commercial thinings and, in the absence of yield information, to approximate carbon
sequestration curves for trees aged zero to nine. The predicted annual yields of logs are then

grouped into 5-year age cohorts, consistent with the time-periods of the model. There are eleven
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age cohorts for E.pilularis and nine for P.radiata. The minimum age at which trees can be

harvested and produce a commercial quantity of sawlogs and/or pulplogs is age cohort 4.

The initial plantation forest inventory by age cohort (tree ages) is aggregated into hardwood and
softwood species (Table 2). The plantation inventory is divided into proportions of each
productivity class consistent with the area of agricultural land in each productivity class. Further,

the yields of logs from the initial inventory are assumed to depend on the parameters in Table 1.

Table 2: Plantation areas for NSW by planting period and age cohort

Planting period Age cohort Hardwood Softwood Total
(tree age) (ha) (ha) (ha)

1995-99 1(0-4) 16 998 35560 54 481
1990-94 2 (5-9) 1559 23 685 25364
1985-89 3(10-14) 721 50 703 51 440
1980-84 4 (15-19) 1377 49 325 50712
1975-79 5 (20-24) 3375 37916 41 302
1970-74 6 (25-29) 7784 38531 46 316
1965-69 7 (30-34) 3397 20789 24 188
1960-64 8 (35-39) 339 2449 2789
<1959 9 (40-44) 1703 8319 10 022

Source: Wood et al. (2001)

The expected area of forest that is destroyed by fire, (k) is estimated to be one percent per year,
based on data from Forests NSW (2008). The area burnt completely destroys the forest, that is,
no logs can be salvaged for processing. This is a simplification, as in many cases, it is expected
that some timber can be recovered following a fire. Further this does not take into account

possible increases in the risk of fire from a changing climate.

The data relating to the costs of plantation forests, timber processing capacity and investment in
processing capacity and the cost of conversion from forestry to agriculture is provided in Table
3. The cost of investing in processing capacity is mainly recovered by the value adding process.
But, it is also expected to impact on log processors willingness to pay for logs, so 20 percent of

the investment cost is subtracted from this total each period. The depreciation rate (o) is five
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percent per annum, which reflects that plant and machinery are replaced every 20 years (Bright
2001).

Table 3: Plantation costs, native forest costs, conversion costs, the initial timber processing

capacity and investment costs by species

Softwood Hardwood
Plantation Costs®
Establishment cost $/ha 1,500 1,400
Post establishment cost $/ha 300 300
Annual management cost $/ha 80 80
Roading cost $/ha 300 300
Harvesting cost $/m? 13 13
Transport costs $/m*/km/ 0.1 0.1
Initial Processing Capacity?
Sawlog (000’ m*/p.a) 1,610 737
Pulplog (000’ m%/p.a) 1,030 750
Processing Capacity Investment Cost®
Sawlog (3/m°) 110 120
Pulplog ($/m°) 25 25
Conversion Costs*
Forestry to agriculture $/ha 1,700 1,700
Native Forest Production®
Average cost of production $/m* 40

Notes: The softwood sawlog processing capacity is based on a 450,000 m*/year log input plant, and for hardwood
sawlogs this is based on a 250,000 m*/year log input plant. The pulplog processing is based on a chip export plant

processing log input of 150,000 m®/year.

Sources: 1. Burns et al. (1999: 217-8); 2. Burns et al. (1999) and ABARE (1999b) and CARE et al. (1999); 3. BECA
SIMONS et al. (1997) and 4. Archibald and Watt (2005), 5. Forests NSW (2004: 9; 2006: 11).

3.2 The demand and supply functions

The parameters of the domestic and export demand functions and the import supply schedule are
calculated using estimates of the respective elasticities, average prices and the quantities
consumed, exported and imported (see Appendix A). The demand function parameters are

calculated assuming an elasticity estimate of -0.8 for the domestic demand and export demand
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functions, consistent with previous modelling (Kallio and Wibe 1987; Adams et al. 1996;
Sathaye et al. 2006). The import supply function for the base scenario is calculated assuming an

import elasticity of 1.2, consistent with previous sector modelling (Sathaye et al. 2006).

The level of demand for forest products is likely to change over time which necessitates some
conjecture on the pace and direction of this into the future. Previous modelling of the future
global supply of timber assumed the global timber demand increases by one per cent per annum
(Sedjo and Lyon 1990; Sathaye et al. 2006; Sohngen and Sedjo 2006). Long term projections of
the consumption, production and trade of forest products for Australia are estimated by the
Australian Bureau of Agricultural and Resource Economics (ABARE) (Love et al. 1999). The
estimated growth in the consumption of forest products over the period 2000-2040 is 1.2 percent
per annum for paper and paperboard products and 0.55 percent for sawn timber. The sawn timber
growth estimates are further disaggregated with growth in softwood sawn timber of 0.7 percent
and hardwood sawn timber at 0.2 percent per annum. These long term projections are based on

estimates of the growth in Gross Domestic Product and population.

3.3 The rental returns for agricultural land

The value of agricultural land is equal to the present value of rental returns in perpetuity.
Therefore, given an annual real rate of return to agriculture of x, a land value of LV, the initial
rental value of agricultural land in each productivity class ¢ (AGRET =) is calculated as:

AGRET_, =LV x7 fort=0;Vvc (18)

The initial values of agricultural land for each productivity class are presented in Table 4 based
on estimates of LV and z. The expected real rate of return for agricultural land is based on past

returns is assumed to be four percent per annum.
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Table 4: Area of agricultural land by productivity class, estimated land value and annual rental

equivalent value

Productivity class

High Medium Low
Area of agricultural land (Million hectares) 441 2.96 4.86
Estimated value ($/ha) 5,000 3,500 2,000
Annual rental value at a four percent rate of return ($/ha) 200 140 80

Source: Based on estimates from Burns et al. (1999)

The parameters v and 7 in equation are calculated from an estimate of the elasticity of the rental
demand for agricultural land. However, it is difficult to find data for this parameter, a point noted
in a previous study that incorporated changes in land use between agriculture and forestry
(Sohngen and Mendelsohn 2003). The parameters of the rental demand function are calculated

using a relatively elastic estimate for the elasticity of rental demand for agricultural land of -2.

3.4 Carbon storage

The pool of carbon stored in the trees’ above-ground biomass and roots is estimated from the
timber yields. The factors used to convert timber yields to carbon are provided in Appendix B.
The pool of carbon in soils is not estimated in the current study as it is a relatively small
component of the change in carbon stocks following afforestation. It is estimated that the average
rate of change in soil carbon for P.radiata plantations over 40 years is 0.09 percent per year after
afforestation (Paul et al. 2003: 485). The pattern observed is a decrease in soil carbon in the first
10 years after planting followed by an increase in years 10 to 40. Based on the relative
contribution of soil carbon to total carbon it is thought that it is unlikely to be cost effective to
measure changes in soil carbon. Further, the carbon in litter pool is not included in the current

study, as it is also difficult to accurately measure.

Many previous studies into forest-based sequestration assume that the store of carbon in forests
is immediately emitted back into the atmosphere at harvest. This is consistent with the
Intergovernmental Panel on Climate Change (IPCC) method of accounting, which has as its
default position that the carbon in harvested wood products (HWPs) and other biomass oxidises

in the year of removal (IPCC 2006). However, several studies have shown that the store of
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carbon in HWPs is growing to be a significant store of carbon (Winjum et al. 1998; Richards et
al. 2007). The NFSM tracks the stocks and flows of both the carbon in growing forests and that
stored in harvested wood products.

The period of carbon storage in wood products depends on the end use. The calculation of the
carbon in HWPs reflects this. The default decay rates for carbon in wood products are 0.023
percent per year for sawlogs and 0.347 for pulplogs (IPCC 2006: 12.17). These rates are used to
calculate the proportion of decay in the HWP sink each period.

4 The base scenario projection and policy analysis

The base scenario of the NFSM uses what is judged to be the most plausible parameter estimates.
The results of the base scenario include: the consumption and production of logs; the projected
optimal area of forest plantations; land use change with agriculture; and carbon sequestered by
forest plantations. A comparison is made with alternative forecasts of timber supply to 2045 and

actual plantation areas in the first decade of the model projection.

The key assumptions of the base scenario are as follows:

1. Linear demand schedules with an own price elasticity of demand for domestic
consumption and exports of -0.8 and an import supply elasticity of 1.2.

2. Growth in demand of one percent per annum over the period 2000-2010, 0.5 percent
over 2010-2044, followed by zero growth from 2045.

3. The plantation forest area destroyed by fire is one percent per annum over the model
time horizon.

4. A time declining discount rate starting at 3.5 percent decreasing by 0.05 percent per
period until 2145 and two percent for the calculation of the terminal period value in 2150
(for a discussion of the relevance of time declining discount rates for forestry see
(Hepburn and Koundouri 2007).
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The NFSM base scenario required 15.5 megabytes of memory to solve. The GAMS output
reports that the full model has around 6,500 single equations and over 7,000 variables. For the
base scenario an optimal solution is reported with an objective function value of over $78 billion
(see Table 5). The objective function value is the sum of the discounted net surplus in the
markets for logs ($19.57 billion), and the discounted return to agricultural land ($59.25 billion).
The optimal rotation period that emerges for softwoods in a steady state is age cohort 4. The
oldest age cohorts are harvested first in the period prior to 202529 after which the softwood
plantation area is harvested at age cohort 4. For the hardwood plantation area, age cohort 9 is the

observed optimal rotation.

The projected supply of plantation timber from the NFSM base scenario is compared with wood
availability from forest plantations in a study commissioned by the National Forest Inventory
(NFI) (Ferguson et al. 2002). The NFSM projected supply of plantation hardwood pulplogs and
sawlogs is similar to the NFI forecast (see Figure 1). Although in the period 2034-2044, the
NFSM projects a greater supply of hardwood timber than the NFI study. This reflects that no
new planting is forecast in the period following 2019 in the NFI study, while in the NFSM an
increase in demand is projected to 2044. The projected supply of softwood resource from the
NFSM is comparable to the NPI forecast availability for the period 2000-2044 (Figure 2). The
NFI report predicts a greater quantity of sawlogs relative to pulplogs for the softwood resource,

compared to the NFSM simulation.
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The projected area of plantation forest by species over the 100-year reporting period is shown in
Figures 3. The area of plantation forest is projected to increase from the initial 327,000 hectares
to just over 500,000 hectares by the end of the century. The overall increase in the plantation
forest area over the projection period is reflected by the change in land use from agriculture to
forestry. In the first two periods there is a projected decrease in the total plantation area as forest
is reallocated from low to higher productivity land and an increase in the relative proportion of

hardwood to softwood plantation forests.
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Figure 3: Projected area of hardwood and softwood plantations for NSW, 2000-2100

With the projected increase in the area of plantation forest, the net carbon sequestration in
growing forests increases to over 25 million tonnes per period by 2100 (Figure 4). There is an
initial decrease in net sequestration in above ground biomass carbon in line with the reduction in
the plantation forest area in the first two periods. The cumulative sequestration in HWP
overshadows the above ground biomass carbon to increase to 55 million tonnes by 2100. The
total additional cumulative net sequestration for living forests and HWP at the beginning of 2100

is over 80 million tonnes of carbon.
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Figure 4: Projected cumulative net carbon sequestration in living forests and the accumulated store
of carbon in HWP in NSW, 2000-2100

4.1 The carbon accounting schemes

The potential increase in forest-based carbon sequestration depends on the price of carbon, hence
the stringency of the emissions reduction target and the method of accounting for forest-based
sequestration. The emission targets modelled are based on the scenarios developed by the
Garnaut Review (2008) and the Commonwealth Treasury. The accounting options for forest-
based sequestration considered are full carbon accounting (FCA), the average storage method
(ASM) and the renting of carbon offsets. FCA is the approach recommended in the Garnaut
Review. The ASM is preferred in the Government’s White Paper for the CPRS scheme, as it is

expected to lower compliance costs compared to FCA (Department of Climate Change 2008:55-
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6). The renting of carbon offsets, like the ASM, is an alternative that does not require that

permits be surrendered for planned reductions in carbon stored.

In the modelling there are three key features of forest-based sequestration across the accounting
regimes. First, forest-based sequestration is regulated to conform to Article 3.3 of the KP, which
restricts sequestration incentives to forests established after 31 December 1989 on previously
cleared land, the so called ‘Kyoto forests’. In the NFSM, Kyoto forests are limited to those
established from the second period of the model time horizon. The initial inventory of forest in
the first period is assumed to be non-Kyoto forest. Second, the incentives for forest-based carbon
sequestration are on a voluntary opt-in basis. And third, a buffer stock of carbon limits the
allocation of permits to 80 percent of the carbon sequestered by Kyoto forests. The buffer stock
acts as an insurance policy against unintended reductions in the carbon stocks from fire.

4.1.1 Full carbon accounting
For FCA, permits are created for carbon sequestered in Kyoto forests (XKacst) and surrendered
for emissions at harvest (HK;cst1), and emissions from the area destroyed by fire. The net

carbon revenue (NCR) in each period following the introduction of a carbon price is:

NCR, =cp, (iii XK, .::0.8 Acarbaysycj
a=1 c=1
N(S) C s N C s
—cp, ( ZZ HK,.,.0.8carb, . + kzzz XKaycvs,t0.8carba,svcj

a=4 c=1 s=1 a=1 c=1 s=1

(19)

The first expression on the right hand side is the revenue from carbon permits created from 80
percent of the carbon sequestered (dcarb,sc) in Kyoto forests. The second expression is the cost
of emissions at harvest and for the proportion k of Kyoto forest areas destroyed by fire. The
incentives for carbon sequestration begin in the period 2010-2014. There is no limit on the
number of permits traded and the demand for permits in each period is assumed to be perfectly
elastic.
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4.1.2 The average storage method

The ASM limits the number of permits created to the average carbon sequestered over a pre-
specified period. In this analysis a 70-year period is chosen as suggested in the CPRS. Permits
are issued on a stand-by-stand basis for carbon sequestered in the first rotation period up to the
average level of carbon storage for successive harvest/regeneration cycles over 70-years. The
method is illustrated in Figure 5 for an E.pilularis plantation on a high productivity site. The
average carbon stored is achieved in year 19 (cohort 4) of the first rotation period for a stand that

is harvested and replanted at age 39 (cohort 8).
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Figure 5: Average store of carbon in an E.pilularis plantation established on cleared land over 70

years

The average store of carbon (ASC,sc) is calculated for each species on each land productivity

class. The NCR is calculated as:
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a=1 c=1 s=1
N(S) ¢ S N(S) C S
—cp, ( ZZ KFAg,.,0.8ASC, ., + ZZ NFAg,.,.0.8 ASCa’C‘S]
a=4 c=1 s=1 a=4 c=1 s=1

(20)

The first expression on the right hand side is the revenue for the average store of carbon from
Kyoto forests. The second expression is the carbon price times the reduction in the average store
of carbon from Kyoto forests harvested and converted back to agricultural land following the
first (KFAQacst) Or subsequent harvests (NFAQacst). The permits surrendered for land use change

from Kyoto forests to agricultural land is limited to those issued.

The rotation length for Kyoto forests using the ASM is determined ex-ante and is not
endogenous in the NFSM. So for each species the average store of carbon over 70 years is
calculated for each possible rotation length. The combination of rotation length and average store

of carbon that produces the greatest objective function value in runs of the NFSM is reported.

4.1.3 The rental payment for temporary carbon offsets

In this scheme, carbon sequestration is rented in short-term contracts, which provides an
alternative for emitters to delay long-term emissions reductions (Marland et al. 2001). An
advantage of this scheme compared to FCA is that, so long as the contract for sequestration is
fulfilled, there is no requirement to purchase permits for the emissions from harvesting plantation

forests.

The rental value of carbon is determined in markets for permits. The value of the temporary
offset is expected to depend on the price of carbon permits cp, the rate of discount r and the
expected rate of change in the price of permits over time d (Keeler 2005). The value of a
temporary offset cp, for the period n is:
(1+d)"
cp,=cp|1-———- (21)
(1+r)
The period n for which the contracts are defined is assumed to be five years, consistent with the

periods of the NFSM. The NCR; for the rental payment approach is calculated as:

22



N(S) C S
NCR =cp, ( Z ZZ XK, .08 Acarba'cvsj (22)
a=1 c=1 s=1

For consistency with the ASM method and FCA, rental payments are limited to Kyoto forests

and the buffer of 80 percent for the creation of permits.

4.2 Carbon price scenarios

The carbon price scenarios are based on the emission reduction targets proposed in the CPRS
and the Garnaut Review. The CPRS-5 and the CPRS-15 scenarios are emission reductions of 5
and 15 percent below 2000 levels respectively by 2020 and 60 percent by 2050 (Department of
Climate Change 2008). The Garnaut-25 scenario is for a 25 percent reduction from the 2000
level by 2020 and 90 percent by 2050 (Garnaut 2008). The long-term objective of the CPRS-5
and CPRS-15 is Australia’s contribution to achieving a global concentration target of 550 parts
per million volume (ppmv) of carbon dioxide by 2050. The Garnaut-25 is based on a more

stringent global concentration target of 450 ppmv by 2050.

The initial carbon prices (in 1999 dollars) are converted from carbon dioxide equivalents to
carbon prices. Prices increase at a rate of one percent per annum remaining constant after 2064,
as a backstop technology is assumed to cap the price from that period. The carbon prices in 2010
are:

e CPRS-5, cp2o1o is $69.73tC ($23/tCO,)

e CPRS-15, cpooio is $97.07tC ($32/tCOy)

e Garnaut-25, cpao10 is $157.04tC ($52/tCOy)
For each of these carbon prices, a separate scenario is developed for the ASM and FCA. A
further two scenarios are developed for the rental value of carbon, which is based on the price of
permits in the CPRS-15 scenario. One rental value scenario (REN-1%) assumes that permit
prices grow by one per cent over the period 2010 to 3064, and thereafter remain constant as a
result of a backstop technology. The second (REN-3%) assumes permit prices grow by three per

cent over the period 2010 to 2064, and thereafter remain constant.
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4.2.1 Changes in the objective function values and market log markets

As expected carbon pricing stimulates additional afforestation compared to the base scenario (see
Tables 5 and 6). For each carbon price scenario, the objective function value is higher for the
FCA scenarios compared to the corresponding ASM scenarios. The impact of carbon pricing and
the consequent increase in afforestation leads to an increase in the production of plantation forest
timber. This is illustrated in Figure 6 for the change relative to the base scenario in roundwood
equivalent production of softwood and hardwood logs for the CPRS-15-FCA and CPRS-15-
ASM scenarios. As expected, in the partial equilibrium formulation, this leads to a reduction in
the price of logs. The change relative to the base for the prices of hardwood and softwood
sawlogs in the CPRS-15-FCA and CPRS-15-ASM scenarios is shown in Figure 7. These impacts

lead to an increase in the net surplus in the market for logs relative to the base scenario.

Table 5: The objective function value, the discounted net surplus, the discounted NCR and the

discounted return to agricultural land by CPRS and Garnaut policy scenario

Scenario Objective Discounted Discounted  Discounted
Function Net Surplus NCR Return to
Value Log Market Agricultural
(Billion $) Land
(Billion $) (Billion $)
(Billion $)
Base 78.81 19.57 0.00 59.25
CPRS-5-ASM 79.40 19.68 0.72 59.00
CPRS-15-ASM 79.74 19.63 1.32 58.83
Garnaut-25-ASM 80.61 19.54 2.45 58.63
CPRS-5-FCA 79.40 19.65 0.82 58.93
CPRS-15-FCA 79.87 19.52 1.71 58.61
Garnaut-25-FCA 81.48 17.79 6.74 56.95
CPRS-15-REN-1% 79.37 19.69 0.71 58.97
CPRS-15-REN-3% 79.62 19.43 1.14 59.05

The rotation length for the CPRS and Garnaut scenarios for the ASM that gave the highest
objective function value for Kyoto softwood forests is age cohort 5, and for Kyoto hardwood

forests age cohort 8. For the CPRS-5-FCA scenario, the optimal rotation period is age cohort 5
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for softwood plantations, increasing to cohort 8 for the CPRS-15-FCA and Garnaut scenarios.
This is consistent with previous modelling suggesting that the optimal rotation period increases
with the introduction of joint production of timber and carbon (van Kooten et al. 1995). The
optimal hardwood rotation is cohort 8 for all the full carbon accounting and rental value
scenarios. The optimal softwood rotation increases from cohort 4 to cohort 5 in carbon rental

payment scenarios.

4.2.2 Changes in the plantation forest area and cumulative sequestration

The Kyoto plantation forest area and the cumulative net sequestration from Kyoto forests, for
each CPRS and Garnaut carbon price scenario is presented in Table 6. For most scenarios the
introduction of carbon pricing leads to a significant increase in the area of Kyoto forest. The
results in Table 6 indicate that carbon pricing in the FCA scenarios leads to a greater level of
afforestation and cumulative storage in forests than the respective ASM scenarios. For the ASM,
the timing of the stimulus to afforestation is early in the century as only the first rotation period
earns credits. In contrast the stimulus to afforestation for FCA tends to occur following the
introduction of a backstop technology that caps the price of carbon. It is optimal for landowners
with perfect foresight of prices to switch land use when carbon prices are higher, a result found

in previous research (Sohngen and Sedjo 2006).
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Table 6: The Kyoto forest area and the cumulative net carbon sequestration from Kyoto forests

by scenario at the beginning of the period

Scenario 2020 2040 2060 2080 2100
Kyoto plantation forest Area (‘000 hectares)
CPRS-5-ASM 197.7 394.5 433.7 452.7 455.6
CPRS-15-ASM 246.3 519.9 568.5 592.6 595.6
Garnaut-25-ASM 300.5 582.6 649.8 687.5 695.6
CPRS-5-FCA 187.9 398.5 473.9 599.0 554.6
CPRS-15-FCA 266.2 516.6 801.4 786.2 766.2
Garnaut-25-FCA 542.8 765.1 868.2 935.8 909.2
CPRS-15-REN-1% 180.4 462.2 523.6 561.4 572.9
CPRS-15-REN-3% 30.9 25.1 0.0 671.4 755.4
Cumulative net carbon Sequestration (Million t/C)
CPRS-5-ASM 6.1 25.9 29.5 30.7 33.4
CPRS-15-ASM 7.4 34.2 38.1 39.2 41.7
Garnaut-25-ASM 10.2 37.9 42.8 44.5 48.3
CPRS-5-FCA 4.4 25.2 28.5 44.8 40.2
CPRS-15-FCA 7.3 32.6 425 65.3 66.2
Garnaut-25-FCA 18.9 63.1 70.1 79.0 77.1
CPRS-15-REN-1% 4.8 24.0 27.4 30.6 315
CPRS-15-REN-3% 0.2 4.1 0.0 29.5 48.8

The results for the NFSM are compared to an ABARE study, which analysed the economic
potential of forestry for the carbon price paths modeled for the CPRS (Lawson et al. 2008). The
ABARE modeling is based on a normal forest structure where in the steady state an equal area is
harvested each period. This structure is similar to the ASM and so the results are compared to the
ASM scenario results. In the ABARE CPRS-5 carbon price scenario over the period 2007—-2050,
an additional 281,000 hectares of land is projected to be economically suitable for afforestation
in NSW based on returns to timber production and carbon sequestration. This level of
afforestation leads to an estimated increase of 17.4 million tonnes of aboveground biomass
carbon in trees over the period. This compares to the projected area of agricultural land
converted to Kyoto forest plantation of 422,000 hectares that sequesters a cumulative 29.3
million tonnes of carbon in the aboveground biomass in the CPRS-5-ASM scenario. That the
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NFSM projects a greater level of sequestration is surprising since the NFSM includes more
constraints on timber production and carbon sequestration. It is difficult to determine whether
this is a result of differences in the estimated returns to agricultural land as the agricultural land
values are not reported in the ABARE study. However, the ABARE modellingassumes a higher
rate of increase for agricultural land values. Also, the rate of sequestration in the above ground
biomass is higher in the NFSM modelling. The average rate of sequestration per hectare in the
ABARE model for the CPRS-5 scenario is 62 tonnes per hectare, while it is 69 tonnes per
hectare in the NFSM. This could suggest that forestry competes on lower productivity sites in the
ABARE model compared to the NSFM where the majority of afforestation occurs on higher

productivity land.

Another way to view the results of the NFSM for the CPRS and Garnaut carbon price scenarios
is to estimate the contribution of projected carbon sequestration from Kyoto forest plantations to
targeted reductions in emissions. The NFSM projected contribution of plantation forests in NSW
to the reduction in Australia’s emissions targets and the reduction of NSW emissions in 2020 and
2050 is present in Table 7. The NSW level of emissions reduction is assumed to be proportionate
to the level of emissions reduction for Australia. This is based on the contribution of NSW
emissions to Australia’s total over the period 1990 to 2007, which has averaged 29 percent. The
contribution of plantation forests is divided into Kyoto forests, the change in the cumulative store
of carbon in all NSW plantation forests including HWP and the change in the additional
cumulative carbon stored above the base scenario for all NSW plantation forests including HWP.
The net sequestration in the periods 2020-2024 and 2050-2054 is averaged over the 5-year
periods to give annual sequestration.

The general trend that emerges in Table 7 is that plantation forestry can make a more significant
contribution in meeting the 2020 targets, which declines with the stringency of emissions targets.
For the CPRS-5 scenario, the interim 2020 target is a five percent reduction in emission levels
from 2000. For the FCA, net sequestration from NSW Kyoto forests made up 13 percent of
Australia’s reductions and 47 percent of the NSW emissions reduction in 2020. For the CPRS-5-
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ASM, net sequestration contributes 10 percent of Australia’s target in 2020 and 34 percent for
NSW in 2020. Overall, for each emissions reduction scenario, FCA contributed to greater

reductions in these two periods than the ASM.

29



Table 7: The percentage contribution to the emission reduction targets in 2020 and 2050 for
NSW Kyoto forests, all plantation forests carbon and the store of carbon in HWP and the
cumulative sequestration additional to the base scenario, for Australia and NSW by policy

scenario

Percentage of Australia’s  Percentage of NSWs emissions
1

emissions reduction target reduction

Scenario 2020 2050 2020 2050
CPRS-5-ASM

NSW Kyoto forests 9.38 0.28 33.91 0.96

All NSW forests with HWP 16.71 0.90 57.63 3.11

Additional to base scenario 1.42 0.08 4.90 0.26
CPRS-15-ASM

NSW Kyoto forests 4.25 0.33 14.65 1.13

All NSW forests with HWP 6.45 0.83 22.21 2.87

Additional to base scenario 0.71 0.06 2.45 0.20
Garnaut-25-ASM

NSW Kyoto forests 2.79 0.27 9.63 0.94

All NSW forests with HWP 4.13 0.61 14.24 2.09

Additional to base scenario 0.50 0.05 1.72 0.18
CPRS-5-FCA

NSW Kyoto forests 13.80 0.09 47.60 0.30

All NSW forests with HWP 25.82 3.26 89.05 11.22

Additional to base scenario 1.42 0.02 4.89 0.08
CPRS-15-FCA

NSW Kyoto forests 6.45 0.18 22.26 0.62

All NSW forests with HWP 7.00 0.91 24.15 3.14

Additional to base scenario 0.86 0.08 2.98 0.27
Garnaut-25-FCA

NSW Kyoto forests 7.61 0.18 26.25 0.62

All NSW forests with HWP 8.75 0.71 30.18 2.45

Additional to base scenario 1.76 0.08 6.06 0.28
CPRS-15-REN-1%

NSW Kyoto forests 3.48 0.08 12.01 0.27

All NSW forests with HWP 5.13 0.69 17.70 2.38

Additional to base scenario 0.35 0.02 1.22 0.06
CPRS-15-REN-3%

NSW Kyoto forests 0.75 0.00 2.60 0.00

All NSW forests with HWP 4.00 0.35 13.81 1.22

Additional to base scenario 0.03 -0.07 0.16 -0.25

Notes: 1. Based on a proportionate share of Australia’s reductions. Source: Department of Climate Change (2009a;
2009b)
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The data in Table 7 is representative only of the simulated emissions reduction in the periods
2020-2024 and 2050-2054. The period 2020-2024 represents a high point in the level of
sequestration from Kyoto forests for all scenarios. This is illustrated in Figure 8, which compares
the path of net sequestration for the CPRS-15 carbon price for all accounting and payment
methods. For the ASM, the model projects an increase in sequestration from forests early in the
century, as only the first rotation period from Kyoto forests generates payments. After the period
2030 the level of average carbon storage remains relatively constant as per the structure of the
method. For the CPRS-15-FCA scenario there is an increase in sequestration early in the century
from Kyoto forests which then declines as emissions from harvesting reduce net sequestration.
The paths of sequestration in the CPRS-15 rental scenarios are dependent on the rate of change
in the price of carbon. For the one percent growth scenario, the stimulus to sequestration occurs
early in the century, reaching a level of 4.7 million tonnes of carbon in the period 2030-2034.
This compares to the scenario that assumes a three percent increase in the carbon price, where
the stimulus to sequestration from Kyoto forests occurs only once the expected growth in the

price of carbon is constant.
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Another point of note from the results presented in Table 7 is that the contribution to emissions
reductions in the Kyoto forests is much greater than the level of sequestration that is additional to
the base scenario. The separation of the forest area into Kyoto and non-Kyoto forest creates the
incentive to reduce the initial non-Kyoto forest inventory through conversion to agricultural land
and plant Kyoto forest on eligible agricultural land that can earn timber and carbon revenues. For
the CPRS and Garnaut carbon price scenarios, the proportion of Kyoto forest to non-Kyoto forest
rises to more than 95 percent by 2100 and in most scenarios is 100 percent. It is observed that a

large proportion of the non-Kyoto forest area is converted to agriculture over the first 40 years of
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the model time horizon, while agricultural land is simultaneously converted to Kyoto forest. This
indicates a significant degree of carbon leakage in the carbon policy scenarios, based on
incentives for Kyoto forests compared to non-Kyoto forests. This outcome is expected and
consistent with previous studies given that perverse incentive that sequestration in Kyoto forests
can be undermined by emissions in non-Kyoto forests (Murray 2000). This highlights the
importance of including liability of emissions from land use changes such as from plantation

forestry to agriculture.

5. Conclusion

This research, with the development of a market model, adds to the literature on the potential for
forest-based carbon sequestration in Australia. The base scenario is shown to be consistent with
projections of future timber supply. This scenario is compared to climate policy scenarios with
progressively stringent emissions reduction targets and hence increasing prices for carbon. As
expected the more stringent the targets, the greater the price of carbon and the more carbon is
sequestered in Kyoto forests. However, agriculture remains the dominant land use even for the
most stringent target, the Garnaut-25 scenario, the area converted to forestry is 7 percent of the
total area available.

It is found that the accounting method, in addition to the carbon price, impacts on the level and
timing of sequestration. For the ASM, offsets are generated in the first timber rotation of the time
period in which the store of carbon is averaged. This provides the incentive for an increase in net
sequestration in the periods immediately following the introduction of carbon pricing. For FCA
where debits and credits of carbon are treated symmetrically, the largest rise in net sequestration
occurs prior to the introduction of a backstop technology which caps the price of carbon.
Landowners, assumed to have perfect foresight, delay sequestration for later periods when
carbon is most valuable. The timing and extent of sequestration in the rental payment scheme

also depends on the rate of increase in the price of carbon.
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The modelling results illustrate that dividing the plantation forest estate into Kyoto and non-
Kyoto forest, leads to significant carbon leakage. In the CPRS and Garnaut carbon price
scenarios it is projected the initial forest inventory of non-Kyoto forest is converted to
agricultural land in the first half of the century and, simultaneously, an area of cleared
agricultural land is converted to Kyoto forests. This reduces the effectiveness of reducing
emissions with offsets created by carbon sequestered by Kyoto forests. This requires that
emissions from land-use change of non-Kyoto plantation to agriculture should be liable. This
along with full coverage of the agriculture and forest sectors would remove the distortion as

recommended in the Garnaut review.

There are a number of limitations to the present study. Notably the model may understate the
opportunity cost of agricultural land for large scale changes in land use. This is because the
model does not consider the implications of climate change policy, or the impact of climate
change, on the agricultural sector. If the area of high productivity agricultural land in
Southeastern Australia shrinks as a consequence of climate change, this will further increase the
opportunity cost of new forest plantations. A potential adjustment to the model is to incorporate a
non-linear demand function for agricultural land, to capture an increasing marginal opportunity

cost.

Related to an increasing opportunity cost of agricultural land is the issue of water resources.
Afforestation is an activity that typically reduces water availability and yields for agricultural
production (Vertessy et al. 2002). At the same time, afforestation can have positive impacts on
water flows, such as, increasing water quality and reducing salinity (van Dijk and Keenan 2007).
The impacts and costs of afforestation on water availability are not factored into the analysis.
Future research could incorporate the costs and benefits of the water usage of forests, and/or,

further restrict the area of land suitable for afforestation, based on water availability.
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Appendix A: Estimates of the average stumpage price of logs, roundwood equivalent consumption, exports, imports

and production of logs, 1995-1999 and the range of elasticity estimates

Average stumpage price’
Sawlog ($/m?)
Pulplog ($/m°)

Quantity consumed 1994/95-1998/99?

Sawlogs (000’ m®)
Pulplogs (000° m®)

Quantity imported 1994/95-1998/99°
Sawlogs (000°m°)
Pulplogs (000’m°)

Quantity exported 1994/95-1998/99°
Sawlogs (000°m°)
Pulplogs (000’ m®)

Quantity produced 1994/95-1998/99°
Sawlogs (000’ m®)
Pulplogs (000’ m?)

The range of elasticity estimates
Domestic demand elasticity sawlog®

Domestic demand elasticity pulplog*

Export demand elasticity sawlog®
Export demand elasticity pulplog®
Import supply elasticity sawlog’
Import supply elasticity pulplog’

Softwood
47

10

10,477.2
9,279.4

4,404.0
3°026.0

126.5
1,087.5

5,542.7
7,487.5

-0.23t0-1.21
-0.43 10 -0.79
-0.78

-0.2to0 -8
05t03
05t03

Hardwood
44

11

5,664.5
5,800.1

617.7
2,189.0

41.2
4,765.3

5,063.7
8,388.5

-0.19t0 2.26
-0.43 10 -0.79
-0.78
-0.2t0-8
05t01.7
05t03

Sources: 1.KPMG (2005) and DAFFA (1999), 2. ABARE Forest and Wood Products Statistics, various issues; CARE et al.
(1999); these figures are calculated as roundwood equivalent figures using ABARE’s conversion factors; 3. Kallio and Wibe
(1987); Bigsby and Ferguson (1990); Bigsby (1994); Adams et al. (1996); Zhu et al. (1997); Huff et al. (1997) and Love et al.
(1999); 4. Adams et al. (1996) and Huff et al. (1997); Kallio and Wibe (1987); 5. Huff et al. (1997); 6. Streeting and Imber
(1991); 7. Brooks et al. (1995) and Sathaye et al. (2006)

Appendix B: Factors used in the conversion of stem wood volume to carbon and from carbon to carbon dioxide

equivalent

Softwood (P.Radiata)

Hardwood (E.Pilularis)

Wood density (Kg/m®)
Expansion factor
Root/shoot ratio
Carbon/wood factor
Carbon/CO,-e factor

445
1.49
0.2
0.5
3.67

505-710
1.2

0.2

0.5

3.67

Sources: Bootle (1983), AGO (2004: 24) and IPCC (1997).
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