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Forestry and the Carbon Market Response to Stabilize Climate

Summary

This paper investigates the potential contribution of forestry management in meeting a CO2
stabilization policy of 550 ppmv by 2100. In order to assess the optimal response of the
carbon market to forest sequestration we couple two global models. An energy-economy-
climate model for the study of climate policies is linked with a detailed forestry model through
an iterative procedure to provide the optimal abatement strategy. Results show that forestry is
a determinant abatement option and could lead to significantly lower policy costs if included.
Linking forestry management to the carbon market has the potential to alleviate the policy
burden of 50ppmv or equivalently of ¥4 of °C, and to significantly decrease the price of
carbon. Biological sequestration will mostly come from avoided deforestation in tropical
forests rich countries. The inclusion of this mitigation option is demonstrated to crowd out
some of the traditional abatement in the energy sector and to lessen induced technological
change in clean technologies.
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1. Introduction

This study examines the role that forestry may phayhe context of atmospheric G6&tabilization.
There is widespread research suggesting that oallogequestration of carbon can play an impontalet for
reducing greenhouse gases emissions through adigtich as slowing the rate of deforestation emsing
the establishment of forests on old agriculturatiegraded lands, and improving the managementistirex
and future timber (see, for example, Metz et a001). Estimates of the range of potential costs of
sequestration are fairly wide (Richard and StoR€84), but there is also general consensus thastfeinks
can be a valuable mitigation option. However, thgams of the Kyoto Protocol have thus far onlytingly
incorporated forestry measures, and the Kyoto moamnly recently (at the tII:onference of Parties in
2005) began considering how one of the measurés thit largest potential, tropical forest conseoratbr
prevention of deforestation (see for this purpbsegroposal as in Moutinho et al., 2005), couldnstuded.

There are several explanations for the limited riblat forestry has so far played in abatement
strategies. First, error bounds for measuring aoditoring carbon in forests are fairly large in dimped
countries with well established measurement tedygies (see Watson et al., 2001). Errors in calmgat
carbon storage are likely to be larger in develgmauntries that have devoted fewer resourcesndusiing
forest inventories. Second, many concerns have bae&ed about issues such as additionality and
permanence. Unlike abatement of energy emissi@nbspn stored in forests is subject to future erissdue
to harvesting or other natural disturbances. Thirdy widely assumed that allowing forestry opsorould
reduce incentives to develop important abatemedhnigogies, and these technologies are ultimately
necessary to achieve a stable, albeit changedateirihe first two questions have been widely ke in a
range of publications, including those of the Igtarernmental Panel on Climate Change (see Watsah, et
2000; Metz et al., 2001). However, no one has yantified the implications of a forest carbon sexfaion
program on the innovation of energy abatement talcignes.

Recent research indicates that global policies intastabilize greenhouse gas concentrations in the
future will require a vast bundle of measures t@hanbitious targets (Pacala and Socolow, 2004rGihe
recent focus on stabilization policies and the agpiacosts of achieving fairly stringent concentratargets,
it is surprising that relatively few energy modblve even incorporated forestry sequestration Reee et
al., 2006). Sohngen and Mendelsohn, 2003, do liitkestry model to an aggregate global climate
— economy model (DICE; Nordhaus and Boyer, 2000, their results suggest that forestry could previd
nearly one-third of the world's carbon abatemergrdiie coming century, but that study examinedirdyfa
limited overall carbon abatement strategy, andigigested that a large portion of the carbon serpi&st in
forests would occur later in the century (thus hgdittle impact on energy abatement). With morengent
policies carbon prices initially are expected to ligher, and forestry sequestration could have more
important implications for the costs of the oveeddhtement program.

This paper develops an intertemporal optimizatioodeh of carbon abatement in the energy and
landusing sectors to analyze the potential rolé fbheests may play in climate stabilization policfo
accomplish this, we bring together a forestry am@mergy-economy-climate model to evaluate thegatitbn
potential of forest sequestration and to measweadniving feedback on “traditional” abatement ops and

on the carbon market as a whole. To put oursetvascontext of a global climate policy, we conside¢arget



of a 550 ppmv Céonly stabilization (see IPCC, 2001 for a scientifiotivation of the target), and examine
the abatement pathway with and without forestryusstration.

Results show that forestry has important impligaifor the overall abatement strategy, and a prafou
effect on the carbon market (i.e. on the globatso$ a climate policy), so that for example 50 iiddal
ppmv -equivalently % of °C- are achieved at noa&xiost The numerical optimization estimates that forest
sinks can contribute to 1/3 of total abatement @yand decrease the price of carbon of 40% by.ZD%6
decisive reduction in the policy costs is mainltaigied via avoiding deforestation in tropical fasel the
first half of the century, though it could also diestained in later periods by afforestation ancaanéd forest
management. The introduction of the forestry opttoshown to have a visible influence on other aimant
alternatives: in meeting a given policy targetefiry crowds out some abatement in the energyrsaciohat
for example improvements of the energy intensityhef economy are more modest in early periods. More
importantly, policy induced technological changeci@an technologies such as renewables power gamera
is also reduced. Although the time needed for teldgical advancement may be considered one reason t
delay permanent emissions cuts, buying time withdtsy appears to be an attractive mitigation optio

In order to produce results, the two world modeés@upled via an iterative procedure that focuses
carbon quantities and prices. Various charactesisie at the basis of the originality of the pnésmaper.
First, the model's dynamic specification of the mmmy and the detail of the energy sector allowouasisess
the dynamic feedbacks on the economic system dsawéhe evolution of energy technologies. Thisbéss
us to integrate forest carbon sinks into the cdmgroblem of GHG mitigation, so that investmentsfimal
good, energy technologies, energy R&D, and foremteyoptimally chosen. The energy sector descripitd
the presence of endogenous technological changecental feature for climate change modeling, see
Goulder and Mathai, 2000 — puts us in the conditmassess how the inclusion of forestry incentiviey
affect induced technological change, an issue reit igvestigated to our knowledge. Moreover, the
intertemporal structure of the models is essetdiainderstand the timing issue of the biologicglusstration
abatement option, which is a largely discussedb@uause of the non-permanence issue (managedsfaiest
not sequester carbon permanently but releaselittbabe atmosphere if harvested).

Second, the regional disaggregation of both maalédsvs us to account for distributional issues agion
countries (the so called “where” dimension), amésthat has proved particularly central in the g@otiebate
surrounding the forestry abatement option. Last rmitt least, contrary to current studies, by framihg
analysis in a global mitigation policy context sueh a 550 ppmv target, we are able to augmentdse c
effectiveness literature introducing an additiomalasure designed to cover a stabilization wedge.

With respect to the existing literature, the applothat is the closest to ours is the one in Somginel
Mendelsohn, 2003. Their original analysis is, hogrelimited to a single world region and has inctetg
technological detail. Similarly to van't Veld anthRtinga, 2005, they find forestry to have but gliggble
feedback on the carbon market. Also, they find thigstry carbon offsets do not delay energy abatém
Conversely, Gitz et al., 2006, use a stochastisioerof DIAM — a single region, least abatementos
model. They find, as in our case, a significanesbry-carbon market linkage.

The paper is as follows; next section introduces baodels and defines the coupling procedure. In

Section 3 we present numerical results, and Sedtmoncludes.



2. Models and coupling

In this Section we present the two models that leeen linked to analyze the role of forestry intdbuting
to the climate stabilization target of 550 ppmv20@ly. For the energy-economy side we use WITCH
(Bosetti et al., 2006), a recently designed hybridgrated assessment model for climate changessss

for the forestry part, we use a global timber mdalelt upon Sohngen et al., 1999.

2.1 The energy-economy-climate model
WITCH — World Induced Technical Change Hybrid moedels a regional integrated assessment model
structured to provide normative information on dmimal responses of world economies to climateatps
and to model the channels of transmission of ckmadlicy to the economic system. It is a hybrid elod
because it combines features of both top-down attdin-up modelling: the top-down component congits
an inter-temporal optimal growth model in which #gergy input of the aggregate production functias
been expanded to give a bottom-up like descriptibthe energy sector. World countries are groupeti?;
regions that strategically interact following a garheoretic structure. A climate module and a damag
function provide the feedback on the economy obbaardioxide emissions into the atmosphere. WITGbt to
down framework guarantees a coherent, fully intengioral allocation of investments that have an chpa
the level of mitigation — R&D effort, investment @mergy technologies, fossil fuel expenditures. fdgtonal
specification of the model and the presence ofegiia interaction among regions — through,Céxhaustible
natural resources, technological spillovers — allaxs to account for the incentives to free-ride pBaying an
open-loop Nash game, the investment strategieoptimized by taking into account both economic and
environmental externalities. In WITCH the energytee has been detailed and allows a reasonable
characterization of future energy and technologstanarios and an assessment of their compatibility
the goal of stabilizing greenhouse gases concénisatAlso, by endogenously modelling fuel (oil,ato
natural gas, uranium) prices, as well as the dostiooing the C@captured, the model can be used to evaluate
the implication of mitigation policies on the engrgystem in all its components. Finally, technicange in
WITCH is endogenous and is driven both by Learbggloing (LbD) and by energy R&D investments.
These two factors of technological improvementsthugh two different channels: LbD is specifictha
power generation costs, while R&D affects the nlatteic sector and the overall system energy efficy.

In this paper we focus on a stabilization policy5&®0 ppmv. In order to do so, we perform a cost
effectiveness analysis with a cap and trade pdlisgrument, and we set an equal per capita allocati
system. We have an emission permit trading schdrae dqualizes regional marginal abatement costs,

creating a unique set of carbon prices. The madsblived to 2200 numerically in GAMS/CONOPT.

2.2 The Forestry Model

The forestry model is built upon the model desdtilie Sohngen et al., 1999, and used by Sohngen and
Mendelsohn, 2003, to analyze global sequestratatanpial. The model used in this analysis contains
expanded set of timber types, as described in Sshagd Mendelsohn, 2006. There are 146 distindidrm
types in 13 regions: each of the 146 timber typedeted can be allocated into one of three gengpaist of
forest stocks. First, moderately valued forestsnaged in optimal rotations, and located primarity i

temperate regions. Second, high value timber piiant that are managed intensively. Subtropical



plantations are grown in the southern United Sté&slolly pine plantations), South America, southe
Africa, the Iberian Peninsula, Indonesia, and OedAustralia and New Zealand). Finally, low valued
forests, managed lightly if at all, are locatednpaiily in inaccessible regions of the boreal armpitral
forests. The inaccessible forests are harvesteg whén timber prices exceed marginal access cobis.
forestry model maximizes the net present valuespfrrelfare in the forestry sector.

One important component of the costs of produdiméper and carbon are land rental costs. The model
accounts for these costs by incorporating a sefidand rental functions for each timber type. Teatal
functions account for land competition between s$ame and agriculture, although they are not prdgent
responsive to price changes in agriculture (seen@n and Mendelsohn, 2006, for additional discunssio
the land rental functions). Incentives for carbamjuestration are incorporated into the forestry ehdxy
renting carbon. The price of energy abatement ésvilllue of sequestering and holding a ton of carbon
permanently. The rental value for holding a torcafbon for a year is determined as the path okatii@nd
future rental values on that ton that is consisteitlh the price of energy abatement currently. @hehe
benefits of using the rental concept for carborusstiation is that carbon temporarily stored campaiel
while it is stored, with no payments accruing whieis no longer stored (i.e. if forest land is cened to
agriculture, or if timber is harvested, leaving toeest in a temporarily low carbon state). Funthere,
renting carbon does not penalize current foresttamders by charging them for emissions. We do hawev
account for long term storage of carbon in wooddpots by paying the price of carbon for tons whesyt
are stored permanently after harvest. For simpglicithis analysis, we assume that 30% of harvestsat is

stored permanently, following Winjum et al., 1998.

2.3 Coupling
Given the complexities of the two models used iis thaper, we have integrated them via an iterative
procedure. In order to do so, we have augmented rhotels so that they could incorporate resultsiftbe
other, and have run subsequent iterations untivegence, as measured by a sufficiently small odite
variation of carbon prices. We define this as bdaws than a 5% average deviation in prices andtijies
from one scenario to the next. As expected, th&ainhigh responses of both models — in terms of
adjustments of carbon prices to the quantities sgieted in forests and vice versa — gradually khand an
equilibrium is achieved after 11 iterations. Foices, the average deviation is 3% whereas for diemit is
4%. This way of interfacing two separate modelsnagmally described as “soft-link”, and has been
extensively used to couple energy system modelsgaodomic models to account for the mutual intévast
between the energy sector and the whole economy.

To make the two models consistent, several additiaajustments were made. First, the different
regions had to be matched. Coincidentally, theoregidisaggregation is similar in the two casef +ehjions
for the WITCH model, 13 for the forestry one — &@attonly minor adjustments were needed. Also, the
WITCH model has 5 year time steps and the forestogel has 10 year time steps. To link the two, we
utilized prices at the 10 year intervals providgudtte WITCH model in the forestry model. We intdgied
carbon sequestration rates between 10 year timenments from the forestry model when incorporating
forest sequestration in the WITCH model. The fayestodel has been augmented to comprise the tirtie pa

of carbon prices, which is equalized across regants given by the emissions permits prices of dyeand



trade policy. To account for the non-permanenceth® biological sequestration, carbon prices are
transformed into annual storing values via reraéds. For more information, see Sohngen and Meoile|s
2003. The energy-economy-climate model has beethiedarbon gquantities sequestered by forestsdh ea
region by counting them in the carbon emissionnxa, as well as in the budget constraint — aténkeon

price value.

3. Results

In this Section we report the numerical resultshef contribution of forestry management in meenGQ
(only) stabilization policy of 550 ppmv by 2100. §ove the feeling of what such a policy entailgerms of
global warming mitigation, in Figure 1 we show tirae profile of carbon emissions for a BusinestJasal
(BaU) and a 550 ppmv policy resulting from using WITCH with abatement only in the energy sectoral
no-policy scenario emissions grow to 20GtC by thd ef the century, whereas for the 550 ppmv policy,
emissions peak around 2050, falling by more thdhafter that with respect to BaU. The 550 ppmvigol
reduces the carbon intensity in the economy coredidg and reduces the increase in global tempierdity
2100 to 2.2 °C, from 2.9 °C in the BaU. Althouglsttemperature is still higher than the IPCC adveda

level of 2°C, we concentrate on this target giwemelevance, especially in terms of political fbaisy.

Figure 1. Carbon emissions for Business as Usual and 550ppmv policy
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We start by reporting the potential of forestrycontributing to the foreseen emission reductions, a
then analyze the impacts on the carbon marketghengolicy costs. Finally, we examine the retraatdion

the energy abatement portfolio, with a particuterkd at the implications for induced technologidahiege.

3.1 Sequestration in forests



Several studies in the forestry literature havénmeged the sequestration potential for various migarbon
prices, and most seem to agree that forestry aavida a significant share of abatement (Sedjo,et@95).

As an example, it is worth remembering tropical ode$tation is a major source of GHG emissions,
accounting for as much as 25% of global anthropieg8hlG emissions (Houghton, 2005).

Figure 2 reports carbon abatement over the cemttogmplished by forestry in OECD and Non-OECD
countries vis a vis the overall abatement effothe Tpicture underlines an important role for biobagi
sequestration: forests sequester around 75 GtClatiwauto 2050. This estimate is consistent with tasults
presented in earlier IPCC reports (see for exaMfdéson et al, 2001) but of course there are casisciated
with this forestry effort. Overall, forestry coditites to 1/3 of total abatement to 2050, or 3 wedgehe
words of Pacala and Socolow, 2004. After the pealernissions in 2050, the share of forestry in total
abatement starts to decline (from 2050 to 210@dtdgases by only 10% in absolute values), givehttiea

target gets more stringent and permanent emissitsnirc the energy sector are called for.

Figure 2: Carbon abatement
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The largest share of carbon sequestration occun®imROECD countries during the early part of the
century (Table 1). Around 63% of all of the carbseguestered from 2002 to 2052 of the stabilization
scenario results from reductions in deforestatiojust a few regions, namely Latin America, EasiaAand
sub-Saharan Africa. Most of this carbon is dueetductions in deforestation. While consideratiomaolicies
to reduce deforestation have been shunned in eadgotiations related to the Kyoto Protocol, thegently
received significant attention as a result of déseons at COP 11 in Montreal.

Focusing on Latin America, East Asia, and Sub-Sahakfrica, where the bulk of deforestation
currently is occurring (FAO, 2005), around 10.7limil hectares of forestland are estimated to bedash
year (Table 2). The carbon incentives in the stadiibn scenario would reduce these losses to dr&u®

million hectares per year during the first decaalal they would essentially halt net forest losse2@22.



While developing policies to reduce deforestatidiiciently would undoubtedly be a difficult taskhdse

results suggest that the economic value of makiege changes could be substantial.

Table 1: Regional Forest Carbon Sequestration, 2025, 2055, 2095
2022 2052 2092

MtClyr
OECD
USA 42 144 193
OLDEURO 37 82 132
NEWEURO 8 18 29
CAJANZ 31 115 125
Total OECD 118 360 479
NON OECD
KOSAU 25 27 36
TE 179 117 134
MENA 73 49 31
SSA 270 175 106
SASIA 34 57 32
CHINA 109 155 431
EASIA 451 481 371
LACA 391 326 330
Total Non-OECD 1649 1746 1950
Total Global 1766 2105 2429
C Price $57 $113 $271

Table 2: Net land area change in regions currently under going substantial deforestation

Projected For
FAO (2000 — 2005) 2002-12 2012-22 2022-32
Million hectares per year

Latin and Central America -4.7 -2.3 -0.9 0.2
East Asia -2.8 -1.2 -0.4 -0.1
Sub-Saharan Africa -3.2 -2.4 -0.1 0.0
Total -10.7 -5.9 -1.4 0.1

The overall size of the carbon program increases the century as carbon prices rise. It increases
both the OECD and the non-OECD regions, but thgektrpercentage gains occur in the OECD, where the
annual carbon sink rises from 118 million t C/yr4@9 million t C/yr. In most non-OECD regions, the
strength of the sink is actually declining becailsge are no longer opportunities to reduce defaties, and
forest growth on large areas of land that wererested during the century is starting to slow. ©he outlier
is China, where sequestration expands. Sequestrdyioamics in China tend to be more similar to OECD
countries because it has large areas of tempenast$ that have long growing cycles.

By reducing deforestation and promoting afforestata forest carbon sequestration program as part o
a stabilization strategy would have strong impactdotal forestland area in the world, increasingyi 1.1
billion hectares relative to the baseline, or abQr¥ billion hectares above the current area dshs (Table
3). The largest share of increased forest arear®@éounon-OECD countries. The stabilization scemé&ias
complex results on timber harvests and pricedallyit timber is withheld from the market in orderprovide
relatively rapid forest carbon sequestration thfopaging timber. Global harvests decline 14.5% inedato

the baseline in 2022 as a result. However, ovecémury, more forests imply a larger supply ofiten By



2092 timber harvests increase by 26%. The chamgggecific regions depend heavily on the typesw#dts
(e.g., the growth function), the carbon in typifatests (e.g., biomass expansion factors), andcoimn
conditions such as prices and costs. In contrastet@rea changes, the largest increases in tingreests (in
relative and total terms) occur in OECD countri@&CD countries tend to have many species amenable t

producing wood products.

Table 3: Changein Forestland area and Changein annual timber harvests compared to the baseline.

2022 2052 2092 2022 2052 2092

Million Hectares % Change in Ann. Harvest
OECD
USA 15 23.1 94.2 1.2% -9.0% 48.5%
OLDEURO 115 34.9 51.9 -5.3% 12.1% 0.3%
NEWEURO 2.6 7.8 11.6 -5.3% 12.1% 0.3%
CAJANZ -4.0 24.5 99.0 -3.8% -3.3% 167.3%
Total OECD 11.6 90.3 256.7 -3.3% 3.0% 54.1%
NON OECD
KOSAU 5.1 17.7 49.1 11.3% 34.5% 42.1%
TE 19.0 52.2 102.7 -20.8% 8.9% -26.1%
MENA 10.3 24.9 38.4 -63.9%  -45.9% -6.7%
SSA 37.2 90.7 137.0 -70.1%  -52.9% -9.0%
SASIA 5.2 18.8 32.3 -3.7% -3.9% 13.0%
CHINA 8.6 41.9 115.4 -20.1% 0.0% -98.8%
EASIA 25.6 66.0 111.9 -63.3% -57.2% -48.9%
LACA 42.9 129.3 262.4 -24.8% -7.1% 15.5%
Total Non OECD 153.8 4415 849.2 -31.9% -15.4% -14.9%
Total 165.4 531.8 11059 -14.5% -3.3% 25.9%

3.2 Optimal response of the carbon market

We now focus on the general equilibrium effecténafuding forestry management as an abatementgirat
As a comprehensive measure of the influence ofobioal sequestration on the carbon market, we first
examine what happens to the price of carbon whesstiy is included into the policy. Figure 3 shathe
carbon price for the 550 ppmv policy throughout teatury as found in the original version of theTWWH
model (iterl), and after it has been coupled whih forestry model (iterll). Forest sinks substintiawer

the cost of CO2, for example by 40% in 2050, maken§50ppmv policy costs as much as a 600pmmv
without including forestry. That is, carbon sinkhieve an additional 50ppmv -or equivalently ¥4 R€C2100

at no extra cost.

Figure 3: Price of Carbon with (iter 11) and without (iter1) forestry
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To corroborate the idea that forestry can allevilagecompliance to the 550 ppmv target, in Figuvee4
show the policy costs with and without forestry.aftg forest sinks are shown to decrease policyscast
particular, the policy burden is reduced and stliibead in the period to 2050, when the main adcsiosma
avoided deforestation. After 2070 the policy indlideenefits from avoided climate damages outweigh th
costs of reducing emissions, and this effect isfoeced when forestry is an available mitigationiap. All
in all, the world policy cost in net present vallecreases from 0.2% without forestry to 0.1% witre$try.
This corresponds to a net present value savindgl@® 2f almost $3 Trillion (USD), which is nearlyrée

times the present value cost of adding the forgsivgram of $1.1 Trillion (USD).

Figure 4: Policy costs with and without forestry
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One might wonder what are the distributional effeat including forestry for different regions. Two
competing effects are at stake: on one side foregth benefit developing countries that are richtropical
forests, given the role of avoided deforestation. tBe other hand, the lower price of carbon wilhdifé
countries that buy carbon market permits, and deaige sellers. Ultimately, the distributionaleets will
depend on the emissions allocation scheme adoptiet ipolicy. For example, if one assumes that €ions
are allocated based on an equal per capita ruleeado in this paper, most of the emissions reduastiare
borne by the developed countries. Lower carbonepriwith forestry included in the stabilization pgli
improve welfare in OECD countries by reducing themsts (from an undiscounted loss of 0.6% without
forestry to 0.2% with forestry). On the contrarpnrOECD countries tend to be carbon permit sell@ns,
they have lower revenues when forestry is inclug®dn option, although the difference in revensdairly
small (from an undiscounted gain of 0.38% withauestry to 0.27% with forestry). It is worth notitigat a
different allowances allocation scheme would hakanged the distributional results, though it wontt

have any impact on the carbon prices as they aeendimed by the world marginal abatement costs.

3.2 Implications for energy abatement and technological change

An issue that has played a political relevancénédecision to keep forestry outside the Kyotogwol is the
danger that the emissions constraint on the engygiem might be relaxed too much: the deployment of
clean technologies that can reduce emissions pemtigmmight be delayed, and accordingly the investts

in innovation that are needed to make new techmedogpmpetitive. Given the low turnover of energpital
stock, as well as the lengthy process before cowialation of advanced technologies, this is difiesl
reason of concern. The energy sector descriptiahthe endogenous technological change feature eof th
WITCH model allows us to check for the variationenergy abatement due to forestry.

In Figure 5 we show the evolution of the world paityn energy intensity, an aggregate indicator that
summarizes the energy efficiency of the economuRe are presented for the BAU scenario, and 8tk 5
ppmv policy with and without forestry. As expectede climate target induces more reductions in gner
intensity with respect to the Business as Usualate. However, this reduction is more moderate wive
include the forestry abatement option: the enenggnisity remains close to the BaU in the first 3 wecades
of this century, when avoided deforestation is i§icgmtly contributing to abatement, and then ajpies the
no-forestry path, as the emissions cuts in theggneector become more predominant. We thus provide
evidence of a delay in energy abatement, thougiteldrio the very first part of the century. For exde, the
initial deployment of coal power plants with carboapture and storage is postponed from 2015 (withou
forestry) to 2030 (with forestry). Similarly, theare of nuclear power is lower with forestry. Sacketback
of low-carbon technologies can be either seen asfhifor the global warming cause, or optimistigads a

bridge solution in the wait to develop more cordateéd — yet currently uneconomical — technologies.

Figure5: Energy intensity of the economy
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We can try to answer this question by looking ativhappens to the policy induced technological
change in the model. As mentioned in Section 2.Z@ features endogenous technological change \ta bo
Learning by Doing (LbD) and energy R&D. In Figuravé show the forestry inclusion implications forlkb
we plot the percentage variations in the investnoests of Wind & Solar power plants with respectrie
BaU case, either with and without forestry. Fosiisks hamper the capacity of the 550 ppmv policintiuce
technological change, as testified by the lowerrekese in renewable costs due to the lower capacity
deployment. Also, energy R&D investments are desgdaby forestry, by roughly 10% (not shown).
Although these are not vast variations in absdigtees, technological innovation could play a ¢alicole in
hedging against possible future revisions of thmatle targets, for example in the case more pessani
evidence about global warming emerges. Inevitahlyyeeting given emission caps forestry crowdsodier
abatement; accompanying technological policies triighdesirable to ensure a contemporaneous emergenc

of innovative technologies.

Figure 6: Induced technological change with and without forestry
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4. Conclusions
This paper evaluates the potential of forest sdcptesn within the context of stabilizing future
concentrations of atmospheric carbon at 550 ppmy, @ it assess the feedback of forest sequestratio
“traditional” energy abatement options. Although nmarous studies have estimated the mitigation
contribution of forest sinks, understanding howefir sequestration integrates with other climatengba
options has received little attention. Contempooasedetermination of carbon prices and sequestratio
forests, and on the general equilibrium consequenisethus a largely unexplored area of researtie. T
current paper is a significant contribution asravides insights of the effects on including foregthagement
on the optimal carbon market responses, the eneayology evolution and induced technological gjean
Results show that forestry is an important abatéraption, and that its inclusion into an internatib
policy agreement can have a profound effect orgtbleal costs of a climate policy, allowing a freaisg of
50ppmv in 2100, corresponding to ¥4 of °C. In pattc, we find that the total costs of the foregirpgram
are $1.1 trillion (USD) and the benefits, in terofsadditional gross world product relative to megtihe
same carbon constraint without forestry, are $8lbh. Forest sequestration actions in the fhstf of the
century, mainly from avoiding deforestation, coathtribute 1/3 of total abatement effort, and cquidvide
additional benefits throughout the entire centigrest sinks have the potential to reduce the miiceaded
carbon permits, and the overall cost of the pailicierms of income losses, by half. However, in timgethe
emissions reductions target, forestry crowds ontesof the abatement in the energy sector for tise2ito 3
decades. For example, deployment of low carbomt&olies in the energy sector such as carbon captua
sequestration and nuclear power are postponed byedss. Policy induced technological change inrclea
technologies such as renewables power generat@adseduced. Policy makers should consider deuio
targeted policies to help achieve the technologidaancement to hedge against unknown risks, leytdhn
make substantial headway towards achieving clirsiziigilization now with forest carbon sequestration.

These results provide a first step towards fullensideration of land based carbon sequestration in



energy models. Future work should consider sevienptovements over this analysis. First, for example
future analysis should more carefully consider cefitipn with agriculture and other land uses. Sstraéion
or abatement in the agricultural sector could mtevimportant competing options for meeting stailon
targets, and thus are important to consider as. Beltond, the endogenous effects of an increagilral
temperature on the capacity of forests to sequestdron can provide a more complete assessmehieof t
problem. Third, biomass energy provides an addili@mompeting land use that could have implicatifors

these results.



References

Bosetti V., C. Carraro, M. Galeotti, E. Massettdavl. Tavoni, 2006. "WITCH: A World Induced Technlica
Change Hybrid Model",The Energy Journal, Special Issue. Hybrid Modeling of Energy-Enviramh
Policies: Reconciling Bottom-up and Top-down, 13-38

Gitz, V., J.C. Hourcade and P. Ciais, 2006. “Thairig of biological carbon sequestration and carbon
abatement in the energy sector under optimal gfiegeagainst climate risksThe Energy Journal, 27-3, 113-
133

Goulder, L .H. and K. Mathai, 2000. “Optimal CO2 &&bment in the Presence of Induced Technological
Change” Journal of Environmental Economics and Management, 39, 1-38

Houghton, R.A., 2005. “Tropical deforestation asoarce of greenhouse gas emissions”, in: Mountifhp,
Schwartzman, S. (Eds.), Tropical Deforestation @mehate Change. IPAM:Belem, Brazil and Environménta
Defense: Washington, DC, pp. 13-21.

International Panel on Climate Change (IPCC), 208pecial report on emissions scenari@dmbridge
University Press. 570p

IPCC, Climate Change, 2001. The Scientific Basish&ch et al., Contribution of Working Group | the
Third Assessment Report of the IntergovernmentaieP@n Climate Change. Houghton et al. (eds.),
Cambridge University Press, Cambridge, UK.

Metz, B., O. Davidson, R. Swart, and J. Pan, 20Climate Change 2001: Mitigation”. Cambridge, UK:
Cambridge University Press.

Moutinho, P., M. Santilli, S. Schwartzman and L.dRgues, 2005. “Why ignore tropical deforestatioh?
proposal for including forest conservation in thgoko Protocol”An international journal of forestry and
forest industries-Vol. 56 2005/3

Nordhaus, W., and J. Boyer, 2000. “Warming the \@ddconomic Models of Global Warming”. Cambridge,
MA: MIT Press.

Pacala, S. and R. Socolow, 2004. “Stabilization Yésd Solving the Climate Problem for the Next 5@rge
with Current TechnologiesScience 305:968-972.

Richards, K.R. , C. Stokes, 2004. “A review of f&irearbon sequestration cost studies: a dozen ypéars
research”Climatic Change 63 (1-2) 1-48.

Rose, S., H. Ahammad, B. Eickhout, B. Fisher, Arddawa, S. Rao, K. Riahi, and D. van Vuuren, 2006.
“Land in climate stabilization modeling,” Energy Bleling Forum Report, Stanford University.
www.stanford.edu/group/EMF/projects/group21l/EMF2kspagenew.htm2006

Sedjo, R.A., J. Visniewski, A.V. Sample, and J.Dndtnan. 1995. “The economics of managing carbon via
forestry: assessment of existing studiEsvironmental and Resource Economics 6: 139-65

Sohngen, B., R. Mendelsohn, R. Sedjo. 1999. “FomMahagement, Conservation, and Global Timber
Markets” American Journal of Agricultural Economics. 81(1): 1-13.

Sohngen, B., R. Mendelsohn, 2003. “An optimal cointnodel of forest carbon sequestratioAinerican
Journal of Agricultural Economics 85 (2) 448—-457.

Sohngen, B. and R. Mendelsohn. 2006. "A Sensitifitalysis of Carbon Sequestration."Hiuman-1nduced
Climate Change: An Interdisciplinary Assessment. Edited by M. Schlesinger. Cambridge University Bres

Stavins, R.N., 1999. “The costs of carbon sequésiraa revealed-preference approachimerican
Economic Review 89 (4) 994-1009.



van 't Veld K., A. Plantinga, 2005. “Carbon sequatbn or abatement? The effect of rising carbaogsron
the optimal portfolio of greenhouse-gas mitigatistnategies”Journal of Environmental Economics and
Management 50: 59-81

Winjum, J. K., Brown, S., and Schlamadinger, B. &9%orest Harvests and Wood Products: Sources and
Sinks of Atmospheric Carbon DioxideZorest Science. 44:272-284.

Watson, R.T., I.R. Noble, B. Bolin, N.H. RavindrémaD.J. Verardo, and D.J. Dokken., 2000. “Land ,Use
Land-Use Change, and Forestr€ambridge, UK: Cambridge University Press.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


