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Abstract

Bio-energy has the potential to be a key mitigatiption if combined with carbon
capture and sequestration (BECCS) because it caeraje both electricity and
negative emissions. Unfortunately, the unevenibdigion of biomass endowment
among world countries makes it difficult to produeaergy from BECCS in
regions with high energy demand and low abatemgagorunities. Trading
biomass is definitely a possibility to match demand supply at global level. This
paper examines the multifaceted aspects of woodyndés trade in climate
mitigation policy scenarios using the integratedeasment model WITCH. The
policy tool is a carbon tax that starts in 20157aySD/tCQ and reaches 490
USD/tCQ, in 2100. Results show that the woody biomass niaskeild start in
2040 with 107 EJ/yr traded and a value of almoS0@,USD Billions by 2100.
Then, comparing the carbon tax scenario with anthout trade, we found that
with trade emissions are 20% lower by 2100. At ghebal level, the share of
BECCS in the energy mix would raise from 19% to 26942100 while the share
of coal with CCS would decline from 4% to zero Wi0R. Then, we present a
sensitivity analysis with four carbon tax traje@srof some key variables such as
the international price of woody biomass, volumd aalue of the biomass market.
Finally, we simulate a cap-and-trade scheme watahilization target of 550 ppm
CO,-eq at 2100 in order to study the implications mtass trade on the carbon
market.

Key words: BECCS, woody biomass trade, IAM, negative emissiojoint

production
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1. Introduction

The policy aspiration of not exceeding a globalgenature rise of 2°C, compared
to preindustrial levels, is likely to require atrpberic concentrations below 450
ppme (IPCC AR4, WG |, Ch 10, Table 10.8 Meehl et &l Current CQ

concentration is more than 390 ppamd without a concrete action this level is
assumed to reach 720 ppm by 2100. One way to rezmiassions is by substituting

zero—negative—emissions energy for fossil fuels.

In this context, bio-energy has the potential to édey mitigation option if
combined with carbon capture and sequestration (B&BGecause it can generate
both electricity and negative emissions (Obersteshal., 2001). For these peculiar
characteristics, many studies show that BECCSastiaal technology to achieve
low CO, concentration targets: it allows to cut emissidesper and to increase the
“when” flexibility of climate policy (Azar et al.2006, 2010; Clarke et al., 2009;
Edenhofer et al., 2009, 2010; van Vuuren et all120

Unfortunately, the uneven distribution of biomassd@vment among world
countries makes it difficult to produce bio-energyregions with high energy
demand and low abatement opportunities. For exgnmumerous studies show
that Latin America and Sub-Saharan Africa havergelgpotential compared to
other regions of the world (Berndes et al., 2008kifanskiy et al., 2007; Smeets
et al., 2007; Heinimd and Junginger, 2009; Churalet2011). Physical trade of

biomass could definitely bridge this disparity.

Several integrated assessment model (IAMs) haveadyr included trade of
biomass (van Vuuren et al., 2007; Edenhofer eR8l0); Magne et al., 2010; Popp
et al., 2011). However, these studies have focasdtie energy sector and did not
explore the role of trade itself. Other studiesehamalyzed which might be the best
biomass trading option between physical trade,etraf electricity and trade of
emissions permits either using case studies oggmaodels for only some regions
of the world (Schlamadinger, Faaij and Daugher804 Hansson and Berndes,
2009; Laurijssen and Faaij, 2009).
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In this paper we combine these different approadidbe literature in a single
framework to extend the analysis on woody biomeadetin a climate mitigation
policy scenario using the IAM WITCH (Bosetti et,&006, 2007, 2009).

The paper is organized as follows. Section 2 dessrthe method and scenarios
used for the analysis. In section 3 we illustrdte international trade of woody
biomass in a carbon tax scenario. Then, compahiagsame carbon tax scenario
with and without trade we assehsw it affects the optimal abatement level.
Finally, we simulate a cap-and-trade scheme watahilization target of 550 ppm
CO2-eq at 2100 in order to see how the biomassehanteracts with the carbon
market and its effect on the stabilization poliostc The final section provides a

brief summary of the findings and concluding rensark

2. Methodology

This section describes methods and scenarios asil/elop woody biomass trade
in the WITCH model.

Biomass supply is obtained from the GLOBIOM modéaylik et al., 2011). The
supply curves consist of woody biomass coming fommventional plantations and
short rotation forests for each region. They hagenbconstructed using land use
change restrictions that guarantee carbon neytr@lg a result, we treat woody

biomass as zero-emissions energy, without leakifiget®

In WITCH, woody biomass is mixed with coal in powaants (co-firing). Each
region n chooses the optimal mix of coal and biomass on kthsis of their
availability at any time periotdand their relative cost. Both integrated gasiiaat
combined cycle (IGCC) technologies and traditiqualer plants using pulverized
coal (PCj are used for co-firing. Since IGCC power plants eguipped with CCS,
biomass energy with CCS (henceforth BECCS) yiektgative net emissions. We
assume that all IGCC power plants equipped with @@%e the same level of
efficiency in all countries. However, the cost tdrsng CGQ, underground varies in

different regions according to the estimated sfzegervoirs.
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The total quantity of woody biomassonsumed in IGCCWBIOigec) and PC
power plants \(BIOigcc) is equal to the domestic production of woody biesna

(WBIOs) for each regiom at any given timé:

WBIOd,, =WBIOigcg,, +WBIOpG,, 1)
WBIOd,, =WBIOs,, @
With trade, the domestic consumption of woody bissn8\BIOd) is equal to the
domestic production plus the net import of woodgnbass from the international
market NIPwbio,;). We do not impose any restriction to the amounbiomass
tradable in the market. The only constraint is thiaeach timea each countryn

cannot produce more than its woody biomass endow(igf) from GLOBIOM:

WBIOd,, =WBIOs,, + NIPwbia, (3)

WBIOs,, <E,,

S.t.

In addition, we assume that the energy neededddetis irrelevant so we do not

account for it and for emissions associated toetrad

In exporting regions, domestic production of woobipmass is greater than
domestic consumption, thid Pwbio,; is negative. While, importing regions have

positiveNIPwhio,.

The equilibrium of the international market reqaitkat the imports and exports

are equal at each time period:
> NIPwbio, =0 [t (4)

Woody biomass is valued at the international mapkete pwbio, in all regions.

The importer will also pay the transportation qata,).*

Then, the domestic production cost of woody bion{asio,;) and the value of

net imports are included in the budget constrdith® economy:
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GY,

n,t

Ynet(n,t) =

n;t
-2 P Va,,
—cwbio, WBIOs,,
— pwbig NIPwbig, (5)
—ctra,NIPwbio,,

Finally, we simulate four price trajectories of lmamn using a tax on all GHG
emissions as a policy tool. The first three trajees start at 7 and 36 USD/tgiD
2015 and then grow at the constant rate of 5% par.yWe name these scenarios
t1, t2 and t3. Concentrations are endogenous aabltéea temperature increase of
3°C, 2.4°C, 2.2°QGespectively, in 2100, with respect to the presstdal level
The last price trajectory (t550) is endogenoushedrined by imposing a target to
radiative forcing equal to 3.7W/mwhich is equivalent to a temperature increase of
2.5°C and a concentration target of 550 ppme inabunate model (Figure 1).
Carbon taxes are uniform globally and tax revenaes recycled lump-sum
domestically. In addition, we assume that the ovaighe power plant producing
energy with BECCS received a subsidy equals tocttbon tax per each ton of
“avoided” CQ.

For the last session, we use a policy scenariohitlwGHGs concentrations are
forced to remain below 550 ppm ¢€q at the end of the century. The global
pattern of emissions imposed is the result of d-lbesefit solution of the model

under the assumption of a world social planner.
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Figure 1 Carbon taxes

3. Results

In this section, we first describe the internatiomade of woody biomass in the
carbon tax scenario (t1) that starts with 7 USDAQ@® 2015 and reaches 495
USD/tCQ in 2100. Then, comparing the same scenario withwithout woody
biomass trade we discuss the positive effectsanletin particular, we show how
bridging the disparity of woody biomass potentiaduces GHGs emissions
creating a cleaner energy mix. We also provide aligtive and quantitative
analysis otfthe joint production of energy and negative emissiwhen bio-energy
coupled with CCS. Finally, we discuss whether igdvdo trade physical biomass
instead of carbon credits associated to the ussoednergy and its effects on the

stabilization cost.
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3.1. The international trade of woody biomass

The international price of woody biomass emerged/ImCH endogenously as an
outcome of a non-competitive Nash game among gibns. Figure 2 shows both
the international price of biomass and the patthefsubsidy per kwh for stored
tCO,. Their paths are similar. The G@ontent of woody biomass is more valuable
than the energy content driving the demand of basn&lence, woody biomass
trade flows are mainly driven by the demand of tiggaemissions instead of the

demand of the energy input.

0.16
0.14 -
0.12
0.10
0.08 -
0.06 -
0.04 -
0.02 -

USD per kWh

—e— International price of woody biomass
— - carbon tax per kwh (BECCS)

Figure 2. Woody biomass international price and cdvon tax, scenario t1

The trade of woody biomass starts in 2040, whercénbon tax is high enough to
drive the demand of carbon negative technology2100 the market volume
reaches 107 EJ/yr more than the half of the biornaasumed globally the same
year. Finally, the value grows through time reaghn4d68 USD Billions in 2100

almost 1.3% of the gross world product (Figure 3).
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Notes: WEURO: Western Europe; EEURO: Eastern EurB@SAU: Australia, South Africa and
South Korea; CAJAZ: Canada, Japan and New ZealandTEmhsition Economies; MENA: Middle
East and Northern Africa; SSA: Sub-Saharan Afr8ASIA: South Asia; EASIA: East Asia; LACA:

Latin America and the Caribbean.

Figure 3. Woody biomass trade volume (EJ) (A) and aody biomass traded
value in USD Billions (B), carbon tax scenario t1

Latin America (LACA) and Sub-Saharan Africa (SSA¢ the two main exporters,
covering the 90% of total supply in 2100. While dew of biomass is more
heterogeneous. Middle East and Northern Africa (MENand Transition

Economies (TE) represent together its 60% by 2T0ading dynamics can be
explained by the initial endowment, energy demamd Biomass production cost.

The two largest exporters are indeed the countwgh the largest biomass
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potential and lowest production costs. While, inte are regions with either high
biomass cost (e.g. TE) or low biomass potential KM and high demand of

clean energy.

3.2. Trade effects on the optimal abatement level

Biomass trade bridges the disparity between deméadclean energy source from
regions with low abatement opportunities and supplgiomass from regions with
high potential and low production costs. With tradmporting regionswould

reduce their emissions switching from fossil fudts bio-energy and also

sequestering emissions with CCS.

The first effect of the trade is an increasing amaf biomass used at the global
scale from 140 EJ/yr to 190 EJ/yr by 2100 (FigureT4e regional distribution of
the domestic consumption and production varies ifsigntly comparing the
scenario without trade to the one with trade. Ingrarwould keep almost invariant
their domestic production and increase their comdiom importing. While,
exporters would both decrease their domestic copsam and increase their

production substantially in order to satisfy thieemational demand.

(A)

domestic consumption - w/o trade

O ) Q Q ) Q Q
& % S S $ S5 S
D . S S S ¢
B USA JWEURO EEEURO MKOSAU B CAJAZ
mTE IMENA  ESSA ESASIA  [ICHINA

O EASIA H LACA CJINDIA
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(B)
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Figure 4. Domestic consumption of woody biomass cdmmed with CCS
without (a) and with (b) woody biomass trade

Figure 5 and Figure 6 show how production and camgion of the main actors in
the market change with and without trade in 2070 2100.

For importing regions, in 2070, the amount of bismaroduced domestically (red
bar and black diamond) is almost unchanged whéetokal consumption (red and
green bar) increases with imports. For instance,66% of biomass consumed in
the USA is imported; this percentage increasesroural 80% in Transition

Economies and West Europe and reaches 90% in &mtial00% for Middle East

and Northern Africa. The latter has no domesticniaies endowment (yellow
circle), so the only way to use this technologyies the international market. In
2100, they increase not only imports but also tleimestic production using
almost all the biomass available at the nationatllen order to satisfy a voracious

demand (Figure 6).
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(A) (B)

BECCS total consumption - importing
regions
2070

BECCS total consumption - importing regions
2100
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Figure 5. Domestic consumption of woody biomass cdmmed with CCS in
2070 (A) and 2100 (B) — importing regions.

For exporting regions, in 2070 they consume dormaltyi the same amount of
biomass (black diamond and red bar) with and witli@de; while, the production
increases from 8 EJ/yr to 27 EJ/yr in Latin Ameiacal from 4 EJ/yr to 24 EJ/yr in
Sub Saharan Africa. In 2100 the picture changeasfgigntly. They use almost all
their biomass potential (yellow circle) and in arde increase their export they
drop their domestic consumption by 60% and 50%eaetsgely with respect to the

scenario without trade.

(A) (B)
Biomass production - exporting Biomass production - exporting
2070 2100
70 70
604 - - - 60 H Export
O I o
504+~ 50
I s ~ | EConsumption w
s 40 O---- 340 trade
w L 30 1 )
30 + Production - w/o
204 - - - N 20 trade
104 B - 10 O Endowment
0 ‘ 9. 0 T
LACA SSA LACA SSA

Figure 6. Domestic production of woody biomass combined witicCS in 2070
(A) and 2100 (B) — exporting regions.

The second effect of the introduction of woody béms trade is a change in the
energy mix. The share of BECCS on the total primamgrgy supply increases
from 19% to 26% while the share of coal with CC8rdases from 4% to 0.1% by
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2100. This is the result of both the substitutiffea between the two technologies
and the competition for the same carbon sequestrasites (Figure 7). In
particular, the trade anticipates the peak in the of coal with CCS to 2070, ten
years earlier than the scenario without trade.|Fyindie use of nuclear collapses in
importing countries (Figure 8 — A) and grows in estmg countries (Figure 8 — B);
however, at the global level it remains almost @amgfed. Nuclear represents the

closest substitute to BECCS because it is a laogéesvirtually carbon free

technology.
(A)
TPES - w/o trade
8OO [~~~
600 O s O v N 0 R oy
W 400 A
200 | Ff -t bttt
O T T T T T T T T T T T T 1
2040 2050 2060 2070 2080 2090 2100
D OTHER 0OCOAL w CCS B BECCS
(B)
TPES - w trade
8OO |-~
— = = B W N § I I
600 | t—t i1 |1t -t =
W 400 +| F-i -4 -4 At -
200 |ttt 441ttt -ttt
0 T T T T T T T T T T T T 1

2040 2050 2060 2070 2080 2090 2100

O OTHER O COAL w CCS BBECCS

Figure 7. Global primary energy supply without (a) and with (b) woody
biomass trade
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Figure 8 Share of nuclear on the total primary enegy supply — importing
regions (A) and exporting regions (B)

Note: The share of nuclear in the total primaryrgnpesupply of MENA and SSA is almost
Zero.

The introduction of trade — proving new abatemenpoofunities - shifts the
marginal cost curve to the right: for the same carkax there is a reduction in
emissions per unit of outpuln particular, using biomass from the internationa
market in power plant with CCS, importers reduce tlarbon intensity of their
energy system not only substituting fossil fuelshwbio-energy but also storing
CO, with CCS.
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Comparing the same carbon tax scenario with antowittrade, we found that
carbon intensity of energy and the energy intensityhe output decrease by 6%
and 17% respectively at the global level. Tizelé offers an emission reduction of
20% by 2100Q(Figure 9 - A). In particular importing countriesnamely Western
EU, USA, Transition Economies, Middle East and KNoAfrica and India -
decrease their emissions by 50% by 210@Ge reduction in the total GHG
emissions is mainly due to an increase in the “tiegjaemissions produced by
BECCS which increase by 22% comparing to the so@réthout trade Figure 9

- B).

o & A N o
L

-10

GtonCO2eq

-12
-14
-16

-18 -

- w/o trade -#w trade

Figure 9. GHGs emissions (A) and negative emission®) from BECCS
without and with trade, carbon tax scenario t1
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3.3. Sensitivity analysis

[to be completed]

3.4. The woody biomass market vs. the carbon
market (to be completed)

In this last session we introduce the trade of wob@bmass in cap-nd-trade
scenario with a stabilization target of 550 ppm &%92at 2100 in order to see how
the two trades interact.

For this analysis, we assume that negative emissioom BECCS can be
converted to carbon credits and either used inonatiinventory or sold in the
carbon market. Indeed, when the trade of woody agsmis allowed, regions
without cheap abatement opportunities within theiarders have two options to
reduce their emissions. They can import either gioms permit or woody biomass
that burned in their power plant equipped with C@8duces both energy and

negative emissions. Hence, they will choose thepghat provides more benefits.

In this scenario, the above discussed issue df production is even more marked
than in the carbon tax scenario. In fact, BECC®uatis not single-valued but it is
a joint production of energy and negative emisstartt sold in their own markets.
In this case the trade of biomass has indeed atdimgpact on the COprice

represented by the price of carbon permits.

Our results [to be completed]
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Conclusion

This paper evaluates the potential of the tradeamdy biomass in a climate policy
scenario. Although numerous integrated assessmea¢InglAM) have introduced
the trade of biomass, they focus only the energyoseand did not explore trade

itself.

First, we have introduced the trade of woody bismasthe IAM WITCH. The
international price of woody biomass emerges endoggly as an outcome of a
non-competitive Nash game among all regions. Ressliow that the woody
biomass market would start in 2040 with 107 EJfgdéd and a value of 4,500
USD Billions in 2100. Volume and value are hightfluenced by the carbon tax:
when the tax is high, regions increase their denwrfglomass in order to reduce
their emissions both switching from fossil fuels lim-energy and sequestering
emissions with CCS. Latin America and Sub-Saharaitaéwould cover 90% of
total supply in 2100. While demand of biomass isrenbeterogeneous. Middle
East and Northern Africa (MENA) and Transition Eoories (TE) represent
together its 60% by 2100.

Second, we have analyzed woody biomass trade &ffecthe optimal abatement
level comparing the same carbon tax scenario withwithout trade. We found
that the trade offers a 20% reduction in GHGs epniss In particular, importers
would use BECCS to substitute fossil fuels redudhey carbon intensity of their
energy system and producing negative emissionseasame timeAt the global
level, the share of BECCS in the energy mix wowlse from 19% to 26% by
2100 while the share of coal with CCS would decfinoen 4% to zero by 2100 for
a substitution effect and because the two techiedagpmpete for the same carbon

sequestration sites.

Third, we have simulated a cap-and-trade schenfeandtabilization target of 550

ppm CQ-eq at 2100 with and without woody biomass tradebf completedl

Finally, different climate and trading policies maljstort the results above

described. For instance, we do not assume any goegital support to promote
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domestic production of bio-energy such as subsidmes$ we have not set any
domestic targets on renewable. In addition, we rassneither barriers nor social
and political limitations in biomass trading. Howeey energy security and

geopolitical issues exist and must be carefullysadered.

! Concentrations of all GHG are equal to about 430

2 For this study we use only biomass combined WaBC.

®The (E%)efficient used to convert woody biomass cubeéters into GJ Energy is equal to
7.5GJ/m.

* According to Hansson and Berndes (2009), we assyeneric transportation costs of
0.00025 euro/GJ per kilometer equal for all regiohsansportation costs are measured
using the average distance from the main port ofi @agion weighted by regional biomass
endowment. Main harbours were defined accordingWaerld port rankings - 2009” at
http://aapa.files.cms-plus.com/PDFs/WORLD%20PORTRANKING S%202009.pdf.

The distance for ship transportation is retrievedmf Port to port distances at
http://www.searates.com/reference/portdistancest ewed on December 2011.

® This should be compared to the 4.1°C temperaharease in the Reference scenario.
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Appendix

List of variables

WBIOd = total consumption of woody biomass

WBIQOigec, , = Woody biomass used in integrated gasification coetbicycle

(IGCC) technologies with CCS

WBIOpc, ;= Woody biomass used traditional power plants usinggized coal
(PC)

WBIOs,, = total production of woody biomass
NIPwbio,, = net import of woody biomass

NIPwbio,, >0 importing; NIPwbio,, < Oexporting

n

—"™' = gross output

n;t

Zq Pqg,, Vq,, = sum of expenditure

pwbio, = international price of woody biomass
cwhio, , = average cost production (woody biomass)

ctra, = transporation cost woody biomass
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