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Outline of today’s talk

• Background

• Review of global potential of bioenergy in the 
future scenarios, and quick look of RCP2.6’s land-
use

• Bottom-up estimate of achievable BECCS in 
RCP2.6’s land-use scenario with dedicated 
bioenergy crops (1st and 2nd generation)

• Evaluation of sustainable BECCS in Japan
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Challenges to keep below 2ºC 
An  emission  pathway  with  a  “likely  chance”  to  keep  the  temperature  increase  

below 2ºC has significant challenges 

 

Source: Peters et al. 2012a; Global Carbon Project 2012 

Short-term  
• Reverse emission trajectory 
• Emissions peak by 2020 

Medium-term  
• Sustain emission trajectory 
• Around 3%/yr reductions globally 

Long-term  
• Net negative emissions 
• Unproven technologies 



2℃, negative emissions in RCP2.6 by 
CMIP5 Earth System Models

Text

Jones et al., 2013
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FIG. 6. Compatible fossil fuel emissions for the peak-and-decline RCP2.6 scenario. (a) 869 

Plotted with 10-year smoothing from CMIP5 models: CanESM2, GFDL-ESM2G, 870 

GFDL-ESM2M, MIROC-ESM-CHEM, MIROC-ESM and NorESM1-ME require 871 

sustained negative emissions beyond 2080 and are shown in paler blue dot-dash lines, 872 

and HadGEM2-ES, IPSL-CM5A-LR, IPSL-CM5A-MR and MPI-ESM-LR are shown in 873 

darker blue dashed lines. Historical fossil fuel emissions for the 1990s are shown by the 874 

black and yellow bar. (b) 20-year end-of-century average compatible emissions (2080-875 

2100) (x-axis) against peak 21st Cenutry warming, defined as maximum of 10-year 876 

running mean above pre-industrial (y-axis). 877 

878 

RCP2.6 (IMAGE)
CMIP5 ESMs’ compatible 

emissions

• 6 out of 10 CMIP5 ESMs require negative fossil fuel emissions.

• Still large uncertainty exists due to the climate sensitivity, carbon-
concentration and carbon-climate feedbacks, land-use 
implementation, and model representation of current carbon stock.
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Also, large uncertainties exist in the 
deployment of BECCS

• Possible contribution of BECCS depends on the potential 
and societal acceptance of large scale bioenergy production 
and CCS.

• For bioenergy, large uncertainties in technology 
development, carbon neutrality, effects on food security, 
biodiversity, water scarcity, and soil degradation; sustainability 
criteria needed

• For CCS, uncertainty in capture efficiency, storage capacity,  
societal acceptance, and leakage

• Long term response of carbon cycle to the negative 
emissions is also uncertain.

• Institutional and policy issue about economic incentives of 
BECCS
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Global potential of bioenergy assumed in 
IAMs
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Fig. 2. Potential biomass supply for energy over time. Resource-focused studies are represented by hollow circles and demand-driven studies are represented by !lled
circles. USEPA and HALL, who do not refer to any speci!c time, are placed at the left side of the diagram. IIASA-WEC and SRES/IMAGE are represented by solid and
dashed lines respectively, with scenario variant names given without brackets at the right end of each line. The present approximate global primary energy consumption is
included for comparison. (The global consumption of oil, natural gas, coal, nuclear energy and hydro electricity 1999–2000 was about 365 EJ yr−1 [43]. Global biomass
consumption for energy is estimated at 35–55 EJ yr−1 [44–46].)

Berndes et al., 2003
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• Typical values for sustainable potential of 
bio-energy production; 50-150EJ in 2050.

• Strict criteria with respect to loss of 
natural areas in 2050 reduce potential to 
below 100 EJ (van Vuuren et al., 2010)

Berndes et al., 2003
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• Typical values for sustainable potential of 
bio-energy production; 50-150EJ in 2050.

• Strict criteria with respect to loss of 
natural areas in 2050 reduce potential to 
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Bioenergy for BECCS in RCP2.6 if 
ligno-cellulosic biomass is assumed to 
be used with 90% capture efficiency.

Total bioenergy supply in RCP2.6
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Fig. 6. Land use and yield levels in future energy crops production. Dots represent suggested plantation area and average yield levels in the studies. Lines represent
suggested maximum woody biomass yield on non-forest land, and harvested area and yields in global cereal production. The global tree plantation area in 2000 is
indicated on the X-axis. The average yield levels for Pinus and Eucalyptus plantations in selected countries are indicated along the Y-axis. The speci!c yields and
plantation areas used are given for each study in Appendix A. Berndes et al., 2003



Assumed land use and yield in the future 
energy crops 12

G
.
B
erndes

et
al./B

iom
ass

and
B
ioenergy

25
(2003)

1–28

0

10

20

30

40

0 1000 2000

Area (Mha)

Yi
el

d/
Pr

od
uc

tiv
ity

 (M
g 

ha
-1

 y
r -

1 )
 

Global plantation area 2000

2500 10000

Pinus, Chile & NZ. 
(1.3 Mha each)

Estimated cummulative average maximum woody 
biomass yield on non-forest land

1990-99 average cereal yield and harvested 
area in 180 countries

Pinus, Australia & S. Afr.
(0.7 Mha each)

Eucalyptus S. Afr. & Brazil
(0.6 and 2.7 Mha resp.)

Pinus, Brazil (1.1 Mha)
Cryptomaria, Japan (5 Mha)
Pinus, USA (18 Mha)
Eucalyptus, India (3 Mha)

Plantations (total area)

No year 
2020-2030
2050
2100

Fig. 6. Land use and yield levels in future energy crops production. Dots represent suggested plantation area and average yield levels in the studies. Lines represent
suggested maximum woody biomass yield on non-forest land, and harvested area and yields in global cereal production. The global tree plantation area in 2000 is
indicated on the X-axis. The average yield levels for Pinus and Eucalyptus plantations in selected countries are indicated along the Y-axis. The speci!c yields and
plantation areas used are given for each study in Appendix A. Berndes et al., 2003

Required yield estimated for total 
bioenergy use in RCP2.6
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Required yield estimated for total 
bioenergy use in RCP2.6

Required yield when 
bioenergy use for BECCS 
is only considered



Land-use change scenario of RCP2.6
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Figure S5: Net land-use change carbon emissions (Pg C yr−1) estimated by VISIT model using
five ISI-MIP fast track climate scenarios for RCP2.6. Original IMAGE emission scenario is shown
in gray line.

9

Carbon emissions from land-use change 
in RCP2.6

Net land-use change carbon emissions (Pg C yr−1) are 
estimated by VISIT model using five ISI-MIP fast track 
climate scenarios for RCP2.6.  IMAGE RCP2.6 land-use 
change emission scenario is shown in light gray line.

Cumulative carbon emissions 
for 2006-2100 (Pg C)

VISIT
(Kato and Yamagata, 

in review)
81 ± 34 (25-112)

CMIP5 ESMs 
(Brovkin et al., 2013) 67 ± 63 (19-175)

RCP2.6 (IMAGE) 60.7

Cumulative net carbon emissions 
from land-use change estimated by 

VISIT model and others
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• Even the limited cropland expansion (≃0.5 billions ha) in 
RCP2.6 causes non-negligible amount of carbon emissions 
due to the land-use change.
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Land-use for sustainable low-carbon 
scenario with the large scale use of BECCS?

Integrated assessment models typically use top-down estimates of 
potential bioenergy use,

however,

bottom-up evaluation of bioenergy potential is needed to consider 
importance of food, water, energy, and carbon nexus.

11/25



Land-use for sustainable low-carbon 
scenario with the large scale use of BECCS?

Integrated assessment models typically use top-down estimates of 
potential bioenergy use,

however,

bottom-up evaluation of bioenergy potential is needed to consider 
importance of food, water, energy, and carbon nexus.

• In this study, BECCS achievability in the constraint of the 
RCP2.6’s land-use scenario is analyzed with

• Conventional bioenergy crops (maize, sugarcane, sugar beet, 
rapeseed) with ethanol and biodiesel productions.

• 2nd generation bioenergy crops (switchgrass, Miscanthus × 
giganteus) with bioSNG productions.

• Other non-BECCS bioenergy is supposed to be treated in terms 
of forestry and forest residues in the evaluation for now.
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Development of “Integrated terrestrial model”
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Maize yields (Mg ha-1) Maize yields (Mg ha-1)

Rapeseed yields (Mg ha-1) Spring rapeseed yields (Mg ha-1)

Sugarcane yields (Mg ha-1) Sugarcane yields (Mg ha-1)

Sugar beet yields (Mg ha-1) Sugar beet yields (Mg ha-1)

Monfreda et al. (2008) This study

Figure S1: Spatial distribution of crop yields around 2000 by Monfreda et al. (2008) (left) and
simulated yields by this study for the year 2010 (right). From top to bottom, yields for maize,
spring rapeseed, sugarcane, and sugar beet are shown.

5

Simulation of 1st generation energy crop 

Input data of the model:
• Daily climate variables 

(tmin2m, tmax2m, 
precipitation, downward 
surface shortwave radiation, 
specific humidity, uvel10m, 
vvel10m)

• Nitrogen and phosphorus 
fertilizer input (FAOSTAT)

• Irrigated land fraction 
(Freydank and Siebert, 2008)

• Soil properties (ISLSCP II)
• Planting date (Sacks et al., 

2010)

• Heat unit required for 
harvesting

Using SWAT2005, yields of the 
first generation bioenergy crops 
are simulated with globally 0.5x0.5 
degree grid spatial resolution.

Kato and Yamagata, GEC, in review 13/25



Is BECCS achievable with 1st generation 
bioenergy crops?

• 1st generation bioenergy crops cannot achieve the required 
BECCS amount for RCP2.6.

• We find only 27-38% of required global 
BECCS in 2055 can be achieved, depending 
on the fertilizer and irrigation options 
under the RCP2.6 climate and land-use 
scenario.

• About 60% capture efficiency is assumed in 
the bioethanol calculations (i.e. 30% 
captured through fermentation process, 
and 30% captured in post-process fuel 
combustion); 90% post-process capture 
efficiency with biodiesel.
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Figure 10: Globally achievable BECCS (Pg C ha�1) projections using yield changes estimated by

SWAT model in RCP2.6 land-use and climate conditions. Thick lines show projections in high fertil-

izer and irrigation use scenario. Thin lines show projections with non-adaptation scenario. Original

RCP2.6 scenario is shown by a dashed black line.
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159 Pg C absorption by BECCS is assumed in RCP2.6 for 2006-2099, however, 
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Potential yield of 2nd generation 
bioenergy crops (switchgrass, 

Miscanthus × giganteus)

Potential yield of switchgrass (left) and Miscanthus (right) simulated by SWAT with a current climate 
condition.  Upper: with unlimited irrigation. Lower: no irrigation (Kato and Yamagata, in prep).
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Potential yield of 2nd generation 
bioenergy crops (switchgrass, 

Miscanthus × giganteus)

• Huge potential exists even without irrigation except for extremely dry 
regions (switchgrass: 13.0±7.4, Miscanthus: 16.0±4.8 t ha-1 yr -1 at the 
RCP2.6’s bioenergy production grids)

• Also, fertilizer requirements are low for both crops.

Potential yield of switchgrass (left) and Miscanthus (right) simulated by SWAT with a current climate 
condition.  Upper: with unlimited irrigation. Lower: no irrigation (Kato and Yamagata, in prep).
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BECCS in BioSNG

• Substitue Natural Gas (SNG) processing

Indirect 
gasification

Gas cleaning 
& treating

Methanation
Lignocellulosic 

biomass
100% C

SNG
40% C

CCS
CO2

40% C
captured

Flue CO2 gas
20% C

• CO2 abatement costs for BioSNG is competitive with CCS in fossil 
fired power plants (Carbo, 2011): Avoidance cost amount 62€/ton 
CO2.

16/25



• With 2nd generation biofuel, 
required BECCS for RCP2.6 can be 
marginally achieved when 90% 
post-combustion capture (PCC) 
technology is deployed.

• 90% PCC case: 76% capture efficiency 
is assumed in the calculation (i.e. 40% 
captured in pre-combustion process, 
and 36% captured post-process fuel 
combustion).

It could be achieved 80 Pg C BECCS (half of the required BECCS) without 
PCC, and 116 Pg C with 45% PCC, and 152 Pg C with 90% PCC.

Is BECCS achievable with 2nd 
generation bioenergy crops?

no PCC

90% PCC
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Woody biomass and residues

• What amount of the sustainable woody biomass can be used for 
the bioenergy?

• Estimating sustainable and practical woody biomass production limits 
using inventory and/or VISIT model (process-based ecosystem model) in 
term of carbon budget

• Also need to consider limitation related to the spatially explicit 
condition, such as location of power plant, logistical cost, ...

Vegeta&on)Integrated)SImulator)for)Trace)gases)

Objec&ves!

•!Atmosphere,ecosystem!biogeochemical!interac5ons!

•!Especially,!major!greenhouse!gases!(CO2,!CH4,!and!N2O)!budget!

•!Assessment!of!clima5c!impacts!and!bio5c!feedbacks!

Carbon'cycle,
(Sim'CYCLE'based),

Nitrogen'cycle,

Point;global,)daily;monthly!

,!CO2:!photosynthesis!&!respira5on!
,!CH4:!produc5on!&!oxida5on!
,!N2O:!nitrifica5on!&!denitrifica5on!
,!LUC!emission:!cropland!conversion!
,!Fire!emission:!CO2,!CO,!BC,!etc.!
,!BVOC!emission:!isoprene!etc.!
,!Others:!N2,!NO,!NH3,!erosion!

(Developed!in!NIES!&!FRCGC,JAMSTEC)!

Ecosystem model in our project 

(Developed!by!Dr.!Akihiko!Ito)!

roundwood and species data for each prefecture are used for this
estimation. We assumed that thinning of the fifth age class is cut-
off and the ninth and eleventh age classes are utilized. Biomass
production not only depends on growth rate but also on the area
of forest planted. Fig. 3 shows roundwood production costs for
the forestry industry over 40 years. Purple circles indicate the
location of coal thermal power plants. The wood chips produced
are transported to the nearest coal thermal power plant in same
region. Since roundwood, which is used for buildings and furni-
ture is transported to markets located in each city/town, we as-
sumed that the transportation distance for roundwood was
constant at 10 km.

In Japan, the rotation period is usually around 40 years in most
plantations and it is difficult to produce a profit if the roundwood
price is 10,000 JPY2008/m3 because production costs are high. How-

ever, using an 80-year rotation period, almost all plantations
become profitable because production costs per production vol-
ume are smaller than they are for 40-year rotation periods. How-
ever, the wood chip supply for a 40-year rotation period is larger
than it is for an 80-year rotation period, because total biomass of
the 80-years-old forest is less than double that of the 40-year-old
forest.

Fig. 4 shows a wood chip production and transportation cost
map. If wood chip production is operating at a deficit, then there
is no woody biomass production even if roundwood production is
profitable. However, in the case where roundwood production
is operating at a deficit and wood chip production is profitable,
then the production of woody biomass and roundwood depends
on total profit. If total production is profitable, then roundwood
and wood chips will be produced, but if total production is operat-
ing at a deficit, then there is no production of roundwood or woody
biomass.

Table 1 shows cases of woody biomass production and round-
wood production. We investigated cases 5 and 6 because it is
impossible to make a profit by selling wood chips in case 2 and
3, and forests will not harvest in cases 1 and 4. From Figs. 2–4,
we can estimate wood chip production versus the wood chip price.
In case 5, the deficit in roundwood production must be covered by
profits in woody biomass production. Fig. 5 shows the wood chip
supply for coal thermal power plants versus wood chip price. Coal
prices for electric power companies have been about 3000–13,000
JPY2008/ton over the last 10 years. We assumed that the quantity of
heat produced per unit weight of coal is 6700 kcal/kg and for wood
chips 2200 kcal/kg. The wood chip price which is equivalent to coal
with respect to heat quantity is approximately 1500–5000 JPY2008/
ton. When the price of wood chips is 2500 JPY2008/ton, then supply
is about 32,000 m3/year (rotation period of 40 years) which results
in a decrease in coal use of 0.01% by coal thermal power plants.
However, the supply of wood chips increases drastically if the
price exceeds 4000 JPY2008/m3, becoming 0.8 M m3/year in case
the price is 5000 JPY2008/m3. A 0.75 M ton/year supply (15 PJ/year
energy supply) can be achieved when the wood chip price is
6300 JPY2008/m3 (assuming a 40-year rotation period which is con-
ventionally used in Japan). If we assume an 80-year rotation peri-
od, biomass chips supply increase because many forests become

Fig. 3. Spatial distribution of roundwood production cost (rotation period is
40 years).

Fig. 4. Spatial distribution of wood chips production cost (rotation period is
40 years).

Fig. 2. Spatial distribution of wood chips production potential in one rotation
period (40 years).
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Sustainable BECCS in Japan?
• In Japan, area used for cropland is limited, and the cost of forestry 

is relatively expensive.

• Land used for cropland is 12.2% (paddy field 6.6%, other 5.6%)

• More than 68% of Japan is covered by forests (40% plantations, 28% 
natural forest), but the use of woody biomass is limited because it 
is still not seen as economically viable.

• Current biomass energy supply in Japan: 0.85% in 2008, 0.81% in 
2009, 1.91% in 2010, and 2.1% in 2011 of total primary energy 
supply (mostly from waste use)

• Despite the apparent limitation, BECCS potential is roughly 
assessed for Japan with

• woody biomass from forestry and forest residues for co-firing 
in coal power plant with CCS

• ligno-cellulosic bioenergy crops at abandoned cropland using 
bioSNG production

• lignocellulosic bioenergy crops at non-used paddy field for co-
firing in coal power plant with CCS 19/25



Bioenergy potential of sustainable forestry

roundwood and species data for each prefecture are used for this
estimation. We assumed that thinning of the fifth age class is cut-
off and the ninth and eleventh age classes are utilized. Biomass
production not only depends on growth rate but also on the area
of forest planted. Fig. 3 shows roundwood production costs for
the forestry industry over 40 years. Purple circles indicate the
location of coal thermal power plants. The wood chips produced
are transported to the nearest coal thermal power plant in same
region. Since roundwood, which is used for buildings and furni-
ture is transported to markets located in each city/town, we as-
sumed that the transportation distance for roundwood was
constant at 10 km.

In Japan, the rotation period is usually around 40 years in most
plantations and it is difficult to produce a profit if the roundwood
price is 10,000 JPY2008/m3 because production costs are high. How-

ever, using an 80-year rotation period, almost all plantations
become profitable because production costs per production vol-
ume are smaller than they are for 40-year rotation periods. How-
ever, the wood chip supply for a 40-year rotation period is larger
than it is for an 80-year rotation period, because total biomass of
the 80-years-old forest is less than double that of the 40-year-old
forest.

Fig. 4 shows a wood chip production and transportation cost
map. If wood chip production is operating at a deficit, then there
is no woody biomass production even if roundwood production is
profitable. However, in the case where roundwood production
is operating at a deficit and wood chip production is profitable,
then the production of woody biomass and roundwood depends
on total profit. If total production is profitable, then roundwood
and wood chips will be produced, but if total production is operat-
ing at a deficit, then there is no production of roundwood or woody
biomass.

Table 1 shows cases of woody biomass production and round-
wood production. We investigated cases 5 and 6 because it is
impossible to make a profit by selling wood chips in case 2 and
3, and forests will not harvest in cases 1 and 4. From Figs. 2–4,
we can estimate wood chip production versus the wood chip price.
In case 5, the deficit in roundwood production must be covered by
profits in woody biomass production. Fig. 5 shows the wood chip
supply for coal thermal power plants versus wood chip price. Coal
prices for electric power companies have been about 3000–13,000
JPY2008/ton over the last 10 years. We assumed that the quantity of
heat produced per unit weight of coal is 6700 kcal/kg and for wood
chips 2200 kcal/kg. The wood chip price which is equivalent to coal
with respect to heat quantity is approximately 1500–5000 JPY2008/
ton. When the price of wood chips is 2500 JPY2008/ton, then supply
is about 32,000 m3/year (rotation period of 40 years) which results
in a decrease in coal use of 0.01% by coal thermal power plants.
However, the supply of wood chips increases drastically if the
price exceeds 4000 JPY2008/m3, becoming 0.8 M m3/year in case
the price is 5000 JPY2008/m3. A 0.75 M ton/year supply (15 PJ/year
energy supply) can be achieved when the wood chip price is
6300 JPY2008/m3 (assuming a 40-year rotation period which is con-
ventionally used in Japan). If we assume an 80-year rotation peri-
od, biomass chips supply increase because many forests become

Fig. 3. Spatial distribution of roundwood production cost (rotation period is
40 years).

Fig. 4. Spatial distribution of wood chips production cost (rotation period is
40 years).

Fig. 2. Spatial distribution of wood chips production potential in one rotation
period (40 years).
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Wood chips production potential 
in one rotation period (40 years)

roundwood and species data for each prefecture are used for this
estimation. We assumed that thinning of the fifth age class is cut-
off and the ninth and eleventh age classes are utilized. Biomass
production not only depends on growth rate but also on the area
of forest planted. Fig. 3 shows roundwood production costs for
the forestry industry over 40 years. Purple circles indicate the
location of coal thermal power plants. The wood chips produced
are transported to the nearest coal thermal power plant in same
region. Since roundwood, which is used for buildings and furni-
ture is transported to markets located in each city/town, we as-
sumed that the transportation distance for roundwood was
constant at 10 km.

In Japan, the rotation period is usually around 40 years in most
plantations and it is difficult to produce a profit if the roundwood
price is 10,000 JPY2008/m3 because production costs are high. How-

ever, using an 80-year rotation period, almost all plantations
become profitable because production costs per production vol-
ume are smaller than they are for 40-year rotation periods. How-
ever, the wood chip supply for a 40-year rotation period is larger
than it is for an 80-year rotation period, because total biomass of
the 80-years-old forest is less than double that of the 40-year-old
forest.

Fig. 4 shows a wood chip production and transportation cost
map. If wood chip production is operating at a deficit, then there
is no woody biomass production even if roundwood production is
profitable. However, in the case where roundwood production
is operating at a deficit and wood chip production is profitable,
then the production of woody biomass and roundwood depends
on total profit. If total production is profitable, then roundwood
and wood chips will be produced, but if total production is operat-
ing at a deficit, then there is no production of roundwood or woody
biomass.

Table 1 shows cases of woody biomass production and round-
wood production. We investigated cases 5 and 6 because it is
impossible to make a profit by selling wood chips in case 2 and
3, and forests will not harvest in cases 1 and 4. From Figs. 2–4,
we can estimate wood chip production versus the wood chip price.
In case 5, the deficit in roundwood production must be covered by
profits in woody biomass production. Fig. 5 shows the wood chip
supply for coal thermal power plants versus wood chip price. Coal
prices for electric power companies have been about 3000–13,000
JPY2008/ton over the last 10 years. We assumed that the quantity of
heat produced per unit weight of coal is 6700 kcal/kg and for wood
chips 2200 kcal/kg. The wood chip price which is equivalent to coal
with respect to heat quantity is approximately 1500–5000 JPY2008/
ton. When the price of wood chips is 2500 JPY2008/ton, then supply
is about 32,000 m3/year (rotation period of 40 years) which results
in a decrease in coal use of 0.01% by coal thermal power plants.
However, the supply of wood chips increases drastically if the
price exceeds 4000 JPY2008/m3, becoming 0.8 M m3/year in case
the price is 5000 JPY2008/m3. A 0.75 M ton/year supply (15 PJ/year
energy supply) can be achieved when the wood chip price is
6300 JPY2008/m3 (assuming a 40-year rotation period which is con-
ventionally used in Japan). If we assume an 80-year rotation peri-
od, biomass chips supply increase because many forests become

Fig. 3. Spatial distribution of roundwood production cost (rotation period is
40 years).

Fig. 4. Spatial distribution of wood chips production cost (rotation period is
40 years).

Fig. 2. Spatial distribution of wood chips production potential in one rotation
period (40 years).
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roundwood and species data for each prefecture are used for this
estimation. We assumed that thinning of the fifth age class is cut-
off and the ninth and eleventh age classes are utilized. Biomass
production not only depends on growth rate but also on the area
of forest planted. Fig. 3 shows roundwood production costs for
the forestry industry over 40 years. Purple circles indicate the
location of coal thermal power plants. The wood chips produced
are transported to the nearest coal thermal power plant in same
region. Since roundwood, which is used for buildings and furni-
ture is transported to markets located in each city/town, we as-
sumed that the transportation distance for roundwood was
constant at 10 km.

In Japan, the rotation period is usually around 40 years in most
plantations and it is difficult to produce a profit if the roundwood
price is 10,000 JPY2008/m3 because production costs are high. How-

ever, using an 80-year rotation period, almost all plantations
become profitable because production costs per production vol-
ume are smaller than they are for 40-year rotation periods. How-
ever, the wood chip supply for a 40-year rotation period is larger
than it is for an 80-year rotation period, because total biomass of
the 80-years-old forest is less than double that of the 40-year-old
forest.

Fig. 4 shows a wood chip production and transportation cost
map. If wood chip production is operating at a deficit, then there
is no woody biomass production even if roundwood production is
profitable. However, in the case where roundwood production
is operating at a deficit and wood chip production is profitable,
then the production of woody biomass and roundwood depends
on total profit. If total production is profitable, then roundwood
and wood chips will be produced, but if total production is operat-
ing at a deficit, then there is no production of roundwood or woody
biomass.

Table 1 shows cases of woody biomass production and round-
wood production. We investigated cases 5 and 6 because it is
impossible to make a profit by selling wood chips in case 2 and
3, and forests will not harvest in cases 1 and 4. From Figs. 2–4,
we can estimate wood chip production versus the wood chip price.
In case 5, the deficit in roundwood production must be covered by
profits in woody biomass production. Fig. 5 shows the wood chip
supply for coal thermal power plants versus wood chip price. Coal
prices for electric power companies have been about 3000–13,000
JPY2008/ton over the last 10 years. We assumed that the quantity of
heat produced per unit weight of coal is 6700 kcal/kg and for wood
chips 2200 kcal/kg. The wood chip price which is equivalent to coal
with respect to heat quantity is approximately 1500–5000 JPY2008/
ton. When the price of wood chips is 2500 JPY2008/ton, then supply
is about 32,000 m3/year (rotation period of 40 years) which results
in a decrease in coal use of 0.01% by coal thermal power plants.
However, the supply of wood chips increases drastically if the
price exceeds 4000 JPY2008/m3, becoming 0.8 M m3/year in case
the price is 5000 JPY2008/m3. A 0.75 M ton/year supply (15 PJ/year
energy supply) can be achieved when the wood chip price is
6300 JPY2008/m3 (assuming a 40-year rotation period which is con-
ventionally used in Japan). If we assume an 80-year rotation peri-
od, biomass chips supply increase because many forests become

Fig. 3. Spatial distribution of roundwood production cost (rotation period is
40 years).

Fig. 4. Spatial distribution of wood chips production cost (rotation period is
40 years).

Fig. 2. Spatial distribution of wood chips production potential in one rotation
period (40 years).
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Wood chips production cost
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Potential of BECCS with sustainable 
forestry in Japan

• 15 PJ yr-1 can be supplied with 6300 JPY ton-1 from the residue of 40 years 
rotation period management.

• 0.3 Mt C yr-1 BECCS with coal co-firing CCS

• Additionally, 50 PJ yr-1 (1.0 Mt C yr-1 BECCS) is available when currently non-
used roundwoods are also considered

• Total BECCS: 1.3 Mt C yr-1 (0.4% of 2012’s CO2 emissions 348 Mt C)

• Full utilization of sustainable forest residue and non-used roundwoods can 
achieve about 8.1 MtC yr-1 of BECCS (2.3 % of 2012’s CO2 emissions).

profitable. Although the lengthening of the rotation period is asso-
ciated with a relative decrease in the average growth of biomass,
the management costs for such a forest is concomitantly reduced.
According to our model, lengthening the rotation period would
therefore increase the profitability of forestry in Japan. In this case,
a 15 PJ/year woody biomass energy supply can be secured at a chip
price of 5200 JPY2008/m3.

Fig. 6 shows the marginal abatement cost of wood chips used in
coal thermal power plants. If the carbon price is 10,000 JPY2008/t-
CO2, then a reduction of 1.73 M ton-CO2/year will be achieved
using a 40-year rotation period and a 2.25 M ton-CO2/year reduc-
tion will be achieved using an 80-year rotation period. In forest
with an 80-year rotation period, CO2 reduction is limited when
the carbon price is less than 3000 JPY2008/ton-CO2. But biomass
chip use increases linearly when the carbon price is no less than
3000 JPY2008/ton-CO2 and no more than 10,000 JPY2008/ton-CO2.
This relationship is mainly caused by an increase in the profit asso-
ciated with wood chips. In a 40-year rotation period, an increase of
wood chip supply not only causes an increase in wood chip profit,
but the profit of the forestry industry is improved because of an
concomitant increase in harvest area (Fig. 7). The difference in
the supply of woody biomass for a 40-year rotation period and

an 80-year rotation period decreases when the carbon price is
15,000 JPY2008/m3.

Based on these results, we found that the bottleneck in the sup-
ply of woody biomass in forests with an 80-year rotation period is
the transportation costs associated with transporting wood chips.
In the model, transportation costs are about 100 JPY2008/ton/km,
which is markedly higher than unit cost of carriers. We therefore
divided the transportation process into two stages; the first stage
is transportation from a landing point to a woody biomass collec-
tion point, and the second stage is transportation from a collection
point to a thermal power plant. We applied this improvement to
the model using the following assumptions:

– Distance from a landing point to a collection point is 10 km in all
grid cells.

– Transportation costs of the first stage are estimated in the same
way as described in the methods.

– Transportation costs of the second stage are assumed to be
50 JPY2008/ton/km.

– If distance from forest to thermal power plant is less than 10 km,
transportation cost of second stage is zero.

Fig. 8 shows the relationship between the price of wood chips
and their supply. In the first estimation we described above, we
proposed that a small increase in biomass supply occurs when
chip prices increase from 2500 to 4000 JPY2008/m3. However, when
transportation costs are separated into two stages supply increases
linearly. In the case where chip prices reach 3100 JPY2008/m3, the
target of Japanese government (15 PJ/year supply) can be achieved.
Fig. 9 compares the marginal abatement costs of the first and
second estimation methods. The difference is large when carbon
price drops below 5000 JPY2008/m3 and the rate of CO2 reduction
close in 1.0 M ton-CO2/year, but the difference increases and
CO2 reduction is 2.37 M ton-CO2/year when the carbon price is
10,000 JPY2008/m3.Fig. 6. Marginal abatement cost of wood chips use in coal thermal power plant.

Fig. 7. Amount of roundwood supply versus wood chips price.

Table 1
Case of wood chips production(!: deficit +: profit).

Case Wood chips production Roundwood production Total Productions

1 ! ! ! No
2 ! + ! Roundwood
3 ! + + Roundwood
4 + ! ! No
5 + ! + Roundwood and wood chips
6 + + + Roundwood and wood chips

Fig. 5. Wood chips supply for coal thermal power plants versus wood chips price.
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profitable. Although the lengthening of the rotation period is asso-
ciated with a relative decrease in the average growth of biomass,
the management costs for such a forest is concomitantly reduced.
According to our model, lengthening the rotation period would
therefore increase the profitability of forestry in Japan. In this case,
a 15 PJ/year woody biomass energy supply can be secured at a chip
price of 5200 JPY2008/m3.

Fig. 6 shows the marginal abatement cost of wood chips used in
coal thermal power plants. If the carbon price is 10,000 JPY2008/t-
CO2, then a reduction of 1.73 M ton-CO2/year will be achieved
using a 40-year rotation period and a 2.25 M ton-CO2/year reduc-
tion will be achieved using an 80-year rotation period. In forest
with an 80-year rotation period, CO2 reduction is limited when
the carbon price is less than 3000 JPY2008/ton-CO2. But biomass
chip use increases linearly when the carbon price is no less than
3000 JPY2008/ton-CO2 and no more than 10,000 JPY2008/ton-CO2.
This relationship is mainly caused by an increase in the profit asso-
ciated with wood chips. In a 40-year rotation period, an increase of
wood chip supply not only causes an increase in wood chip profit,
but the profit of the forestry industry is improved because of an
concomitant increase in harvest area (Fig. 7). The difference in
the supply of woody biomass for a 40-year rotation period and

an 80-year rotation period decreases when the carbon price is
15,000 JPY2008/m3.

Based on these results, we found that the bottleneck in the sup-
ply of woody biomass in forests with an 80-year rotation period is
the transportation costs associated with transporting wood chips.
In the model, transportation costs are about 100 JPY2008/ton/km,
which is markedly higher than unit cost of carriers. We therefore
divided the transportation process into two stages; the first stage
is transportation from a landing point to a woody biomass collec-
tion point, and the second stage is transportation from a collection
point to a thermal power plant. We applied this improvement to
the model using the following assumptions:

– Distance from a landing point to a collection point is 10 km in all
grid cells.

– Transportation costs of the first stage are estimated in the same
way as described in the methods.

– Transportation costs of the second stage are assumed to be
50 JPY2008/ton/km.

– If distance from forest to thermal power plant is less than 10 km,
transportation cost of second stage is zero.

Fig. 8 shows the relationship between the price of wood chips
and their supply. In the first estimation we described above, we
proposed that a small increase in biomass supply occurs when
chip prices increase from 2500 to 4000 JPY2008/m3. However, when
transportation costs are separated into two stages supply increases
linearly. In the case where chip prices reach 3100 JPY2008/m3, the
target of Japanese government (15 PJ/year supply) can be achieved.
Fig. 9 compares the marginal abatement costs of the first and
second estimation methods. The difference is large when carbon
price drops below 5000 JPY2008/m3 and the rate of CO2 reduction
close in 1.0 M ton-CO2/year, but the difference increases and
CO2 reduction is 2.37 M ton-CO2/year when the carbon price is
10,000 JPY2008/m3.Fig. 6. Marginal abatement cost of wood chips use in coal thermal power plant.

Fig. 7. Amount of roundwood supply versus wood chips price.

Table 1
Case of wood chips production(!: deficit +: profit).

Case Wood chips production Roundwood production Total Productions

1 ! ! ! No
2 ! + ! Roundwood
3 ! + + Roundwood
4 + ! ! No
5 + ! + Roundwood and wood chips
6 + + + Roundwood and wood chips

Fig. 5. Wood chips supply for coal thermal power plants versus wood chips price.
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Potential of BECCS with second-generation 
bioenergy crops in abandoned land
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Potential of BECCS with second-generation 
bioenergy crops in converted paddy field

Paddy field not planted in 2010
(about 2.3% of total land area on average)

Primary energy of second-generation 
bioenergy crops in converted land: 193 ± 7 PJ 

yr-1(0.9% of 2012’s primary energy supply)

5.1 ± 0.2 Mt C yr-1 BECCS using co-firing with 90% post-combustion capture 
(1.5% of 2012’s fossil CO2 emissions)
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Conclusions (for global 2℃ target)  

• Expanding ≃0.5 billions ha cropland for bioenergy causes 
substantial carbon emissions by the land-use change.

• 1st generation bioenergy crops are not suitable for the large 
scale BECCS for 2℃ target (by its insufficient yield, conversion 
efficiency, and fertilizer requirement)

• 2nd generation bioenergy crops can marginally fill the required 
BECCS only if fully post-process combustion capture technology 
is deployed. 

• In addition, equivalent (or even more) amount of bioenergy for 
BECCS is required for non-BECCS use (about 90EJ at 2050, and 
120EJ at 2100) in the RCP2.6 scenario.

• Further bottom-up analysis is needed to assess the global 
potential of sustainable forestry and its residues use for 
bioenergy production.
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Conclusions (for sustainable land-use 
in Japan)

• In Japan, 350-680 PJ yr-1 bioenergy is available with sustainable 
land-use

• 7.4-14.2 Mt C BECCS yr-1 and 8.6-16.8 Mt C yr-1 coal 
emissions reduction will be achieved (4.6-8.9% reduction of 
2012‘s CO2 emissions).

• Other mitigation strategies are crucially needed due to the 
limited land for dedicated bioenergy crops and sustainable 
forestry.

• How to share required global BECCS among countries?
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