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IPCC publishes Special Report on Renewable
Energy Sources and Climate Change Mitigation
Potsdam, 11 May 2011 - By 2050, a maximum of 77 percent
of the world's energy supply could be provided from
renewable energy sources. The share of renewable energy
in the future global energy mix differs substantially among
scientific scenarios....A comprehensive review by the IPCC
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mitigate emissions of greenhouse gases and anthropogenic
climate change. Special Report on Renewable Energy
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The current global energy system is dominated by fossil fuels

iomas
consumption
nthe residential sector
indeveloping countries.
Fefers to the often

unsustainable use fo

==— Direct Solar Energy 0.1%
/ 1 Ocean Energy 0.002%

" Traditional Biomass, 6.1%

Bioenergy | : D
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Nuclear il
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Wind Energy 0.2%
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2008 Heat Demand:
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Global Primary Energy Supply [Ellyr]
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RE growth has been increasing rapidly in recent years.

W Primary Solid Biomass
for Heat and Electricity
Applications

B Hydropower

[ siofuels (inck Biogas)

B Wind Energy

B Geothermal Energy
Solar Thermal Energy

B Municipal Solid Waste
(Renewable Share}

B Solar PV Energy

B Ocean Energy

1972 1974 1976 1578 19B0 1982 1584 1986 1988 15950 1552 1954

1996 1598 2000

2002 004 006 2008

140 GW of new RE power plant
capacity was built in 2008-20009.

This equals 47% of all power
plants built during that period.

*In 2009 RE capacity additions

- Wind power 32%, 38 GW

- Hydropower 3%, 31 GW

- Grid-connected PV 53%, 7 GW
- Geothermal power 4%, 0.4 GW

-Solar hot water/heating 21%,
31 GWth

* Biofuels — 2009 additions
- Ethanol 10%, 7 billion liters
-Biodiesel 9%, 2 billion liters

IpCC e
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The technical potential of renewable energy technologies to supply
energy services exceeds current demands.

Electricity Heat Primary Energy
— 100,000
e
“ B Range of Estimates
g' Summarized in Chapters 2-7
-5:: 10,000 Maximum
E I
= Minimum
=]
g
£ 1,000
o Global Heat
E Demand, 2008: 164 El 1
£ Global Primary Eneray
] Supply, 2008; 492 EJ
- 100 upply,
I
£
D2
(] Global Electricity
Demand, 2008: 61 EJ
10
0 T
Geothermal Hydropower Ocean Wind Geothermal Biomass Direct Solar
Energy Energy Energy Energy Energy

Range of Estimates of Global Technical Potentials
Max (in Eliyr) 1109 52 3 580 32 500 49837
Min (in Elfyr) 118 50 7 85 10 50 1575
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Chapter 2 Key resource potential relationships Bloenergy

Biodiversity —

Agricultural and o Technology Change
Forestry Policies e—— 0 Agricultural /
Codder Land prices Forestry Efficiency Different Indicators
pos + (Yields) Reference
Demand
Materials Forestlands

Cropland and other
Plantations

Manao, Bio, ... Sdactian

Potential (Primary Bio-Energy)
(Crop Types, Land Requirement)
Population : :
Economy R -
P 3 Yields
X Potential (Secondary Bioenergy) Land Degradation
| recucton (Costs and Potential) Reskdoes
x 1 Mature Conservation
s Technology Change
Climate Policy
Energy Use
Fertilizer Use
Water Consequences for Greenhouse ¢ Sgil CarbonfLand Cover
Gas Emissions Non{ﬂl
m Water Use Efficiency
* Includes Short Rotation Forestry and Products
Climate Change Uncertainties
Figure 2.3 | Overview 01 iy reltiofships reevant 1 J55eSSMEnt of DINMASS MeSOUce POIBAtials (modimed from Domburg e A, 2010). indirect (3nd use and S0031 Ksies 2re not lDC c 9 @)
@splayed Reproduced with permitsion 1T0m the Royal So0ety of (hemistry ‘{.) \.‘i-’

W



Examples of global land suitability

Herbaceous
& woody
lignocellulosic
plants

J

Undefined

51> 75: Very High

Sk 63: High

51 = 50 Good

8 > 35 Medum

51 = 20 Modearte
51 = 10 Marginal

§1 = 0:Very Marnginal
Mot Suitable

Waler

EOEEECCEED

Annual crops,
perennial
sugarcane, &
jatropha

Undefined -
51> 75:Very High
§i= £3: High
§1 > S0: Good
51 = 35 Medum
S > 20 Modearte
51> 10: Marginal
51 = @ Very Maginal
Mot Suitabile
Wiater =
-va&?-* S e
oo PR 2.4 | G0 (20 suTabiity for Dicenzngy pantations. The upper map shows SJtatilly for herbaceous and woody Bgnocsisiosic placts (W acaathus, SWRITZRRSS, Teed L0ty
grass, popla, wilow, eccaipis) and he lower map Shows Sultabilly Jor Ant-generalion biofusl feedslons (Suganane, maize, (AT, peseed, soybean, pals ol bsopha) Te — -
witabinty incex (%) cescribes the spatial sultabiity of exch pixai and refiects the match between 00D regairements and prevaiing oimate, soil and temain condons. The map ShOws ID C c
@) &

E0EEE0OEEO

sutabiity under rain-fed Cuthation ang atanced management FySiEmS that Jssme Jiatiity of wifident nutrients, adequate pest Contrl ang MeCanization, Ind oTer praciices.
Resudts for Imigaed condons or low-Pput maraQement systems would fesufl In ginerens pichures (Fscher et al, 2009; reproduced with permission from the Intrrational instige
for Applied Sysiems Aralysk [IASA]).
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Terrestrial biomass for energy

2008 Global
Energy Demand

2000 Total Biomass
Harvested for Food/
Fodder/Fibre Caloric Value

2008 Global
Biomass Energy

2050
Global

Y
AR4,
2007

Technical
Potential

2050 Global
Biomass AR4,

2007

Past Literature
Range of Technical
Potentials go from

0 to 1500 EJ
(Theoretical)

Technical Potential
Based on 2008
Model and Literature
Assessment

Plant
Productivity
Improvement

Marginalf
Degraded Land
Million Good Land
km? _

Surplus Forestry

Possible
Deployment
Levels Chapter 2
Review

2011 IPCC

Review

Deployment Levels
for Different CO,

Concentrations Targets
From Chapter 10 Review

440-600
ppm

150

80

E Maximum
265

Percentile

180 = 75th
I-—median
18 B < 2514
20

i Minimum

2050 Projections

* Intensification of agricultural practices and grazing for pasture use could release rain fed agricultural land (100 EJ)
* Significant penetration of bioenergy would require substantial (~x2) global agricultural yield increases
*Terrestrial resource potential assessments lack geo-hydrological modeling
* Aguatic biomass potential may be substantial compared conventional terrestrial energy crops but very uncertain.
Yield potential of cultivated of microalgae production can be several fold that of palm oil.
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Commercial Bioenergy Routes

=

(Biomass Upgrading?) +

0Oil Crops Combustion

(Rape, Sunflower, etc.),
Waste Oils, Animal Fats

Transesterification

or Hydrogenation
Sugar and Starch Crops
(Hydrolysis) + Fermentation

Lignocellulosic Biomass

(Wood, Straw, Energy Crop, Gasification
MSW, etc.) (+ Secondary Process)

Biodiesel

l Renewable

Pyrolysis

Biodegradable MSW,

Sewage Sludge, Manure, Wet .
Wastes (Farm and Food Wastes)

Anaerobic Digestion*

(+ Biogas Upgrading) Biomethane

Figure 2.6 | Schematic view of commerdal bioenergy routes (modified from IEA, Bioenergy, 2009).

Notes: 1. Parts of each feedstock, for example, crop residues, could also be used in other routes. 2. Each route also gives co-products. 3. Biomass upgrading includes any one of the
densification processes (pelletization, pyrolysis, etc.). 4. Anaerobic digestion processes release methane and CO, and removal of CO, provides essentially methane, the main component

of natural gas; the upgraded gas is called biomethane. .
IPCC @



RE costs are still higher than existing energy prices,
but in various settings RE is already competitive.

[UScent, . /kWh]
0 10 20 30 40 50 60 70 80 90 100
Biomass Electricity | mmmmmmmme————>mall scale CHP organic Rankine cycle
Solar Electricity - I
Geothermal Electricity | 0l
> Levelized Cost
Hydropower | of Electricity
— Lower Bound Non-Renewables
: 5 LCOE
Ocean Electricity E I ]_Medium Vaes | Electicty
Wind Electricity 0 M e
— Upper Bound . Transport Fuels »
Range of Non-Renewable Electricity Cost
-
Biomass Heat | "mmme———— Domestic pellet heating system
> Levelized Cost
Solar Thermal Heat = of Heat
Geothermal Heat | NN LCOH
-

Range of Oil and Gas Based Heating Cost

Biofuels | MEINNES Palm oil biodiesel } Levelized Cost
of Fuels
Range of Gasoline and Diesel Cost in multiple countries
0 25 50 75 100 125 150 175 200 225 250 275

. IDCC ) &



RE costs are still higher than existing energy prices,
but in various settings RE is already competitive.

15t time that IPCC assembles comparative costs of all renewables and, in particular,
with multiple biomass options to electricity, heat and electricity, biofuels and some

biorefineries.’

“The levelized cost of energy represents the cost of an energy generating system over its
lifetime; it is calculated as the per-unit price at which energy must be generated from a
specific source over its lifetime to break even. It usually includes all private costs that
accrue upstream in the value chain, but does not include the downstream cost of delivery
to the final customer; the cost of integration, or external environmental or other costs.
Subsidies and tax credits are also not included.”

Rich Bain, Helena Chum, NREL

Contributorat IPCC TSU: Steffen Schlomer
Contributor: Jose Moreira



Typical levelized cost at 7% discount rate, feedstock cost
region/application specific or for multiple countries for biofuels

[UScents,,, lkWh]

Commercially Available Bioenergy . < " - o . e

Power (Direct Fired, BFB & Stoker), 25 - 100 MW

Power (Co-Firing), 25 - 100 MW

E— CHP (Stoker), 25 - 100 MW

LCO Electru:lty CHP {ORC), 0.65 - 1.6 MW

CHP (Steam Turbine), 2.5 - 10 MW

CHP (Gasification ICE), 2.2 - 13 MW

che msw), 1-10 Mw | [
CHP (Anaerobic Digestion), 0.5 - 5 MW | ]
Heat (Domestic Pellet Heating), 5 - 100 kW ———

Intermediate Fuel (Pyrolysis Fuel oil) | [

Levelized Cost of Ebectricity’

LCO Fuel Transport Fuel from Sugarcane (Ethanol, Sugar, Electricity)

|
from bioma 3 at Transport Fuel from Com (Ethanol, Feed - Dry Mill) _
. Levelized Cost of Transport Fuel
flxed CoprOduct Tral‘lspl:ll‘l Fuel from Wheat {Ethannl, FEEd] _ ! The LCOE of CHP options account for the
i
|

. Levelized Cost of Heat!

. Leveliged Cost of Intermediate Fuel

! The LCOH of CHP options do only account
for the heat-related cost shares.

heat output as by-product revense;
revenue Transport Fuel from Soy Oil (Biodiesel)

Transport Fuel from Palm Oil (Biodiesel)

Sugar at $22/GJ market price

0 10 20 30 40 50 60 70 80 90
[USD,,, /GJ]
Figure 2.18 | Typical recent levelired cost of energy senvice from commercially available bicenergy systems at 7% discount rate Feadstock cost ranges differ batween tachnologies H
For levelized cost at other discount sates (3 and see Annex [ll and Section 10.5. For bichyels, the sangs of LCOF represents production in a wide range of countries whesaas LCOE | DG c
and LCOH are grven only for major user marke e technologies fior which data were avaisbie. The underbying cost and performance assumptions used in the calculations are

surnmarized in Annex lil. Calculations are basad on HHV.

Abbreviations: BFB: Bubbling fludized bed: ORC: Organic Raniine cycle; ICE: Internal combustion engine
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Table A.lll.1 | Cost-performance parameters for RE power generation technc:-luc:gies_i

Input data Omtput data
_ : LCOE"
Typical size Investment ‘_Iﬁqi::]: E.gnf,‘i;.?.} Bv-product Feedstock cost :.-:;:‘-i:gi;l:l Capacity ane:?mc (USe/EWh)
Resource Technology of the device cost o p reVENne (USDVGJseeq, . N factor , .gu References
(}I‘.T}" (USD/KW) and/or {non-feed) {-[-Sclt“.-ll)ﬁi Y efficiencya (%) lifetime
- variable (USe/kWh) ’ EES (%) ’ (years) Discount rate
3% [ 7% | 10%
Dedicated S 2.700— 87 USD/KW and 0 40 - N ,3 . } 61— | 69— | 70—
e 25-100 4100% USe/kWh na 1253507 28 70-80 20 B3| 15| 16
Dedicated - — 2 . = — | 7
Biopower See above ig&?: 84 Us&t&dﬁd 0.34 na™ See above 27 See above See above McGowin *12_ éﬁ 16
Stoker® : S (2008) -
Dedicated R N B _ si— | 6= | 7=
Biopower See above .-_.800; 86 USDW and 0.35 1.0= See above 24 See above See above 3.1 6.3 i
: 4200 US¢/KWh 13 15 17
Co-firmg: Co- - - 12 USD/EW and 0.18 i , N MeGowin 20— 22— | 23
Bi foed 20-100 430-500™ USe/kWh na See above 36 See above See above (2008) 50 62 64
= .. 73— | 2 7
e Seeabove | 760-000° 18 USDAW pa™ See above 36 Seeabove | Seesbove |Bam(01) | o3 | 25 | 3T
; - i 50-80 USD/KW and A } _'_ g6 | 1— | 1
CHF (ORC™) 06316 6.300-9.300 43-5.1 US¢/kWh 7 See above 14 5568 See above 2% 3 37
CHP (Steam R 4100— 54 USD/KW and 3.5 - _ - e e 1=
Trbine) 2.3-10 6 2007% USe/kWh 54 See above 18 See above See above ngogg? 18 b 26
CHP [ — o
Gasification 22-13 1800-2,100 | 6771 USDEWand |45 4 5nm See above 28-30 Seeabove | Seeabove 21= | 301 38
: 1.1-19 US¢/kWh 11 13 14
ICE)™ T )
PV (residential 3,700~ pp—— - - - — o - | 18 | 2
fop) 0.004-0.01 6.800= 19-110 USD/EW na na na 1220 20-30 53 7 6
T i 5 B . _ T_ 27—
PV (commercial || 5 45 3.500- 18-100 USDAW== nat na na™ Seeabove | Seeabove 1= 1= 22
rooftep) 6,600 52 | 60 | 83
. . Section —
Direct Solar PV (utility scale, ; 2,700~ i i - 5 \ o= 84— 13- 16—
. : 0.5-100™ - i 1469 USDW™= na™ na™ na™ 1521 See above 3.8 and
g i o e e
me_‘:a;u“']‘“j sale. | g 5100 S 16-75 USDAW™ na™ na® na™ 1527 | Seeabove Bl o s
CsP 50-250° e~ 60-82 USDAW== na'™ na'® pa™ 35475 | See shove ol B e
Geothermal
energy 1.800— - e — i i i ; . ; 31— 38| 45-
( S 10-100 3,600 150-190 USD/EW na na na 60—00== 25-30== see Section g4 1 13
Geothermal | fach plants) 4.7 and
Energy footnot
Geothermal L 2.100— - - - _ , oommotes 33 | 41- | 49-
energy (binary- 2-20 5 3p0== See above na na na See above See above 11 14 17
cycle plants) o '
=01- 1,000 S — i il it - sii see Chapter 5 1.1- | 1.8 | 24~
Hydropower | All 2000005 | 3000 | 2573 USDAW na n.a n.a 30607 | 4080 | o foommotes | 78 | 11 | 15
SRREN 6 of 31 Annex llI




‘able Alll.3 | Cost-performance parameters for biofuels .

Input data Output data
Feedstock i
O&M cost, fixed conversion L&(}g .
:I'}'pi-:al Investment aunu_:l] By-product Feedstock efﬁc:iefuc}“‘ Capacity Ecun::-uu'c o
Feedstock FR:EL sze u.f the - Cm_‘ - (USD/kWa) and Revenue cost (%) factor ‘.ies'.gn References
Z10n device (USIVEW,,) non-feed (USD/GJo) | (USDIGTind) Product (%) lifetime .
(MWa) " variable : fi only i {vears) Discount rate
(USD/GIgea) (product +
by-product) kL 7% 10%
Ethanol Co-product
Sugar
16-335 USDVIETT Alfstad (2008),
Overall 170-1,000 83360 and .87 4.3 21-71 17129 0% 20 Bain {2007), Kline | 2439 | 3342 4.5-48
USDVGT s atal (2007)
Bohlmann and
Brazil Case 20-32 USDkWa o C'e_f,af { 2006),
AE See above 100330 and 0.87 See above 2.1-65™ See above See above See above Olivene (2006), 2.4-38 3541 4544
USDYGJma van den Wall Bake
et al. (2009)
21-34 USDEWa ICE)jhb:E:-o(?Egﬁj
Argentina See above 110340 and 0.87 See above 6.5 See above See above See above see also 1;:-\3.-' : 2830 3042 3146
USD/Glwa ‘Overall’ above
17_35 USD/cWa lEosﬂlo-CaJJe etal
b Seeabove | 110-360 and 0.87 See shove 2662 | Seesbove | Secsbove | Secdbove |[NNNEEREENEE 6438 | 7742 | 8846
asin’ USD/Gg r%l:' Crverall
above
Sugarcane McDenald and
Schrattenholzer
20-31 USD/kWy (2001),
Colombia See above 100320 and 0.87 See above 3.6 See above See above See above Goldemberg 23-32 24-36 2339
USDIGT s (1996), see also
row “Owerall’
above
21-33 USDikWy see row ‘Overall’
India See above 110340 and 0.87 See above 2662 See above See above See above above 5.9-37 7141 8244
USDNGlgg
16-25 USD/Wy ) -
Mexico See above 83-260 and 0.87 See above 5.2-71 Seeabove | Seeabove | Seeabove | St roW ‘Overall 1937 | 1940 | 2042
USD/Glas S
2031 USDiEWa see row “Owverall”
UsSA See above 100320 and 0.87 See above 6.2 See above See above See above above 27-36 2 2043
USD/GIgea
'RREN 18 of 31 Annex Il




LCOE sensitivity to feedstock/investment costs and

capacity factor at 7% discount rate

Feedstock Cost [USD, . /t]
0 10 20 30 40 50 60 70 80 90 100

= = Biopower (Direct Dedicated & Stoker CHP, 25 - 100MW), 2,600 USD,,._ /KW, CF 80%
35 = Biopower (Direct Dedicated & Stoker CHP, 25 - 100MW), 3,400 USD,,_, /kW, CF 75%
= = = = Biopower (Direct Dedicated & Stoker CHP, 25 - 100MW), 4,200 USD,,, /KW, CF 70%
=== == Biopower (Co-firing, 20 - 100 MW), 430 USD,,,, /kW, CF 80%
s Binpower (Co-firing, 20 - 100 MW), 665 USD,_, /kW, CF 75%
30 = = == = Biopower (Co-firing, 20 - 100 MW), 900 USD,,,, KW, CF 70%
== == Biopower (CHF. ORC, <1 - 1.6 MW}, 6,500 USD,_, kW, CF 68%

Biopower (CHP, ORC, <1 - 1.6 MW), 8,150 USD.__ /W, CF 62%
— = = = Biopower (CHR. ORC, <1 - 1.6 MW), 9,800 USD,,,, /KW, CF 55%
25 “— = Biopower (CHP, Steam turbine, 2.5 - 10 MW), 4,100 USD,_ kW, CF 68%
————— Biopower (CHP, Steam turbine, 2.5 - 10 MW), 5,150 USD, _ /KW, CF 62%
o e Biopoweer (CHP, Steam turbine, 2.5 - 10 MW), 6,200 USD,, AW, CF 55%
—— — Biopower (CHP, Gasification - ICE, 2 - 14 MW), 1,800 USD,,., kW, CF 68%

Levelized Cost of Energy [UScent,  /kWh]

20 e Biopower (CHP, Gasification - ICE, 2 - 14 MW), 1,950 USD, ., kW, CF 62%
_ === = Biopower (CHP Gasification - ICE, 2 - 14 MW), 2,100 USD,,,, kW, CF 55%
15
10
5
- R e
g L L) L] L] L] L] L] L] L] L] L] L} L] LS L] Ll Ll L] L] L]
0 1 2 3 4 5
Feedstock Cost [USD,,, /GJ,__, ]

Figure 2.19 | Sersativity of LCOE with respect to feedstock cost for a vanety of investmeant costs and plamt capacity factors (CF). LCOE & basad on a T% discount rate, the mid-walue
of the oparations and mamntenance (08M) cost range, and the mid-value of the lifetime range (see Annex Il). Cakoulations are basad on HHV.

References: DeMeo and Galdo (1997); Bain et al (2003); EIA (2009); Obernberger and Thek [2004); Sims (2007} McGowin (2008); Obernbesger et al (2008); EIA (2010b); Rauch
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Levelized Cost of Biofuel [USD,./GJ]

LCOF sensitivity to feedstock/investment costs and discount rate
for midpoints of other variables* in multiple countries

50
~2

45 |

Sugar coproduct
an value fixed at $22/GJ

market price

” (Avg. 2005-2008)
30 ====me=m=es Sugarcane Ethanol, Low Investment Cost, 3% DR

Sugarcane Ethanal, Medium Investment Cost, 7% DR
= === Sygarcane Ethanol, High Investment Cost, 10% DR
----------- Com Ethanol, Low Investment Cost, 3% DR

Corn Ethanal Medium Investment Cost, 79 DR
= == == === (Com Ethano| High Investment Cost, 10% DR
esnuensnnns Wheat Ethanol, Low Investment Cost, 3% DR
e Wheat Ethanol, Medium Investment Cost, 7% DR
= = e e = Wheat Ethanol, High Investment Cost, 10% DR
----------- Soy Biodiesel, Low Investment Cost, 3% DR

Soy Biodiesel, Medium Investment Cost, 7% DR
————— Soy Biodiesel, High Investment Cost, 10% DR
wsnsnss=nns Palm Oil Biodiesel Low Investment Cost, 3% DR
e Palm Qil Bivdiesel, Medium Investment Cost, 7% DR
= o e = Palm Oil Biodiesel, High Investment Cost, 10% DR
----------- Pyrolytic Fuel Qil, Low Investment Cost, 3% DR

Pyrolytic Fuel Oil, Medium Investment Cost, 7% DR

! *flxed and non._feed Operatlng costs ————— Pyrolytic Fuel Oil, High Investment Cast, 10% DR

0 L) L] L] L] L}
0 10 20 30 40 50
Feedstock Cost [USD,,,/GJ]
Reterences: Deita-T Corporation (1997); Sheehan et 24 (19580) MoNoon et al (2000% Rosiio-Cale et 3l {2000] McDorald and Scratternolzes (2001) Ibsen &1 2L (20C5); e ’
{2005); Bohimamn (2006 CBOT (2006); Haos & 2L (2006); Oiverio [2006) Ofverio and Ribero (2008); RInger &t 3l (2006); Shapouwr] and S35 (2006); USDA (2006] Ban (2007) IDCC
@) ®

25

20

15

10

Kine et al (2007 USDA (2007 Afstad {2008] RFA {201 1) Unhersity of [Bincis [2011).



Attributional lifecycle GHG emissions of RE technologies are, in general, considerably
lower than those of fossil fuel options.

Electricity Generation Technologies Powered by Renewable Resources Electricity Generation Technologies
Powered by Non-Renewable Resources

2,000
—_ 1,750 .
i Maximum S
E 1,500 75" Percentile @ —
E Median - I
Oﬂ 1,250 25" Percentile ——
u Minimum —
= 1,000 Single Estimates — &
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L 750 H
v
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g 500 -—
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Except for hydropower, operational water consumption from RE technologies are, or can be,
in general, considerably lower than those of fossilfuel options.  wsmmw BB
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Attributional GHG emissions from modern bioenergy chains compared
to fossil fuel energy systems, excluding land-use change effects.
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Direct land use change GHG emissions examples

Renewable Energy in the Context of Sustainable Development Chapter 9
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Figure 9.10 | Ibustrative disect LUC-related GHG emission estimates from selected land use types and first-ganeration biofuel (ethanol and biodiesel) feedstocks. Results are taken
from Hoefnageks et al. (2010) and Fargione et al. (2008) and, where necessary, converted (assuming a 30-year timeframe) to the functional units displayed using data from Hoefnagels
et al (2010) and EPA (2010B). Ranges are based on difierent co-product allocation methods (L2, aliocation by mass, energy and market value). .
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Land use change — Take | (Chapter 2)
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Direct and indirect land use GHG emissions — Take Il (Chapter 9)
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Figure 9.11 | lliustrative estimates of direct and indrect LUC-related GHG emissions
induced by several first-genecation biofuel pathways, reported here as ranges in central
tendency and total reported uncertainty. Estimates reported here combine several dif-
fesent uncertainty calculation methods and central ¢
30-year time frame. Reported under the x-axs is the number of references with results
faling within these ranges (Sources: Seaschenger et al, 2008; Al-Riffai et al, 2010; EPA,

2010b; Fritsche et al, 2010; Hertel et al, 2010; Tyner et al, 2010).
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Land-use change and bioenergy

e The positive greenhouse gas balance of biofuels
can be affected by direct and indirect land-use changes.

e Proper governance of land use, zoning, and
choice of biomass production systems are
key challenges for policy makers.

Dynamic ki
Interactions 1
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Time

i
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Water 4
Risks - Enablers
1. Business as Usual Land Use 1. Good Governance
2. Un-Reconciled Growth * Supportive Policies
and Environment 2. Sustainable
= faod = el Food, Fodder, Fibre, Fuel U%% o1 Raaowaes
/\ * Ecosystems Services
Micro Scale: Meso Scale:

Ecolonical Services,
Ecological Areas

e.g., Biodiversity

M Scale: Carbon stores
Biodiversit Atmospheric carbon
: World climate

Doomsters vs. Boomsters

-Not enough land/water for
food/fodder/fiber/fuel...
-Destroy biodiversity...

-Intensify pasture and
agriculture

- Increase global agricultural
productivity

-Increase use of GMOs
globally...

Can be done sustainably or not...
it depends on location and
many other factors near and far ..

Evolving sustainability metrics

One size does not fit all
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Biofuel feedstock and fuel costs have declined for sugarcane and ethanol...

and also for corn ethanol Cumulative Ethanol Production in Brazil [10° m’]
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Technology costs continue to decrease for commercial

Oil Crops
(Rape, Sunflower, Soya etc.)
Waste Oils, Animal Fats

Sugar and Starch Crops

Lignocellulosic Biomass
(Wood, Straw, Energy Crop,
MSW, etc.)

Biodegradable MSW,
Sewage Sludge, Manure, Wet
Wastes (Farm and Food Wastes)
Macroalgae

Photosynthetic

Microorganisms,
e.g. Microalgae and Bacteria

Figure 2.2 | Schamatic view of the variety of eommarcial {sclid lines, ses Figure 2.6) and devsioping

Notes: 1. Parts of each feadstock, for example, crop residues, could also be used in other routes. 2. Eiach route aiso gives coproducts. 3, Biomans upgrading indludés any one of th
densification processes (pelietization, pyrolyss, taefaction, ele.). 4. Angerchic digestion processes releate methane and (0, and removal of (O, provides essentially methane, the
maor component of natural gas; the upgraded gas & called baomethane. 5. Could be other thermal processing routes such as hydrothermal figuetaction, etc. DME=dimethny ethe

g 2

‘ﬂ-ﬁ-‘ﬁ-ﬂ

(Biomass Upgrading®) +
Combustion

Transesterification
or Hydrogenation

(Hydrolysis) + Fermentation*
or Microbial Processing

Gasification
(+ Secondary Process)*

Pyrolysis®

(+ Secondary Process)

Anaerobic Digestion
(+ Biogas Upgrading)

Other Biological /
Chemical Routes

Bio-Photochemical Routes

and many developing technologies

ﬁ

routes (dotted lnes) from biomass feadstocks
chemical, biochemical and hiclogical commrsion rogtes to heat, powes, THP and liquad or gaseous fuels (modified from EA Bosnengy. 2009). Commerzial peodacts am marked witt
an astaritk,

o o o s o o o -

Biodiesel*

Ethanol*, Butanols,
Hydrocarbons

Syndiesel / Renewable
Diesel*

Methanol, Ethanol,
Alcohols

Other Fuels and Fuel
Additives

Biomethane*

DME, Hydrogen

through thermochemical
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Complex set of options - approximate development stages ()

Chapter 2 Bioenergy

Table 2.5 | Examples of stages of development of bicenergy: thermochemical (orange), biochemical (blue), and chemical routes (red) for heat, power, and liquid and gaseous fuels from solid lignocel-
lulosic and wet waste biomass streams, sugars from sugarcane or starch crops, and vegetable oils (IEA Bioenergy, 2009; Alper and Stephanopoulos, 2009; Regalbuto, 2009).

Stage of Development of Process for Product(s) or System(s)

Type of Type of
Plant Product Basic and Applied R&D Demonstration Early Commercial Commercial

Densified

Biomass

P— T e T o
o
A
S
2 | smisckGsfioton  CombusionSiowes
E]
g Heat -
{=1]
3  BMOI HomeDitiindstial
>
3 Combustion Coupled with
8 | suwegEgne  ORC SemOds
; Co-Combution
..y

or CHP

Gasification (G)
or Integrated

ORC = Organic Rankine Cycle

o B
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Complex set of options - approximate development stages (ll)

Chapter 2

Table 2.5 | Examples of stages of development of bicenergy: thermachemical (orange), biochemical (blue), and chemical routes (red) for heat, power, and liquid and gaseous fuels from solid fignocel-
lulosic and wet waste biomass streams, sugars from sugarcane of starch crops, and vegetable oils (IEA Bioenergy, 2009; Alper and Stephanopotlos, 2009; Regalbuto, 2009).

Type of Type of Stage of Development of Process for Product(s) or System(s)
s Basic and Applied R&D Demonstration Early Commercial Commercial
Anaerobic Digestion to Blogas

@
3 Heat Reforming to Hydrogen (H,)
g or Power
T or Fuel
=
5§ S =
°8
g‘ﬁ Microblal Processing’

& L5

E‘ Fuels Extraction and Esterification _

= _E e
4 5 Extraction and Hydrogenation
. [

[

% Extraction and Refining

@

> _

Notes: 1. ORC: Organic Rankine Cycle; 2. genetically engineered yeasts or bacteria to make, for instance, isobutanol (or hydrocarbons) developed either with tools of synthetic biology
or through metabolic engineering. 3. Several four-carbon alcohols are possible and isobutanol is a key chemical building biock for gasoline, diesel, kerosene and jet fuel and other

products. "
IPCC & e



Projected production cost range estimated for
groups of technologies

Bioenergy Chapter 2

Table 2.18 | Projected production cost ranges estimated for developing technologies (see Section 2.6.3).

Selected Bioenergy Technologies 5 Energy Sector 2020-2030 Projected Production Costs
(Electricity, Thermal, Transport)* (USD,,,./GJ)

IGCC! Electricity and/or transport 12.8-19.1 (4.6-6.9 cents/kWh)

Oil plant-based renewable diesel and jet fuel Transport and electricity 15-30

Lignocellulose sugar-based biofuels’ 6-30

Lignocellulose syngas-based biofuels’® Transport 12-25

Lignocellulose pyrolysis-based biofuels* 14-24 (fuel blend components)

Gaseous biofuels® Thermal and transport 6-12

Aquatic plant-derived fuels, chemicals Transport 30-140

Notes: 1. Feed cost USD,,,. 3.1/GJ, IGCC (future) 30 to 300 MW, 20-yr life, 10% discount rate; 2. ethanol butanols, microbial hydrocarbons from sugar or starch crops or
lignocellulose sugars; 3. syndiesel, methanol and gasoline, etc.; syngas fermentation routes to ethanol; 4. biomass pyrolysis (or other thermal treatment) and catalytic upgrading to
gasoline and diesel fuel blend components or to jet fuels; 5. synfuel to SNG, methane, dimethyl ether, or H, from biomass thermochemical and anaerobic digestion (larger scale).
*Several applications could be coupled with CCS when these technologies, including CCS, are mature and thus could remove GHGs from the atmosphere.

See companion Table 2.15 with summary of ~ 25 developing technologies with estimated production costs projected for 2030 biofuel
productionand their 2010industrial developmentlevel.
Difficulties: Most assessments reported under different financial assumptionsand report on technologies at different stages of development.
Many examples provide nth plant costs projected from bench or pilot, a few from demonstrations, and many reflect first-of-a -kind

plant with company specificrisk factors. Data comparability suffers.
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u climate change  wwo vsiv



Traditional biomass use decreases replaced, in part, by low emissions and
more efficient advanced cookstoves and biogas systems, along with other modern fuels

Renewable Energy in the Context of Sustainable Development Chapter 9

Level 3
Modern Sodety Needs

Access to Energy Services

Figure 9.4 | Incremental level of access to energy services (AGECC, 2010; based on |EA data and analysis), Note: kgoe = ko

Cocking Lghnng Cooking Lghzrg Cookrg Lghang

2010 World Energy Outlook —

Note: CFL=compact fluorescent light bulb, LPG=
liguefied petroleum gas; and LED = light emitting
diodes. Improved cookstoves have higher
efficiency than cooking over a three-stone fire, but
emissions are not reduced considerably, while
advanced biomass cookstoves have equivalent
efficiency and emissions reductions as liquid-fuel,
gas and electric stoves. mzeomd coskezover have higher effcircy than cooelog

Qe of detvered aner gy sery ces




Chapter 10 Bioenergy Scenario Results
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Figure 2.23 | (a) The global primary energy supply from biomass in long-term scenarios; (b) global biofuels production in long-term scenarios reported in secondary energy terms of
the delivered product (median, 25th to 75th percentile range and full range of scenario results; colour coding is based on categories of atmospheric CO, concentration levels in 2100;
the number of scenarios underlying the figure is indicated in the right upper corner) (adapted from Krey and Clarke, 2011). For comparison, the historic levels in 2008 are indicated
by the small black arrows on the left axis.
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Mitigation Options in the Transport Sector [Gt CO,]

Higher resolution literature transport scenario results
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120 W ca

Electricity 201 O IEA = WEO

100 — B Biofuels
B oi
80
o 2030
40 * Biofuels 11% global transport fuels (60%
” advanced) including aviation biofuels
i * Biopower 5% global electricity

2009 2015 2020 2025 2030 2035 * Biomass industrial heating and modern
building double each relative to 2008 levels

10.0 Abatement
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Figure 2.24 | {a) Evolution of fuel consumption in the transport sector including biofuels (World Energy Outlook 2010, © OECDAEA, figure 14.12, page 429 in [EA (20100)) and (b) IDCC ) (@&
shares of carbon mitigation by various technologies including bicfuels for road and aviation transport from current policies baseline (upper red line) to the 450 ppm bottom curve of )@

e

the mitigation scenario. (Modd Enewgy Outlook 2010, © OECDAEA, figure 14.14, page 432 in IEA (2010b})



Key conclusions (l)

Technical potential of up to 500 EJ/year by 2050, with large
uncertainty around market and policy conditions that affect this
potential.

100-300 EJ/year possible deployment levels by 2050.

Major challenge but would contribute up to 1/3 to the world’s
primary energy demand in 2050.

Bioenergy has significant potential to mitigate greenhouse gases if
resources are sustainably developed and efficient technoiogies are
applied.

“For the increased and sustainable use of bioenergy, proper design,
implementation and monitoring of sustainability frameworks can
minimize negative impacts and maximize benefits with regard to
social, economic and environmental issues.”
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The impacts and performance of biomass production and use are
region- and site-specific.

Key options examples:

— Sugarcane ethanol production, waste to-energy systems, efficient
cookstoves, biomass-based CHP are competitive

— Lignocellulosic-based fuels, advanced bioelectricity options, and
biorefinery concepts can offer competitive deployment of bioenergy in
2020 - 2030.

— Bio-CCS can offer negative carbon emissions.
— Advanced biomaterials promising but less understood.
— Potential role aquatic biomass (algae) highly uncertain.

Rapidly changing policy contexts, recent market activity, increasing
support for advanced biorefineries & lignocellulosic biofuel options,
and in particular the development of sustainability criteria and
frameworks, push bioenergy systems and their deployment in
sustainable directions.



Chapter 2

ow bioenergy implementation scenarios that are equally possible

leading to sustainable outcomes or not depending on their development.

IPCC SRES Scenarios Materiall/Economic

Food Trade: Maximal High
Meat Consumption: High
Technology Development High
Crop Intensity Growth: High
2050 Population (Billion): a7
2100 Population (Billion): 7.1
Relative 2100 GDP:

Environment/Social

Figure 2.26 | Storyfines for the key scenario variables of the IPCC SRES (IPCC, 2000) used to model biomass and bioenergy by Hoogwijk et al. (2005, reproduced with permission

from Elsevier B.V.), the basis for the 2050 sketches adapted for this report and used to derive the stacked bar showing the upper bound of the biomass technical potential for energy
in Fiaure 2.25.
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