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Industrial and Engineering Chemistry -- Cellulose and
Renewable Materials, Chemicals, Fuels, and Energy --
Important in the past, present and future.

Framing renewable energy technologies and integrated
efficient systems

Framing energy systems and climate change - Key recent
global scenarios

Renewable energy sources and climate change — the
IPCC Special Report (SRREN)

ACS National Meeting, Fall 2012
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2. Framing Energy Systems

Typical lifetime of energy-related capital stock

Urban infrastructure (e.g. roads)
Building stock

Large hydropower plant

Muclear power plant

Coalfired power plant
Combined-cycle gas turbine plant
Offshore wind turbines

Onshore wind turbines

Solar photovoltaics

Transmission and distribution networks
Pipelines

Qil refineries

Refueling stations

Cement plant |

Steel plant |

Petrochemical plant |

Aircraft |

Manufacturing equipment i
Residential space heating and cooling |
Commercial heating and cooling |
Passenger cars |

Household appliances |

Residential water heating |
Consumer electronics |

Light bulbs (fluorescent) |

Office equipment |

Light bulbs (incandescent) h

[ Land use
and housing

I Power generation

I Transformation,
transport
and distribution

Final consumption

IEA, 2011
World Energy
Outlook
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Mote: The solid bars show average lifetimes while the range lines show typical variations.
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Higher Resolution
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60 2030: Biofuels ~11% global

i transport fuels (~60% advanced)
- Including aviation biofuels

Biopower ~5% global electricity
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building double each relative to 2008
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2009

2020

2035
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B Biomass
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=== 2009 fuel mix
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Chu and Majumdar, Opportunities and challenges for a sustainable energy future, Nature , 2012, 488, 294-
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2012 Global Energy Assessment — Toward a Sustainable Future
Three Scenarios
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GEA, 2012: Global Energy Assessment — Toward a Sustainable Future,
Cambridge University Press, Cambridge UK and New York, NY, USA
and the International Institute for Applied Systems Analysis, Laxenburg, Austria.

GEA pathways see the interactive web-based GEA scenario database hosted by [IASA:
www.iiasa.ac.at/web-apps/ene/geadb
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I Deviant behaviour

Temperature deviations from reference value® in
250km-wide cells around the Earth’s surface
June-August, frequency (as a proportion of 1.0)

Climate change
Bell weather
A statistical analysis s

e Shows how things really
=== Normal distribution are heating up

1951-61 1961-71 1971-81
— 1981-91 = 1091-2001 = 2001-11 The Economist,

0.5 Aug 11th 2012

LOWER LIMIT OF
EXTREME HEAT
0.4
0.3 .
Adaptation and
0.2 Mitigation Needed
0.1
' . . : Based on J. H tal
ased on J. Hansen et al.,
3 -4 -3 -2 -1 0 .1. ¢ 3 4 5 Perception of climate change,
Standard deviations PNAS Early edition

www.pnas.org/cgi/doi/10.1073/

Source: Goddard Institute pnas.1205276109

far Space Studies *Average, 1951-80



Oil and Gas Sector Impacts

Droughts & More Frequent Rising Snow Cover Ocean
Increase Floods Storm Events Sea Level Shrinking Acidification
Transport Neighboring
Exploration Production & Terminals Refining Eipatinas Communities

|

%ﬂ
* Subsidence * Early season  * Increased ice- * Loss of * Thaw * Weather-related
* Increased delays load variation access to subsidence and  mortality
‘;:"3“ It:rad[ng - Paddamage * Damageto water frostjacking . |nfectious diseases
* Loss o - * Increased * Increased
* Loss of shore-line + Alr-guality
ggg::: wat!r Surfa,c! watar fﬂBilE’[FES ﬂﬂ-ﬂ-dﬂ'lg SE'[baEIES FEEPIrﬂtDW
i G access * Increased * Lossofpeak  * Lossofcapacity  ilinesses
mammals production interruptions capacity pipelines. species
interruptions  * Reduced and habitat
shipping lanes
or seasons

CLIMATE CHANGE AND ENERGY SUPPLY AND USE : Technical Report for the
U.S. Department of Energy in Support of the National Climate Assessment, 2/2012
http://www.esd.ornl.gov/eess/EnergySupplyUse.pdf
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INTERGOVERNMENTAL PANEL oN Clim3aTe chanee
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The IPCC Special Report on Renewable Energy
Sources and Climate Change (CC) Mitigation

1070 pages Summary by Helena Chum, NREL

122 Countries supplied Coordinating Lead Author of Bioenergy Chapter

Authors . .
« 122 Lead Based on Contributions from all Authors

* 132 Contributing
» 35 Review Editors

http://www.ipcc.ch/
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RE growth has been increasing rapidly in recent years.

Global Primary Energy Supply [EJiyr]

=1

0.05

0.04

0.03

0.02

0.01

- [0 Primary Solid Biomass

for Heat and Electricity
Applications

- [ Hydropower

- [ Biofuels (incl. Biogas)
B Wind Energy

- W Geothermal Energy

Solar Thermal Energy

B Municipal Solid Waste
({Renewable Share)

[0 Solar PV Energy

B Ocean Energy

1972 1974 1976 1978 1980 1982 1984 1986 1988 1950 1992 1994

1996 1998 2000 2002 2004 2006 2008

140 GW of new RE power
plant capacity was built in

2008-2009
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
* 3% global road transport or
» 2% of total transport fuels

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



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

Electricity Heat Primary Energy

< 100,000
F

v B Range of Estimates

g’ Summarized in Chapters 2-7
-E: 10,000 — Maximum
E I
I Minimum

t

]

1 1,000 ‘

(- Global Heat

I Demand, 2008: 164 EJ $

o

= l Global Primary Energy
o Supply, 2008: 492 EJ
= 100 J pply

©

=2

<

o Global Electricity

Demand, 2008: 61 EJ
10
0 T T Ll
Geothermal Hydropower Ocean Wind Geothermal Biomass Direct Solar
Energy Energy Energy Energy Energy

Range of Estimates of Global Technical Potentials

Max (in Ellyr) 1109 52 331 580 312 500 49837
Min (in Ellyr) 118 50 7 85 10 50 1575

RESOURCE NOT LIMITING

INTERGOVERNMENTAL PANEL on ClimaTe change WMO



Widespread regional distribution from literature studies

571 Eliyr
- }GJ
Total Technical RE Potential 0
in EJ/yr for 2050 by P
Renewable Energy Source: 293 Eliyr )
&
Solar - Bliyr
. Wind
Geothermal X Eliyr
B Hydro ‘
Ocean
| Bioenergy 1,911 Eliyr |
Review of literature studies for regional potentials published by 2009 (not fully
comparable to the IPCC study but a visual comparison)
L ]
SRREN Figure 10.19 IDCC @ @
LY/ W

INTERGOVERNMENTAL PANEL on ClimaTe change WMo UNEP



18

Global RE primary energy supply from 164 long-term
scenarios versus fossil and industrial CO, emissions.
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RE deployment increases in scenarios with lower
greenhouse gas concentration stabilization levels.

Bioenergy

350

g

Primary Energy Supply [EJfyr]
g €

g
I
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w
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— 75th
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— 25th
= Minimum

---- Deployment Level 2008

CO, Concentration Levels

B Baselines
Cat. Ill + IV (440 - 600 pprm)
B Cat. |+ 1l (<440 ppm)

Bioenergy Supply is Accounted for Prior to Conversion

Many renewable sources could supply low carbon footprint energy IDCC {:ﬁ Fa

Direct Solar Energy
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Global Renewable Energy Development Projections by Source
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Figure T5.10.8 | Global RE development projections by source and global primary RE shares by source for a set of four illustrative scenarios. [Figure 10.14]
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COSts expressed as Levelize

ost of Energy

LCOE 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 down-
stream 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.

Notes: Medium values are shown for the following subcategories, sorted in the order as they appear in the respective ranges (from left to right):

Electricity

Biomass:

1. Cofiring

2. Small scale combined heat and power, CHP
(Gasification internal combustion engine)

3. Direct dedicated stoker & CHP

4. Small scale CHP (steam turbine)

5. Small scale CHP (organic Rankine cycle)

Solar Electricity:

1. Concentrating solar power

2. Utility-scale PV (1-axis and fixed tilt)
3. Commercial rooftop PV

4. Residential rooftop PV

Geothermal Electricity:
1. Condensing flash plant
2. Binary cycle plant

Hydropower:
1. All types

Ocean Electricity:
1. Tidal barrage

Wind Electricity:
1. Onshore
2. Offshore

Heat

Biomass Heat:

1. Municipal solid waste based CHP
2. Anaerobic digestion based CHP
3. Steam turbine CHP

4. Domestic pellet heating system

Solar Thermal Heat:
1. Domestic hot water systems in China
2. Water and space heating

Geothermal Heat:

1. Greenhouses

2. Uncovered aquaculture ponds
3. District heating

4. Geothermal heat pumps

5. Geothermal building heating

Transport Fuels

Biofuels:

1. Corn ethanol

2. Soy hiodiesel

3. Wheat ethanol

4. Sugarcane ethanol
5. Palm oil biodiesel

ICC )

L1
climate chanee o

The lower range of the levelized cost of energy for each RE technology is based on a combination of the most favourable input-values, whereas the upper range is based on a
combination of the least favourable input values. Reference ranges in the figure background for non-renewable electricity options are indicative of the levelized cost of centralized
non-renewable electricity generation. Reference ranges for heat are indicative of recent costs for oil and gas based heat supply options. Reference ranges for transport fuels are

based on recent crude oil spot prices of USD 40 to 130/barrel and corresponding diesel and gasoline costs, excluding taxes.



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
3 ' k . ' * ' h ' . -
Biomass Electricity e Small scale CHP (steam turbine)
Solar Electricity s e
Geothermal Electrici '. '
ty | g Binary cycle plant —
Hydropower | "lE of Electricity
— Lower Bound Non-Renewables
Ocean Electricity ___ I ]—Mediumvalues B Electicity
Wind Electricity = W e
— — Upper Bound M Transport Fuels J
Range of Non-Renewable Electricity Cost
=
Biomass Heat | NINIg—— Domestic pellet heating system
Levelized Cost
Solar Thermal Heat | > of Heat
Geothermal Heat | I
-
Range of Oil and Gas Based Heating Cost
Biofuels | muminIne Palm oil biodiesel Levellzed Cast
of Fuels

Range of Gasoline and Diesel Cost
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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
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Ranges of terrestrial biomass for energy uses are broad. Complex systems
with multiple uses and location resources and markets dependence

g 1000
)
= Literature Technical
2050 Global erature Technica
g Potentials Range:
() TPES
= AR4. 2007 0 to 1500 EJ
E’ 10 : (Theoretical)
=
e
"y
E Technical Potential
= Based on 2008
s Model and Literature
= Deployment Levels
2 2008 Global TPES Assessment Chgpter 10
=] :
G} i Scenario Assessment

440600 <440 ppm
Potential Deployment Ppm

2000 Total Biomass Land Use 5 Levels
Harvested for Food/ Technical Million lar?
Fodder/Fibre Caloric Value 1t
750 Potential G
msﬂ 'l.'il:lllil Million km? c:}:T-'ter 2
eview
Blomass
2008 Global TPES for Energy

from Biomass AR4, 2007
il .

2050 Projections
* Intensification of agricultural practices, e.g. grazing for pasture could release land in rain fed agriculture (~100 EJ)
« Significant penetration of bioenergy would require substantial (~x2) global agricultural yield increases
*Terrestrial resource potential assessments lack geo-hydrological modeling
» Aquatic biomass potential may be substantial compared conventional terrestrial energy
crops but very uncertain I cc ‘} sy
" Yield potential of cultivated of ml_croalgae production INTERGOVERNMENTAL PANEL on ClimaTe change \::o u:::»
can be several fold that of palm oil



Biofuels Sustainability

Regional

Initiatives European Committes for

Standardization (CEN TC383)

%
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: German Biofuel Quota Law-
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*Enabling entities
IEA Bioenergy tasks (multiple countries) LCA methodologies and sustainability expertise
Global Bioenergy Partnership (GBEP) 2011: Sustainability themes and indicators

FAO- Germany: 2012 Bioenergy and Food Security Criteria and Indicators (BEFSCI) tools
* Australia has a Subnational, NSW -

Source: MREL (Chum, Warner), UNICA

International Sustainability and
Carbon Certification System [ISCC)




Hub Height [m]

Technical Advancements: For instance growth in size
of typical commercial wind turbines.

320 250m
300 20,000kW

280 Past and Present e _ Future Wind
260 Wind Turbines Turhines

240 150m
220 bl

200

180 =
100m
160 3,000KW

14“ 280m g e .Il ey 3
120 70m 1_@09@-\'_ /

100| Retor Diameter (m) 1.500k‘fﬂ
Rating (kW) go0, "7 —
80 750KW
som N\
" Ty | \_._13
40 TSEW __/'- | '-._\ / /f.-' -
0
1980- 1990- 1995- 2000- 2005- 2010-? 2010-? Future Future
1990 1995 2000 2005 2010

IPCC

INTERGOVERNMENTAL PANEL on ClimaTe change WMO



RE costs have declined in the past and further declines
can be expected in the future.

100
1976
[65 USD/W] & Produced Silicon PV Modules  ~
50 (Global) r
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Biofuel feedstock and fuel costs have declined for sugarcane (and corn)

and ethanol from both sources
Cumulative Ethanol Production in Brazil [10F m?]
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Figure 2.21 | Brazilian sugarcane and ethiznol production cost leaming curves for between 1975 and 2005 and extrapolated to 2020 (in U5D, ). Progress mtio (PR=1-LR)1s obtained
by best fit to data (van den Wall Bake et al, 2009; reproduced with parmission from Elsevier BY).



An integrated RE-based energy plant in Lillestram,
Norway, supplying commercial and domestic buildings

Integrated Renewable Energy District Heating & Cooling System
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Few, if any, fundamental technical limits exist to the
Integration of a majority share of RE,
but advancements in several areas are needed.

Transmission and distribution infrastructure

Generation flexibility

Energy storage technologies

Demand side management

Improved forecasting and operational planning methods

[ ]
I c c ; ‘.m t./-g\. ‘\.
i A
D ) &)
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2005
Enabling Policies
Major Progress Drivers

Check the disappearing gray color:
countries no RE-specific policy --
from top to bottom figures

Early
2011 Check the increase in orange to dark
red: countries with RE-specific
policies, targets or both

from top to bottom figures

B Countries with at least one RE-specific Policy and at least one RE Target Countries with at least one RE Tanget
B Countries with at keast one RE-specific Policy Countries with neither RE-specific Policies nor RE Targets

Figure 11.1 | Countries with at least one RE-specific deployment tanget and/or at least one RE-spedfic deployment policy in mid-2005 and in early 2011 This figure indudes only

national-level targets and palicies (not munidpal or state/provindal) and is not necessarily all-indusive {RECIPES, 2005; REN21, 2005, 2010, 2011; CIPORE, 2011; Austrian Energy
Agency, 2011; IEA, 2011; REEGLE, 2011; DSIRE, 2011},



Conclusion (I)

High deployment rates are consistent with
Increasing energy access for the world‘s poor
population, improved security for energy supply
and human well-being

Renewables have exhibited technological progress
which led to decreasing costs

The costs of integration in an existing energy system
are not guantified yet.

Climate and renewable energy policies can be
designed in a consistent way.

nﬁﬁ%
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Conclusion (Il): Dealing with
unknown unknowns

» The existing scientific knowledge is significant and
can already facilitate the decision-making process.

* The report has identified the most important known
unknowns (e.g. future cost and timing).

* However, the unknown unknowns require the
flexibility to learn from experience and to adapt to
Inconvenient and convenient experiences.

Report posted at: http://www.ipcc-wg3.de/publications/special-reports/ IDCC
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Analysis continues
« 51 |IPCC Assessment Report

Integrated system approach

Integrated assessment
models

Atmospheric

Processes
settlement and

infrastructure

Imapacts, adaptation and
vulnerability
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