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Context  for  current  predicament  	
• Modern society, powered by fossil fuels and fed with
petroleum based agriculture, has seen a dramatic
increase in population and per-capita consumption
•

Contribution of population growth in 2000-2010 remained
roughly same as in the previous three decades, while the
contribution of economic growth has risen sharply

Considering  that  numerous  
global  resources  already  
stretched  by  human  society,  
this  population  trend  is  not  
likely  to  continue  much  longer	

IPCC  AR5  Synthesis  Report	
• Released Fall 2014, 133 pages, many authors
• High Confidence Observations
o
o
o
o
o
o

Human influence is clear – recent emissions highest in history
Already widespread impacts in human and natural systems
Observed changes unprecedented over millennia
Atmosphere & ocean warming
Snow & ice diminishing
Sea level rising

Key  Climate  Indicators	
•

Past 3 decades each warmer than last

•

Global mean sea level up by 0.19m
(1901-2010)

•

~50% of emissions into atmosphere,
~25% ocean and remainder land

•

Ocean CO2 Uptake à Acidity + >25%

Models  and  climate  variability	
• Surface warming rate varies, depends on years chosen:
• 1998-2012: 0.05°C/decade
• 1951-2012: 0.14°C/decade
• Models overestimate recent 15 years, but underestimate
previous period. Overall decent agreement over 50 yrs

{based on WGI Box
9.2, Figure 1}

Leading  Cause:  Human  Society  	

• Evidence of human impact greater since 4th assessment

>50% of temp rise human caused

likely

{Figure
1.9}

{1.3.2}

Seen in every region,
except Antarctica

Observed  Eﬀects  of  Climate  Change	
Clearest effects on natural systems
Attribution requires peer reviewed
scientific evidence
High temp extremes and heat
waves increased in frequency,
cold temp extremes decreased
Heavy precipitations increased in
many places, as well as coastal
flooding from sea level rise

{Figure 1.11}

Significant vulnerability of
ecosystems and human systems to
current climate variability

Future  Climate  Changes  
Risks  and  Impacts	
• Continued emissions à further
warming + longer term impacts
• Substantial, sustained
reductions in GHG required,
with adaptation to limit risks
• 4 main RCP scenarios for GHG
emissions through 2100
• Driven by population size,
economic activity, lifestyle,
energy use, land-use patterns,
technology and climate policy
• For less than 2°C rise, limit total
emissions to 2900 Gt CO2(1900
Gt emitted to date)

Predictions  for  2080-‐‑2100	
• Nearly ice free arctic ocean expected by mid-century
• Permafrost may decrease by 37%(RCP2.6) to 81%(RCP8.5)
• Ocean pH will lower by 0.07 (SPM2.6) to 0.3 (SPM8.5)

{2.2, Figure 2.1}

{2.2, Figure 2.2}

Challenges  to  Food  Production	
• Fisheries productivity, already challenged, will likely
degrade further with warming and acidity increase
• Agricultural productivity in temperate and tropics
stressed with 2°C rise, food security doubtful with 4°C
	

• Relatively few individual locations may benefit

	

1090  data  points  from  crop  model  projections,  covering  diﬀerent  emission  scenarios,  
tropical  and  temperate  regions,  and  adaptation  and  no-‐‑adaptation  cases  	

Longer  Term  Projected  Impacts	
• Risk of crossing thresholds of abrupt, irreversible change,
though those levels are unknown
• Risk of extinction for large fraction of species
o Loss of habitat in general, increased chemical stress
o Plants and animals unable to move ranges quickly enough
o Coral reefs and polar ecosystems are highly vulnerable

• Warming past 2100 in most scenarios (except RCP2.6)
• Sea level rise, acidification, ice sheet loss for centuries
• Atlantic Meridional Overturning Circulation (AMOC) will very
likely weaken over the 21st century by 11%-51%
o Very unlikely to undergo abrupt transition before 2100

• High confidence: feedback between climate change and
the carbon cycle will amplify global warming
o more of the emitted anthropogenic CO2 will remain in the
atmosphere

Adaptation&Mitigation  Pathways	
• Sustainable development and equity provide a
basis for assessing climate policies
o Burdens shifted from present to future, well developed to
least developed

•

Collective action problem at the global scale
o Individual countries advancing own interests is problematic

• Mitigation and adaptation are complementary
approaches for reducing risks
o Win-win development when the two approaches coincide

• Large net CO2 removal for sustained period could
avoid multi-century degradation

Required  Rates  of  Mitigation	
•

•

•

{Figure 3.2}

Scenarios leading to GHG
concentrations in 2100 of 450
ppm CO2 or less likely to
maintain warming below 2°C
40%-70% global anthropogenic
GHG emissions reductions by
2050, and emissions levels near
zero or below in 2100 to achieve
Some scenarios rely on
widespread deployment of
Carbon Dioxide Removal (CDR)
technologies -bioenergy with
carbon dioxide capture and
storage (BECCS) and
afforestation in the second half
of the century.

Table  of  Emission  Scenarios	
Only a limited number of individual model studies have explored levels below 430 ppm CO2-eq
More unlikely
RCP2.6
Likely
than likely
More likely than
not
About as likely
as not
Likely
Unlikely

RCP4.5
Unlikely
RCP6.0
RCP8.5

-

Unlikely8

Likely

More unlikely
than likely9

Unlikely8

More likely than
not
More unlikely
than likely
Unlikely

More unlikely
than likely

{Table 3.1}

Projected  Costs  of  Mitigation	
• Estimates of aggregate economic mitigation costs vary
widely depending on methodologies and assumptions
• Cost-effective scenarios assume immediate mitigation in
all countries and a single global carbon price
• Baseline growth (green) assumed 1.6% to 3% annually
• Modest reductions in consumption growth relative to
baseline might be required for effective mitigation
Four separate low
emission scenarios
Economic models
give range of
consumption
reduction required to
achieve them

Mitigation  By  Sector  (450ppm)	
• Amount of emission reduction needed per sector
(dark shading) compared to baseline (light shading)

Mitigation  beneﬁts  and  side  eﬀects	
• A long table, with more benefits than adverse side effects

{WGIII Table 6.7, Tables TS.3, TS.4, TS.5, TS.6, TS.7}

For possible upstream effects of biomass supply for bioenergy, see AFOLU.

For possible upstream effects of low-carbon electricity, see Energy Supply. For biomass supply, see AFOLU.

Mitigation  beneﬁts  &  side  eﬀects(2)	

For possible upstream effects of fuel switching and RES, see Energy Supply.

For possible upstream effects of low-carbon energy supply (incl. CCS), see Energy Supply and of biomass supply, see AFOLU.

Mitigation  beneﬁts  &  side  eﬀects  (3)	

Note: co-benefits and adverse side-effects depend on the development context and the scale of the intervention (size).

For compact urban form and improved transport infrastructure, see also Transport.
see Transport
see
Transport

Adaptation  Options	
• Adaptation strategies include (among many):

o Poverty alleviation – education, improve access and control of local
resources
o Livelihood security – change agriculture, aquaculture practices,
decision making
o Disaster risk management – flood shelters, wastewater management,
transportation and infrastructure improvements
o Ecosystem management – protect diversity, watersheds, forests,
reduce stressors
o Engineering – sea walls, flood levees, water storage, power grid
resiliency
o Agriculture – new crop and animal varieties, efficient irrigation
o Institutional – incentives, laws, adaptation plans
o Social – equity, sharing, participation
o Political – decision making
o Personal beliefs and values

Policy  Approaches  to  M&A	
• Scales: international, regional, national and sub-national
• Policies that directly promote adaptation and mitigation
and supporting technology development, diffusion and
transfer, and finance to respond to climate change
• Setting a carbon price (cap&trade systems and carbon
taxes) can achieve mitigation in a cost-effective way
• Substantial reductions in emissions would require large
changes in investment patterns
• Seeking co-benefits to human health, food security,
biodiversity, local environmental quality, energy access,
livelihoods, and equitable sustainable development

Reality  Check:  Recent  Trends	
• Past decade: reversal of decreasing emissions growth
•

China and 3rd world development accelerated

•

(?) Wealthy nations debt to developing nations to help develop
using low carbon intensity sources (?)

• Need to balance developing world needs with climate

Top Fossil Fuel Emitters (Absolute)
The top four emitters in 2013 covered 58% of global emissions
China (28%), United States (14%), EU28 (10%), India (7%)

?	

2025	
Bunkers fuel used for international transport is 3% of global emissions
Statistical differences between the global estimates and sum of national totals is 3% of global emissions
Source: CDIAC; Le Quéré et al 2014; Global Carbon Budget 2014

Energy  Alternatives	
• Thankfully, there is an adequate supply of renewable
energy resources should we decide to use them
Sources:  International  Energy  Agency,  US  Energy  Agency,	
Perez  et  al.,  2009,  "ʺA  Fundamental  Look  At  Energy  Reserves  For  The  Planet"ʺ	

Energy  Source	
World  energy  use	

Current	

Potential	

16  TW	

+2.4%/yr	

Solar	

0.13  TW(2013)  	
 23,000  TW	

Wind	

0.3  TW(2012)	

25-‐‑70  TW	

Hydropower	

2.6  TW(2013)	

3-‐‑4  TW	

Biomass	

1.6  TW(2013)	

2-‐‑6  TW	

Geothermal	

0.01  TW(2013)	

0.3-‐‑2  TW	

Waves	

0.2-‐‑2  TW	

Uranium  (nucl  ﬁssion)	

2  TW	

90-‐‑300  TW-‐‑y	

Coal	

40%	

900  TW-‐‑y	

Petroleum	

240  TW-‐‑y	

Gas	

215  TW-‐‑y	

Energy  Investments  by  Choice	
• Comparing the countries in Europe, we see some have
>90% non-carbon energy while others have <20%
• A question of choice for those with financial resources
Today
in Energy energy mix appropriate country by country
• Different
September 22, 2014

European nations are increasing electricity generation using no-carbon sources

Source: U.S. Energy Information Administration, International Energy Statistics

Source: U.S. Energy Information Administration, International Energy Statistics
Note: Click to view larger map.
Penetration rates of no-carbon generation have increased from 50% to 56% in recent years in Europe, as European Union countries
work toward renewable energy and greenhouse gas emissions targets. Increasing levels of renewable generation, along with nuclear
generation, mean that many European countries generate a large share of their electricity from no-carbon sources.

Test  case:  Germany	
• Committed to be a leader in non-carbon energy use

• Photovoltaics

Solar  Power	

o Modular panels for residential, commercial and utility scale use
o Efficiency ~15% typical, lifetimes of 25 years to 80% power
o Cost of panels falling each year. Good local incentives!

• Concentrated Solar Power (CSP)
o Arrays of parabolic mirrors to focus sun on small area, driving
steam turbine, heat engine or thermochemical reaction
o Efficiency can reach 80% for high receiver temperature
o Sahara desert potential location for large European effort
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Wind  Power	

• Wind turbines for electricity available for decades
o Semi-mature but developing technology, high capital cost

• Location determines viability
o Capacity factor: ratio of its actual output over time period
to its potential full capacity output
United States - Annual Average Wind Speed at 80 m

On-shore:

US Locations with >30%
capacity factor at 80M:
10 TW potential
Installed:
MA 100 MW (2013)
Texas 13,000 MW
US 63,000 MW total

Wind Speed
m/s
>10.5
10.0
9.5
9.0
8.5
8.0
7.5
7.0
6.5
6.0
5.5
5.0
4.5
4.0
< 4.0

Source: Wind resource estimates developed by AWS Truepower,
LLC for windNavigator ¶. Web: http://www.windnavigator.com |
http://www.awstruepower.com. Spatial resolution of wind resource
data: 2.5 km. Projection: Albers Equal Area WGS84.

01-APR-2011 2.1.1

Oﬀshore  Wind	

• Offshore presents challenges, but much higher
capacity for northern coastal states
o Europe has 64 off-shore wind farms, US has 0 currently

Cape Wind Project
•
•
•
•
•

130 Siemens 3.6MW turbines
Capacity of 468 MW
Electricity for 75% of Cape
Fully permitted (2014)
Construction starts (2015?)

United States - Annual Average Offshore Wind Speed at 90 m

Wind Speed at 90 m
m/s

mph

11.5 - 12.0
11.0 - 11.5
10.5 - 11.0
10.0 - 10.5
9.5 - 10.0
9.0 - 9.5
8.5 - 9.0
8.0 - 8.5
7.5 - 8.0
7.0 - 7.5
6.5 - 7.0
6.0 - 6.5
0.0 - 6.0

25.7 - 26.8
24.6 - 25.7
23.5 - 24.6
22.4 - 23.5
21.3 - 22.4
20.1 - 21.3
19.0 - 20.1
17.9 - 19.0
16.8 - 17.9
15.7 - 16.8
14.5 - 15.7
13.4 - 14.5
0.0 - 13.4

10-JAN-2011 1.1.1

Hydroelectric  Power	
• A relatively mature source
o As much as 80% of capacity already developed
o Available only in limited regions with right topography
o Environmental trade-offs

• Hydro-Québec 450kV DC power line being considered
for transmitting hydro power to Massachusetts in 2015

Hydroelectric facilities can
also provide energy storage
(for other renewables) with
good efficiency by pumping
water in reverse direction

Nuclear  ﬁssion  with  Uranium	

• Used extensively in France, and 20% of US power
• Could supply base-load power “for many decades”
• Controversial – we all know the potential downsides:
accidents, proliferation and storage

o Fukushima reactor accident was an unfortunate reminder

• Whether you accept it depends your appreciation and
tolerance for those risks – and the climate trade-offs
• New research being done on Gen IV and Thorium reactor
technology (for improved safety and lower waste)
Uranium-235, a heavy, unstable nucleus,
breaks apart when neutron collides,
liberating excess mass-energy
Reaction byproducts are wide variety of
nuclei, many unstable, with decay halflives that can be thousands of years

Nuclear  Fusion:  always  15  yrs  away	
• In the sun, Helium is created by fusion of Hydrogen isotopes
Example reaction: Deuterium+Tritium
2H  +  3H  à  4He  +  neutron  +  17.6  MeV  (3x10-‐‑12  J)	

• In reaction, the heavier nucleus+neutron have a lower massenergy than the inputs to the reaction (opposite from fission)
• Investigated for energy source since 1950’s, without achieving
positive energy output until quite 2013 (for <<1 sec)
• This year (2014) Lockheed-Martin claims to be within 3-5 years
of a commercial fusion reactor using magnetic confinement
o Not believable but would be game changing if it were true
European  ITER  project  –  currently  the  
most  advanced  fusion  facility	

Energy  Storage  Requirements	
• For intermittent sources (wind & solar) need to
collect excess power and store for later use
• Once these sources are a substantial fraction of a
locations (region, village, home) energy supply,
local storage becomes important
• Challenge is to convert energy from one form to
another with good efficiency at reasonable cost

Energy  storage  options	

• Batteries (chemical energy) – many types:

o Solid state: Li-ion, Ni-Cd, Na-S
o Flow batteries: liquid electrolyte, quickly recharged, serviced
o Ongoing R&D to improve reliability and lower cost

•
•
•
•
•

Super-capacitors (electrical potential)
Flywheels (kinetic energy)
Compressed air (energy of state)
Thermal energy (thermal) – pumped heat electrical
Hydrogen (chemical) – through electrolysis of water
2H2O  +  energy  à  2H2  +  O2	

• Pumped hydro (gravitational potential)

Final  thoughts	
• I hope this course has been enjoyable and
enlightening for you, as it has for me
• Don’t be discouraged! We are fortunate to live in
an incredibly interesting place and time
• Keep engaged! If you are worried about the future,
choose the future you want and go that way
• Keep reading, thinking, talking and writing about
the future and our role in it

