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The Meaning of 4 °C Warming 



Source: Business Week Aug. 2004 

Science 2014: 570 plumes of Methane observed percolating up from 
the sea floor off the eastern coast of the United States 



Nature  
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Nature  
Geoscience  

2013 

PNAS  
2014 

Collectively, these results are consistent with the instigation 

of Earth’s greatest mass extinction by a specific microbial innovation. 



IPCC AR5 (2014):  

Climate Projections and Associated Risks 

2°C Guardrail 



Energy System Modeling Efforts in the Renewable and 

Appropriate Energy Laboratory, UC Berkeley 

 

(Kammen, et al.,http://rael.berkeley.edu/switch) 

WECC (Western 

North America) 

5/2012 

Chile 

4/2014 
East African 

Power Pool 

(EAPP): 

1/2015 

India, 1/2015 

China, 7/2014 

Malaysia, 

1/2013 

Kosovo 

3/2013 

Nicaragua: 

10/2014 

 

A consistent story emerges: Policy clarity and about $40 per ton of 

Carbon emissions by 2030 decarbonizes western North America, 

China, Chile.  The technology and market forces vary by region. 



The SWITCH-WECC Model 

! Optimization and data framework of the western North American SWITCH model. 

 

http://rael.berkeley.edu/switch   
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Challenges of Electricity Decarbonization 
 
 



Example utility ‘fear’ 





• Storage almost exclusively moves solar to the night 

• Geothermal only remaining substantial baseload 
 

 

Dispatch in 2050: 

Flexibility and variable renewables dominate 
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Power system cost increasingly dominated 

by flexibility rather than energy 
• Allocation of carbon revenues important 
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Electricity Mix, 2020 
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System Capacity, 2020 
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Electricity Mix, 2030 
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• Electricity production heavily dominated by natural gas 
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System Capacity, 2030 
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Storage Capacity, 2030 
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System Unit-Commitment, Reference Scenario, 

2020 
 
 

• The 2020 power system is dominated by coal, hydro, and gas generation 

• Wind is the main source of renewable electricity 

• Existing storage used regularly, charging at night and providing energy during the day 

 

Jan-Mar Apr-Jun Jul-Sep Oct-Dec 
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System Unit-Commitment, Reference Scenario, 

2030 
 
 

Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

• By 2030, the share of renewables, both wind and solar, grows 

• Combined-cycle gas generation replaces most baseload coal 

• Storage is used less, especially in the spring and during the summer peak 
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System Unit-Commitment, Reference Scenario, 

2050 
 
 

-50	

0	

50	

100	

150	

200	

250	

300	

1
	

8
8
	

1
7
5
	

2
6
2
	

3
4
9
	

4
3
6
	

5
2
3
	

6
1
0
	

6
9
7
	

7
8
4
	

8
7
1
	

9
5
8
	

1
0
4
5
	

1
1
3
2
	

1
2
1
9
	

1
3
0
6
	

1
3
9
3
	

1
4
8
0
	

1
5
6
7
	

1
6
5
4
	

1
7
4
1
	

1
8
2
8
	

1
9
1
5
	

2
0
0
2
	

2
0
8
9
	

2
1
7
6
	

2
2
6
3
	

2
3
5
0
	

2
4
3
7
	

2
5
2
4
	

2
6
1
1
	

2
6
9
8
	

2
7
8
5
	

2
8
7
2
	

2
9
5
9
	

3
0
4
6
	

3
1
3
3
	

3
2
2
0
	

3
3
0
7
	

3
3
9
4
	

3
4
8
1
	

3
5
6
8
	

3
6
5
5
	

3
7
4
2
	

3
8
2
9
	

3
9
1
6
	

4
0
0
3
	

4
0
9
0
	

4
1
7
7
	

4
2
6
4
	

4
3
5
1
	

4
4
3
8
	

4
5
2
5
	

4
6
1
2
	

4
6
9
9
	

4
7
8
6
	

4
8
7
3
	

4
9
6
0
	

5
0
4
7
	

5
1
3
4
	

5
2
2
1
	

5
3
0
8
	

5
3
9
5
	

5
4
8
2
	

5
5
6
9
	

5
6
5
6
	

5
7
4
3
	

5
8
3
0
	

5
9
1
7
	

6
0
0
4
	

6
0
9
1
	

6
1
7
8
	

6
2
6
5
	

6
3
5
2
	

6
4
3
9
	

6
5
2
6
	

6
6
1
3
	

6
7
0
0
	

6
7
8
7
	

6
8
7
4
	

6
9
6
1
	

7
0
4
8
	

7
1
3
5
	

7
2
2
2
	

7
3
0
9
	

7
3
9
6
	

7
4
8
3
	

7
5
7
0
	

7
6
5
7
	

7
7
4
4
	

7
8
3
1
	

7
9
1
8
	

8
0
0
5
	

8
0
9
2
	

8
1
7
9
	

8
2
6
6
	

8
3
5
3
	

8
4
4
0
	

8
5
2
7
	

8
6
1
4
	

8
7
0
1
	

R
e
fe
re
n
ce
	S
ce
n
ar
io
,	2
0
3
0
	

H
o
u
rl
y	
Sy
st
e
m
	U
n
it
-C
o
m
m
it
m
e
n
t	

G
W
	

Hour	

Nuclear	 Biopower	 Geothermal	 Coal	 Coal	CCS	

Gas	(baseload)	 Gas	(intermediate)	 Gas	CCS	 Hydro	(non-pumped)	 Solar	PV	

CSP	6h	Storage	 Wind	 Storage	(discharging)	 Gas	(peakers)	 Storage	(charging)	

Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

• Large differences in how load is met across seasons 
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System Unit-Commitment, Reference Scenario, 

2030 
 
 

• For ~10 days in July, system is very stressed 

• Intermediate gas generation is operating at maximum output and peakers are 
running for many consecutive hours 
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System Unit-Commitment, Reference Scenario, 

2030 
 
 

• The typical summer day has nighttime charging of storage, with the energy released 
back during the afternoon and evening hours 
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System Unit-Commitment, Reference Scenario, 

2030 
 
 

• On the peak net load day (in late July), nighttime load remains high and wind 
output is low throughout the day 

• Storage is not used during that period of days with high load as there is little excess 
energy available to shuffle around 
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System Unit-Commitment, SunShot Scenario, 

2030 
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• Most storage installed of all scenarios in 2030 

• Storage used extensively throughout the year, mostly to shift daytime solar PV 
energy to the net-load peak in the evening – a pattern reversal 
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• Coal, hydropower, and gas generation dominate the system 

Electricity Mix in Western North America, 2020 
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Nuclear	 Biopower	 Coal	 Coal	CCS	 Hydro	 Gas	 Gas	CCS	 Geothermal	 Solar	PV	 CSP	6h	Storage	 Wind	

• Electricity production heavily dominated by natural gas with rapid growth in 
renewables and storage 

 

Electricity Mix in Western North America, 2030 
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Electricity Mix in Western North America, 2050 
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Nuclear	 Biopower	 Coal	 Coal	CCS	 Hydro	 Gas	 Gas	CCS	 Geothermal	 Solar	PV	 CSP	6h	Storage	 Wind	

• Electricity production is virtually all from zero carbon sources; system is resilient, 
flexible and smart 
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SWITCH-China (2050), Kammen, et al., 2014 
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Source: CoolClimate.Berkeley.edu 





Greenhouse gas and sustainability 

calculators: 

 

http://coolclimate.berkeley.edu 

http://coolclimate.berkeley.edu/maps 

& 

http://www.coolcalifornia.org  


