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Overview: 

• Two slides to set the stage 



What we need to do: 

3 Fuss et al. 

(2014) 
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A revolution on climate politics 

U.S.-China Joint Announcement on Climate Change 





Overview: 

• Introduction to the Renewable and 

Appropriate Energy Laboratory (RAEL) 

 

• Systems science across scales 

 

• Toward a new industrial policy in the 

age of inequality 



http://rael.berkeley.edu 

       

Renewable and Appropriate Energy 
Laboratory 

http://rael.berkeley.edu 



Twitter: @dan_kammen 

Website: http://rael.berkeley.edu 

Resources: 



http://rael.berkeley.edu 
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http://rael.berkeley.edu 

       

National and International Roles 



http://rael.berkeley.edu 

RAEL Policy Design & Implementation  

2000 - 01 

Key 

analysis 

of the 

California 

Energy 

Crisis 

2006 

Contribution

s to AB32, 

California’s 

Global 

Warming 

Solutions Act 

2009 

Partners to 

develop 

Property 
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Clean 

Energy 

2007 

Develops 

First Version 

of the Low-

Carbon Fuel 

Standard, 

appears on  

‘60 Minutes’ 



Overview: 

• Introduction to the Renewable and 

Appropriate Energy Laboratory (RAEL) 

 

• Systems science across scales 

 

• Toward a new industrial policy in the 

age of inequality 



An 80 Percent Reduction in Greenhouse 

Gas Emissions 
(and if we delay we must go carbon negative) 

15 Fuss et al. 

(2014) 
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Emerging economies 
continue  

to drive global energy 
demand 

Growth in primary energy demand  

Global energy demand increases by one-third from 2010 to 2035,  
with China & India accounting for 50% of the growth  
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The climate challenge 

What kind of climate regime can enable this to happen…? 

19 





 

RAEL Generates Science Based Business, 

Spinoffs & Partners 

National 

Geographic/Shell 

Great Energy 

Challenge 

EES Ventures 

1 GW micro-hydro contract, Bhutan 

$500 million grant from BP 

2009 #1 ‘world changing idea’, Scientific American 

Worlds largest microinverter company 

Largest capitalization of minigrid company 







Nemet and Kammen, 2007 



Trancik, et al, PLoS, 2014 
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FAR - 1st IPCC Assessment 
(1990): unequivocal detection 

of  human impact not likely 
for a decade  

S
A

R
 

SAR - 2nd (1995): balance of 
evidence suggests discernible 

human influence 

T
A

R
 

TAR - 3rd (2001): most of the  
warming in the last 50 years is 

likely (>66%) due to human 
activities 

A
R
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AR4 - 4th (2007): most of the 
warming very likely   (> 90%) 

due human activity; 
warming will most strongly 

and quickly impact  
the global poor 

 
SRREN (2011):  80% clean by 

2050 possible, if … 

AR5:  95% confidence 
warming is human caused 

and … to be continued 

A
R
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IPCC AR5 (2014):  

Climate Projections and Associated 

Risks 

2°C Guardrail 



CA Peak Power: Testimony by Goldstein and Rosenfeld (Dec. 1974) 



California Advancing Energy Efficiency 
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30 

Japanese “Sunshine” Program 

way too much detail, but technology push/demand pull is clear 



The Evolving Solar Energy Economy 



Falling Solar Prices Lead to Rapid 

Growth 
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 2013 2020 2030 

The Challenge is Big... 

20% 
33% 

50% 
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Microinverters: A device-level subtle revolution 

Traditional Inverter System 

Enphase Microinverter System 

Traditional 
Central 
Inverter 

Utility 

Web-based 
Management 

Communication 
Gateway 



Micro-inverters versus traditional designs 



UN General Assembly resolution 65/151 rael.berkeley.edu 

 Per-module maximum power 

production impacted by 

 Cost comparable to 

conventional inverters 

5 – 20% 

Additional 

energy 

harvest 

 

  Microinverter Output vs Traditional 

Inveters 
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The Evolving Solar Energy Economy 
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Quantifying the benefits of R&D 
R&D Funding  Technological change  Cost reductions 

Nemet, G. F. (2006) Energy Policy 34(17): 3218 - 3232. 



40 40 

Quantifying the benefits of R&D 
R&D Funding  Technological change  Cost reductions 

50% increase in PV 

efficiency occurs 

immediately after 

unprecedented >$1b 

global investment in PV 

R&D (1978-85)… 

Nemet, G. F. (2006) Energy Policy 34(17): 3218 - 3232. 



41 41 

Quantifying the benefits of R&D 
R&D Funding  Technological change  Cost reductions 

Nemet, G. F. (2006) Energy Policy 34(17): 3218 - 3232. 

…efficiency 

improvements account 

for 30% of the cost 

reductions in PV over 

the past two decades. 

50% increase in PV 

efficiency occurs 

immediately after 

unprecedented >$1b 

global investment in PV 

R&D (1978-85)… 



From: California’s Energy Future – The View to 2050, California Council on Science and Technology, 2011 42 

Actions to reduce emissions 





44 From: California’s Energy Future – The View to 2050, California Council on Science and Technology, 2011 

Summary 



http://rael.berkeley.edu/node/609 
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Borneo Says No 

to Dirty Energy 

By Jennifer Pinkowski Tuesday, Feb. 22, 2011 

Land Use for Development and Equity: Laikipia Kenya  
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Borneo Says No 

to Dirty Energy 

Two-thirds 

of Bornean 

Bird, 

Mammal, 

Tree and 

Insect 

Species 

may lose 

habitat 

forever due 

to reservoirs 

Land Use for Development and Equity: Laikipia Kenya  







Solar 

40,000  
TW of power per 

year 

Solar is by Far the Most Abundant 

6 

World Energy Use 

15 TW (1012 W) of power 

Coal 

Uranium 

900 

Total 

reserve 

220 

Petroleum 

170 

Natural Gas 

70 Wind 

0.5  

 

 

Waves 

23 

OTEC 

Biomass 

11 

Hydro 

4 

0.3  

 

Tides 

Geothermal 

2 

15 



Best Research-Cell Efficiencies 
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June 2, 2016: Saeed Mohammed Al Tayer  

CEO of Dubai Electricity and Water Authority (DEWA)  

  

800 MW of solar at 2.99 cents/kWh  

Location: Mohammed bin Rashid Al Maktoum Solar Park 

Dubai’s goal: lowest carbon footprint of any city in the world 
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Lancaster, CA: The first city in 

the US to mandate solar on new 

construction  
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The World’s Largest Thin Film Solar PV Project 
 

Desert Sunlight Solar 
Project 
550 MW 
Riverside County, CA 



The World’s Largest Silicon PV Project 

Solar Star Project 
579 MW 
Kern County, CA 
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The World’s Largest Solar Thermal Power Plant 

(Tower) 

Ivanpah Solar Thermal Project 
393 MW 
San Bernardino County, CA 
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Ivanpah Solar Thermal Project 
393 MW 
San Bernardino County, CA 
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The World’s Largest Solar Thermal Power Plant 

(Trough) 

Solar Energy Generating System (SEGS) 
354 MW 
San Bernardino County, CA 
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Geysers Geothermal Power Plant 

955 MW 

Lake County, CA 

The World’s Largest Geothermal Power Plant 
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The World’s Largest Iron-Chromium Flow 

Battery 

EnerVault Iron-Chromium Technology  
1 MW-hr capacity at 250 kW (4 hour duration) 
Turlock, CA 
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The World’s Largest Wind Project 

Alta Wind Energy Center  
1550 MW 
Kern County, CA 
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Largest Manufacturing Operation 

in CA is now Electric Vehicles 

Over 3,000 
workers now 

working at the 
Tesla Factory  

Tesla Factory - Fremont, CA 

Automation is allowing 
“on-shoring” of 

manufacturing processes 
back from Asia 
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Fastest production car ever: 0–60 in 2.5* sec. 

seconds 

  
The fine print: At $144,000 the Model S P100D with Ludicrous mode is the third 

fastest accelerating production car ever produced, with a 0-60 mph time of 2.5* 

seconds. However, both the LaFerrari and the Porsche 918 Spyder were limited 

$1 million dollar cars and cannot be bought new. Those cars are small two 

seaters with very little luggage space, the pure electric, all-wheel drive Model S 

P100D has four doors, seats 5. 
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Tesla Model 3: $35,000 in 2017 

  



 http://rael.berkeley.edu/switch 



Power System Models 

http://rael.berkeley/edu/project/SWITCH 

WECC (Western 

North America) 

5/2012 

Chile 

4/2014 
East African 

Power Pool 

(EAPP): 

1. Kenya 

(6/2016) 

2. ? (Selection 

underway) 

India, Planned: 

1/2017 

China, 4/2016 

Malaysia, 

1/2013 

Kosovo 

3/2013 

Nicaragua: 

6/2014 

 



Linear Program Around Least Cost 

!



• 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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Fugitive Emissions: WECC 

73 





Aggressive wind and solar 

learning curve is not enough to 

phase out coal  

0%
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Source: He, Avrin, Nelson, Johnston, Mileva, Tian, and Kammen, 

2015.  



Transmission brings more 

renewables online, but also cheap 

coal 

1900 GW 

Source: He, Avrin, Nelson, Johnston, Mileva, Tian, and Kammen, 

2015.  



China: dispatch challenge for coal and 

renewables 

nuclear coal coal ccs gas
gas ccs solar storage-discharge hydro

Tick Marks represent 24 hr for a representative day 

January Feburay March April May June July August September November December October 

3000 GW 

0 
24 hr 

1st Day Represents Peak Day for Every Month 

2nd Day Represents Average Day for Every Month 

Source: He, Avrin, Nelson, Johnston, Mileva, Tian, and Kammen, 

2016.  



Pricing Carbon in operation today 

Figure from World Bank report, 2014 



Unelectrified People (and fuel based lighting 

users) in Asia is Even Higher than in Africa 

Source: IEA, 2010 World Energy Outlook 

Africa:   ̴ 600 million 

Asia:   ̴ 800 million 

Americas:   ̴ 30 million 



UN General Assembly resolution 65/151 rael.berkeley.edu 

Technological and Entrepreneurial 

Opportunity: Lighting Africa 



VOLATILE 

EXPENSIVE 

ENERGY 

An investment in solar energy for 

international humanitarian operations in 

South Sudan can offer significant 

economic savings. In can also build  

longer-term energy infrastructure to 

support  peace and reconstruction in 

South Sudan, one of the least electrified 

countries in the world as a result of 

decades of conflict and under-

development. 

 



Thank you. 

The Civil War has 
decimated local 

infrastructure, forcing 
the population into  

costly and unsustainable 
relief camps 



The SWITCH-WECC Model 

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

 

http://rael.berkeley.edu/switch   

 



 Seasonality and Storage 



Overview: 

• Introduction to the Renewable and 

Appropriate Energy Laboratory 

(RAEL) - a unique think/do tank 

 

• From Problem Statement to 

Solutions Science for Climate 

Change 

 

• An Opportunity for Partnership 



Quantitative Assessments: Energy and Human Development 

Sustainable Energy for All (UN) 

Literacy 

 

 

 

 

Mortality 

(Children) 

 

 

 

 

 

Poverty 

Education 

 

 

 

 

Mortality 

(Infants) 

 

 

 

 

 

Sanitation 

 

Goldemberg 

(1979), 

updated by 

Davis, et al 

(2013) 

Alstone, Gershenson & Kammen, Nature Climate Change 



Fuel Based Lighting : Expensive, Unhealthy, and 

Inefficient 

Kerosene for lighting is a $25 billion per 
year industry globally (source: UNEP, 2013) 

Fuel Based Lighting: 
Displacing the Incumbent in Low-Income Areas 

Photo by Evan Mills Photo by Peter Alstone 

Photo by Peter Alstone 

Kammen – http://rael.berkeley.edu 



Low cost solar powered home energy products 
are transforming rural energy access in 

developing nations 





90 

Next Wave of Off-grid products 





  

        

East African Rift Valley is currently the world’s most 
active geothermal development zone 

• 10MW test well at Olkaria field in Hell’s 
Gate National Park, Kenya 

• KenGen’s first plant commissioned in 
1985 (45MW) – now over 300MW at 

Olkaria 



Laudato Si 

Encyclical Letter on Care for our Common Home 



Islamic Declaration on Climate Change 
20 August 2015 (http://Islamicclimatedeclaration.org) 



Islamic Declaration on Climate Change 
20 August 2015 (http://Islamicclimatedeclaration.org) 

The Muslim leaders called on the people of all nations and their 

leaders to: 

 

•  Phase out greenhouse gas emissions as soon as possible in 

order to stabilize greenhouse gas concentrations in the 

atmosphere 

 

• Commit themselves to 100 % renewable energy and/or a 

zero emissions strategy as early as possible.  

 

• They specifically called on richer nations and oil-producing 

states to lead the way in phasing out their greenhouse gas 

emissions as early as possible and no later than the middle 

of the century. 



Islamic Declaration on Climate Change 
20 August 2015 (http://Islamicclimatedeclaration.org) 



Islamic Declaration on Climate Change 
20 August 2015 (http://Islamicclimatedeclaration.org) 

The Muslim leaders called on the people of all nations and their 

leaders to: 

 

•  Phase out greenhouse gas emissions as soon as possible in 

order to stabilize greenhouse gas concentrations in the 

atmosphere 

 

• Commit themselves to 100 % renewable energy and/or a 

zero emissions strategy as early as possible.  

 

• They specifically called on richer nations and oil-producing 

states to lead the way in phasing out their greenhouse gas 

emissions as early as possible and no later than the middle 

of the century. 



ELECTRICITY is cheaper than gasoline 
 

… even using photovoltaics 

   

Conventional 25 mpg :             
$3/gal

25miles/gal
= 12¢/mile

   

Electric 3.5 miles/kWh :         
12¢ / kWh

3.5 miles/kWh
= 3.4 ¢/mile   

Hybrid 45 mpg :                       
$3/gal

45miles/gal
= 6.7¢/mile

$4/Wdc,stc (after 30% tax credit), 5.5 hr/day, 0.75 de-rating, 5% loan, 34% MTB 

 

$3.50 / gal

25 miles/gal
= 14¢ / mile

 

$3.50 / gal

45 miles/gal
= 7.8¢ / mile

off peak it is ≈ 6¢ 

Photovoltaics:  

$0.13 / kWh

3.5 miles/kWh
= 3.7 ¢ / mile



The Ecological Footprint: 

coolclimate.berkeley.edu 

CARBON footprint 

http://coolclimate.berkeley.edu/maps 
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http://coolclimate.berkeley.edu/maps 
 









(Total household energy CO2e)  













Energy Transportation 

Consumption Total 

Household GHG emissions in New York Metro Region 





New York San Francisco 

Bay Area 

Chicago 

Total 

Household GHG emissions in four metro regions 

Dallas 



Federal R&D Policy 

Can be Effective 

From: R. Margolis and D. Kammen (1999) 

Science, volume  285, pages 690 - 692,  

30 July issue.  Available at: 

http://socrates.berkeley.edu/~rael/papers.html 



Lack of Federal R&D policy…  

leads to lack of support for energy options 

From: R. Margolis and D. Kammen (1999) 

Science, volume  285, pages 690 - 692,  

30 July issue.  Available at: 

http://socrates.berkeley.edu/~rael/papers.html 



If you think US public sector energy R&D 

funding is doing poorly … 

Kammen & Nemet (2005) 



Green Day in Borneo 

What, you don’t read the North Borneo Post? 



Borneo Says No to Dirty Energy 

By Jennifer Pinkowski Tuesday, 

Feb. 22, 2011 

 

 

 

 

UN General Assembly resolution 65/151 
http://www.time.com/time/health/article/0,8599,2052627,00.html#ixzz1lvOeiiyz 

 

Integrating these systems tools with civil 

society-industry dialog 

Daniel Kammen of the University of 

California, Berkeley, who directed an 

energy and environmental-impact study 

commissioned by a coalition of green 

groups, which was used widely in the 

discussions of Sabah's energy options. 

"It is a turning point that should bring 

deserved praise and partnerships to 

Malaysia at the upcoming climate 

conference in Durban, South Africa,” 



Resource Assessments 



Outline: 

1. Climate science: The 2 degree mandate agreed to in Paris 

 

2. What tools do we have? [Technology] 

 

3. The climate-development nexus 

1. The energy access crisis 

2. Land and people 

 

4. Your mission:                                                                 

create a national strategy for energy and development 

for the 2016 climate meeting in Morocco 

 

5. Compare the options 



Outline: 

1. Climate science: The 2 degree mandate agreed to in Paris 

 

2. What tools do we have? 

 

3. The climate-development nexus 

1. The energy access crisis 

2. Land and people 

 

4. Your mission:                                                                 

create a national strategy for energy and development 

for the 2016 climate meeting in Morocco 

 

5. Compare the options 



Year 

2055 2005 

14 

7 

1955 

0 

2.0  

2105 

Past Emissions 

Historical 

 emissions 

Billion of Tons 

of Carbon 

Emitted per 

Year 



2054 2004 

14 

At Least  

Tripling 

CO2 

7 

Billion of Tons of 

Carbon Emitted 

per Year 

1954 

0 

Stabilization 

Triangle 

Flat path 

Historical 

 emissions 

Avoid 

Doubling 

CO2 

What does it mean to ‘solve the carbon and climate 

problem’ over the next 50 years? 



2055 2005 

14 
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Billion of Tons 

of Carbon 

Emitted per 

Year 

1955 

0 

Stabilizati
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Triangle 
Flat 

path 

Historical 

 emissions 

2.0 

2105 

Easier CO2 target 
~850 ppm 

The Stabilization Triangle 

O 
Interim Goal 



2055 2005 

14 

7 

Billion of Tons 

of Carbon 

Emitted per 

Year 

1955 

0 

Flat 

path 

Historical 

 emissions 

2.0  

2105 

14 GtC/y 

7 GtC/y 

Seven “wedges” 

Wedges 

O 



What is a “Wedge”? 

A “wedge” is a strategy to reduce carbon emissions that 

grows in 50 years from zero to 1.0 GtC/yr. The strategy 

has already been commercialized at scale somewhere. 

       

1 GtC/yr 

50 

years 

Total = 25 Gigatons 

carbon 

Cumulatively, a wedge redirects the flow of 25 GtC in its first 50 

years. This is 2.5 trillion dollars at $100/tC.  

A “solution” to the CO2 problem should provide at least one wedge. 



Wedges #1 - #8 (out of 15)  

Option Effort by 2054 for one wedge, relative to 14 GtC/year BAU Comments, issues 

Energy 

Efficiency and 

Conservation 

Economy-wide carbon-intensity 

reduction (emissions/$GDP) 

Increase reduction by additional 0.15% per year (e.g., increase 

U.S. goal of reduction of 1.96% per year to 2.11% per year) 

Can be tuned by carbon policy 

1. Efficient vehicles Increase fuel economy for 2 billion cars from 30 to 60 mpg  Car size, power 

2. Reduced use of vehicles Decrease car travel for 2 billion 30-mpg cars from 10,000 to 5,000 

miles per year 

Urban design, mass transit, 

telecommuting 

3. Efficient buildings Cut carbon emissions by one-fourth in buildings and appliances 

projected for 2054 

Weak incentives 

4. Efficient baseload coal plants Produce twice today’s coal power output at 60% instead of 40% 

efficiency (compared with 32% today) 

Advanced high-temperature 

materials 

Fuel shift  5. Gas baseload power for coal 

baseload power 

Replace 1400 GW 50%-efficient coal plants with gas plants (4 

times the current production of gas-based power) 

Competing demands for natural 

gas 

CO2 Capture and 

Storage (CCS) 

  

6. Capture CO2 at baseload 

power plant 

Introduce CCS at 800 GW coal or 1600 GW natural gas 

(compared with 1060 GW coal in 1999) 

Technology already in use for H2 

production 

7. Capture CO2 at H2 plant Introduce CCS at plants producing 250 MtH2/year from coal or 

500 MtH2/year from natural gas (compared with 40 MtH2/year 

today from all sources) 

H2 safety, infrastructure 

8. Capture CO2 at coal-to-

synfuels plant 

Introduce CCS at synfuels plants producing 30 million barrels per 

day from coal (200 times Sasol), if half of feedstock carbon is 

available for capture  

Increased CO2 emissions, if 

synfuels are produced without 

CCS  

 Geological storage Create 3500 Sleipners Durable storage, successful 

permitting  



Wedges #9 - #15 (out of 15) 
Option Effort by 2054 for one wedge, relative to 14 GtC/year BAU Comments, issues 

Nuclear Fission 9. Nuclear power for coal power Add 700 GW (twice the current capacity) Nuclear proliferation, terrorism, 

waste 

Renewable Electricity 

and Fuels 

10. Wind power for coal power Add 2 million 1-MW-peak windmills (50 times the current 

capacity) “occupying” 30x106 ha, on land or off shore 

Multiple uses of land because 

windmills are widely spaced  

11. PV power for coal power Add 2000 GW-peak PV (700 times the current capacity) on 

2x106 ha 

PV production cost 

12. Wind H2 in fuel-cell car for 

gasoline in hybrid car 

Add 4 million 1-MW-peak windmills (100 times the current 

capacity)  

H2 safety, infrastructure  

13. Biomass fuel for fossil fuel Add 100 times the current Brazil or U.S. ethanol production, with 

the use of 250 x106 ha (1/6 of world cropland)  

Biodiversity, competing land use 

Forests and 

Agricultural Soils 

14. Reduced deforestation, plus 

reforestation, afforestation and 

new plantations. 

Decrease tropical deforestation to zero instead of 0.5 GtC/year, 

and establish 300 Mha of new tree plantations (twice the current 

rate) 

Land demands of agriculture, 

benefits to biodiversity from 

reduced deforestation 

15. Conservation tillage Apply to all cropland (10 times the current usage) Reversibility, verification 



 

Question: 

 

What do you recommend your 

country advocate for or commit 

to do at COP22 in Morocco, in 

November 2016? 

 



Extra: 





Solar Power Hub 

60kW Max Capacity 

~100kWh daily 

energy 

On-board battery 

High level reliability 

Less than one-day 

assembly 

Scalable & Movable 

Designed in the USA 



Nemet and Kammen, 2007 



Trancik, et al, PLoS, 2014 



What my laboratory does: but not our mission today 

Halu, et al., 2016, Science Advances 



Basic Energy Resources Amidst Regional Conflict 

Housing without infrastructure:  
Juba 

Solar kiosks 
Charcoal sales on the 

runway, Nimule 

South Sudan 




