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Objectives & Overview

1. Explore energy access and impact across scales: 
from African households to nations & global 
impacts

2. Develop quantitative models of national/regional 
health and environmental impacts associated with 
energy provision

3. Develop science & engineering based policy 
approaches to support African economies and 
safeguard the environment

4. Explore Research & Development linkages to 
address energy needs in developed and developing 
nations
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Source: WRI: (2003). "EarthTrends: The Environmental Information Portal." 2003(January 15, 2003). 
http://earthtrends.wri.org/index.cfm.

Even countries with major 
endowments of petroleum 
rely heavily on biomass.

Equivalent to burning just over 1 
lb. of wood every day for a year

http://earthtrends.wri.org/index.cfm


Sub-Saharan Africa’s wood-energy 
consumption is the highest in the world

Source: Bailis,Ezzati & Kammen, Science (2005)

3.2Latin America

Source: IEA, 2003

8.4India

8.9China

10.2Sub Saharan Africa

Primary production of 
biomass energy in 2000 (1018

Joules)

Charcoal is not just 
an African issue



Dung Patty Preparation in India



Energy Demand Links Rural 
and Urban Settlements

• 90% of residential energy in 
Sub-Saharan Africa is derived 
from biomass

• Charcoal, produced in rural 
areas, is used across 
socioeconomic strata in urban 
Africa (Hosier, 1987; Ribot, 
1992)

• The African urban population 
is increasing 4-5% per year; 
the fastest rate of any region 
in the world



Rising energy prices have made charcoal 
the most economical cooking option

Data Source:   Hosier, R.H. and W. Kipondya, Urban household energy use in Tanzania. Energy Policy, 1993. May: p. 454-473. 
(1990); R. Ghanadan, unpublished (2004)

Monthly Cooking Cost: Dar es Salaam, Tanzania: 1990 
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Energetic Drivers of Charcoal Production:

Biomass àCharcoal (at low or 
variable efficiency)
– High calorific value

– Requires less attention to cook 

– Emits less smoke

– More economical to transport

– Purchased in small (often daily) 
quantities

Preferred by urban consumers 
– 82% of urban households use 

charcoal

– Avg. annual consumption ~150 
kg/per person



Landsat images showing the expansion of mechanized farming in Narok

From Serneels and Lambin (2004) http://www.geo.ucl.ac.be/Recherche/Teledetection/Projects/Serneels_Serengeti.html

Evidence of Land Conversion

19751995

http://www.geo.ucl.ac.be/Recherche/Teledetection/Projects/Serneels_Serengeti.html


Charcoal Trade Now Under Scrutiny

Social-ecological Impacts:
– Over 200,000 people employed in Kenya

– ~ $300 million in annual revenue 
(equivalent to tourism)

– Extensive but poorly characterized supply 
chains

– Ambiguous and inconsistent regulations 

– Strong association with environmental 
degradation



Distribution of revenues of charcoal 
sold in Nairobi

Charcoal makers 17-20%

Transporters ~15%

Buyers 8-18%

Police (bribes) 20-30%

Others 27-30%

includes vendors, brokers,            
and local gov’t

Government of Kenya 0%
No funding for R&D, enforcement of 
regulations, replacing harvested trees, or 
developing alternative feedstocks

(Bailis, 2005)



Carbon Emissions from 
Charcoal Production & Use

Carbon in grams is shown in brackets; followed by the global warming potential on a 100-year time horizon 

Data from Smith and Thorneloe, 1992; Lacaux, et al, 1994.  NMHC = Non methane hydrocarbons.
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Atmospheric impacts of biofuels
(100 life-cycle analysis: CO2, CH4, CO, …) 

Global warming impact (GWI) from production and end-use of common household cooking fuels
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Impact of Smoke from woodfuels: 
a leading risk factor for mortality in SSA

Sub-Saharan Africa (a total of ~10.4 million deaths in 2000)

Other causes
41%

Indoor smoke 
from solid fuels

4% Unsafe water
6%

Malnutrition  
28%

Unsafe sex
21%Adapted from  Ezzati, et al. 2002



• Health examinations 
for all major diseases

• Detailed 
monitoring of both 
personal and 
ambient pollution

• Research and community 
testing of stoves

• Stove 
markets & 
local 
businesses

Stove Science and Stove Services
Laikipia, Kenya (1992 - 1998)
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Cookstove Market Programs

QuickTime™ and a
Photo - JPEG decompressor

are needed to see this picture.

The Chula: > 8 million in India The Kenya Jiko: > 1 million 



Targeting urban 
slums for “market 
expansion”



QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.



Energy Awareness Calendars: 
Produced for the East African market

“Mr. and Mrs. Kanogo need to talk about household energy”



Household Allocation of 
Solar Electricity

Chinese Great Wall DC TV ($US 50)

• Lighting
• Television
• Radio
• Cellular Phone Charging



Solar Advertising in Kenya

70 Shillings (Ksh)/dollar: 12,435 Ksh = $170 

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.



Kenya Solar Market Growth
(largest developing nation market per/capita)
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Duke, Richard. D, Jacobson, Arne, and Daniel M. Kammen (2002) “Product quality in the Kenyan solar home 
industry”, Energy Policy, 30 (6), 477-499



U. of Nairobi Test Site



Staebler Wronski Degradation for a 
New NAPS aSi PV Module
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Results of Market Study:
> 150 systems surveyed in the field
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Kenya Solar Market Growth
(largest LDC market per/capita)

• SHS market grew out of donor aid market in 1980s
• Infrastructure & capacity building support key for sustained growth

14 W aSi panel

Jacobson, Energy Policy, in press.
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Jacobson & Kammen, (2005) in press

A New ‘Bad Actor’ Has Entered the Market
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Federal under-investment in energy 
is a tragedy, and an opportunity

PCAST (1997); Margolis & Kammen, Science (1999)



Private Sector R&D Investment in Health and Energy
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Kammen and Nemet (2005) Issues in Science & Technology

Citations Received per Patent
"Energy Sector" vs. All Patents
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New patents:
Short citation 
history

1975 - 1990: Energy patents 
cited > 30% less than 
patents as a whole.



Andrew Singer (Cornell ‘87)

Life Magazine, 1962



Low-cost opportunities exist to improve local 
environments and health, and build clean energy 
economies.
– Biomass combustion & gassification

– Solar & wind energy systems across application scales

– Local smart mini-grids

Energy challenges link developed and developing nations, 
and we won’t discover or act on these issues without 
making this area a priority

Opportunities & Directions



World PV Module Shipments 
(Megawatts)

(25% annual growth for 10+ years)

2003 Annual growth: 34%; 50% in 2004 (to 1200 MW)

Today: global PV production is equivalent (MW) to one large fossil-fuel power plant/year
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Sub-Saharan Africa’s 
population
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Solar Energy for  
Many Applications

Moscone Center: 675,000 W

Kenyan PV market:

Average system: 18W

Kammen home: 2400 W

Key finding: Investment in 
solar energy research and 
deployment pays dividends 
for many applications and 
for businesses across scales.



English:  "Do not buy  a solar pane l or ba ttery w ithou t offi cial writt en information from the
manu facturer and  a gu aran tee.  Keep the  gua rantee and receipts for you r solar pane l and
ba ttery in a safe p lace - you  may need them to return the  equ ipment later if ther e is  a
problem!"

Swahil i: "Us inunu e sola au be tri ambazo  haz ina  che ti cha u rekeb isha ji au  tarifa  rasmi
kutoka  kwa w atengenez aji wa b idhaa h izo. Weka hi zo karatasi vizuri kw a sababu
zitaku saidia ku rudisha  vifaa v ikileta shida baaday e."

Energy Calendar & Industry Workshops:

Extension Efforts



Regional Analysis of Energy Futures in Africa

Scenario Household fuel
choice pattern

Woodfuel
harvest and
charcoal
production

Definitions

Group 1: Business as usual scenarios

Business-as-usual
(BAU) Unsustainable

The proportion of people in rural and urban areas using each fuel remains
unchanged from the baseline year.
20% of trees removed for charcoal and 80% for wood regenerate.

Sustainable BAU
(BAU-S)

Little change
from current
patterns in rural
and urban areas

Fully
sustainable by
2050

Increase in the proportion of trees harvested sustainably as well as in the
use of improved (high-efficiency) charcoal kilns. By 2050, tree regeneration
reaches 80% for charcoal harvesting and 100% for firewood harvesting.

Group 2: Charcoal intensive scenarios

Charcoal (C) Unsustainable
Linear transition from wood to charcoal in both urban and rural areas
In 2 050 approximately 80% of urban households and 40% of rural
households are using charcoal (61% of the total population).

Sustainable
charcoal (C-S)

Fully
sustainable by
2050

By 2050, tree regeneration reaches 80% for charcoal production and 100%
for firewood harvest; all charcoal efficiently produced.

Rapid charcoal
(RC) Unsustainable

Firewood users decreases by 40% in rural areas and by 100% in urban areas
In 2010, (52% of the total population).
By 2050, the fraction of the population using charcoal increases to 64%.

Rapid sustainable
charcoal (RC-S)

Large shift from
wood to
charcoal with
minimal use of
fossil fuels

Fully
sustainable by
2010

Tree regeneration reaches 80% for charcoal production and 100% for
firewood harvest; 100% of charcoal production in high-efficiency kilns.

Group 3: Fossil fuel intensive scenarios

Fossil-fuel (F) Unsustainable
Firewood and charcoal users switch gradually to LPG/kerosene.
Fossil fuel use = 54% in 2050.

Rapid fossil-fuel
(RF)

Large shift from
wood and
charcoal to
petroleum-based
fossil fuels

Unsustainable RF follows a similar pattern as scenario F, but at an accelerated pace..
Fossil fuel use = 63% in 2050.



Results of GHG emissions

Total emissions in each scenario
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Africa is Undergoing 
Dramatic Power Sector Reforms (privatization)

70
3
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No. of Countries

Total
North America
South America
Asia & Australia
Central & Eastern Europe
Western Europe
Africa & Middle East

Region

Source: Bacon, R.W. and J. Besant-Jones, Global Electric Power Reform, Privatization and 
Liberalization of the Electric Power Industry in Developing Countries. Annual Review of Energy and 
the Environment, 2001. 26: p. 331-359.



Co-Conspirators

Students: 
Biomass Energy: Rob Bailis (ERG → Yale FES)

Majid Ezzati (Harvard SPH)
Solar Energy: Arne Jacobson (HSU/SERC)

Rebecca Ghanadan (ERG)
Charles Kirubi (ERG/Kenyatta)

Energy R&D: Greg Nemet (ERG)
Carla Peterman (ERG)

University of California, Berkeley • Renewable and Approprate Energy Laboratory • http:// socrates.berkeley.edu/~rael
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Putting Renewa bles to Work:
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Clean Energy Industry
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Report 
available
at:

Finding:

Investments in 
energy 
efficiency and 
renewables 
creates 3 - 5 
times more jobs 
than similar 
investments in 
fossil fuel 
energy systems

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


Narok District feeds Urban 
Energy Demand (R. Bailis)

Narok Case Study

25% of Nairobi’s charcoal is 
produced in Narok, but only became 
major source in the past 5 years

1963 -1990s

Land tenure in Narok evolved from 
group tenure to freehold tenure

Shift in economic focus from mostly 
pastoral to commercial grain and 
subsistence cultivation

1999-2005

Charcoal makers arrive in district en 
masse. Facilitate LUC by lowering 
the cost of clearing land.

Nairobi
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Hospital care (respiratory illnesses) $300 - 1,000/DALY
Vehicle improvement programs $100 -250/DALY
Anti-smoking campaigns $35- 75/DALY (African settings)
Immunizations $5 - 25/DALY

Stove programs
• Improved biomass stoves: $5 - 25 per DALY
• Addition of chimneys: $? per  DALY
• Use of kerosene and LPG:       $150-200 per DALY

GHG Management (not the primary motivation in Africa)
• Sustainable forestry has tremendous benefits and low costs (~ $5/t 

Carbon)
• Improved stove (& charcoal kiln) programs also at very low cost 

Project or Program Costs/DALY
(DALY - disability adjusted life year)



Summing up regional impacts

Mortality: ~ 10 million deaths from LRI and COPD
– Gradual transition to charcoal or fossil fuels avoids 1 - 1.3 million 

deaths

– Rapid transition to charcoal or fossil fuels avoids 2.8 - 3.7 million 
deaths

GHGs: ~ 6.7 GtC (CO2 equivalent units using 100-yr GWP)
– Pace of transition not as important

– Transition to fossil fuels decrease emissions 1 – 10 %

– Transition to charcoal with current production practices increases 
emissions 140 – 190 %

– Charcoal transition with sustainable harvesting and improved 
production only increases emissions by 5 – 36 % 



aSi PV Module Output vs. Age 
(years)
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Photovoltaic IV Curve Basics
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LRI: Lower respiratory illness

COPD: Chronic obstructive
pulmonary disease

Millions of Lives Can be Saved with 
transitions to ….


