
mORNL-6640
 

OAK RIDGE 
NATIONAL 
LABORATORY Greenhouse Gas Emissions in 

Sub-Saharan Africa 

R. L. Graham 

R. D. Perlack 
A. M. G. Prasad 

J. W. Ranney 
D. B. Waddle 

OPERATED BY"
 
MARTIN MARIETTA ENERGY SYSTEMS, INC. 
Fnp,THE UNITEr STATES 
DEPARTMENT OF ENERGY 



This report has been reproduced dii ectly from the best available copy. 

Available to DOE and DOE contractors from the Office of Scientific and Techni
cal Information, P.O. Box 62, Oak Ridge, TN 37831; prices available from (615) 
576-8401, FTS 626-8401. 

Available to the public from the National Technical Information Service, U.S. 
Department of Commerce, 5285 Port Royal Rd,,Springfield, VA 22161. 

NTIS price codes--Printed Copy: _8il_ Microfiche A01 

This report was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States Government nor any 
agency thereof, nor any of their employees, makes any warranty, express or 
implied, or assumes any legal liability or responsibility for the accuracy, com
pleteress, or usefulness of any information, apparatus, product, or process dir
closed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service b? 
trade name, trademark, manufacturer, or otherwise, does not necessarily consti
tute or imply its endornoment, recommendation, or favoring by the United States 
Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



ORNL-6640 

GREENHOUSE GAS EMISSIONS IN SUB-SAHARAN AFRICA 

Robin L. Graham
 
Robert D. Perlack
 

Anantha M. G. Prasad
 
Jack W. Ranney
 

Daniel B. Waddle
 

DATE PUBLISHED - November 1990
 

Prepared for the
 
Office of Technical Resources
 

Bureau for Africa
 
Agency for International Development
 

Prepared by the
 
OAK RIDGE NATIONAL LABORATORY
 

Oak Ridge, Tennessee 37831-6285
 
operated by
 

MARTIN MARIETTA ENERGY SYSTEMS, INC.
 
for the
 

U.S. DEPARTMENT OF ENERGY 
under contract DE-AC05-84OR21400 



CONTENTS
 

LIST OF FIGURES ..................................................... 	 v
 

LIST OF TABLES ...................................................... 	 vii
 

ACKNOWLEDGMENTS ................................................. 	 ix
 

SUMMARY ............................................................ 	 xi
 

1. 	 INTRODUCTION ................................................. 1
 
1.1 	 DESCRIPTION OF THE STUDY AREA ......................... 1
 
1.2 	 JUSTIFICATION FOR CARBON DIOXIDE EMPHASIS ............ 1
 
1.3 	 GENERAL APPROACH ..................................... 3
 
1.4 	 STUDY TEAM ORGANIZATION .............................. 4
 
1.5 	 REPORT ORGANIZATION ................................... 4
 

2. 	 GREENHOUSE GASES AND VEGETATION IN SUB-SAHARAN AFRICA .. 5
 
2.1 	 THE GREENHOUSE CONCEPT .............................. 5
 
2.2 	 GREENHOUSE GASES FROM SUB-SAHARAN AFRICA ......... 10
 
2.3 	 CARBON CYCLING AND TERRESTRIAL VEGETATION ........ 10
 

2.3.1 	 Plant-Level Carbon Dynamics ........................... 11
 
2.3.2 	 Ecosystem-Level Carbon Dynamics ....................... 11
 
2.3.3 	 Landscape and Regional Carbon
 

Dynam ics ........................................... 12
 
2.3.4 	 Vegetation and the Global Carbon Cycle .................. 13
 

2.4 	 FORESTS AND LAND USE IN SUB-SAHARAN AFRICA .......... 13
 
2.4.1 	 Sub-Saharan Forests ................................... 13
 
2.4.2 	 Land Use Options in Sub-Saharan
 

Africa .............................................. 14
 

3. 	 ENERGY-SECTOR EMISSIONS .................................... 19
 
3.1 	 ENERGY-SECTOR OVERVIEW .............................. 19
 
3.2 	 CARBON EMISSIONS FROM ENERGY CONVERSION ........... 20
 
3.3 	 FIND INGS ................................................ 21
 
3.4 	 EMISSION-REDUCTION OPPORTUNITIES .................... 28
 

4. BIOLOGICAL CARBON ESTIMATES AND IMPACTS ..................... 	 33
 
4.1 	 INTRODUCTION .......................................... 33
 

4.1.1 	 Objectives ........................................... 33
 
4.1.2 	 General Overview ..................................... 33
 

4.2 	 MODELING BACKGROUND ................................ 34
 
4.2.1 	 Base-Case Modeling Approach ........................... 34
 
4.2.2 	 Data Sources ........................................ 35
 
4.2.3 	 Modeling with Geographical
 

Specificity .......................................... 38
 

iii 



CONTENTS (continued) 

Page 

4.3 	 COMPONENTS OF THE CARBON INVENTORY AND
 
EMISSION MODEL ...................................... 41
 

4.3.1 	 Modeling Land-Use Dynamics ............................ 41
 
4.3.2 	 Modeling Carbon Inventory .............................. 47
 
4.3.3 	 Modeling Annual Carbon Emissions ....................... 54
 

4.4 	 BASE-CASE MODELING RESULTS ........................... 54
 
4.5 	 COMPARISON OF METHODOLOGY AND RESULTS WITH
 

OTHER APPROACHES ................................... 58
 
4.6 	 EVALUATION OF LAND-USE MANAGEMENT OPTIONS ........ 64
 

4.6.1 	 Preservation of Natural Forests .......................... 64
 
4.6.2 	 Agroforestry and Fue!wood ............................. 71
 
4.6.3 	 Industrial Reforestation ................................. 78
 
4.6.4 	 Comparison of Land-Use Options ......................... 83
 

4.7 	 REMOTE SENSING RESULTS ............................... 86
 
4.7.1 	 Comparison of AVHRR Interpretation of Forest
 

and Savanna (Open Land) of Central Africa and
 
FAO Vegetation Map .................................. 86
 

4.7.2 	 Landsat Analysis of Land-Cover Change
 
in Central Africa ...................................... 89
 

5. 	 CONCLUSIONS AND LIMITATIONS ................................ 95
 
5.1 	 CONCLUSIONS ........................................... 95
 
5.2 	 STUDY LIMITATIONS ..................................... 99
 

5.2.1 	 Data Deficiencies ..................................... 99
 
5.2.2 	 GIS Analysis Deficiencies ............................... 100
 

APPENDIX 1. 	 CONVERSION FACTORS AND ENERGY VALUES USED
 
IN ENERGY ANALYSIS .............................. 103
 

APPENDIX 2. 	 ENERGY CONSUMPTION BY COUNTRY ............... 107
 

APPENDIX 3. 	 COMPARISON OF FAO AND AVHRR VEGETATION
 

115MAPS .............................................. 


REFERENCES ........................................................ 	 125
 

iv 



LIST OF FIGURES
 

Figure 	 Page 

1 	 Countries included in this study ...................................... 2
 

2 	 Global greenhouse gas emissions, their relative heating
 
contributions and their geographic distribution ........................... 9
 

3 	 Annual energy consumption in Sub-Saharan Africa assuming
 
unconstrained growth .... ........................................ 26
 

4 	 Annual energy consumption in Sub-Sarahan Africa assuming
 
implementation of energy conservation program ......................... 27
 

5 	 Energy sector carbon emissions in Sub-Saharan Africa
 
compared to global totals .......................................... 29
 

6 	 Illustration of point sampling strategy used
 
in characterizing geographic variability in carbon
 
emissions and inventory in Sub-Saharan Africa .......................... .39
 

7 	 Country-zone map ................................................ 40
 

8 	 Overlaying digital maps in a geographic information
 
system to extract variables and create a data base ........................ 42
 

9 	 Major steps involved in the methodology for predicting carbon
 
emission and inventory ............................................ 43
 

10 	 Flow chart of SAS@ program for predicting carbon
 
emissions and inventory ............................................ 44
 

11 	 Model of land-use dynamics used to predict carbon
 
emissions and inventory ............................................. 45
 

12 	 An example illustrating model calculations of carbon
 
emission and inventory at a point, Lt time t ?.nd t+1 ...................... 48
 

13 	 Emissions from the top three carbon-emitting countries
 
from 1985 to 2001 ................................................ 57
 

14 	 Carbon emissions from Sub-Saharan Africa with and without forest preservation . 66
 

15 	 Comparison of average annual emissions from Sub-Sarahan
 
Africa between 1991 and 2001 under different forest
 
preservation scenarios ............................................. 68
 

v 



LIST OF FIGURES (continued) 

16 	 (a) Location of pairs of Landsat imagery and (b) subsites with
 
Landsat scenes of Central African Republic ............................ 91
 

vi
 



LIST OF TABLES
 

Table Pae 

1 Characteristics of the major greenhouse gases ............................ 6 

2 Annual global emissions budget estimates for four radiatively 
important gases ................................................... 7 

3 Energy use in thousands of tonnes oil equivalent ......................... 22 

4 Power sector statistics ............................................. 23 

5 Carbon emissions by year (in millions of tonnes of carbon) ................. 25 

6 Data bases used in modeling carbon inventory and emissions in 
Sub-Saharan Africa ............................................... 36 

7 Dominant vegetation types in the Sub-Saharan portion of the 
FAO-UNEP vegetation map of Africa ................................. 37 

8 Assumed crop and fallow years for each country and zone .................. 51 

9 Rules used to assign carbon values to land-use classes at each 
point on the basis of initial (1985) point land use ........................ 53 

10 Example of point calculation of carbon inventory for a 
partially forested point in Zaire in 1991 ................................ 55 

11 Base case model predictions of carbon emission and inventory 
(millions of tonnes) in Sub-Saharqn Africa in 1985, 1993, and 2001 ........... 56 

12 Base case model predictions of carbon emissions from 1991 to 2001 
in the 10 largest carbon-emitting countries of Sub-Saharan Africa ............ 59 

13 Comparison and ranking of carbon emissions (tonnes C/ha) among 
the countries of Sub-Saharan Africa in terms of carbon released 
per hectare in 1985, 1993, and 2001 .................................. 60 

14 Comparison and ranking of carbon emissions predicted by A.I.D. 
model and Houghton models ........................................ 62 

vii 



LIST OF TABLES (continued) 

Table Pae 

15 Additional land (millions of hectares) in forests in 
2001 under different deforestation reduction scenarios with 
recovery of degraded vegetation ..................................... 69 

16 Countries and zones in which agroforestry was implemented ................ 73 

17 Land under agroforestry in 2001 in countries and zones of 
Sub-. haran Africa ............................................... 75 

18 Carbon inven'ory and emissions (millions of tonnes) 
under different agroforcstry scenarios compared to the base case ............ 77 

19 Area of nonforest land in the three plantation suitability 
classes by count:y and zone ......................................... 81 

20 Amount of carbon (in millions of tonnes) that would be 
stored annually under each of the four plantation scenarios ................. 84 

21 Amount of land (in thousands of hectares) that would be planted 
each year under each plantation scenario .............................. 85 

22 Grouping of FAO vegetation classes occurring in cerItral 
Africa into three land cover classes ................................... 87 

23 Correspondence matrix of AVHRR class values and FAO class values ........ 88 

24 Date and location of Landsat MSS and SPOT imagery used in 
land-cover ;:hange analysis .. ....................................... 90 

25 Vegetation cover and forest change statistics of six Central 
African Republic subsites .......................................... 94 

viii 



ACKNOWLEDGMENTS 

Information and assistance is gratefully acknowledged from the individuals and 
instiutions listed below. 

K.D. Singh 
Dora DeCoursey 
Andrew Millington 
Richard Saull 
Michel Leveriere 
Bob Winterbottom 
Tom Holme 
Don Moore 
Tom Loveland 
Jeff Goodson 
Tom McShane 
Richard Carol 
Barry Henrickson 
Harvey Croze 
Ron Witt 
Tom Comeau 
Louis Iverson 
William Sprinsky 
Sandra Brown 
Chris Rovero 
Steven Borgelt 
William F. Barron 
Cathy Gaudreau 
Polly Henry 

FAO, Rome, Italy 
FAO, Rome, Italy 
U. of Reading, U.K. 
U. of Reading, U.K. 
CIDA, Quebec, Canada 
World Resources Institute, Washington, D.C. 
USGS, EROS Data Center 
USGS, EROS Data Center 
USGS, EPOS Data Center 
A.I.D., Abidjan, Ivory Coast 
World Wildlife Fund, Washii-gton, D.C. 
World Wildlife Fund, Washington, D.C. 
IEGAD, Nairobi, Kenya 
GRID, Ncirobi, Kenya 
GRID, GenJeva, Switzerland 
TYDAC, Co. (formerly Environment Canada) 
Illinois Natural History Survey 
Texas A&M University 
U. of Illinois 
Oak Ridge Associated Universities 
U. of Missouri 
U. of Hong Kong 
Oak Ridge National Laboratory 
Oak Ridge National Laboratory 

ix 



SUMMARY 

Current and future carbon emissions from land-use change and energy consumption 
were analyzed for Sub-Saharan Africa. The energy sector analysis was based on UN energy 
data tapes while the land-use analysis was based on a spatially-explicit land-use model 
developed specifically for this project. The impacts of different energy and land-use strategies 
on future carbon emissions were considered. (A review of anthropogenic emissions of 
methane, nitrous oxides, and chlorofluorocarbons in Sub-Saharan Africa indicated that they 
were probably minor in both a global and a regional context. The study therefore was focused 
on emissions of carbon dioxide.) 

The land-use model predicts carbon emissions from land use change and the amount 
of carbon stored in vegetation (carbon inventory) on a yearly basis between 1985 and 2001. 
Emissions and inventory are modeled at 9000 regularly-spaced point locations in Sub-Saharan 
Africa using location-specific information on vegetation type, soils, climate, and deforestation. 
Vegetation, soils, and climate information were derived from continental-scale maps while 
relative deforestation rates (% of forest land lost each year) were developed from country
specific forest and deforestation statistics (FAO Tropical Forest Resources Assessment for 
Africa, 1980). Point estimates were aggregated to make country estimates and in some cases 
subcountry estimates. All emissions of carbon sequestering per unit hectare were assumed to 
accrue the year of land-use conversion. The temporal dynamics of plantation growth or 
decomposition were not modeled. This simplification facilitated comparison between different 
land-use strategies. The carbon emissions under different land use strategies in Sub-Saharan 
Africa were analyzed by modifying deforestation rates and altering the amount of carbon 
stored under different land uses. The considered strategies were: preservation of existing 
forests, implementation of agroforestry, and establishment of industrial tree plantations. 
These three management options were chosen to address the root causes of deforestation in 
Sub-Saharan Africa - agricultural encroachment, fuelwood demand, and logging. The validity 
of the model was evaluated by comparing the model emission predictions, assuming current 
land use trends, with current emission values predicted by other studies. The model 
predictions were within the bounded estimates of the other studies. 

Using current land-use trends, the land-use model results show that three countries 
(Ivory Coast, Zaire, and Nigeria) alone contributed over 50% of 1985 carbon emissions from 
land use change in Sub-Saharan Africa. The Ivory Coast and Nigeria emissions are predicted 
to decline rapidly over time as their rapid rates of deforestation (7% and 3% loss per year) 
deplete their forest base. Emissions from Zaire do not decline rapidly because of its vast 
forest areas and its current low rate of deforestation (only 0.2% loss per year). Angola, the 
Central African Republic, Congo, and Gabon are also similar to Zaire, having low emission 
rates (respectively, 0.18%, 0.15%, 0.1% and 0.07% loss per year) with sizable forest areas. 
For all of the Sub-Saharan countries examined, total carbon emissions from deforestation are 
estimated at approximately 200 million tonnes in 1985. This total is projected to decline to 
about 140 million tonnes in 2001 assuming no change in deforestation rates - a result of 
continued deforestation and reduction in forest area. Over the 1985 to 2001 study period, 
carbon emissions are projected to average approximately 165 million tonnes per year. These 
land-based emissions represent only a small fraction of current total global emissions of carbon 
but a significant fraction (about 20%) of carbon emissions from global tropical deforestation. 
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If deforestation accelerated in Zaire and the other countries of the Congo basin, land
based emissions from Sub-Saharan Africa could become much more significant in a global 
context. For example, a tripling of Zaire's deforestation rate to 0.6%/year, still far below that 
of the Ivory Coast or Nigeria, would cause carbon emissions from Sub-Saharan Africa to 
increase by 30%. If Zaire's deforestation rate was the same as the Ivory Coast, emissions 
would be 500 million tonnc s of carbon per year or about a tenth the current global fossil fuel 
emissions. The current deforestation statistics for Zaire are old (pre-1980) and based on 
incomplete information. If timber extraction increases significantly, as it may due to reduced 
logging in Brazil and Asia, then emissions from Zaire could increase substantially. Quality 
information and statistics on land-use and land-use trends are badly needed to arcertain the 
real risk in this region. Current emissions from land-use change must also be considered in 
their historic context. Considerable loss of forest land has already occurred in Sub-Saharan 
Africa. The closed forests that banded western Africa are now largely gone. The only 
remaining extensive tracts of intact forest are in central Africa. 

Of the three land use options for reducing carbon emissions, aggressive forest 
protection (total halt of deforestation in conjunction with rccovery of degraded forest) yielded 
the greatest carbon benefit. Under this option, average annual carbon emissions between 
1991 and 2001 change from 152 million tonncs to a net sequestering of 62 million tonnes each 
year as degraded forests put on new growth and sequester new carbon. Halving current 
deforestation rates but allowing the existing forest to recover would reduce net emissions to 
21 million tonnes per year. The estimate of carbon sequestering potential with forest 
preservation is conservative as the estimates of both the extent of degraded forest and the 
degree of degradation are conservative. More carbon, perhaps as much as 2 or 3 times more, 
could be sequestered during the recovery of degraded forests. Unfortunately, the potential to 
store carbon in new tree growth quickly diminishes as the forests reach full recovery and 
would disappear withir a few decades. It should also be noted that the preservation scenario 
is not a restoration scenario. That is, existing forest is preserved but former forest-land is not 
restored to forest. 

Widespread adoption of agroforestry also yielded significant reductions in carbon 
emissions. Assuming a high level of adoption (4% of the agricultural land was converted to 
agroforestry each year) and assuming the agroforestry site contained 40% of the tree biomass 
that would be encountered in an industrial plantation, the model predicted that Sub-Sahacan 
carbon emissions would drop from an average of 152 to 20.2 million tones per year. A more 
realistic, but still optimistic, adoption rate of 2% per year and a lower tree biomass 
assumption (20% of the biomass of an industrial plantation) reduced emissions to 114 million 
tonnes per year. 

Establishment of industrial plantation worests, assuming implementation rates 
comparable to those recommended by the Tropical Forestry Action Plan, are predicted to 
reduce regional carbon emissions by 5 million tonnes per year. Assuming that 0.1% of all land 
biologically capable of supporting industrial plantations (this includes the agricultural land 
base but excludes current forest land) was converted to plantation annually, the annual carbon 
savings were predicted to be about 10 million tonnes per year. Offsetting all industrial 
roundwood removals with plantations would save about 18 million tonnes of carbon annually. 
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The minimum costs for implementing these options were estimated to range between 
$25 and $115/ha for preservation, $50 and $150/ha for agroforestry, and $560 and $1,060/ha
for industrial plantations. These costs are for direct expenses (e.g., seedlings, extension, 
management) and do not account for institutional constraints (e.g., land tenure arrangements);
the need to purchase land; aud other location specific factors. In comparing among the three 
land-use options, industrial reforestation is perhaps 1he most easily implemented, although the 
cost per tonne of sequestered carbon is higher ($.I to $22/tonne) than for preservation ($3 to 
$15/tonne) and agroforestry ($2 to $10/tonne). However, implementing any of these land-use 
options will depend on population density and rates of population growth (natural growth,
migration, or resettlement) as well on other factors, such as customs and policies affecting the 
allocation of land and tenure, access to markets (i.e., infrastructure), foreign debt, government
policies designed to generate foreign exchange from cash crops and timber exports, the 
availability of inputs and local technical skills for intensifying agriculture, and the adequacy of 
institutions to manage these problems. 

Several general land-use policy recommendations can be made on the basis of these 
findings, although specific policy recommendations are not appropriate given the very broad 
and ,eneral scope of this study. First, the Congo basin of Central Africa shelters an 
enormous pool of carbon in vegetation. The countries of Zaire, Gabon, Angola, Central 
Africa Republic, Cameroon, and Congo contain over half the forest carbon of Sub-Saharan 
Africa - about 30,000 million tonnes of carbon. Due to inaccessibility and fairly low 
population pressures, this pool is still largely intact. However, it could suffer the fate of the 
Amazon basin with similar carbon emissions if transportation access improves and 
governments do not reevaluate their overly lenient timber concession policies. Policies that 
promote the maintenance of this carbon pool. such as controlled logging, reforestation, 
reduction of agricultural and fuelwood pressures, should be pursued. Second, the information 
base upon which to develop sound specific policies is extremely limited for Central Africa. 
Development of that information base should take high priority. Finally, as elsewhere in the 
tropics, deforestation in Sub-Saharan Africa is driven by agriculture, fuelwood needs, and 
international wood markets. These issues must be addressed if deforestation is to be 
successfully controlled and reforestation or afforestation implemented. 

The analysis of the energy sector in Sub-Saharan Africa indicates that fossil fuel 
carbon emissions do not and probably will not play a major role in global carbon inventory
changes. However, it is also apparent that emissions could be reduced through a variety of 
energy conservation and fuel substitution programs. While energy conservation and efficiency 
programs could not be justified in terms of reducing global carbon emissions, these programs
often represent sound financial and economic investments for energy sector institutions. 
Investments in power-plant rehabilitation, line-loss reduction, and end-use conservation may
have the effect of reducing fuel costs, reducing outlays for capital equipment, and, of course, 
concurrently reducing emissions from utilities and large industries. 

Similarly, transportation efficiency programs reduce the amount of exhaust gas
emissions per passenger mile. Stove efficiency programs may provide a deforestation credit, as 
well as reduce household emissions of carbon. Power sector development programs with 
greater emphasis on hydropower and renewable fuels may have significant impacts on future 
emissions, but it should be noted that overall power sector reliability will require a fixed 
percentage of firm capacity. As demand grows for electric energy and as consumer needs and 
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expectations evolve with respect to reliability, electric power utilities will be forced to invest in 
both thermal and hydro resources. Investments in hydroelectric power generation appear to 
be tie most attractive non-fossil technology option, from a resource availability perspective. 
Power generation from biomass resources could be pursued in selected areas where waste 
products are abundant, but with respect to global emissions, these options are relatihely 
iisignificant. 
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1. INTRODUCTION 

This study addresses Sub-Saharan Africa's potential to reduce greenhouse gas fluxes,
principally carbon dioxide. Management of vegetation and fossil fuel trends are evaluated,
with the former receiving the major emphasis. The study also estimates the costs of land-use 
management options for reducing carbon emissions and increasing inventories of carbon from
vegetation. Specific land-use management options that are analyzed include preservation
(decreasing deforestation and degradation), agroforestry and fuelwood, and industrial wood 
plantations. In general, this study addresses the magnitude and context of Sub-Saharan 
carbon emissions from vegetation and i energy sector, the effect of land-use management
options on reducing carbon emissions and the likcly effectiveness of these options, and the 
implementation costs of various mitigation strategies. 

1.1 DESCRIPTION OF THE STUDY AREA 

Sub-Saharan Africa (Fig. 1) is more than two and one-half times larger than the 
United States and is occupied by many nations, ecological zones, and socioeconomic regions.'
Development concerns are enormous  1.out of the world's top 20 poorest countries in per
capita income are found in the area. Sub-Saharan Africa is not only complex but dynamic.
Important changes involve population, rural land use, urbanization, and energy development.
The region is also one of the most poorly understood areas of the world with respect to land
use change, degree and quality of vegetative cover, and natural resource depletion. With the 
world's third largest area of moist tropical forest and the world's largest area of open forest 
and savanna-woodland, it is imperative to better quantify the trends and risks associated with 
changes in vegetative cover and carbon dioxide emissions. 

1.2 JUSTIFICATION FOR CARBON DIOXIDE EMPHASIS 

Current estimates of greenhouse gas emissions from Africa strongly suggest that 
anthropogenic emissions of methane, ii'rou.s oxides, and chlorofluorocarbons are minor in
both a global and a regional context. Tls study, therefore, concentrates on the most 
significant of the region's greenhouse gases, carbon dioxide, which is released when land with 
a high carbon inventory (i.e., forest) is converted to a land use with a low carbon inventory
(i.e., agriculture) or when fossil fuels are burned. Burning of savannas was not analyzed
because, altlough annual burning of savannas and grasslands releases enormous an'ounts of 
CO2, this CO 2 is presumably taken out of the atmosphere as vegetation grows back. Thus, 
savanna burning is not a net carbon emitter unless the repeated burnings or excessive grazing
greatly reduce the average carbon inventory. Since savannas do not store large amounts of 
carbon per unit area of land, degradation would have to be quite extreme for the carbon loss 
to be significant. 

'The geographic area included in the study is all of continental Africa and Madagascar
except the North African countries of West Sahara, Morocco, Tunisia, Algeria, Libya, and 
Egypt. Because of d'aa limitations, some countries were excluded fron; specific analyses. 
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Fig. 1. Countries included in this study.
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13 GENERAL APPROACH 

The methodology and scope of the land-use (vegetation) analysis explicitly ties carbon 
emissions to land-use change (vegetation change).2 By linking the carbon storage value of 
different land-use types to changes in the extent of those types, net carbon fluxes from land
use change are calculated. Tbree land-use categories (forest, forest-fallow agriculture, and 
nonforest) and their associated carbon storage are traced from 1985 to 2001 at 9000 point
locations in Sub-Sarahan Africa. At each point, carbon emissions from changes in the extent 
of the different land-use classes are cal...ated as the difference in carbon storage over time. 
From these point values of carbon storage and emissions, total changes in carbon storage and
emissions are compiled by country and zones within countries. Current land-use change is 
characterized by Food and Agriculture Organization of the United Nations (FAO) satistics on 
country-specific deforestation rates. Current land use is characterized by FAO vegetation 
maps and FAO country-specific statistics on forest and forest-fallow area. Carbon storage
values are characterized by algorithms relating carbon storage value to vegetation type, soil 
fertility, annual rainfall, and likelihood of degradation. Soil fertility, annual rainfall, and 
likelihood of degradation are characterized by FAO maps of climate, soil types, and
vegetation. To spatially synthesi..e the many dat sources, a geographic information system

(GIS) is used. Because of the great importance of the Congo Basin moist tropical forest,
 
remote sensing imagery is analyzed to examine deforestation processes in a few locations :n
 
Zaire and the Central African Republic.
 

Scale is one issue that is key to evaluating land-use management options to control
carbon emissions and increa:;e carbon inventory. Carbon inventory and land use must be 
linked to the local factors controlling them. National or continental statistics on land use or 
carbon storage are of little help in appreciating land trade-offs and management options
unless they are linked with specific processes and characteristics of change at the local level. 
By modeling land-use change at thousands of locations, the methodology employed to analyze 
biomass carbon balances explicitly incorporates this concern. 

In addition to the land-use analysis, an energy-sector analysis is made for all countries
 
in Sub-Saharan Africa including South Africa. 
 United Nations data of national fossil fuel 

2Vegetation can play two distinct roles with regard to the control of atmospheric carbon. 
The first is vegetation's role in storing or sequestering atmospheric carbon. Because
vegetation contains carbon and obtains carbon from the atmosphere, vegetation changes affect 
atmospheric carbon. If the amount of vegetation increases, carbon is lost from the 
atmosphere, i.e., the vegetation is sequestering carbon from the atmospheric carbon. Even if 
the amount of vegetation does not change, vegetation still stores carbon. The second role i
the use of vegetation-derived fuels to displace fossil fuel use, thereby reducing fossil fuel 
carbon emissions. The burning of vegetation-derived fuels (biomass fuels) such as fuelwood 
or charcoal has no net effect on atmospheric carbon concentrations as long as the biomass 
fuel is replaced by new vegetation of an equivalent carbon content. This study addresses the 
first role, that of sequestering carbon. Because fossil fuel use is relatively minor in developing
countries in Sub-Saharan Africa, its displacement with biomass fuel holds little immediate 
benefit. Also, virtually all fossil fuels are in the transportation and power sectors, which are 
very unlikely to substitute biomass as a fuel source. 
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emissions for 1987 are assessed and preliminary projections are developed to determine the 
region's relative role for fossil fuel emissions. 

1.4 STUDY TEAM ORGANIZATION 

Oak Ridge National Laboratory (ORNL) managed and directed the research effort, 
with other institutions playing major roles due to the multidisciplinary nature of the study. The 
Africa Bureau of the U.S. Agency for International Development (A.I.D.) provided financial 
and technical support, and Miami University (of Ohio) provided land-use analysis support. 
ORNL conducted the carbon inventory and and-v.e and ,'conomic analysis, contributed 
expertise from the U.S. Department of Energy's Biomass Production Program, and providea 
greenhouse gas emission data from the U.S. Department of Energy's Carbon Dioxide 
Information Center. The biomass carbon balance portion of the study was accomplished with 
the assistance of subcontracts with the University of Maryland (Dr. Chris Justice); Indiana 
State University (Drs. Paul Mausel, Susan Berta, and John Harrington, Jr.); and ESRI 
Company. Dr. Justice provided the vegetation map of Africa and provided information on the 
extent and boundaries of the closed forest of central equatorial Africa using AVHRR satellite 
imagery. Dr. Justice also assisted in developing the strategy for using satellite imagery and 
provided the SPOT imagery used in analyzing land-use change in Zaire. Drs. Paul Mausel, 
Susan Berta, and John Harrington were responsible for the forest-change analysis of Landsat 
imagery in the Central African Republic and Zaire. ESRI Company provided the GIS files of 
political boundaries of Africa and point locations, the flat files containing thz rainfall, and the 
soil u.iit classes extracted from digital versions of the FAO maps of climate and soil units. 
ESRI had developed these digital files for FAO in 1985 (ESRI 1985). 

1.5 REPORT ORGANIZATION 

This report is divided into topical charters starting with a brief description of 
greenhouse gas emissions, climate change, the carbon cycle and land use as they relate to Sub-
Saharan Africa. The study region's fossil fuel and fuelwood emissions are presented in the 
next chapter. The analysis of energy-sector emissions is followed by a detailed chapter on 
biomass carbon balances. This chapter describes the methodology, data, and modeling 
techniques used in defining land-use dynamics in the Sub-Saharan region, discusses land-use 
and economic factors influencing carbon emissions and their related costs, and relates the 
findings of the imagery analyses. The final chapter presents conclusions and discusses study 
limitations. Within the appendixes are energy conversion factors, tables on country energy
sector statistics and a comparison of FAO and AVHRR-based vegetation maps. 
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2. GREENHOUSE GASES AND VEGETATION IN 
SUB-SAHARAN AFRICA 

2.1 THE GREENHOUSE CONCEPT 

Greenhouse gases act like a semipermeable membrane in the atmosphere that allows 
energy from the sun to pass through the atmosphere almost uninhibited (except for some 
reflectivity from clouds and the earth itself). As this energy warms the earth's surface, heat is 
reradiated back into the atmosphere as infrared radiation. Greenhouse gases absorb much of 
this infrared radiation, building up the heat in the atmosphere and preventing its escape into 
space (Solomon et al. 1985). This concept is real and has been verified on a global basis by
the atmospheric temperatures of Venus, Earth, and Mars. Without the greenhouse effect, the 
temperature of Earth would be 33"C colder, preventing the development of most life forms 
(Schneider 1989). 

While there is unanimity among the scientists that an increased concentration of 
greenhouse gases will result in a warmer climate, uncertainty exists in predicting the 
magnitude and timing of the warming. General circulation models (GCMs) indicate that a 
doubling of carbon dioxide, or an equivalent total increase of all other greenhouse gases,
would warm the earth's average surface temperature by 3.0 to 5.5'C (Schneider 1989).
However, the current ability of GCMs to accurately predict climatic change is debatable. The 
coarse spatial resolution of GCMs grossly simplifies or ignores important atmospheric 
processes such as turbulence, cloud formation, and precipitation that occur on a scale of tens 
to hundreds of kilometers.3 The coarse scale of the GCMs may hide the nature of feedback
 
loops that could either amplify or moderate the climatic change. Also, the treatment of
 
oceans (important regulators of climate) by the GCMs is not sufficiently rigorous (Schneider
 
1989).
 

The atmospheric concentrations of the earth's greenhouse gases have been increasing 
at a rate faster than in the geologic past. The gases of main concern are carbon dioxide,
chlorofluorocarbons (CFCs), methane, and nitrous oxide. Table 1 summarizes the relative 
importance of each of these gases and the rate at which each is increasing in the atmosphere.
Table 2 summarizes the current anthropogenic emissions of each of these gases. These 
emissions are above and beyond the natural cycling of greenhouse gases, which can be large as 
with carbon dioxide over 50 billion tonnes C/year)4 or nonexistent as with 
chlorofluorocarbons. These anthropogenic sources of gases are believed to be causing the 
changes in atmospheric concentrations. 

3GCMs model global climate by simulating climate in large grid cells. Each grid cell 

encompasses thousands of square kilometers of the earth's surface. 
4Inthis study the term tonne always denotes metric tonne (106g). 

5Each seasonal cycle of vegetation growth and death causes large positive and negative
fluxes of atmospheric CO 2. What is of interest, of course, is the anthropogenic flux which, 
although smaller, is always positive. 
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Table 1. Characteristics of the major greenhouse gases 

Gas 

Atmospheric 
concentration 

(ppm) 

Annual 
increase 

(%) 
Life sp

(yr) 
an' Relative effectb 

(C02 = 1) 

CO 2 351.3 0.4 250c 1 

CFCs .00022 5 10-120 22,000 

CH4 1.7 1 10 30 

NO 0.31 0.3 150 200 

'Life span is the average residence time in the atmosphere of a single molecule.
 
bRelative effect is the relative heat trapping capability of one molecule of a gas compared to CO2.
 

For instance a CFC molecule has 22,000 times the warming effect of one molecule of CO. 
'Carbon dioxide is a stable molecule in the atmosphere, in contrast with the other, more chemically 

reactive, greenhouse gases listed here. Rather than being removed by chemical reactions in the atmosphere, 
CO2 is removed by exchanges with the oceans and terrestrial biosphere. While Ramanathan ct al. (1985) and 
Flavin (1989) estimate the average residence time of atmospheric CO2 to be 2-4 years, recent carbon-cycle 
modeling [unpublished data from William R. Emanuel of Oak Ridge National Laboratory, based on the model 
described in Killough and Emanuel (1981] indicates that, following the cessation of anthropogenic CO2 

emissions, it would take approximately 250 years for the concentration of CO 2 to be reduced by two-thirds, 
as a result of transfer to the oceans. 

Source: Modified from Flavin, DOE. 1990. Energy and Climate Change: Report of the DOE Multi-
Laboratory Climate Change Committee. Lewis Publishers, Chelsea, Michigan. 
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Table 2. Annual global emissions budget estimates for four radiatively important gases 
C0o 2 CH 4 N20 CFCs 

Source (106 tonnes C) (106 tonnes C) (106 tonnes N) (106 tonnes) 

Energy (tota!) 484,6b 50 4.0c -a 

Production 

Gas 96 20
 

Coal 
 10 

Storage
 

End use
 

Residential/commercial 
 20 0.4
 

Industrial 3400' 
 1.2
 

Transport
 

Utilities 1350 2.4 
 -

Land-use changes 1300 20 0.5 -

Agriculture (total) _ 175 2.7 -

Savanna burning 30 0.4 -

Rice 70 . 

Fertilizer 0.8
 

Cultivated soils 
 - 1.5
 

Cattle 
 - 75
 

Chemical manufacture 
 0.77 
(total) _ _ _ 

Refrigeration - 0.25 

Foam-blowing uses - 0.24 

Aerosol spray uses 0.24 

Miscellaneous uses 0.05 

Grand Total 6146 245 7.2 -0.77 

'Dashes denote zero or not significant.
'Tbe total (4846) is probably an underestimate. Current fossil fuel carbon emissions are -550 106 tonnes C/yr.

"Tbis value is based on erroneous sampling techniques and is probably much lower (see discussion).
dResidential, Commercial, and Industrial sources are aggregared. 

Source: Modified from Darmstadter, J., and J. Edmonds, Human Development and CO2 Emissions: Current 
Picture and Long-Term Prospects. In N. J. Rosenberg et al. (eds.), Greenhouse Warming: Abatement and Adaptation, 1988. 
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Of the four leading greenhouse gases, only CFCs are man-made chemicals with no 
natural emissions source. CFCs are used primarily in refrigerants and aerosols (Table 2). 
Presently, CFCs come predominately from developed countries, although the potential exists 
for greater emissions of CFCs from developing countries in response to wider use of 
refrigerants and aerosols (Fig. 2). Methane comes from a wide variety of natural, se rainatural, 
and anthropogenic sources. Of the antbropogenic sources, ruminants (cattle), rice p'oduction, 
fossil fuels, and biomass burning are the most important (EPA 1989. DOE 1990). As might 
be expected, given many diffuse sources of methane, statistics on methane production are 
quite imprecise. The values listed in Table 2 have uncertainty estimates of + 40 to 50% 
(DOE 1990). Approximately 50% of these emissions are from developing countries (EPA 
1989). Atmospheric nitrous oxides originate from the burning of fossil fuels, soil cultivation, 
use of fertilizers, biomass burning, and land clearing. Again, these emission estimates are 
fraught with large uncertainties (+ 50 to 100%). Fossil fuel combustion has been traditionally 
cited as the dominant source of nitrous oxide emissions (EPA 1989), but more recent work 
(Cicerone 1989) indicates that the fossil-fuel contribution and the contribution from biomass 
burning may be much less than previously thought because the technique formerly used to 
sample nitrous oxide concentrations had an artifact that caused concentrations to be grossly 
over estimated. 

Global carbon dioxide emissions are an order of magnitude larger than the emissions 
of any other greenhouse gas. Carbon dioxide accounts for approximately half the anticipated 
atmospheric warming from greenhouse gases. Even though the gas is the least active per 
molecule of the gases mentioned, the large quantities produced by fossil fuel combustion, 
cement manufacturing, gas flaring, and deforestation make this gas predominant in 
atmospheric warming. The concentration of CO2 has increased from about 280 parts per 
million (ppm) in 1750 to about 350 ppm at present (DOE 1990). It is estimated that 
atmospheric concentration of CO 2 will reach about 600 ppm near the end of the 21st century. 
As might be expected, deforestation contributions are almost entirely from developing 
countries. Northern temperate and boreal forest may be actually sequestering carbon dioxide 
(Detwiler and Hall 1988). Fossil fuel emissions are largely from developed countries (EPA 
1989). The Lstimate of carbon emissions from fossil fuel is reasonably accurate, within + 10% 
(EPA 1989). The estimate of carbon dioxide emissions from deforestation (i.e., land-use 
change) is much less certain. Recent estimates range from a high of 4200 million tonnes of 
carbon to 400 million tonnes (Houghton et al. 1985a, Houghton et al. 1987, Detwiler and Hall 
1988). The most recent report states that carbon dioxide emissions from tropical 
deforestation are at least 400 million tonnes C/year but not more than 1600 million tonnes 
(Detwiler and Hall 1988). The wide range exists because of uncertainties about the following 
factors: the current extent of tropical forests, the rate of deforestation, the -..tent of 
permanent conversion (many logged forests revert to secondary forests), ,ne rate at which 
fallow vegetation is reverting to secondary forest, the fate of cleared vegetation, the amount 
of soil carbon released, the carbon content of the various types of tropical forests, and the 
amount of wood burned while clearing. 
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GLOBAL EMISSIONS AND GEOGRAPHIC
 
CONTRIBUTIONS


CFC 

6H 4 C~~02 1. ..... 

CFCs ( 5 MH 4 C30 O 
9 EmiRelativeeThermalHEffect N 2 0 = 200 * 

OFC = 22,000 

Emissions Relative Heating 
Contribution

Geographic Contributions 

CFC's (1985) Methane (1985) Co 2 from Fossil Fuels (1Qm%) 
us 29% us 10% North America 24.6%
EEC 35% Rest of OGOD 14% Western Europe 15.2%Japan 8% Eastern Europe & USSR 12% Eastern Europe & USSR 26.5% 
China 3% Centrally Planned Asia 14% Central Planned Asia 11.3% 

J.A.NZ (Pacific) 6.1% 
Africa 3.0%Others Other Developing 50% Other Developing 13.3% 

(EPA 1989) (EPA 1989) (Marland et al. 1989) 

Fig. 2. Global greenhouse gas emissions, their relative heating
contributions and their geographic distribution 



2.2 GREENHOUSE GASES FROM SUB-SAHARAN AFRICA 

With the exception of fossil fuel consumption, CFC use, and deforestation, very little 
geographically explicit infrrmation exists on the sources and quantities of greenhouse gas 
emissions from Sub-Saharan Africa. Thus, a quantitatively accurate assessment of Sub-
Saharan greenhouse gas emissions is difficult. The sources of some greenhouse emissions do, 
however, shed light on the relative importance of different greenhouse gas emissions from 
Sub-Saharan Africa. 

Because Sub-Saharan Africa (with the exception '3outh Africa) is largely rural and 
has comparatively little industrial development, greenhouse gas emissions from energy and 
industrial sources are low. Thus, from a global perspective, Sub-Saharan CFC emissions are 
negligible. As will be documented later in greater detail, fossil fuel use in Sub-Saharan Africa 
is negligible in a global context (Fig. 2). Consequently, nitrous oxide and methane emissions 
from fossil fuel use and production are also extremely low. As urban populations are rapidly 
increasing, the use of fossil fuels particularly for transportation may increase greenhouse gas 
emissions. However, even future African use of fossil fuel will be quite small relative to 
global use. Nitrous oxide and methane emissions from savanna burning may be significant, but 
quantitative information is extremely scarce (DOE 1990). Presumably, the only way to reduce 
such emissions is through elimination of savanna burning. Methane production by ruminants 
could be significant on a continental basis but probably not on a global basis since ruminant 
populations are not as high in Africa as elsewhere. 6 Rice production, another significant 
global source of methane, is not grown in large quantities in Africa. 

Excluding South Africa and taking the recent estimates of carbon emissions from fossil 
fuel burning and deforestation in tropical Africa, it is estimated that approximately 411 million 
tonnes of carbon are emitted annually from Sub-Saharan Africa (Houghton et al. 1987, 
Marland et al. 1989). Of this, 91% is from deforestation. Of the deforestation losses, about 
40% are attributable to the destruction of closed forest, 33% to the destruction of open forest 
or woodlands, and the rest to the conversion of forest fallow agriculture to permanent 
agriculture (Houghton et al. 1987). Data on grassland carbon dynamics are insufficient to 
estimate grassland contributions to carbon flux. The biomass carbon in grasslands and savanna 
is sufficiently low, that unless degradation was quite severe net carbon losses from these 
ecosystems should be small. 

2.3 CARBON CYCING AND TERRESTRIAL VEGETATION 

In general, vegetation can affect atmospheric carbon dioxide in three ways. First, 
vegetation can grow and accumulate carbon from the atmosphere and thus effectively 
sequester atmospheric carbon dioxide (provided the biomass on-site continues to increase). 
Second, vegetation can be a source of atmospheric carbon dioxide when the biomass on a site 
is reduced through land-use change or degradation. Third, vegetation can be used as a 

6Cattle in Sub-Saharan Africa, excluding South Africa, account for 12% of the world 
ruminant population. Within Sub-Saharan Africa, Ethiopia, Sudan, Tanzania, Nigeria, and 
Madagascar account for 56% of the cattle (WRI/IIED 1988). 
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renewable fuel to displace fossil fuel and in effect recycle carbon dioxide continuously through
the vegetation rather than contribute fossil fuel carbon to the atmosphere. In a region as 
large as Sub-Saharan Africa, all these processes can occur at once. 

The relationship between carbon (carbon dioxide) and vegetation requires more 
explanation since not all relationships are readily apparent. These relationships are central to 
Africa's net carbon dioxide emissions. Different phenomena are involved at many levels. 
These include the individual plant level (e.g., growth and death), the stand and ecosystem
level (e.g., biomass inventory equilibria and productivity rate), and the landscape or regional 
level (e.g., land-use change). 

2.3.1 Plant-Level Carbon Dynamics 

At the plant level, vegetation draws carbon from carbon dioxide in the atmosphere to 
produce carbohydrates through the process of photosynthesis. A substantial amount of that 
carbon is returned back to the atmosphere through plant respiration. The rest is used to 
produce biomass approximately 50% carbon by weight. Of this biomass, a considerable 
fraction is lost each year in the form of litter (dead leaves, branches, roots, flowers, etc).
Thus, the net carbon stored in a plant (or annual growth) is a function of the amount taken in 
by photosynthesis minus the amount respired and the amount lost in the form of litter. As a
 
plant matures growth slows down, consequently a young tree sequesters more carbon each
 
year than an older tree (but the older tree contains more carbon).
 

23.2 Ecosystem-Level Carbon Dynamics 

Like plants, ecosystems accumulate and store carbon. Likewise, for a given ecosystem
type, younger ecosystems accumulate carbon at a faster rate than older ones, whereas older 
ones contain more carbon. Thus, in controlling atmospheric carbon, young ecosystems are 
useful because they sequester atmospheric carbon at a very high rate, while old or mature 
ecosystems are useful because !hey store carbon that would otherwise be in the atmosphere. 
Ecosystems do not accrue carbon in biomass indefinitely; eventually, respiration and mortality
equal photosynthesis and the ecosystem stops accumulating moi- carbon. Although this point
is obvious, it is also important because it limits the utility of growing vegetation (i.e., trees) for 
storing carbon emitted by fossil fuel burning. Eventually, the trees will mature and no longer
continue to draw carbon dioxide out of the atmosphere on a net basis. 7 Harvesting the site 
and replanting will not help unless the harvested material is stored in a way that it never 
decomposes. 

The growth rate and carbon storage of any ecosystem is determined largely by the age
of the ecosystem, genotypes (species present), climate, and soil qualities. To the extent that 
humans alter any of these variables, so will they alter the ecosystem growth rate and carbon 

7The trees will, of course, photosynthesize, but release of carbon from respiration and 

mortality will be equivalent. 
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storage. Of all the ecosystem types, forests store the most carbon.8 Thus the conversion of 
forest to any other land-use results in a net loss of carbon in vegetation and a net release of 
carbon to the atmosphere. Conversely, the establishment of forests on land not formerly 
occupied by forest is a net removal of carbon from the atmosphere. 

2.3.3 Landscape and Regional Carbon Dynamics 

Regional carbon dynamics are controlled by land use and change in land use. The 
conversion of high carbon storage land use to low carbon storage land use (as usually occurs 
with any conversion to agriculture) yields carbon to the atmosphere. This carbon is not 
necessarily released to the atmosphere at the time of land-use change. Burning will cause an 

some of the carbon in plantimmediate release of carbon dioxide, but it will also convert 
matter to charcoal, which is essentially inert unless it too is burned. Material not burned will 
decompose into carbon dioxide at a rate dependent on the end use of the material. Plant 
material left on site in a tropical climate will decompose quite rapidly (days to a few years). 
Woody plant material used in building construction in temperate zones is estimated to take 
200 years to revert to carbon dioxidc (Harmon et al. 1989). In tropical countries, this reversal 
rate is undoubtedly much faster. Harvested forests contribute only a portion of their 
inventory to long-lived end products; the percentages of bark, saw kerf, and wastes that revert 
to carbon dioxide quickly are high. The conversion of mature, undisturbed, well-stocked 
forests to commerciai plantations on a sustained yield basis will also result in a net release of 
carbon (Harmon et al. 1989). This process is a consequence of the carbon storage differences 
between undisturbed primary forests and plantations. The latter stores carbon at a much 
taster rate than the former but does not store as much. In summary, landscape carbon 
emissions from vegetation are determined by land use, land-use change, and the current and 
potential carbon storage of the vegetation of those land uses. 

Soil carbon dynamics may be quite important vis-a-vis CO 2 emissions. Emanual et al. 
(1984) and Killough and Emanual (1981) estimated 560 billion tonnes of carbon to be globally 
tied up in vegetation and 1500 billion tonnes in soil. However, soil carbon storage per unit 
land is generally low in the tropics. Allen (1985) analyzed the limited data on soil changes 
following deforestation in the tropics. She found that soil organic carbon decreased with 
deforestation especially in soils derived from old parent materials. Using a regression model, 
she estimated that 50% of the soil carbon in the upper 30 cm of such soils is lost with 
deforestation. This is quite significant yet from a carbon flux perspective the information 
must be tempered with the fact that such soils contain comparatively little carbon in the first 

place. Some deforestation models assume that about 30 tonnes of soil carbon are lost per 

8Tropical forests contain more carbon than either temperate or boreal. Estimated carbon 

storage (tonnes/ha) in forest ecosystems are: boreal forests-110 tonnes/ha, boreal woodlands
80 tonnes/ha, temperate broadleaf forests-100 tonnes/ha, temperate mixed woods-100 
tonnes/ha, temperate conifer forests-168 tonnes/ha, temperate forest/field complex-50 
tonnes/ha, tropical wet evergreen equatorial forest 200 tonnes/ha, tropical moist 
deciduous/evergreen forest - 140 tonnes/ha, tropical dry forest-70 tonnes/ha, tropical montane 
forests-90 tonnes/ha, and tropical savanna and woodland-30 tonnes/ha (derived from Olson et 
al 1985). 
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hectare with the conversion of tropical forests to cropland (Houghton et al. 1987). But soil 
carbon dynamics are so poorly known, especially for tropical soils and in relationship to land 
use, that accurate modeling of soil carbon losses due to land use or land-use change is 
problematic. Much research is needed on this topic. 

2.3.4 Vegetation and the Global Carbon Cycle 

Sinks exist for carbon in both terrestrial and marine systems. The net exchange of 
atmospheric carbon with terrestrial ecosystems depends on the balance between carbon 
release from living and dead material (including release. due to human activity) and carbon 
assimilated by photosynthesis or accumulated in marine deposits. The net exchange between 
the atmosphere and the oceans depends on marine biological processes, turbulent mixing, 
ocean circulation currents that transport carbon to deeper waters, and temperature-controlled 
equilibrium between carbonates and bicarbonates (Solomon et al. 1985). 

Long-term studies on atmospheric CO 2 indicate that 55% of the CO2 released from 
industrial activities remains in the atmosphere. According to the oceanic models, 35% is 
absorbed by the oceans. The most likely sink for the remaining 10% is vegetation. This is 
problematic since strong evidence exists that the present tropical deforestation is a large 
source of carbon (Detwiler and Hall 1988). It is not yet clear whether global vegetation as a 
whole is acting as a source or sink (Sedjo 1988). Some of the reasons for this uncertainty are 
the degree of forest recovery and regrowth in other areas (especially in the temperate 
regions) and the possibility of CO2 fertilization (the process of increased CO 2 concentration in 
atmosphere leading to increased rates of photosynthesis and carbon storage) (Houghton et al. 
1985b). 

2.4 FORESIS AND LAND USE IN SUB-SAHARAN AFRICA 

2.4.1 Sub-Saharan Forests 

Sub-Saharan Africa contains the world's largest area of savanna and open woodland 
(an estimated 4.9 million square kilometers or 68% of the world's total) and the world's third 
largest closed tropical forest region (2.1 million square kilometers or 18% of the world's total) 
although, like elsewhere in the tropics, the original extent of the forest has been reduced. 
Ghana, Ivory Coast, Liberia, Madagascar, and Nigeria formerly contained sizable amounts of 
closed forest. But today most of their forests have been fragmented and are in various states 
of degradation due to commercial, agricultural, and fuelwood pressures. 

The situation in central Africa is somewhat better. The countries of Cameroon, 
Gabon, Congo, and Zaire have large areas of intact closed forests. Most of the forest regions 
of these countries are sparsely populated, and, even though shifting cultivation takes place, 
fallow cycles are long enough to allow adequate forest regeneration in most areas (Lanly 
1982). However, since population is increasing and these forests are becoming more 
commercialized, these forests may encounter a fate similar to that of West African forests. In 
the remainder of the Sub-Saharan countries, closed forest does not occur in broad continuous 
belts but in isolated patches, on mountain slopes, and along some coastal regions. Except for 
those on inaccessible terrain, these forests have been heavily disturbed (White 1983). 
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Closed-forest deforestation takes many forms in Sub-Saharan Africa. Sometimes 
deforestation is associated with permanent agriculture or pasture and settlement along 
transportation corridors as it is in Brazil. However, other times Sub-Saharan deforestation 
occurs as a gradual removal of forest at the forest/savanna boundary due to savanna fires and 
fuel wood removal. In other places it is the loss of riparian forest corridors within a savanni 
grassland matrix. While in still other places, it appears more as degradation, as when forests 
are thinned and cash crops such as tobacco or coffee are grown under a remnant tree canopy. 
In yet other places, it is the shortenng of fallow periods in forest fallow agriculture due to 
population pressures. In even other places it may occur as a consequence of logging road 
construction and timber harvest with no forest regeneration. Thus developing accurate rates 
of hectares of closed forest cleared each year and the associated vegetation loss is complicated 
in Sub-Saharan Africa. 

The woodlands of South-Central Africa and the wooded savanna areas of West Africa 
and East Africa have been severely degraded due to agricultural and fuelwood pressures 
(Anderson 1984, 1987). Circular deforested belts can be seen around major urban centers 
and are caused by demand for fuelwood, charcoal, furniture, and construction (Kalapula 
1989). Quantifying the loss and degradation of woodland is extremely difficult, since it is a 
much more subtle change than the complete removal of closed forest (which can be readily 
identified in aerial photography and with fine-resolution satellite imagery) (Green and 
Sussman 1990). 

2.4.2 Land Use Options in Sub-Saharan Africa 

Pure shifting cultivation is no longer the dominant form of agriculture in much of Sub-
Saharan Africa. Permanent cultivation is now extensively practiced in the highland areas of 
Burundi, Ethiopia, Kenya, Malawi, Rwanda, Tanzania, Zambia, and near towns and villages in 
the Zaire basin. In West Africa, one finds rural populations supplementing their shifting 
agriculture with permanent plantings of rice and/or tree crops (e.g., oil palm). Shifting 
cultivation is only dominant in the middle belt of West Africa between the coastal tree belt 
and the permanently farmed northern savanna and in the sparsely populated areas of 
Tanzania, Zambia, Mozambique, and Zaire. Where conditions are such that population 
density precludes carrying on sustainable shifting cultivation or a further shortening o' the 
fallow, subsistence farmers must adopt alternatives. 9 According to the FAO (1987), a priority 
must be set to improve and intensify agricultural production on land suited for agriculture, 
thereby lessening the need to clear new lands and relieving the pressure on forests,10. 

9Ruthenberg calculates that no more'than 56 people per square kilometer can be 
supported by shifting cultivation in Benin. In the Ivory Coast, population density is currently 
as high as 83 people per square kilometer and that as many as 123 people per square 
kilometer could be supported by shifting cultivation (FAO 1984a). 

10Africa's current population growth rate of about 3% per year exceeds its growth in food 
production by 1.2% (Office of Technology Assessment 1984). The FAO (1981) projects that, 
given present agricultural technology and population growth rates, there will be approximately 
127 million seriously undernourished people in Africa by the year 2000. 
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An emerging consensus suggests that the most appropriate (land-use) options lie with 
technologies that account for the particular needs and constraints faced by subsistence farmers 
(OTA 1984, FAO 1987). Given that the majority of Africa's population is rural and 
predominantly subsistence producers, the most appropriate technologies must be low risk, 
resource conserving, small-scale, noncapital intensive, adapted to the availability of local labor, 
and consistent with traditional agricultural methods. For these subsistence producers, the 
adoption of agroforestry practices, which take advantage of the complementary role trees have 
on crops, are particularly relevant.'1 

Agroforestry approaL.ies that integrate trees into cropping patterns can enhance 
organic matter and maintain fertility, reduce erosion, conserve soil moisture, and create a 
more favorable microclimate conducive to sustainable agriculture (Raintree 1985). Moreover, 
these approaches can yield a host of valuable and useful by-products, such as fuelwood and 
animal fodder. Under a lower land-use intensity (population density), the frequency of 
cropping on shifting agricultural lands (i.e., intensifying shifting cultivation) can be increased. 
Normally, shortening of the fallow results in soil degradation and reduced yields; however, 
short fallow agriculture can be made sustairdble by planting woody legumes and cash-valued 
trees in lieu of natural bush regeneration. Woody legumes that fix nitrogen, grow rapidly, and 
establish easily can regenerate soil fertility in a reduced time period more consistent with 
shortened fallow shifting cultivation.12 At higher land-use intensities, short fallow, annual 
cropping, and multiple cropping can be improved by spatially integrating trees in cropping 
patterns (e.g., alley cropping, multistory intercropping, and interstitial plantings).' 3 It is also 
practical to integrate trees into the lands-ape in the drier pastoral regions of Africa. In these 
regions, trees can help to conserve soil moisture; control wind erosion, yield fodder for 
livestock, and provide a source of fuelwood and other useful products. For example, Raintree 
(1986) summarizes an analysis that showed that, if all interstitial locations (e.g., boundaries, 
pathways, watercourses, etc.) were planted with trees and shrubs, some 50% of the fuelwood 
and 40% of the fodder requirements could be met with very little competition with 
agriculture. 

In addition to promoting sustainable agriculture systems, land-use policies are required 
to protect and conserve remaining natural forests, to implement better management 
techniques for forests being exploited for timber and wood products, and, where appropriate, 

"Confronting the food crisis in Africa must also involve making policies that increase 
production on lands already in permanent cultivation (i.e., modernization). Modernized 
agricultural systems usually take the form of developing infrastructure for pumped irrigation, 
increasing the efficiency of seed and fertilizer technology in dryland farming areas, adopting 
greater use of mechanization, and more efficiently managing rainfed systems to conserve soil 
moisture and fertility (Okigbo 1984). 

1
2Raintree (1986) contrasts two forms of improved fallow: economically enriched and 

biologically enriched. Economically enriched fallows would value trees for their ability to 
generate additional cash, whereas biologically enriched fallow would value trees for their 
ability to accelerate the regeneration of soil nutrients and control of weeds. 

13Alternatively, taungya systems incorporate farmers into forests. 
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to reforest areas for timber and fuelwood needs. Beyond reducing development pressures 
(i.e., intensifying agriculture, incorporating trees into agriculture, and establishing plantations), 
natural forests can be better protected as a store of carbon by designating and enlarging 
protected areas. Greater use of multiple-use zoning on public lands and the offering of 
financial incentives on private land could be used to protect and expand areas of natural 
forests. 4 

Governments can also evaluate their pLulicies on overlenient titrer concessions, which 
would encourage more sustainable management of na° iral forests. Naitdral forests that are 
being exploited commercially can be better managed by examining the terms of concession 
agreements (length of agreement, logging practices, royalties, etc.) and by requiring or making 
provisions for reforestation. More appropriate policies could lessen logging-induced 
deforestation as well as reduce access to subsistence farmers in search of agricultural land. 
However, gov !rrinent ownership of most forest land in Africa creates certain problems 
relative to establishment of new forests. For example, industry may have no long-term right 
to the trees it plants. Where there are privately held forest lands, governments can provide 
incentives to ercourage tree planting, ranging from favorable tax policies to subsidies for 
seedling production and planting. 

Improved management of productive forests can also reduce deforestation pressure 
and help maintain stores of carbon by increasing the annual productivity of natural forests. 
Greater wood production is possible with improved forest management practices (Maitre 
1987); for example, selective felling and thinning to eliminate uneconomic species, mandatory 
replanting with fast-growing species in logged-over areas, rotation of extraction areas to 
promote regeneration, and promotion of markets for lesser-known species (i.e., greater 
utilization). 

Reforestation of selected areas where development pressures and population densities 
are not high is another option for sequestering carbon. Although reforestation for fuelwood 
has not been consistently successful, many instances exist of government-sponsered plantings 
of trees for timber and pulpwood needs. Projects to encourage individual farmers to plant 
trees have not succeeded, owing to a lack of financial incentives (French 1986, Elkan 
1988). 15 Instead, agroforestry approaches that place a greatcr emphasis on multipurpose 
trees that yield a variety of products (building poles, fruit, fodder, and timber' are more 
promising. This latter approach encourages the development of markets for tree products and 

14Wilkinson (1985) cautions that the use of legislation designed to protect forest areas has 
been ineffective, because these areas have not been adequately defended against 
encroachment. 

1"One option for forestry departments to reduce the costs of plantation establishment is 
through the taungya system, in which food crops are planted in the early years of forestry 
plantation establishment. Typically, farmers are required to plant trees in exchange for the 
right to cultivate food crops between the trees for 1 to 3 yr. The prime advantage of taungya 
is that it allows forestry departments to establish and maintain tree plantations at very low 
cost. 
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offers free or low-cost seedlings to remove investment cost and risk barriers and may also 
stimulate more farmers to plant trees. 
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3. ENERGY-SECrOR EMISSIONS 

3.1 ENERGY-SECTOR OVERVIEW 

The energy sector of Sub-Saharan Africa is underdeveloped, with the lowest gross and 
per capita energy consumption in the world. On a sectora! basis, hydroelectric power 
production provides 8% of the total energy demand; 64% of energy is supplied by biomass 
resources for domestic consumption; and 28% of the gross energy demand is met by 
petroleum products, coal, natural gas for transportation, agriculture, and industry (United 
Nations 1989).16 

Wood and charcoal are the most commonly used biomass fuels in African households. 
Coal, peat, and animal dung are also used but are a very small fraction of total household 
energy consumption. Whereas economic and energy growth in several countries is high, the 
commercial energy consumption (energy intensity relative to industrialized countries) is very 
low.17 Thus, energy consumption by Sub-Saharan Africa is dominated by household use of 
biomass fuels. 

Growth of energy demand depends on many factors. Assuming that growth is not 
supply constrained, biomass fuel consumption should grow concomitantly with population, if 
there are no changes in the availability of biomass fuels (i.e., due to increasing scarcity and 
relative prices) or .n the adoption of new and more efficient conversion technologies. 
Demand for fossil fuels and electricity should grow as a function of economic growth. 
However, data describing the relative level of biomass fuel consumption to that of fossil fuels 
and electricity are inadequate. 

From an environmental perspective, one of the most serious issues is the growing use 
of biomass fuels for domestic cooking due to rapidly expanding populations. There is a direct 
linkage of consumption of wood and charcoal fuel to deforestation, although studies have 
indicated that agricultural clearing is the major cause of deforestation. A strong case can be 
made that fuel conservation and technology transfer can and should be a part of forest 
prcservation strategies (A.I.D. 1988). 

This chapter explores the extent to which the energy sector contributes to carbon 
emissions in Africa. Estimates of energy use (by fuel type and sector), carbon emissions from 
fuel conversion, consumption patterns by country and time frame, and projections of future 
consumption will be provided. Finally, options to improve energy efficiency will be described, 
with an estimation of their effect on future carbon emissions. The discussion closes with 
comments regarding the institutional and political sensitivities that may be involved in 
mitigation strategies. 

16Unless noted otherwise, Sub-Saharan values in this chapter include South Africa. 

17Bagasse is used in sugar mills for on-site thermal loads and to satisfy on-site power 
dem..nds. In some cases, bagasse power generation could provide power to surrounding areas, 
but this is by no means the norm. 
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3.2 CARBON EMISSIONS FROM ENERGY CONVERSION 

Several data sources were reviewed to estimate the level of enerf y use and the 
corresponding ;evel of carbon dioxide emissions in Sub-Saharan Africa. However, the primary
data source was the United Nations Data Tape, a data base of statistics compiled for all 
cooperating countries that is updated annually and proides energy consumption by fuel type, 
country, region, and sector for all recorded years dating back to 1950. Although this is a 
comprehensive source of information, it x,.iust be used with caution. Data provided by many
developing countries can only be used to estimate general patterns of energy consumption,"
since data are fraught with errors and inconsistencies or may not have been updated or 
confirmed for many years. The quantitative accuracy of the data is especially problematic for 
biomass energy estimates.19 

The methodology employed for this analysis was fairly straightforward. The 1987 U.N. 
Energy Statistics Data Tape was accessed through the Carbon Dioxide Information and 
Analysis Center (CDIAC) at ORNL. A SASO program was used to access the tape and to 
perform the following two analyses. First, the production of carbon dioxide from fossil fuels 
and cement production was calculated and ranked in descending order. These data were 
calculated from fuel production data and converted to thousand metric tonnes of carbon 
equivalent. Analyses were performed for years including 1977, 1982, and 1987. 

Second, the consumption of renewable fuels, including fuelwood and bagasse, was
 
calculated using an 11-year time series from 1977 through 1987. These values were then
 
converted to equivalent carbon dioxide emissions, in million metric tonnes of carbon.
 

These two analyses were combined to form a uniform spreadsheet of carbon dioxide 
emissions for biomass and fossil fuel consumption in Africa for 3 years (including 1977, 1982,
and 1987) for each country. The spreadsheets were modified, deleting Saharan nations 
(Morocco, Tunisia, Algeria, Libya, and Egypt) and South Africa. The South Africa fuel 
consumption totals are so drastically different from other Sub-Saharan African countries that 
it was deemed important to illustrate the energy-use levels with and without this country. 

An attempt was made to perform a comparative sectoral analysis with information 
from World Bank Energy/Strategy Management and Assessment Program reports, but the 
information available in these reports was insufficient to complete the analysis for the selected 
countries. The reports were used, however, to provide information on characteristics of 
sectoral energy demand. 

18 Fossil fuel production and consumption figures are thought to be reasonably accurate. 
Biomass fuel consumption is much more problematic, due to the nature of informal trade 
patterns between suppliers and consumers. The degree of uncertainty in data estimates is 
thought to be as high as 400%. 

19There is no single source of dependable, accurate data for biomass fuel consumption in 
Africa. In a number of cases, surveys have been completed within countries that have been 
well received by development agencies (for countries such as Kenya and Ivory Coast), but this 
certainly has not been done on a continental or regional basis (Jones 1989). 
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A final review of power-sector statistics was performed to characterize electricity 
supply in each respective country by reviewing information provided in the U.N. Energy 
Statistics Yearbook. The U.N. Energy Statistics Data Tape is the source of this information, 
but the yearbook already has the information formatted in easy-to-use form (it was clearly 
easier to use this than to write a separate SASS program to access power sector information). 

Dimensions describing energy values provided by the tape vary by fuel type. For 
example, fuel wood consumption is provided in cubic meters, whereas bagasse is provided in 
tonnes. As a part of the analysis performed for this study, all energy values were converted 
from base dimensions used in the data tape to tonnes oil equivalent (TOE); all carbon values 
are presented in tonnes. Conversion factors used are provided in Appendix 1. 

3-3 FINDINGS 

Table 3 summaTizes energy consumption for the countries included in this study for 
1977, 1982, and 1987. The data revel that South Africa uses approximately 38% of the total 
energy consumed by all Sub-Saharan African nations. However, South Africa consumes only 
5% of the total biomass energy used in Sub-Saharan Africa. This is, of course, due to the size 
and more advanced nature of the South African economy compared to that of many other 
African economies. Comprehensive data listing energy consumption for all countries included 
in the study are provided in Appendix 2. 

Table 3 illustrates that the nations using the most commercial energy include Nigeria 
(29,564,00) TOE) and Ethiopia, Kenya, Zaire, and Zimbabwe, all using between 7,600,000 
and 5,300,000 TOE. All other countries consume an aggregate 56,700,000 TOE. 

Table 4 summarizes power-sector characteristics for the major energy-producing 
countries. Note the relative roles played by hydro and thermal resources in the energy 
production mi.: hydro supplies at least 56% of the electric energy generation (a high 
percentage of the self-generated energy is also hydro), wheieas thermal energy contributes 
slightly more than 30% of electric energy in the power sector. 

Another revealing statistic is the average capacity factor shown in Table 4. While the 
average capacity factor perhaps provides an oversimplified measure of utility-resource 
management, it does provide a means of drawing a gross comparison between different 
systems. The world average capacity factor is 47%; Sub-Saharan African countries, excluding 
South Africa, have an average capacity factor of 31%. This low capacity factor implies that 
capital plant is utilized over 50% less effectively than in all other countries in the world. This 
is due in part to the prominent role played by hydroelectric generation in the capacity mix and 
the seasonal effects of rainfall distribution on hydroelectric capacity. In contrast, the overall 
capacity factor of South Africa is 56% (with a thermally based capacity mix), much closer to 
that expected from a western industrialized nation. 
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Table 3. Energy use in thousands of tonnes oil equivalent 

Year 1977 Year 1982 Year 1987 

Country Biomass I Fossil Total Biomass Fossil Total Biomass Fossil Total 

Nigeria 11747 11517 23264 13898 14938 28837 16511 13054 29564 

Ethiopia 5421 235 5657 6138 331 6469 6977 614 7591 

Kenya 4176 1151 5327 5261 1069 6330 6085 1160 7245 

Zaire 3978 793 4771 4571 805 5376 5317 805 6121 

Zimbabwe 1283 2137 3420 1610 2026 3636 1781 3524 5305 

South Africa 4867 44796 49663 4873 53933 58806 4678 64756 69433 

All others 35623 9533 45155 36558 11173 47731 44510 12190 56700 

IITotal 67094 70162 137256 72910 184275 157185 85858 96101 181959 



Table 4. Power sector statistics 

Country 
Hydro 

Install capacity 
(MW)1Overall

Thermal Self prod.
I 

Total Hydro 

Consumption 
(GWh) 

Thermal Self prod. Total cac 
cap factor 

Nigeria 1,900 2,120 20 4,040 2,210 7,620 75 9,905 0.2799 

Zambia 2,000 20 216 2,236 8,228 15 236 8,479 0.4329 

Zimbabwe 666 1,295 110 2,071 3,023 2,661 324 7,008 0.3863 

Zaire 1,825 30 686 2,541 3,135 47 2,113 5,295 0.2379 

Ghana 1,072 88 25 1,185 4,676 78 4 4,758 0.4584 

Kenya 394 164 17 575 2,250 309 70 2,629 0.5219 

All others 4,596 2,021 1,504 8,121 8,216 5,070 4,150 17,436 0.2451 

Total SSA 12,453 5,738 2,578 20,769 31,738 16,800 6,972 55,510 0.3051 

South Africa 1,526 22,140 1,066 24.732 4,655 110,590 7,220 122,465 0.5653 

World 584,977 1657,460 313,599 2,556,036 2,037,585 6,699,498 1730,074 10467157 0.4675 



Table 5 summarizes the cai'. 9n emissions from energy conversion processes in Africa. 
The countries contributing most significantly include Nigeria (40 million tonnes of carbon), 
Kenya (10 million tonnes of carbon), Ethiopia (10 million tonnes of carbon), and Zaire (8 
million tonnes of carbon). In contrast, South Africa emitted 82 million tonnes of carbon in 
1987, over one-half the carbon released by all Sub-Saharan African countries. The data show 
that biomass-derived fuels emit the largest fraction of carbon to the atmosphere, and the true 
figure could be much higher or lower 2 . Fossil fuels contribute a significant fraction with 
respect to the carbon emitted from Africa but a relatively small fraction of total world carbon 
emissions. Fossil fuel global emissions were estimated in 1987 to be 5,500 million tonnes of 
carbon, or approximately 48 times the total fossil fuel emissions by Sub-Saharan Africa in that 
same year and 146 times the fossil fuel emissions by developing Sub-Saharan countries. 

Figure 3 illustrates the growth rate of energy consumption for the period studied and 
the concurrent rate of growth of carbon emissions, with projecticns for future emissions if the 
present growth rate is sustained. For illustrative purposes, a linear growth rate was assumed 
for energy consumption over the projected period to the year 2010. South African energy 
consumption is not included in this figure. 

This graph demonstrates the importance of biomass emissions relative to fossil fuel 
emissions. This simplified projection assumes that demand will not be supply constrained due 
to population levels, or that the economic growth rates will not cause an appreciable shift to 
increased use of electricity, petroleum, natural gas, and/or coal. Typically, one would expect 
increased consumption of fossil fuels relative to biomass fuels with increasing economic 
growth. 

Figure 4 provides a constrained growth scenario governed by the introduction of 
conservation programs. Again, South African energy consumption is not included. 
Introduction of conservation programs would theoretically allow economic growth rates to be 
sustained, with lower energy consumption. In this sc( iario, it is assumed that commercial, 
industrial, and power-sector conservation programs would require a 5-yr period to be designed 
and implemented and that 10% savings could be realized in the first 10 yr of the program, 
increasing to 20% in the following 10 yr. 

For biomass fuel consumption, it was assumed that the intro6uction of energy-efficient 
stoves and charcoal kilns would result in 50% savings (from 20 to 30% efficiency for improved 
stoves and from 15 to 25% from earthen to steel or brick kilns). A conservative 10% market 
penetration was assumed in the first decade, rising to 20% in the second decade (A.I.D. 1988, 
Leach and Gowen 19S7). 

2°Note that biomass emissions listed in the U.N. data base are gross emissions; the data 
base does not account for the absorptive capacity of the forest and grasslands in the biological 
carbon cycle. Presumably, most of the carbon emissions due to biomass burning are included 
in the estimates of carbon emissions from deforestation. It must be noted that although the 
fossil fuel figures presented can be verified by a variety of means, the biomass fuel figures 
cannot. 
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Table 5. Carbon emissions by year (in millions of tonnes of carbon) 

1977 1982 1987 

Country Biornass Fossil Total Biomass Fossil Total Biomass Fossil Total 
Nigeria 17.421 13.793 31.213 20.633 17.890 38.523 24.494 15.633 40.127 
Ethiopia 7.946 0.282 8.228 8.980 0.397 9.377 10.213 0.736 10.948 
Kenya 6.058 1.379 7.437 7.565 1.280 8.445 8.754 1.389 10.143 
Zaire 5.859 0.949 6.808 6.746 0.964 7.709 7.841 0.964 8.804 
Ghana 6.128 0.818 6.946 6.239 0.816 7.055 6.774 0.816 7.589 
Tanzania 8.833 0.569 9.401 5.206 0.569 5.775 6.209 0.569 6.777 
All others 37.789 12.589 50.378 42.882 14.423 53.705 52.687 17.434 70.121 
South Africa 5.367 53.648 59.015 5.375 64.591 69.966 5.192 77.552 82.744 
Total SSA 95.401 84.026 179.427 103.626 100.928 204.554 122.163 115.091 237.255 
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ENERGY CONSERVATION SCENARIO
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The power-sector demand for this scenario is slightly negative. This result reflects a 
very fiat demand curve for the last 10-year period and the fact that the increases in efficiency 
could very well make up for power-sector expansion in many countries. If economies grow 
more quickly than during the report period, the fossil fuel consumption curve will turn 
upwards, albeit with a modest slope. 

Introduction of renewable energy conversion devices will also have the effect of 
constraining demand. Renewable energy conversion devices, such as wind turbines, biomass 
combustion equipment, and photovoltaic energy systems, are presently competitive for 
relatively small-scale power applications. If utility-scale applications are introduced, the 
maximum perccntage of capacity likely to be replaced would be 15%.21 However, over a 20
year time frame, it is unlikely that renewables will represent more than 5% of total installed 
capacity under the best of conditions. For this reason, renewables do not factor significantly 
into a 20-year demand/supply forecast. 

Figure 5 provides a comparison of ener-ector carbon emission projections for Sub-
Saharan Africa relative to global projections. As this figure illustrates, Sub-Saharan Africa is 
not a major contributor to atmospheric carbon, nor is it likely to be in the next 20 year. 
Again, South African carbon emissions are not included in the Sub-Sarahan emissions. 

3.4 EMISSION-REDUCI7ON OPPORTUNITIES 

Whereas the findings presented above are not cause for alarm (considering the relative 
unimportance of Sub-Saharan African countries with respect to global carbon emissions) 
reduction opportunities do exist that could prove beneficial to participating economies along 
several associated fronts. These opportunities vary according to each sector of the eccnomy 
affected but have a common denominator in terms of economic efficiency. 

As implied in Fig. 4, conservation opportunities can contribute significantly to 
reduction of carbon emissions in Africa. The greatest opporlunities exist in domestic cooking 
devices. Typical charcoal stove efficiencies approximate 20% overall thermal efficiency 
(A.I.D. 1988), whereas efficiencies of open three-stone fires have been estimated between 7 
and 15%, depending upon the cooking utensil employed (Leach and Gowen 1987). Use of 
improved stove technology has the potential of improving efficiency to 30-35%, an increase of 
over 50%. 

It is clear, however, that improvements in domestic cooking patterns will be difficult to 
accomplish. Institutional vehicles need to be developed, the private sector must be mobilized, 
and the cooking devices must present a clear and financially attractive advantage over existing 
devices and be consistent with local sociocultural factors. To date, there have been very few 
documented, successful stove programs (World Bank 1984). 

2'Experience in the United States has shown that use of renewable energy systems to 
deliver grid power has resulted in significant control challenges for electric power utilities. 
This has led to the assumption that no more than 15% of installed capacity should be 
dedicated to renewable energy resources. 
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Fuel substitution is another alternative that could be addressed to dome.tic-sector 
energy use, transportation, power, and industry. Fuel substitution in the power industry could 
yield a net gain (reduction of carbon emissions), bu! it has been shown that this sector is a 
very low contributor to carbon emissions in Africa. However, it has been noted that as little 
as 2.5% of the hydroelectric potential has been developed thus far, and, with the growth of 
international cooperation, power sales from countries with significant hydro resources (i.e., 
those in West and Central Africa) could result in reduced reliance on fossil fuels for electric 
power production. It should also be noted that many of the fossil-fired plants in Sub-Saharan 
Africa serve isolated systems, so these plants in all probability would not be affected by a shift 
towards hydroelectric power production. In all likelihood, new loads could be served by 
hydro, whereas existing loads served by thermal plants would continue to be served in this 
way. 

Energy savings in transportation may be the mcst difficult to effect through fuel 
substitution or conservation. It can be argued that this sector is already very fuel efficient, 
due to high occupancy rates (relative to western standards) of passenger and public service 
vehicles. Introduction of fuel substitutes, such as ethanol or methanol, is unlikely to have a 
dramatic effect on fossil consumption for transportation. With rather questionable economics 
and the complication of logistics and management, biomass-derived liquid fuels probably will 
not play a significant role in carbon emission reduction. 

Energy conservatio.- opportunities in industrial processes abound in Africa, but again, 
iritiating conservation programs is management and capital intensive. Many so-called energy 
management measures (measures directed at how processes are conducted) can provide 
significant energy savings at no or at low cost. Energy conservation measures, including 
equipment retrofits and fuel substitution, are generally more capital intensive but can provide 
very attractive investment options for industrial users. However, the difficulty lies both in 
identifying and in selling these conservation opportunities to end users; it requires 
commitment, strong policy support, and financial support. 

Fuel substitution in the domestic sector is gaining increased attention. This is a topic 
of some controversy and certainly one not sufficiently well understood. As mentioned above, 
reductions as high as 50% can be achieved if improved stove technologies are adopted 
(efficiency increases from 20 to 35% for improved charcoal stoves).2 Some schools of 
thought argue that it may in fact be more advantageous to switch from charcoal or fuelwood 
to a conventional fossil fuel. Effici,-ncies of conversion for conventional gas stoves range up 
to 50%, and although use of biomass fuels theoretically will result in "no net carbon 
emissions," this is a difficult argument to support in view of the extent of deforestation that 
has occurred from agricultural clearing and fuel pressures. Many, therefore, feel that fuel 
substitution from biomass (wood or charcoal) to liquified petroleum gas (LPG), bottled gas 
(usually propane), and/or coal, will have to 3ccur in the future and that it may as well be 

22Estimating efficiency improvements of wood stoves is complicated by the moisture 
content of the fuel, the stove type (high or low thermal mass), and the user patterns. While 
wood stoves potentially can save more energy than charcoal stoves (taking into account the 
inefficiencies of conversion of the pyrolysis process), acceptance of these devices may in fact 
be more problematic. 
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encouraged in the near term.23 It has been argued that this conversion zould have a doubled 
effect of reducing pressures on threatened forests as well as directly reducing emissions. 

However, such a change can be very costly to the end user, as well as to the national 
economy; petroleum fuels require hard currency, and biomass does not. Ultimately, if 
sustainable biomass production is not achieved, this may be the most attractive alternative 
available to policy makers and national planners. 

23Major lending institutions have recently taken this position in Niger and provide 

financial incentives to encourage the conversion from biomass fuels to kerosene. 
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4. BIOLOGICAL CARBON ESTIMATES AND IMPAC'S 

4.1 INTRODUCTION 

4.1.1 Objectives 

The estimation of biological carbon balances has two primary objectives: to develop
predictions of Sub-Saharan Africa's carbon inventory and emissions between 1985 and 2001 
assuming no change in the pattern of land-use trends and to determine the potential impact
oni carbon inventory and emissions from various land-use options to conserve carbon.24 The 
first half of this chapter outlines and explains the basic prediction methodology and presents
model predictions of carbon inventory and emissions assuming continuation of current land 
use to the year 2001 (the base case). The second half of the chapter considers various land
use options for conserving carbon and discusses the results of two remote sensing activities. 
Model adaptions to predict carbon savings from various land-use options are explained, and 
option costs and carbon savings are presented. 

4.1.2 General Overview 

The principal focus of the biological carbon balance analysis was to formulate a 
regional-scale model capable of predicting the impact of various land-use options on carbon 
inventory and emissions. To accomplish this, the following model properties were essential: 

a The model output must be geographically specific, at least to a subcountry level in 
large countries.
 

* 
 The model must incorporate, to the extent possible, environmental and social factors 
that control both carbon inventory and emissions as well as land-use dynamics. These 
factors include climate, soil quality, current vegetation type, human degradation, and 
agricultural systems (e.g., permanent or forest fallow).

* The modeling of land-use dynamics must be as geographically precise as possible but 
consistent over the entire isgion. 

A supporting analysis was performed to improve knowledge of current land use and 
land-use change in central equatorial Africa through .he use of satellite imagery. This region
of Africa, with its vast forests, dominates the overall carbon inventory of the continent, yet it 
is the most poorly understood. 

Remotely-sensed data were used in two distinct but complementary ways. Coarse
resolution 1987-1988 NOAA AVHRR imagery was used to examine the current pattern of 
closed forest and to evaluate the accuracy of the continental vegetation map used as data 
input for the carbon inventory and emission model. Fine-resolution Landsat MSS and SPOT 
data from four locations and two dates (early 1970s and late 1980s) were used to examine the 

24For the biological carbon analysis, Sub-Saharan Africa included all African countries 
except those bordering the Mediterranean, Mauritania, South Africa, Gambia, Western 
Sahara, Lesotho, and Swaziland. 
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pattern and rate of deforestation at .he boundary of the closed forest and open woodland. 
Remote sensing analyses were performed in parallel with the modeling exercise and addressed 
only a portion of Sub.Saharan Africa. Therefore, the results of Lhe analyses were not 
incorporated directly into the larger modeling effort. Rather, they were used to evaluate the 
reliability of the data driving the model and to examine sources of error in the modeling 
approach. The remainder of this chapter will discuss in the following order: 

* approach and data sources for the base-case carbon inventory and emission model,
 
a base-case model predictions and comparison to other estimates of carbon emissions
 

from Sub-Saharan Africa,
 
a 	 modeling and cost analysis of three land-use mal.agement options (preservation of
 

existing forest lands, agroforestry, and plantation forestry), and
 
* 	 general results of remote sensing studies. 

4.2 MODELING BACKGROUND 

4.2.1 Base-Case Modeling Approach 

The approach chosen to model carbon inventory and emissions was shaped by a need 
to capture coarse-scale geographical variation in inventory and emissions; to link carbon 
inventory values to the factors controlling current and potential land use - current vegetation, 
climate, soil fertility, likelihood of human degradation, and agricultural systems; and to link 
carbon emissions with land-use change. In developing the model, the focus was on carbon 
emissions resulting from the conversion of forest land to agriculture. Carbon emissio~i 
calculations took into account carbon losses from vegetation but not soil. Developing reliable 
values on carbon loss from the many soils that occur on the continent of Africa was beyond 
the scope of this project. 

All carbon transfers (from the land to the atmosphere or vice versa) resulting from 
land-use change were assumed to accrue the year of land-use conversion; the real multiyear 
process of carbon storage due to plant growth or carbon release due to decomposition was 
not modeled. This simplification allowed comparison of land-use options with varying carbon 
conservation time scales. If the short-term temporal dynamics of carbon emissions or 
sequestering were predicted, it would be extremely difficult to compare the long-term, overall 
impacts to changes in atmospheric carbon due to deforestation, plantation establishment, 
agroforestry or any other land use. 

For example, the carbon benefits from plantation establishment change yearly as the 
carbon balance shifts between the growth of the plantation of the current rotation and the 
decomposition of material harvested from the previous rotation. There will be years of 
sequestering carbon and years of releasing carbon. Thus, if one wants to know the net carbon 
benefit to the atmosphere of converting cropland into plantation, one needs to know the 
average amount of carbon stored on land as a consequence of plantation forestry - not the 
time sequence of that carbon storage. 
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422 Data Sources 

The primary data sources used in the model for calculating carbon emissions and
 
inventory are listed in Table 6. Continental data bases were employed due to the scope and
 
scale of the project. Use of local or subcontinental data bases was ruled out due to the
 
inconsistencies in quality, coverage, and classifications of soil and vegetation that would have
 
been encountered if a "patchwork" of data sources were ,'onstructed. There was neither
 
sufficient time nor resources to create new data bases.
 

In contrast to the other data 5ases used, the FAO map of African vegetation is not yet 
in final form. The objective of the map is to depict actual vegetation and land !Ise on the 
African continent. The FAO map differs from the most recent map of African vegetation -
The Vegetation of Africa, UNESCO (White 1983) - which is a floristic map depicting
potential native vegetation rather than current land use. To illustrate the difference, the FAQ 
map would depict the vegetation in Kansas as "cropland," while the White map would depict it 
as "prairie." Although the FAO map is the most up-to-date continental map of African 
vegetation, it still may not be accurate in all locations. The results of the remote sensing 
analysis suggested that the FAO map erred in defining the forest boundaries of the equatorial 
region of Africa (Chapter 4, Section 4.7.1). Of all the regions in Sub-Saharan Africa, one 
would expect errors in this region as the geography of this region is so poorly understood. 
The FAO forest boundaries in this region were in some cases developed from a 50-year-old 
map as this was the only one available. Thus, it is not surprising that satellite images might
disagree with the mapped forest boundaries. The FAO map vegetation boundaries of most 
other regions of Sub-Saharan Africa were developed from much more recent maps and thus 
they are more likely to be accurate. 

The FAO vegetation map defines 66 unique vegetation classes on the basis of 13 
different vegetation types (see Table 7). Most of the vegetation classes are an amalgamation 
of two or three vegetation types. For example, there is a vegetation class that is described as 
a mixture of dense forest, tree savanna, and crops. Although this amalgamation feature posed 
some problems, it was also iseful as it indicated where humans were most likely to have 
impacted the native vegetation. In the modeling approach it was assumed that native 
vegetation types (such as woodland-miombo) in classes which included either "cropland," 
"savanna fallow," or "forest fallow" vegetation types were likely to be heavily used by people
and therefore to be "degraded" and contain less carbon. At times it was necessary to assume 
one of the vegetation types within a class was dominant. In such cases it was assumed that 
the first type listed in the class was the dominant type. 

With the exception of the dense forest vegetation type, the upper range of Olson et 
al.'s (1985) ecosystem biomass values was used to define the maximum amount of carbon that 

35
 



Table 6. Data bases used in modeling carbon inventory and 

emissions in Sub-Saharan Africa 

Data base 	 Use 

FAO/Unesco soil Determination of potential site carbon inventory
 
map of Africalt Determination of potential site productivity
 

FAO climate Determination of potential site carbon inventory
 
map of Africab Determination of potential site productivity
 

Determination of rainfall-vegetation type
 
relationship
 

FAO vegetation 	 Determination of potential site carbon inventory 
map of Africa' 	 Determination of site degradation status
 

Determination of site land use
 
Determination of rainfall-vegetation type
 

relationship 

FAO/UNEP Tropical Determination of deforestation rates
 
Forest Inventoryd Determination of site land use
 

Carbon content Determination of maximum carbon of vegetation
 
of vegetation' type under ideal soil and rainfall
 

Political boundaries Determination of country
 
of Africa boundary mapf
 

aFAO-Unesco, 1977. Soil Map of the World, Vol. VI, Africa. 
bFAO 1983. FAO Map of Mean Annual Rainfall and General Climate Zones for P/PET for Africa. 

Prepared by Todor Boyadgiev, Soil Resources Management and Conservation Service, FAO, Rome. 
cLavenu, F. 1987. Digitized Vegetation map of Africa -Descriptive memoir and map prepared for the 

Department of Forestry Resources, FAO, Rome. 
dFAO/UNEP 1981. Forest resources of tropical Africa, 1981. Tropical Forest Resources Assessment 

Project, Vol.1 & 2, Rome. 
'Oison et al. 1985. Major world ecosystem complexes ranked by carbon in live vegetation: A database. 

Oak Ridge National Laboratory. Brown, Sandra and Ariel E. Lugo, 1984. Biomass of Tropical Forests: A New 
Estimate Based on Forest Volumes. Science, Vol. 223, 1290-1293. 

fRand-McNally, 1982. The New International Atlas, Chicago. FAO, 1983. FAO Maps and Statistical 
Data on Population and Crops by Administrative Units. FAO, Rome. 
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Table 7. Dominant vegetation types in the Sub-Saharan portion of the FAO/UNEP vegetation
 
map of Africa. The maximum carbon storage potential and "ideal" annual rainfall for these
 

types are also listed. ("Savanna fallow" vegetation type was also present but never dominant.
 
In addition, 2 of the 13 dominant
 

vegetation types were not present in the
 
Sub-Saharan portion of the map.)
 

Maximum carbon "Ideal" rainfall 

Vegetation type (tonne C/ha) (mm/yr) 

Dense forest 180 2500 

Dense thicket 54 1250 

Woodland/miombo 81 1250 

Discontinuous thicket 45 1250 

Tree savanna 36 1750 

Shrub savanna 27 950 

Grass savannac 18 1750 

Grass steppe/pseudosteppe 4.5 325 

Desert 2.25 250 

a aForest fallow 

Cropland 5.0 b 

'Maximum carborn of forest fallow isa function of length of fallow cycle which is zone specific. 
As no vegetation class consisted solely of the forest fallow type, the ideal rainfall for forest fallow at 
any point is the ideal rainfall for the native vegetation type which also occurs at that point.

bit was assumed that carbon storage of cropland is independent of rainfall. 
cGrasslands in Africa frequently occur in areas of high rainfall. Such grasslands are believed 

to be due to edaphic and anthopogenic factors (White 1983). 
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could be stored in an ecosystem with a given vegetation type. 5 Olson et al.'s biomass values 
were global rather than Africa specific (i.e., they were derived from worldwide rather than just 
African data). Forest biomass data from Brown and Lugo (1984) suggest that the biomass of 
African forests is on the low end of the range for tropical forests. Therefore, Olson's median 
(400 tonnes of biomass/ha) rather than high value was used as the maximum ecosystem 
biomass value for the dense forest vegetation type. Olson et al.'s data were chosen because 
(1) the biomass values included all carbon other than soil carbon for a particular vegetation 
type (i.e., litter, roots, dead branches, and understory were included); (2) the data base 
encompassed almost all the vegetation types listed in the FAO vegetation map; and (3) the 
biomass values were generally in the median range reported by other researchers for specific 
vegetation types. 

Data from the 1981 FAOIUNEP's Forest Resources of Tropical Africa Report were 
used to characterize land-use conversion and forest areas. These data on forest area and 
deforestation rates are country specific and based on country forestry surveys and, in a few 
cases, on satellite imagery. They are the only regiona! data on tropical deforestation and 
forest area currently available. Within the FAO/UNEP report, projections are made for 
forest area and deforestation in 1985. These projections were used to characterize initial 1985 
conditions in the model runs. 

4.23 Modeling with Geographical Specificity 

To capture the vast geographical differences in inventory and emissions over Sub-
Saharan Africa, carbon emissions and inventory were modeled at approximately 9000 regularly 
spaced point locations across the continent (see Fig. 6). To associate the point carbon 
emissions and inventory values with a geographic area more environmentally significant than 
"country," a map was created to divide most African countries into two or three zones on the 
basis of likely within-country variations in overall carbon inventory (see Fig. 7). For example, 
Zaire was divided into two zones - a zone for the closed forest and a zone for the woodland 
area bounding the closed forest. Smaller countries without significant vegetational 
heterogeneity were treated as a single zone. Thus each point had not only a country identity 
but also a zonal identity. Zones became the smallest geographic unit with which points were 
associated. 

To convert these point values of carbon inventory or emissions, which had units of 
tonnes of carbon per hectare or tonnes of carbon per hectare per year, to zonal estimates 
(tonnes of carbon per zone or tonnes of carbon per zone per year), the point values within a 
zone of a country were averaged and the resulting value multiplied by zonal area. Country 
and regional emissions and inventories were calculated by summing the zonal values within a 
country or the country values within the region. This point-based approach can be likened to 
taking many point samples of soil in a field to characterize the overall fertility of the field. 

2Biomass was assumed to be 45% carbon; thus biomass values were converted to carbon 

values using a multiplier of 0.45 (Houghton et al. 1983). 
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Fig. 6. 	 Illustration of point sampling strategy used in characterizing 
geographic variability in carbon emissions and inventory 
in Sub-Saharan Africa. 
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carbon inventory. Zone 1 has the greatest carbon inventory per
unit area and Zone 3 the least. Zones are not comparable among
countries. For example, Zone 1 of Zaire has much more carbon 
than Zone 1 of Chad. 
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Data needed for modeling carbon inventory and emissions -soil fertility, annual 
rainfall, current vegetation class, zone, and country - were extracted from the 
FAO/UNEP/Unesco maps and the zone map using a geographic information system (GIS) 
(see Fig. 8). The GIS was used in conjunction with digital versions of the maps to 
systematically extract the map values for soil unit, average rainfall, etc., at 0.4" intervals in 
latitude and longitude. The extracted values were used to create a 9000-record data base, 
each record of which provides soil fertility,26 annual rainfall, vegetation class, zone, and 
country occurring at specific point locations. This data base was then processed using SAS* 
programs, outside of the GIS, to model carbon inventory and emission dynamics at each point 
and to aggregate '"epoint predictions into zone, country, and region estimates. Figure 9 
outlines and exF isthe major steps involved in the methodology for predicting carbon 
inventory and emissions; Fig. 10 outlines the general flow of the carbon inventory and 
emission model. The following text describes the major components of the model - land-use 
modeling, modeling of carbon inventory, and calculation of carbon emissions. 

4.3 COMPONENTS OF THE CARBON INVENTORY AND EMISSION MODEL 

4.3.1 Modeling Land-Use Dynamics 

All land was assigned to one of three land-use categories - "forest," "forest fallow," 
and "other." "Forest" included closed and open forest.27 "Forest fallow" was land that was in 
some form of forest-fallow agriculture; that is, the land was cropped 1 to 3 year then fallow 
for 3 to 20 year, then cropped again. "Other" included both permanent agriculture and native 
vegetation that was not forest laid -such as grassland. The percentage of land in three land
use classes was tracked yearly between 1985 and 2001 at each point location. Changes in the 
amount of land in each class at each point were a function of the relative rate of 
deforestation.? Each year the forest land was reduced according to the relative 
deforestation rate, and the amounts r.f "forest fallow" and "other" land increased accordingly. 
The land-use dynamics involved are illustrated in Fig. 1i. Total land area in "forest," "forest 
fallow," or "other" in any zone was determined by averaging the point values within a zone 
within a country and multiplying by the area within the zone. 

26Soil unit type values extracted from the soil map were translated into soil fertility class 
values (high = 1, medium = 2, low = 3) on the basis of background information on soil 
fertility associated with soil units (FAO-UNESCO 1977). 

27The terms "closed" and "open" refer to the canopy structure of a forest. "Closed" forest 
has a sufficiently dense canopy that little light penetrates to the forest floor and there is no 
grass in the understory (crown cover is greater than 50%). "Open" forest in contrast has an 
open canopy which allows enough light to penetrate to the ground to support a grass 
understory (crown cover is greater than 10% but less than 50%). 

28"Relative rate of deforestation" is the percentage of the forest which is deforested each 
year; it has units of percent per year. "Absolute rate of deforestation" is the actual area 
deforested each year; i!has units of hectares per year. 
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Punching Through the Maps in GIS to Create a Data Base 
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Fig 10. 	 Flow chart of SAS® program for predicting carbon 
emissions and inventory 



Forest 	 Knf bw Forest
(Fn, Bn) Kfn Fallow (Ff, Bf) 

~/ 

~/ 

Other 
(Fo, Bo) 

Where:
 
Fn, Ff, Fo = land-use class fractions
 
Bn, Bf, Bo = land-use carbon values
 
Knf, Kfn, Kfo, Kno, Kon = relative rates of transformation from one 

land-use class to another 

inventory(t) = (Bn*Fn) + (Bf*Ff) + (Bo*Fo) > {at time t} 
Emission(t) = Inventory(t - 1) - Inventory(t) 

Fig. 11. 	 Model.of land-use dynamics used to predict carbon
emissions and inventory 

http:Model.of


Percentage of land area in each country that was in "forest" or "forest-fallow" land use 
in 1985 (at the beginning of the model run) was calculated using F AO/UNEP's Forest 
Resources of Tropical Africa report (FAOIUNEP 1981) values on land area in forest or forest 
fallow and country values for ,-tal land area. The estimate of percent land area in "forest" 
included FAO/UNEP's "closed" and "open" and "productive" and "unproductive" forest classes 
but did not include FAO/UNEP's "shrub" class. The estimate of percent land in forest fallow 
included FAO/UNEP's "closed" and "open" forest fallow. The "forest-fallow" land-use 
designation encompasses that land in the crop portion of the forest-fallow crop cycle. This is 
in agreement with FAO's definition of forest-fallow land.29 As noted before, all land that 
was neither in forest nor in forest fallow was defined as "other" land. 

Relative rates of annual deforestation (the permanent conversion of forest land to 
forest-fallow agriculture or to permanent agriculture) were developed using country-specific 
estimates of the amount of land deforested in 1985 and the total amount of forested land in 
1985 (FAO/UNEP 1981). The relative rate of overall deforestation was calculated as the 
ratio of the acreage deforested in 1985 to the acreage in forest in 1985. The FAO/UNEP
values for deforested land do not include forest land which has been harvested but maintained 
as forest land. Thus the rate is for land-use conversion and not for the area harvested. The 
rate of deforestation that was due to conversion to forest-fallow agriculture rather than 
permanent agriculture was assumed to be 50% of the overall rate (Houghton et al. 1983)
unless there was country-specific information in FAO/UNEP's report to indicate otherwise. 
Within a country, the relative rates of deforestation were assumed to be the same at all points 
and for all forest types. 

In the base-case model, the relative rate of deforestation is assumed to be constant 
over time.3' It is also assiimed that there is no conversion of (1) forest-fallow land use to 
permanent agriculture land use, (2) agricultural land to forest or forest fallow land, or (3) 
forest-fallow land to forest: that is, these conversion rates are assumed equal to zero in the 
base case. This is clearly not the case in the real world, but continentally consistent data are 
unavailable for deriving rates for these conversions (Detwiler and Hall 1988). However, the 
model is constructed such that if values for these rates were available, they could readily be 
incorporated. Likewise, when deforestation rates from the 1990 FAO/UNEP's Tropical 
Forest Resources Assessment Project become available, these may also be incorporated into 
the model. 

At the start of a model run, a certain fraction of the land at each point is assigned to 
each land-use class. These fractional values are assigned according to the point's vegetation 
class, the country in which the point falls, and the percent "forest," percent "forest-fallow," and 
percent "other" land within that country in 1985 (as given Iy the FAO/UNEP Tropical Forest 
Resources of Tropical Africa). The point fractions are assigned such that the average point 

2K D. Singh, FAO, Rome, personal communication to Robin L. Graham, September 
1989. 

"The relative deforestation rate was altered when examining land options for conserving 
carbon.
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fraction for a land-use class within a country corresponds to the FAOIUNEP's country-level
value for that class in 1985. 

This approach of using land-use fractions was developed to reconacile the 
FAO/UNEP's Forest Resources of Tropical Africa's estimates of forest area with forest area 
indicated on FAO's vegetation map. The model is dependent on th( former data base for 
deforestation rates and on the latter for calculating initial carbon inven .c' '.An a given 
country, the amount of land designated on the FAO vegetation map to be forest or some 
blend of forest and some other vegetation type was not necessarily the same amount as 
reported by FAO/UNEP's Forest Reseurces of Tropical Africa. For example, FAOAUNEP's 
Forest Resources of Tropical Africa reported that 68% of the land in Cameroon was either in 
forest or forest fallow while only 54% of the Cameroon points sampled off the FAO 
vegetation map had vegetation class values that indicated the presence of some forest or 
forest fallow agriculture. In other countries the reverse was true. Thus development of the 
algorithms for assignation of initial land-use fractions to points with a specific vegetation class 
required considerable judgment and interpretation. Individual algorithms for assigning land
use fractions had to be developed for each vegetation class that occurred in each country. 

Annual changes in land use were modeled at each point. Each year, a percentage of 
the forest land (the overall relative deforestation rate) was converted to forest fallow land or 
permanent agriculture. The fraction of land in forest fallow or permanent agriculture was 
then updated to reflect this conversion (Fig. 10). Thus points that were high in forest lost 
more forest than points that were low. However, as noted before the relative rate of 
deforestation was uniform within a country. Deforestation is unlikely to be uniform within a 
country. Areas of high population density most likely have higher rates of deforestation than 
do areas of low population density. The existing deforestation statistics however, are country
level statistics thus there is no way to account for within country variation in relative 
deforestation rates. This problem may be solved in the future as the upcoming 1990 Tropical
Forest Resource Assessment by FAO/UNEP will develop region-specific algorithms relating 
deforestation to population density.3' 

4.3.2 Modeling Carbon Inventory 

Carbon inventory was calculated for every other year from 1985 to 2001 for each zone
within each countiy. At the beginning of a model run, the carbon storage value of each land
use class at each point location was determined. The carbon storage values for each land-use 
class represent the amount of carbon (excluding soil, animal, and fungal carbon but including
carbon in belowground vegetation and dead vegetation) that would be found on one hectare 
in that land-use class at that location. Thereafter, biannual carbon inventory calculations were 
a two stage process - (1) calculation of each point carbon inventory from the weighted (by
land-use fraction) carbon storage values of the three land-use classes (Fig. 12) and (2)
calculation of carbon inventory for each of the zones (Fig. 10). The following text elaborates 
on the carbon inventory model and calculations. 

31K.D. Singh, director of the 1990 Tropical Forest Resource Assessment Project, personal 
communication to R.L. Graham. 
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Example: Calculation of Emission & Inventory at a point at time t and t + 1 
Time: t Time: t+1 

Knf=.1 Knf=.1 0 M. Forest 
Forest W. Forest Forest Fallow

Forest 1 (1f_0_Fallow 

(Fn=.50,Bn=160) Knf=0 (Ff=.20, Bf= 16) (Fn=.35, Bn=160) Kfn=0 (Ff=.25, Bf 16) 

0> 

0 % Co

0 

Other Other 

(Fo=.30,Bo=1.5) (Fo=.40,Bo= 1.5) 

Inventory(t) = (0.5*160)+(0.2*16)+(0.3*1.5) Inventory (t+1) = (0.35*160) + (0.25*16)+ (0.40*1.5) 

= 83.65 tonnes = 60.6 tonnes 

Emission(t+1) = (83.65-60.6) 
1 yr 1 

= 23.05 tonnes ha 

Fig. 12. An example illustrating model calculations of carbon emissions
 
and inventory at a point, at time t and t+ 1
 



Modeling carbon storage values foreach ofthe three land-use classes. The carbon 
storage values of each land-use class at each point were determined in a two-step process.
First, the amount of carbon that would be stored in native, undegraded ecosystems, forest
fallow agriculture ecosystems, or permanent agriculture ecosystems at that point was 
determined. These values along with information on the land-use classes occurring at that 
point in 1985 and the likelihood of the native vegetation having been degraded were then 
used to assign carbon storage values for the land-use classes. 

A different algorithm for predicting carbon storage was used for each ecosystem type.
The carbon storage of a native undisturbed ecosystem at a particular point was predicted on 
the basis of dominant vegetation type, annual rainfall, and soil fertility class. Each vegetation 
type was assigned a maximum carbon storage value that would occur under situations of high
soil fertility and optimal rainfall. Table 7 lists the maximum carbon storage and optimal
annual rainfall associated with each vegetation type. As noted before, the maximum carbon 
storage value comes from Olson et a]. (1985). The optimal rainfall was determined using the 
rainfall values associated with each of the vegetation types.32 Optimal rainfall was defined as 
that amount of rain below which 95% of the vegetation type is found growing. To adjust the 
carbon storage value of a native undegraded ecosystem to the local point conditions, the 
maximum carbon storage potential of the dominant vegetation type was reduced if the soil 
fertility or rainfall at that point were less than the "optimal." The algorithm for making those 
reductions is as follows: 

BN z = BNMaxq * (RAINz/RAINMaxq) * (2*SOILz/(3*SOIL. - 1)) 

where: 

BN z = actual carbon storage in native vegetation at point,
BNMaxq= the maximum carbon storage associated with vegetation type Q, 
RAINMaxq = the optimal rainfall associated with vegetation type Q, 
SOILz = soil fertility class at point ("1" = higE, "2" = moderate, "3" = low),
RAINz= annual rainfall at point (If RAINz > RAINMaxq, then 

RAINz=RAINMAXq), 
z = point location, 
q = vegetation type at point. 

This relationship is based on observations of carbon storage relative to soil fertility in 
temperate forest plantations as well as data suggesting a linear relationship between rainfall 
and tropical ecosystem biomass (Houghton et al. 1985b, Lugo et al. 1988). A more complex
algorithm could easily be substituted into the model if a more thorough analysis of the 
relationship between tropical ecosystem biomass, soils, and rainfall indicated a more complex 
algorithm was warranted. 

The carbon storage of a forest fallow agriculture ecosystem at a site was predicted on 
the basis of potential carbon of a native ecosystem at that site and the numbers of crop and 

32The relationship between annual rainfall and vegetation type at a point was developed 
using the database created by sampling the rainfall and vegetation maps. 
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fallow years in a single crop fallow cycle. The crop and fallow years are country and zone 
specific and are summarized in Table 8. The forest-fallow carbon value represents the 
average carbon that would be stored on site over the entire fallow-crop cycle. The algorithm 
for computing carbon storage of forest fallow agriculture at a site is as follows: 

BFAVG.= {(((BN.*FALLYR50)/2)*FALLYR) + (CROPYR*CROP)}/ 
(CROPYR, + FALLYR.) 

where: 
BFAVGZ = average carbon storage over an entire fallow rotation cycle, 
BNZ = actual carbon storage in native vegetation at point, 
CROPYR,= number of years in crop portion of cycle, 
FALLYR,= number of years in fallow portion of cycle,. 
CROP= average biomass storage during the crop phase of the cycle. 

(crop = 5.0 tonnes C!ha), 
z = point location. 

The algorithm assumes that carbon storage in biomass increases linearly with each year in the 
fallow portion of the cycle and that it would take 50 fallow years to achieve the carbon 
storage present in native vegetation at that site. A linear increase in carbon storage during 
the forest regrowth phase of the fallow forest agriculture system is a first approximation used 
by others in modeling carbon storage in fallow forest agriculture (Houghton et al. 1985a). 
Fifty years was selected as a typical interval for forest recovery (Houghton et al. 1985a). The 
data are quite limited on this topic as it is difficult to age tropical forests. The carbon storage 
of permanent agriculture was assumed to be 5.0 tonnes/ha regardless of site attributes 
(Houghton et al. 1985a). 

If the vegetation class (as opposed to land-use class or vegetation type) at the point 
was one that included "cropland," "forest fallow," or "savanna fallow," then it was assumed that 
the native vegetation at that point would be degraded and its carbon-storage biomass was 
reduced by 35%. 

Land-use carbon values were derived from the three ecosystem-type carbon-storage 
values according to the rules outlined in Table 9. The resulting land-use carbon values ranged 
considerably. The area-weighted average forest carbon land use value for the entire region 
was 65.7 tonnes/ha. The low average reflects the dry woodlands with an open canopy that 
characterize much of Africa's forested area. The value lies halfway between the estimates of 
carbon storage of closed forest (90 tonnes/ha) and open forests (30 tonnes/ha) used in the 
most recent estimation of carbon loss from global tropical deforestation (Detwiler and Hall 
1988). The average fallow-forest land-use carbon value was 5.9 tonnes C/ha. This value is 
lower than the fallow forest carbon storage values used in other estimates of carbon loss from 
tropical deforestation (Houghton et al. 1987). Nonforest land-use carbon values averaged 
8.05 tonnes/ha on sites initially classed as 100% nonforest land use. Once the carbon values 
for each land-use class were determined at the beginning of the model run (1985), they did 
not change and were used in all subsequent yearly calculations of carbon inventory. 
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Table 8. Assumed crop and fallow years for each country and zone 

Country 

Angola 

Benin 

Botswana 

Burkina Faso 

Burundi 

Cameroon 

Central African Rep. 


Chad 


Congo 

Eq. Guinea 

Ethiopia 

Gabon 

Gambia 

Ghana 

Guinea 

Ivory Coast 

Kenya 

Liberia 

Madagascar 

Malawi 

Mali 

Mozambique 

Zone 


1,2,3 


1 


1,2 


1 

2 


1 


1 

2,3 


1,2 


1 

2 

3 


1,2,3 


1 


1 

2 


1,2 


1 


1 

2 

3 


1 

2 


1 

2 


1,2 

1 


1 

2,3 


1 


1 

2 

3 


1,2,3 
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Table 8. Assumed crop and fallow years for each country and zone 

Country Zone Crop year Fallow year 

Namibia 1,2 2 20 

Niger 1 2 10 
2 2 6 
3 2 20 

Nigeria 1 3 3 
2 2 6 
3 2 10 

Rwanda 1 3 3 

Senegal 1 2 10 
2 2 6 

Sierra Leone 1 2 6 

Somalia 1 2 10 
2 2 20 

Sudan 1 2 10 
2 2 6 
3 2 10 

Tanzania 1,2,3 2 6 

Togo 1 2 6 

Uganda 1 3 3 
2 2 6 

Zaire 1,2 2 10 

Zambia 1,2 2 10 

Zimbabwe 1,2 2 6 

Source: Derived in part from FAO (1984), Changes in Shifting Cultivation in Africa. 
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Table 9. Rules used to assign carbon values to land-use classes at each
 

point on the basis of initial (1985) point land use
 

1985 Land-use status at a point:
 

If "Forest Fallow" land use is present
 

Then "Forest" carbon storage = storage of native ecosystem;
 
Then "Forest fallow" carbon storage = storage of forest fallow vegetation;
 
Then "Other" carbon storage = 1.5 tonnes/ha.
 

If "Forest" but not "Forest Fallow" land use is presenta 

Then "Forest" carbon storage = storage of native ecosystem;
 
Then "Forest Fallow" carbon storage = storage of forest fallow vegetation;
 
Then "Other" carbon storage = 5% of carbon value for native ecosystem.
 

If only "Other" land use is present and vegetation class is not "Cropland"
 

Then "Other" carbon storage = carbon storage of native ecosystem.
 

If only "Other" land use is present and vegetation class is "Cropland" 

Then "Other" carbon storage = 1.5 tonnes/ha. 

aWlthough no forest fallow is present initially in 1985, forest fallow land use will occur in 
subsequent years as a consequence of deforestation of the original forest. Thus a forest fallow carbon 
value is assigned to that site for application in future years. 
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Calculatingpointcarbon inventory. To calculate the carbon inventory at any point at 

any year, the carbon value of each land-use class was weighted by the fraction of land in that 

land-use class at that year, and the weighted carbon values were summed. Table 10 gives an 

example of such a calculation for a typical point in a forested region of Zaire. 

Calculatingzonal and country values for carbon inventory. To determine the zonal 

carbon inventory value, the overall average carbon inventoly for all points within a zone was 

calculated. This value was then multiplied by the number of hectares within that zone. In 

summary, zonal carbon inventories were a function of the land use in the zone and the carbon 
The carbon values in turn were a function ofvalues associated with those land-use classes. 


the soils, climate, and vegetation classes found within the zone.
 

4.3.3 Modeling Annual Carbon Emissions 

Calculation of carbon emissions was straightforward. Annual emissions were simply 

the difference between carbon inventories one year and the next (Fig. 12). As noted earlier, 
this method of calculation of carbon emissions implicitly assumes that loss or gain of any 

carbon due to land-use conversion occurs the year of the conversion. In the base-case model, 

yearly carbon inventories differed only as a consequence of annual changes in the relative 

amount of land in each of the land-use classes. The carbon values associated with each of the 

land-use classes at each point did not change. Furthermore, land-use change was solely a 

function of country-specific relative deforestation rates, which also did not change over the 
Of course, because relative rather than absolute deforestation rates1985-2001 time interval. 


were used, the emissions rates were not constant over time area, nor were inventories.
 

4.4 BASE-CASE MODELING RESULTS 

Three countries (Ivory Coast, Zaire, and Nigeria) are the most significant contributors 

of carbon emissions in 1985, contributing 48.9, 33.4, and 24.4 million tonnes, respectively 

(Table 11). Ivory Coast's and Nigeria's initial high values are not sustained; by 2001 their 

values drop to 15.3 and 14.7 million tonnes C/yr, respectively (Fig. 13). This is because their 

relative rate of deforestation is so high that it rapidly depletes the forest inventory (from 870 

million tonnes in 1985 to 390 million tonnes in 2001 for Ivory Coast and from 1730 million 

tonnes to 1420 million tonnes for Nigeria over the same period). Consequently, there is much 

less forest to deforest in later years. If the model had used absolute rates of deforestation 
rather than relative rates, the drop in carbon :nventory would have been much more 
precipitous. Zaire differs in that it has a .airly low relative rate of deforestation but a very 

large inventory; consequently, its emissions drop very little between 1985 and 2001 (from 33.4 

to 32.2 million tonnes). Thus, Zaire takes on a more important role in regional carbon 
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Table 10. Example of point ca'r'ilation of carbon inventory for a partially forested point in Zaire in 
1991 

Land-use 
Land-use 

class 
Land-use 

carbon value 
fraction in 

1991 
Weighted carbon 
value in 1991 

Forest 144.0 tonnes C/ha 0.80 115.2 tonnes C 

Forest fallow 15.2 tonnes C/ha 0.15 2.28 tonnes C 

Other 3 tonnes C/ha 0.05 0.15 tonnes C 

Carbon inventory in 
1991 at point 82.85 tonnes C/ha 
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Table !1. Bne-as model peiciow of cabas c..ioa and iaveaty (miliom of eascs) ih SabkSahaiz 
Affica in 1965. 1993, and 21OI 

1985 1993 

Country Emissions Inventory Emissions Inventory 

Ivory Coast 48.9 870 27.4 560 

Zaire 33.4 17390 32.8 	 17120 

1730 18.9 1550N;geria 	 24.4 

9.3 1230 8.5 	 1160Madagascar 

2207.6 270 5.4Malawi 

7.3 2120 7.1 	 2060Cameroon 

6.6 990 6.1 940 

Sudan 

Guinea 

6.1 1180 26 	 1150 

5.9 2690 5.7 	 2640Ethiopia 

5.7 2480 5.6 	 2430Tanzania 

Liberia 5.6 280 4.6 	 240 

5.3 4240 5.2 	 4200Angola 

Mozambique 5.1 1580 4.8 	 1540 

4.4 710 4.1 680 

Zambia 

Ghana 

3.5 1980 3.5 1950 

Zimbabwe 21 830 20 	 820 

2340 ZO 2320 

Central African Republic 1.9 1560 1.9 1540 

Kenya 1.9 620 1.6 600 

160 

Congo 	 ZO 

1.7 170 1.5Benin 

1.6 2540 1.6 2520Gabon 

Burkina Faso 1.6 380 .,5 370 

Sengal 1.4 380 1.3 370 

Uganda 1.0 220 1.0 210 

Mali 0.9 550 0.9 540 

Chad 0.8 430 0.8 430 

0.7 150Togo 	 0.8 160 

250Sierra Leone 0.6 250 0.5 

Rwanda 0.4 30 0.4 30 

0.4 220Niger 0.4 220 

Namibia 0.3 490 0.3 490 

Equatorial Guinea 0.3 130 0.2 130 

Botswana 0.2 430 0.2 430 

Somalia 0.2 320 0.2 320 

Burundi <0.1 	 20 <0.1 20 

50360199.1 51810 161.4Tola 
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2001
 

Emissions Inventory
 

15.3 390 

312 16860 

14.7 1420 

7.7 1100 

3.8 180 

6.8 2000 

5.7 890 

1.1 1130 

5.6 2600 

5.4 2390 

3.7 210 

5.1 4160 

4.5 1500 

3.8 650 

3.4 1920 

20 800 

ZO 2300 

1.8 1530 

1.4 590 

1.3 150 

1.6 2510 

1.5 360 

1.3 360 

1.0 200 

0.8 530 

0.7 420 

0.7 140 

0.5 240 

0.3 20 

0.3 220 

0.3 480 

0.2 130 

0.2 430 

0.1 310 

<0.1 20 

136.8 49140 
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Fig. 13. Emissions from the top three carbon-emitting countries 
from 1985 to 2001. 



emissions over the years. A comparison of the average carbon emissions from 1991 to 2001, 
ranked by the top ten countries, reveals that Cameroon, Madagascar, Guinea, Ethiopia, 
Tanzania, and Malawi also have sizable carbon emissions due to deforestation (Table 12). 
Within these countries different zones are more or less important. If country emissions are 
compared in terms of tonnes of carbon per hectare, the relative ranking of countries changes 
drastically -Malawi, Liberia, Guinea, and Nigeria are all quite high in their emission rates per 
unit of land (Table 13). 

Current carbon emissions from land-use change in Sub-Saharan Africa are about 5 
times greater than emissions from fossil-fuel use (excluding South Africa). However, in a 
global context, carbon emissions from Sub-Saharan land-use change rep-esent less than 5% of 
current global carbon emissions from fossil fuel and less than 20% of U.S. fossil-fuel 
emissions. 

4.5 	 COMPARISON OF ME7THODOLOGY AND RESULTS WITH OTHER 
APPROACHES 

Continental-scale carbon accounting models have been developed by Houghton et al. 
(1983, 1985, 1987) and Detwiler and Hall (1988). Both models are bookkeeping models and 
do not include factors controlling land use or determining carbon inventory. Thus the models 
can predict current and past emissions and are well suited for modeling global carbon cycles 
but are not well suited for examining land management options for carbon storage. Further, 
both models predict emissions at a continental scale,33 althoug;i the Houghton et al. model 
partitions the regional predictions into country emissions. Liko4 the model presented in this 
paper (for this discussion referred to as the A.I.D. model), both models use the FAO/UNEP 
data on deforestation and forest inventory to describe rates of land-use change and land-use 
areas. Carbon storage values are forest type specific rather than geographically specific. For 
example, the Houghton model calculates an annual carbon emission value for Africa but 
differentiates three forest types - moist, seasonal, and dry forests. Two sets of carbon values 
are associated with these types. One set of carbon storage values was based on continental 
growing stock volumes as reported by FAO/UNEP, while the other was based on an 
ecosystem biomass data base developed by Brown and Lugo (1984). The FAO-based carbon 
storage values are considerably lower than the ecosystem-based values and are considered to 
be more representative of reality (Brown 1988); they are also more similar to the values used 
in the A.I.D. model. 

The Houghton model partitions the regional estimate of carbon -mission among 
different countries on the basis of an index developed using the country-specific rates of 
deforestation and area of forest as given in the 1980 FAO/UNEP Forest Resources of 
Tropical Africa Report. The Houghton model accounts for the temporal dynamics of both 
decomposition and forest fallow regrowth and makes some very general calculations of soil 
carbon loss and carbon loss due to the conversion of forest fallow agriculture to 

33The Detwiler and Hall model has been used to model individual country emissions in 

some cases (Detwiler and Hall 1988). 

58 



Table 12. Base-case model predictions of carbon emissions from 1991 to 2001 in the 10 largest carbon-emitting countries of Sub-
Saharan Africa. The countries selected below had emissions > 5.0 million tonnes of crbon in 1985. The emissions are 

unevenly distributed among the country as is evident from the table. 

Carbon emissions Proportion of emission 
(106 tonnes C) among zones 

Country 1991 1 1993 1995 1997 1999 2001 Mean Zonel Zonc2 Zone3 

Zaire 32.9 32.8 32.6 32.5 32.3 32.2 32.6 0.56 0.43
 

Ivory Coast 31.7 27.4 23.7 20.5 17.7 15.3 22.7 0.86 0.14
 

Nigeisa 20.2 18.9 17.8 16.7 15.6 14.7 17.3 0.54
t 0.42 0.04 

Madagascar 8.7 8.5 8.3 8.1 7.9 7.7 8.2 0.37 0.63
 

Cameroon 
 7.1 7.1 7.0 6.9 6.9 6.8 7.0 0.85 0.12 0.03 

Guinea 6.2 6.1 6.0 5.9 5.8 5.7 6.0 0.38 0.62 -


Ethiopia 
 5.7 5.7 5.7 5.6 5.6 5.6 5.6 0.88 0.12 -


Tanzania 
 5.6 5.6 5.5 5.5 5.5 5.4 5.5 0.00 0.86 0.14 

Malawi 5.8 5.4 4.9 4.5 4.1 3.8 4.8 1.00 - -


Sudan 
 3.3 2.6 2.1 1.7 1.4 1.1 2.1 0.64 0.33 0.13 

Sum of top ten 127.2 120.0 113.6 107.9 102.9 98.3 111.6
 
countries
 

Sum of all countries 169.1 161.2 154.1 147.7 142.0 136.9 151.8
 

There were no sampled points in zone 3 of Madagascar. 
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Table 13. Comparison and ranking of carbon emissions (tonnes C/ha) among the countries of Sub-Saharan Africa 

in 1985, 1993, and 2001. 

1985 1993 2001 

Country Emissions Country Emissicns Country Emissions 

Ivory Co.'st 1.54 Ivory Coast 0.86 Ivory Coast 0.48 

Malawi 0.81 Malawia 0.57 Malawi 0.40 

Liberia 0.58 Liberia 0.48 Liberia 0.38 

Guinea 0.29 Guinea 0.27 Guinea 0.25 

Nigeria 0.27 Nigeria 0.21 Ghana 0.17 

Ghana 0.19 Ghana 0.18 Nigeria 0.16 

Rwanda 0.16 Rwanda 0.16 Cameroon 0.15 

Madagascar 0.16 Cameroon 0.15 Zaire 0.14 

Cameroon 0.16 Madagascar 0.15 Madagascar 0.13 

Benin 0.15 Zaire 0.14 Togo 0.13 

Zaire 0.15 Benin 0.14 Rwanda 0.12 

Togo 0.14 Togo 0.13 Benin 0.12 

Equatorial Guinea 0.09 Sierra Leone 0.08 Sierra Leone 0.07 

Sierra Leone 0.08 Equatorial Guinea 0.07 Equatorial Guinea 0.07 

Senegal 0.07 Senegal 0.07 Senegal 0.07 

Mozambique 0.07 Tanzania 0.06 Gabon 0.06 

Tanzania 0.06 Gabon 0.06 Tanzania 0.06 

Gabon 0.06 Mozambique 0.06 Congo 0.36 

Congo 0.06 Congo 0.06 Mozambique 0.06 

Burkina Faso 0.06 Burkina Faso 0.06 Burkina Faso 0.05 

Zimbabwe 0.05 Zimbabwe 0.05 Zimbabwe 0.05 

Ethiopia 0.05 Ethiopia 0.05 Ethiopia 0.05 

Uganda 0.05 Uganda 0.05 Uganda 0.05 

Zambia 0.05 Zambia 0.05 Zambia 0.05 

Angola 0.04 Angola 0.0$ Angola 0.04 

Kenya 0.03 Central African Rep. 0.03 Central African Rep. 0.03 

Central African Rep. 0.03 Kenya 0.03 erya 0.02 

Sudan 0.03 Sudan 0.01 Mali 0.01 

Mali 0.01 Mali 0.01 Chad 0.01 

Chad 0.01 Chad 0.01 Sudan 0.00 

Namibia 0.00 Namibia 0.00 Namibia 0.00 

Botswana Q.00 Botswana 0.00 Botswana 0.00 

Somalia 0.00 Somalia 0.00 Niger 0.00 

Niger 0.00 Niger 0.00 Somalia 0.00 

Burundi 0.00 Burundi 0.00 Burundi 0.00 
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permanent agriculture. In general, carbon losses from soil carbon losses are predicted to be 
about 10 to 30% of the carbon losses due to vegetation carbon loss. Carbon losses from 
conversion of forest fallow agriculture to permanent agriculture are based on Meyer's regional
estimates of forest fallow to agriculture conversion (Meyer 1980, 1984). Meyer's estimates 
would predict that the global area of forest-fallow agriculture is decreasing rapidly, while FAO 
indicates that it is increasing (Detwiler and Hall 1988, Houghton et al. 1987). The A.I.D. 
model does not use Meyer's data to address the conversion of forest fallow to permanent
agriculture in part because of this confusion. 

Estimates of 1980 country-level carbon emissions predicted by Houghton et al. 
(1987) are compared with the A.I.D. base-case model results for 1985 in Table 14. In spite of 
the very fundamental differences between the two models, their carbon emission predictions 
are fairly similar. The top nine carbon-emitting countries are the same in both the studies,
and the Houghton model predictions using the low set of storage values are just slightly higher
than the country emission values predicted by the A.I.D. model. Discrepancies tend to arise 
with those countries for which Houghton et al. predicted significant carbon losses due to 
forest fallow conversion to permanent agriculture (Table 14). Because Houghton et al. 
considered soil carbon losses and the conversion of forest fallow to permanent agriculture,
neither of which were considered in the A.I.D. model, one might expect Houghton predictions 
to be generally higher. The reason their predictions are not always higher may be because of 
the higher storage carbon values used for forest fallow in the Houghton model. 
Consequently, the carbon release from the conversion of forest to forest fallow in the 
Houghton model may not be as large a release as in the A.I.D. model. Although it is not 
completely clear from the description of the Houghton model, it would appear that most of 
the deforestation in the model is attributed to the conversion of forest to forest fallow rather 
than to permanent agriculture. This assumption would also reduce the carbon emissions 
relative to the A.I.D. model. 

The predictions of the Detwiler and Hall model cannot be compared with the A.I.D. 
base case model results because Detwiler and Hall present their model predictions in terms of 
the entire tropical region of the world. It should be noted, however, that they estimate lower 
losses of carbon due to deforestation in the tropics than does Houghton et al. (1987).
Detwiler znd Hall present a range of 400 to 1600 million tonnes of carbon emitted in 1980 
from land-use change in the tropics, while Houghton et al. predict 900 to 2500 million tonnes. 
The difference can be mainly attributed to the carbon values assigned the different forest 
types ad the modeling of forest fallow agriculture. The extent, carbon content, and rate of 
loss or creation of forest fallow agriculture are poorly understood. It is one of the main 
factors contributing to the uncertainty surrounding carbon emissions from land-use change in 
tropical countries. 

Because of the subject of the A.I.D. model, a rigorous validation is impossible. 
However, confidence in the A.I.D. model's ability to correctly model land-use dynamics and 
carbon emission is strengthened by the similarity of various models' predictions.
Consequently, the model appears to be both a useful and appropriate vehicle for evaluating
carbon emission resulting from different land-use scenarios. 
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Table 14. Comparison and ranking of carbon emissions predicted by AID model and Houghton model. The Houghton values 
are for 1980, whereas the AID values are for 1985. 

AID model 

Emissions 
Country (million tonnes C) 

Ivory Coast 48.9 

Zaire 33.4 

Nigeria 24.4 

Madagascar 9.3 

Malawi 7.6 

Cameroon 7.3 

Guinea 6.6 

Sudan 6.1 

Ethiopia 5.9 

Tanzania 5.7 

Liberia 5.6 

Angola 5.3 

Mozambique 5.1 

Ghana 4.4 

Zambia 3.5 

Zimbawe 2.1 

Congi 2.0 

Central African Rep. 1.9 

Kenya 1.9 

Benin 1.7 

Gabon 1.6 

Burkina Faso 1.6 

Senegal 1.4 

Uganda 1.0 

Mali 0.9 

Chad 0.8 

Togo 0.8 

Sierra Leone 0.6 

Rwanda 0.4 

Niger 0.4 

Country 

Ivory Coast' 

Nigeria' 

Zaire 

Sudan 

Madagascar" 

Malawi 

Cameroon 

Guinea' 

Ethiopia 

Liberia" 

Ghana' 

Mozambique 

Angola 

Tanzania 

Zimbabwe 

Zamibia 

Chad 

Burkina Faso 

Central African Rep. 

Congo 

Senegal 

B3enina 

Gabon 

Uganda 

Mali 

Kenya 

Niger 

Namibia 

Somalia 

Sierra Leone* 

Houghton et al.'s model 

Emissions 
(million tonnes C) 

Low Mid High 

62.1 100.5 138.5 

36.8 59.5 82.0 

21.6 35.0 48.2 

16.4 26.6 36.7 

14.3 23.2 32.0 

9.7 15.7 21.6 

9.6 15.6 21.5 

5.4 8.8 12.1 

4.8 7.8 10.7 

4.8 7.8 10.7 

4.8 "7.7 10.6 

4.3 7.0 9.6 

3.4 5.5 7.6 

3.0 4.9 6.8 

2.6 4.2 5.8 

2.6 4.2 5.8 

2.6 4.2 5.8 

2.6 4.2 5.8 

2.2 3.6 5.0 

2.1 3.4 4.7 

1.8 2.9 4.0 

1.5 2.5 3.4 

1.4 2.2 30 

1.4 2.2 3.0 

1.3 2.1 2.9 

1.1 1.7 2.3 

1.0 1.6 2.2 

0.6 1.0 1.4 

0.6 1.0 1.4 

0.6 1.0 1.4 
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Table 14. Comparison and ranking of carbon emissions predicted by AID model and Houghton model. The Houghton values 

are for 1980, whereas the AID values are for 1985. 

AID model Houghton et al.'s model 

Emissions Emissions 
Country (million tonnes C) Country (million tonnes C) 

Low Mid High 

Namibia 0.3 Togoa 0.4 0.7 1.0 

Equatorial Guinea 0.3 Botswana 0.4 0.7 1.0 

Botswana 0.2 Rwanda 0.2 0.3 0.4 

Somalia 0.2 Equatorial Guinea 0.2 0.3 0.4 

Burundi <0.1 Burundi 0.0 <0.01 0.0 

TOTAL 199.1 228.6 369.6 509.3 

aEmission value includes emissions from the conversion of fallow forest agriculture to permanent agriculture. For Ivory Coast 
42% of the total emissions are due to this land-use conversion; for Nigeria, 45%; Madagascar, 47%; and Togo, 33%. 
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4.6 EVALUATION OF LAND-USE MANAGEMENT OPTIONS 

Land-use management options that are analyzed in the context of sequestering and 
preserving stores of carbon include (1) preservation of natural forests, (2) agroforestry and 
fuelwood, and (3) reforestation for industrial wood production. The first option is concerned 
with identifying areas of natural forest for protection and improved management (reducing the 
deforestation rates). Greater preservation of natural forest areas would not only continue to 
store carbon but would also serve to protect watersheds and limit erosion, provide buffers 
against desertification, and maintain biodiversity and habitat. The latter two options are more 
specific land-use alternatives designed to mitigate development pressures and spontaneous 
encroachment as well as to sequester carbon. For each land-use option, the base-case model 
was modified. The modifications to the base-case model, the carbon results, and the estimated 
costs of the specific land-use option are discussed in the remainder of this section. 

4.6.1 Preservation of Natural Forests 

The demand for agricultural land is a principal cause of deforestation in Sub-Saharan 
Africa. Without any external pressure to adopt more sustainable and productive agricultural 
systems, rural populations are forced to clear new forest areas and to use more marginal land 
that may not be suitable for cultivation.3 Rural populations also invade the forests and 
open woodlands in search of fuelwood. As noted earlier, fuelwood (firewood and wood for 
charcoal production) accounts for over 60% of total energy consumption in Sub-Saharan 
Africa. Fuelwood is gathered to satisfy one's own energy needs as well as to satisfy the 
charcoal demands of rapidly growing urban populations. 35 Charcoal production is 
particularly destructive since it usually involves the use of whole trees and not the use of 
scavenged limbs and branches. in more arid regions, the removal of forest vegetation 
increases runoff and erosion and exacerbates problems of erratic rainfall common to these 

s6 
areas. 

Secondary to the demand for new agricultural land and fuelwood, the demand for 
timber products also contributes to the loss of forest area. Many governments compelled to 
generate foreign exchange earnings and employment have looked toward the forests as a 

3Problems of low-productivity agriculture and declining soil fertility are exacerbated by 
patterns of land tenure. Because many subsistence farmers do not own their land or do not 
have long-term land rights beyond current-use rights, they lack the irentive to protect fallow 
land and to practice soil-conserving measures. 

35Urban energy consumption is growing at an annual rate of over 5% (Armitage and 
Schramm 1989). 

36In the Sahelian and Sudanian zones of Africa, consumption of wood now greatly exceeds 
natural regeneration and threatens the area with desertification (Anderson and Fishwick 
1984). 
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resource that can readily be exploited (Repetto and Gillis 1988).37 Favorable concessions as 
well as policies to stimulate the growth of wood processing industries have been used. These 
policies, which open up the forest to logging, also create and accelerate access, enabling 
subsistence farmers to incorporate these areas into the cycle of forest fallow cultivation and, 
as population density increases, into bush and short fallow agriculture. 

To investigate this land-use option in terms of carbon storage and emissions, a range
of preservation scenarios is evaluated in which deforestation rates are reduced and/or
degraded native forest is protected and allowed to recover. The base-case model was 
modified to (1) change the relative rates of deforestation and/or (2) allow the existing
degraded forests to recover their biomass (i.e., the carbon storage value of forest land at 
points that had been degraded was gradually increased each year at a rate defined by the 
potential productivity of that site until the carbon storage value of the forest equaled that of 
undegraded forest). Seven additional runs of the model were made, setting the deforestation 
rates to either 0 (none), 75% (low), 50% (moderate) or 100% of the current rate and 
allowing the existing degraded forest to recover or not recover. Of course, 100% of the 
current deforestation rate with no biomass recovery is the base-case run discussed earlier. For 
each of the applicable scenarios, the rate of recovery (i.e., the annual increase in carbon 
storage) was defined as follows: 

GROW, = 5 * (RAIN/.3000)*SOIL/(2*SOIL, - 1) 

where 

GROW = unit of annual increase in carbon storage of recovering forest at point z, 
SOIL = soil fertility class at point z, , 
RAIN, = annual rainfall in millimeters at point z. 

This equation assumes the maximum rate of recovery would be 5 tonnes C/ha/yr under 
conditions of gc41 soils and rainfall of 3000 mm/yr. This upper limit is then reduced by less 
rainfall or less than ideal soils. 

Figure 14 summarizes carbon emissions assuming no change from the current situation 
and a complete halt of all deforestation and the recovery of degraded forests beginning in 
1990. The estimated mean annual carbon emissions are approximately 152 million tonnes 
between 1991 and 2001 without forest preservation. With preservation (a complete halt to 
deforestation), the emissions become negative (mean annual sequestering rate of 62.5 million 
tonnes) because the degraded forests serve as a carbon sink as they recover their original
biomass. However, the magnitude of the sink will become smaller and eventually reach zero 
as the degraded forests reach their maximum biomass and are no longer increasing in size and 
storing carbon. Of course, the degree to which degraded forests will act as a sink and store 

37The export of forest products. a major source of foreign exchange for some Sub-Saharan 
countries, is expected to decline in the future because of inadequate attention and 
management of the forest resource base (WRI/IIED 1985). In Sub-Saharan Africa, four West 
African countries (Gabon, Ghana, Ivory Coast, and Liberia) account for nearly all of timber 
exports from the continent (Repetto and Cillis 1988). 
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carbon depends on what portions of forests are considered degraded, the extent to which they 
are degraded, and the rate at which the forest can recover. To place these emissions in 
perspective, the carbon-sequestering potential of completely halting deforestation in Sub-
Saharan frica is equivalent to about 5% of current annual fossil fuel carbon emissions from 
the United States. Moreover, the sequestering potential of these recovered forests are short
lived. Once the trees are fully mature, they will no longer continue to sequester carbon, 
serving only to store carbon. 

The mean annual savings in carbon emissions between 1991 and 2001 for all 
preservation scenarios (deforestation rates set to 0, 25%, 50%, and 100% of the current rate 
and with and without biomass recovery) and the base case (152 million tonnes) is summarized 
in Fig. 15. Reducing country deforestation rates to zero and allowing recovery results in a 
mean yearly sequestering of 62.5 million tonnes (0 tonnes if no recovery) over the 10-yr time 
frame. The change in carbon emissions from this scenario would be approximately 154 million 
tonnes each year. Reducing deforestation rates by 75 and 50% results in a mean annual 
sequestering of 19 milliou tonnes (emissions of 43 million tonnes if no recovery) and emissions 
of 21 million tonnes (emissions of 83 million tonnes if no recovery), respectively. The change 
in carbon emissions relative to the base case is 110 million tonnes for the 75% reduction 
scenario and 70 million tonnes for the 50% reduction scenario. 

Preservation of tropical forests depends largely on the possibility and feasibility of 
managing them as a sustainable system through natural regeneration, while providing the raw 
material for a large-scale, rurally located, viable forest-products industry (Leslie 1987, Maitre 
1987, FAO 1987). That is, forests must be managed to satisfy the needs of local populations 
where economic production and local industries are dependent o. a sustainable yield of forest 
products and the success of the protected area and its enforcement is a matter of local 
concern (Wilkinson 1985). At a minimum, the costs of controlling deforestation and 
preserving existing forests would include direct management and protection expenses, as well 
as the costs of programs for addressing the causes of forest encroachment and destruction. 
One very broad range of cost estimates for preserving a naturally managed forest was reported 
to vary from $20 to $100/ha, with annual recurring expenses for administration and 
management of $0.50 to $1.50/ha (Leslie 1987). 39 Using these estimates, life-cycle costs of 
preservation for each hectare of land would range between $25 and $115, assuming a 10% 
real discount iate. It should be stressed that these cost estimates are just the direct expenses 
for overseeing the managed forest area and do not include the costs of concomitant policies 
to deal with or to remove development and encroachment pressures (e.g., development of 
sustainable agricultural systems, promotion of local forest products industries). 

The additional forest area preserved in year 2001 under a complete cessation of 
deforestation, a 75% reduction in deforestation, and a 50% reduction in deforestation 
beginning in 1990 is shown in Table 15. Using the above cost estimates, the direct 

mIt was assumed that a degraded forest had 65% of the biomass of an undegraded forest. 

39The costs of direct management and protection expenses are highly site-specific. 
Developing more precise estimates would require inclusion of considerable local information. 
Moreover, this added detail would be inconsistent with the precision of the carbon estimates. 
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TabIc 15. Additional land (millions of hectares) in forest in 2001 under different deforestation 
reduction scenarios. NONE = deforestation rate set to zero in 1990, LOW = deforestation rate set to 

2501b of CURRENT, MODERATE = deforestation rate set to 50% of CURRENT. CURRENT = 
deforestation rate set to 1985 FAO/UNEP values. 

Country 

Angola 

Benin 

Botswana 

Burundi 

Cameroon 

Central African Rep. 

Chad 

Congo 

Equatorial Guinea 

Ethiopia 

Gabon 

Ghana 

Guinea 

Ivory Coast 

Kenya 

Liberia 

Madagascar 

Malawi 

Mali 

Mozambique 

Namibia 

Niger 

Nigeria 

Rwanda 

Senegal 

Sierra Leone 

Somalia 

NONE 
compared to 
CURRENT 

1.18 

0.70 

0.40 

0.01 

1.07 

0.63 

0.74 

0.26 

0.04 

0.97 

0.17 

0.66 

0.98 

3.60 

0.39 

0.43 

1.54 

1.25 

0.36 

1.25 

0.63 

0.44 

3.01 

0.06 

0.47 

0.07 

0.16 

LOW MODERATE 
compared to compared to 
CURRENT CURRENT 

0.88 0.58 

0.51 0.33 

0.30 0.20 

0.01 0.01 

0.80 0.53 

0.49 0.31 

0.54 0.36 

0.20 0.13 

0.03 0.02 

0.72 0.48 

0.13 0.09 

0.49 0.32 

0.73 0.49 

2.42 1.44 

0.28 0.19 

0.31 0.20 

1.14 0.75 

0.88 0.55 

0.27 0.18 

0.92 0.61 

0.47 0.31 

0.32 0.20 

2.29 1.37 

0.04 0.02 

0.35 0.23 

0.06 0.04 

0.12 0.08 
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Table 15. Additional land (millions of hectares) in forest in 2001 under different deforestation 
reduction scenarios. NONE = deforestation rate set to zero in 1990, LOW = deforestation rate set to 

25% of CURRENT, MODERATE = deforestation rate set to 50% of CURRENT. CURRENT = 
deforestation rate set to 1985 FAO/UNEP values. 

NONE 
compared to 

Country CURRENT 

Sudan 1.75 

Tanzania 1.57 

Togo 0.14 

Uganda 0.57 

Rwanda 0.06 

Zaire 4.50 

Zambia 0.86 

Zimbabwe 0.80 

TOTAL 32.21 

LOW MODERATE 
compared to compared to 
CURRENT CURRENT 

1.11 0.63 

1.17 0.78 

0.10 0.06 

0.42 0.28 

0.04 0.02 

3.37 2.24 

0.64 0.43 

0.60 0.40 

23.52 15.11 
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preservation costs can be approximated for each of the preservation scenarios. For example,
if a 50% reduction in deforestation rates is considered within the realm of possibility (i.e., an 
all-out concerted effort), the impact in terms of carbon emissions would be about 70 million 
tonnes annually or about 1.5% of current world emissions. The total direct preservation costs 
would lie between $380 and $1690 million for the 15.1 millon hectares with a cost for each 
tonne of carbon stored of $3 to $15/tonne. As noted earlier, approximately one half of 
emissions and one third of the preserved land areas would lie in just three countries - Zaire,
Ivory Coast, and Nigeria. Focusing preservation efforts on a limited number of countries 
could reduce costs. Costs could be further reduced if only forest areas in eminent danger of 
encroachment and exploitation were singled out for preservation. Direct preservati,n costs 
for the 100 and 50% deforestation rate reduction scenarios would be proportionately higher. 

4.6.2 Agroforestry and Fuelwood 

The agroforestry land-use options that are most relevant to this study are those that
pertain to the humid and subhumid tropics and to the tropical highlands.40 For these higher
biomass productivity areas, alley cropping and other spatial tree crop arrangements (e.g.,
interstitial plantings) have the potential to sequester carbon and/or slow the rate of 
agriculturally induced deforestation, and to provide a wide range of by-products (i.e., fruit,
fodder, and fuelwood). Moreover, if leguminous trees are planted, they are a potential source 
of nitrogen and other nutrients for crops.41 

Since trees are considered a perr anent feature of the landscape, there is a potential

for sequestering carbon in direct proportion to the spatial arrangement of the trees. 
 Although
there are many possible spatial arrangements for trees and crops, a typical arrangement is to 
have a closer in-row spacing (1 to 2.5 m) and a wider between-row spacing (2 to 5 m) to allow 
for crops. Under the closest spacings (1 m x 2 m), trees would occupy approximately half of 
the planted area, which would contain about 5000 trees per hectare assuming a tree row width 
of about 1 m. There would be approximately 800 trees per hectare under the wider spatial 
arrangements. 

A tenet of agroforestry is sustainability - improving soil structure and fertility, creating 
a more favorable niacroclimate and microclimate, reducing the rate of decline in soil 
productivity, and providing a renewable source of fuelwood and fodder. It can be argued that 
increasing or at least maintaining agricultural productivity of a given land area would have a 

40Agrosilvopastoral and silvopastoral systems, although important for controlling erosion 
and providing windbreaks and shelter in the Sudano/Sahelian zones, are not key options for 
carbon sequestering, given their low inherent biomass productivity. 

41Increases in yields have been demonstrated when trees were planted in association with 
agricultural crops. Although the effect of this association has not been adequately defined, 
some results suggest a substantial increase in crop yields despite a net loss in land area 
devoted to crops (Leach and Mearns 1988). For example, Torres (1983) in experiments with 
leucaena, reported that maize yields increased from 5 to 16 kgs for each kg of organic
nitrogen added. Results of other studies show a neutral effect, and still other studies report
that the area lost to cropping from the trees is not made up by higher productivity (Lal 1989). 
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land-stabilizing presence and lessen the need to clear new forest lands for cultivation, thereby 
reducing forest encroachment and the rate of deforestation. The impact of agroforestry on 
reducing the rate of deforestation would be exceedingly difficult to estimate with any degree 
of precision. At a minimum, information would be required on local population growth rates, 
land tenure and ownership patterns, socioeconomic factors, and stabilization and agricultural 
productivity effects from agroforestry. Determining specific estimates of these effects from 
agroforestry interventions is beyond the scope of this study and is more appropriately 
investigated at a country or specific zonal level. Consequently, no attempt is made to include 
these effects in the model analysis of agroforestry. 

To model the impact of agroforestry, a new land-use class (called "agroforestry") was 
incorporated into the model. This land-use class was created from nonforest land at points 
that met the following criteria: 

1. 	 The nonforest vegetation was most likely agriculture rather than native vegetation. 
This restriction was accomplished by excluding points that were 100% nonforest native 
vegetation. 

2. 	 The point is located in a country and zone targeted for agroforestry. 

The countries for which the agroforestry land-use management option is evaluated for carbon 
sequestering are listed in Table 16. These countries are believed to have some of the 
necessary requisites to adopt agroforestry and fuelwood programs (FAO 1982, FAQ 1984b, 
FAO 1987, de Montalembert and Clement 1983). 

For these countries where agroforestry is evaluated as a land-use option, an average 
seedling spacing of 4 m between rows, a 1-m in-row spacing, and a tree row width of 1 n is 
assumed. This spatial arrangement would correspond to a tree-planting density of 
approximately 1000 trees per hectare. It is further assumed that the trees would accumulate 
approximately 20 or 40% of the carbon of a mature tree plantation at that site. The carbon 
associated with a plantation at a site was a function of the potential forest plantation 
productivity of the site. If the potential site productivity was greater than 8 tonnes Cila/year 
then the plantation carbon storage was assumed to be 120 tonnes C/ha, if less than 8 but 
greater than 6 tonnes C/ha/year then 100 tonnes C/ha, if less than 6 but greater than 4 tonnes 
C/ha/year then 90 tonnes C/ha, and if less than 4 tonnes C/ha/year then 85 tonnes C/ha. 
These carbon storage values are based on tropical plantation biomass statistics (Lugo et al. 
1988). 	 Potential productivity of a site was calculated with the following equation: 

PRODZ = 15*(RAINFALLz/3000)*(SOILz)/(2*SOIL,-1) 

where 

PROD, = potential forest productivity in tonnes of carbon per hectare per year at 
point z, 

RAINFALL, = annual rainfall in millimeters at point z, 
SOIL, 	= soil fertility class at point z, 
z = location of point. 
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Table 16. Countries and zones in which agroforestry was 

implemented 

Country Zone 

Botswana 1, 2 

Burkina Faso 1
 

Burundi 
 I 

Cameroon 1
 

Chad 
 1
 

Ethiopia 1
 

Gambia I
 

Ghana 1, 3
 

Guinea 
 1 

Ivory Coast 1 

Kenya 1, 2 

Madagascar 1 

Malawi 1
 

Mali 
 1 

Mozambiquc 3 

Nigeria 1, 2, 3 
Rwanda 1 

Senegal I 

Somalia 1 

Sudan 1 

Tanzania 1, 2, 3 

Togo 1 

Uganda 1, 2 
Zaire 2 

Zambia I 
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This equation assumes the maximum potential forest productivity at any site is 15 tonnes 
C/ha/year and this will only occur if the soils are good and the rainfall is 3000mm/year. This 
upper limit is then reduced by less-than-ideal rainfall or soils. Yields of 15 tonnes C/ha/year 
have been ob.,eved in highly managed tropical plantations (Lugo et al. 1988). 

Four agroforestry scenarios were run - two rates of agroforestry adoption and two 
amounts of stored carbon. It was assumed that each year either 2 or 4% of the land that met 
the above criteria was converted to agroforestry. It was then assumed that the carbon storage 
value associated with the agroforestry land-use class was the crop carbon storage (5 tonnes 
C/ha) plus either 20 or 40% of the carbon storage associated with a mature tree plantation. 
These numbers were chosen to reflect the previously described planting densities. They 
assume that the trees would be pruned back and thus the carbon storage per unit area would 
be less than if the trees were allowed to grow to full maturity. The model does not trace the 
growth of 'he planted trees; rather, it assumes that the year the option is implemented is the 
year the rarbon is accrued. There is no additional carbon stored in subsequent years unless 
new lanc is assigned to agroforestry. This simplification allows better comparison of the 
overal! carbon benefits of agroforestry with other land-use options and the base case. 

The total amount of land in agroforestry for each country and zone in the year 2001 
under the two rates of agroforestry adoption is shown in Table 17. The low adoption 
(2%/year) and the high adoption (4%/year) scenarios would result in 26.2 and 47.3 million 
hectares in agroforestry by the end of 2001, respectively. Four countries (Botswana, Chad, 
Nigeria and Zambia) would account for over 40% of the agroforestry land area. The increase 
in Sub-Saharan carbon inventory and the decrease in regional carbon emissions as a 
consequence of adopting agroforestry is shown in Table 18 for the four agroforestry scenarios 
and the base-case. Relative to the base case, agroforestry has the potential to reduce carbon 
emissions by 25 to 87% and increase the total carbon inventory by 0.6 to 2.1%. 

The minimum costs of implementing a program to encourage agroforesiry would 
include the costs of developing nurseries to produce tree seedlings, transportation and 
distribution expenses to get the seedlings to the farmers, and training and extension services 
to ensure the seedlings are properly planted and tended. A program could also include 
incentive p,, - ients to farmers to encourage tree planting and to provide the necessary 
maintenance (e.g., weed control) and purchase agreements for wood products (buildlng poles, 
charcoal, etc.). However, these latter costs are. rot considered. Specific costs will be a 
function of the availability of seeds of appropriate species, the technology and material used 
in producing seedlings, the number of nurseries, the distribution expenses, and the number of 
farmers that are targeted for extension services. Anderson (1987) summarizes farm forestry 
costs for Nigeria. His estimates indicate production costs of $0.13 per seedling with training, 
extension, and management expenses of $0.12 per seedling. These costs are for a semiarid 
zone and therefore may not be representative of more favorable growing conditions. In 
contrast, Leach and Mearns (1988) cite agroforestry project costs of $0.03 to $0.11 per 
seedling. 2 For this study, the direct costs fer establishing each hectare of agroforestry land. 

42Eaergy sector studies conducted by the UNDP/World Bank generall, show similar cost 
estimates. Armitage and Schramm (1989) report government fiscal cost of small-farmer 
woodlots of about $100 per hectare (198 'kwacha) in Malawi. 
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Table 17. Land under agroforestry in 2001 in countries and zones of Sub-Saharan Africa.
 
In the model, land for agroforestry is set aside from agricultural land from 1990 onwards.
 
LOW ADOPTION = 2% of agricultural land converted to agroforestry each year. HIGH
 

ADOPTION = 4% of agricultural land converted to agroforrstry each year.
 

Country 

Botswana 

Burkina Faso 

Burundi 

Cameroon 

Chad 

Ethiopia 

Ghana 

Guinea 

Ivory Coast 

Kenya 

Madagascar 

Mali 

Malawi 

Mozambique 

Zone 

1 

2 


1 


2
 

1 


1 

2&3 

1 


2&3 

1 

2
 

1 

2
 
3 


1 

2
 

1 

2
 

1 

2 


1 

2&3
 

1 


2&3
 

1 


1 & 2 


3 


Low adoption High adoption 
(million ha) (million ha) 

0.02 0.03 
3.81 6.85 

1.08 1.95 

0.47 0.84 

0.35 0.64 

2.94 5.28 

0.57 1.02 

0.02 0.04 

<0.01 <0.01 

0.08 0.15 

0.07 0.13 

0.10 0.18 
0.01 0.02 

0.32 0.58 

1.14 2.05 

0.70 1.26 

-

0.01 0.02 
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Table 17. Land under agroforestry in 2001 in countries and zones of Sub-Saharan Africa.
 
In the model, land for agroforestry is set aside from agricultural land from 1990 onwards.
 
LOW ADOPTION = 2% of agricultural land converted to agroforestry each year. HIGH
 

ADOPTION = 4% of agricultural land converted to agroforestry each year.
 

Country Zone 

Nigeria 1 
2 
3 

Rwanda 1 

Somalia 1 
2 

Sudan 1 
2 
3 

Tanzania 1 
2 
3 

Togo 1 

Uganda 1 
2 

Zaire 1 
2 

Zambia 1 
2 

TOTAL 

Low adoption 
(million ha) 

0.90 
1.09 
0.25 

0.06 

High adoption 
(million ha) 

1.63 
1.97 
0.45 

0.11 

1.26 2.27 

1.73 3.11 

0.06 
1.03 
1.60 

0.11 
1.87 
2.87 

0.15 0.27 

0.77 
1.62 

1.38 
2.92 

-
1.71 

2.30 

-
3.08 

4.20 

26.22 47.28 
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Table 18. Carbon inventory and emissions (millions of tonnes) under different agroforestry scenarios compared to the base case. In LOWADOPTION/LOW BIOMASS, 2% of the agricultural land goes to agroforestry each year, and the biomass of agroforests is 20% of treeplantatio: vegetation. In LOW ADOPTION/HIGH BIOMASS, it is 2% and 40% respectively; in HIGH ADOPTION/LOW BIOMASS, it is 4%and 20% respectively, and in HIGH ADOPTION/HIGH BIOMASS, it is 4% and 40% respectively. In BASE CASE, agroforestry is not 
implemented (i.e., no land is set aside for agroforestry). 

Low adoption/low 
biomass 

Low adoption/high 
biomass 

High adoption/low 
biomass 

High adoption/high 
biomass Base case 

Year inventory Emission Inventory Emission Inventory Emission Inventory Emission Inventory Emission 

1991 50770 128.5 50850 87.9 50850 91.1 51020 13.2 50690 169.1 
1993 50520 121.8 50680 82.4 50670 88.5 50990 15.9 50350 161.2 
1995 50280 115.9 50520 77.7 50490 86.4 50960 18.8 50030 154.1 
1997 50050 110.7 50360 73.7 50320 84.7 50920 21.6 49730 147.8 
1999 49830 106.1 50220 70.2 50150 83.3 50870 24.5 49440 142.1 
2001 49620 102.1 50080 67.3 49990 82.1 50820 27.3 49160 136.9 
Total 301070 685.1 302710 459.2 302470 516.1 305580 121.3 299400 911.2 
Mean 50178 114.2 50452 76.5 50412 86.0 50930 20.2 49900 151.9 



are assumed to be between $50 to $150. 'Ibis estimate is based on a planting density of 1,000 
seedlings per hectare and a r'nge in seedling costs (including distribution and extension costs) 
of $0.05 to $0.15 each. Any expenses incurred after tree estpblishment (e.g., weed control and 
other cultural management activities) are assumed to be be rne by the individual farmer. 

For the 2 and 4% annual adoption scenarios there wocld be approximately 26.2 and 
47.3 million hectares of land in agroforestry, respectively. Based on the $50 to $150/ha 
establishment costs and assuming a 10% real discount rate, total investment costs for the low 
adoption scenario (26.2 million, hectares) would lie between $1310 and $3930 million and 
between $2360 and $7090 million for the high adoption scenario (47.3 million hectares). 
Agroforestry has the potential to rduce emissions by 38 million tonnes each year (low 
adoption with low biomass) to over 130 million tonnes each year (high adoption with high 
biomass), relative to the base case scenario or current emissions ('Table 18). Costs per tonne 
of carbon sequestered would therefore range from a low of about $2 u; der high biomass to 
$10 under low biomass for both the low and high adoption scenarios. 

4.6.3 industrial Reforestation 

African countries generate approximately $1 billion (U.S.) each year in export earnings 
from forest prodcis. However, these ea,'niags are more than offset by approximately $2 
billion each year in imports, primarily pulp/paper and some wood products. 43 In Sub-
Saharan Africa, there are only ten countric.. that have net exports of forest products in excess 
of $1 million annually.44 For tropical hardwood Jogs, the Ivory Coast, Ghana, and Nigeria 
have just about reached the limit of their production potential because of previous overcutting 
and forest management neglect (Ewing and Chalk 1988). Although there is considerable 
potential to increase production from Gabon, Congo, Liberia, Mozambique, Equatorial 
Guinea, and Zaire, there remains a critical need to improve forest management practices :.nd 
to reforest logged-over areas to sustain exports and to limit the growth in imports. 45 

43The consumption of paper and paperboard in Sub-Saharan Africa has increased by 50% 
or by 0.3 million tonnes between 1970 and 1980. The main factors for this increase are 
population growth, higher income levels, and higher literacy rates. Virtually all of thc Sub-
Saharan countries are importers of pulp and paper; however, these developing count.ies are 
becoming more self-sufficient in paper and paperboard production, increasing from 30% in 
1970 to meeting 38% of their requirements in 1980 (Lintu 1984). However, Lintu (1984) 
notes that the developing countries will have a low rate of self-suffci:ncy in the nonprint'ng 
and writing papers and in paperboard because production processes require large integrated 
mills to be efficient in production and these products require relativc:ly long-fiber feedstocks 
that are not typically found in tropical forests. 

44These countries in order of net export trade value are Ivory Coast, Gabon, Cameroon, 
Swaziland, Congo, Liberia, Ghana, Central African Republic, Zaire, and Mozambique. 

45Ewing and Chalk (1988) report that annual output of tropical logs from Africa will 
increase by about 4 million cubic meters by the year 2000. Current industry removals for the 
entire continent are approximately 54 million cubic meters. 
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In Africa, there are approximately 161 million hectares of commercial forests. The 
vast majority of this area (156 million hectares) is classified as natural broadleafed forest, with 
an additional 1 million hectares each of natural coniferous ane bamboo forest. These forests 
are the source of 96% of all log pioduction. Industrial pla;,[ations account for less than 2% 
of commercial forest area. Excduding Soi,;. Africa, there are about 1.8 million hectares of 
industrial forest split equilly between coniferous and broadleafed trees in Sub-Saharan Africa. 
Ewing and Chalk (1988) assert that these plantations have the capacity to produce 20 million 
cubic meters of wood annually, assuming an average growth of 12 m3/year. Current annual 
growth from these r lantations is about 3 m3/yer. 

Three scenarios are examined under industrial reforestation. The first corresponds to 
the Tropical Forestry Action Plan (TFAP) agenda for tropical ndustrial reforestation (FAO
1987). The TFAP industrial reforestation recommendations are based on an analysis of supply
and demand for industrial roundwood and the specific needz, of de /eloping countries. 
Moreover, current forest land use and obstacles to improved management were reviewed in 
each country to develop specific annual reforestation strategies. They identified seven 
countries for industrial reforestation: Cameroon - 5000 ha/year for a total of 25000; Congo -
6000 ha/year for a total of 30000; Ghana - 5000 ha/year for a total of 25000; Ivory Coast 
25000 ha/year for a total of 125000; Liberia - 3000 ha/year for a total of 15000; Nigeria 
50000 hayear for a total of 250000, and Uganda - 5000 ha/year for a total of 25000. Over the 
5-year plan, a total of 495000 hectares is targeted for reforestation. Because the 1991 to 2001 
time period is of interest, these annual planting levels will be maintained over a 10-year 
period, resulting in a total of 990000 planted hectares. 

The second scenario is based on the conversion of an annual percentage of high-and
medium-productivity nonforest land to forest. 46 The rate of conversion is based on annual 
deforestation rates and WRI/IIED (1988) estimates of total industrial roundwood removals. 
The specific reforestation amount is the product of industrial roundwood production to total 
wood production (fuelwood and industrial) and the annual rate of deforestation (hectares per 
year). In effect, this scenario assumes that industrial roundwood removals are offset by
reforestation. 7 This specific option may provide an upper limit on what could be expected 
from industrial reforestation.4 

46Industrial reforestation could be carried out by the logger who would be charged with 
the responsibility of planting trees. Typically, governments collect reforestation fees on timber 
production and use their own forestry departments to carry out the planting. In many cases, 
reforestation fees are not used for such purposes. 

47plantations could consist of plantings of valuable hardwoods trees or coniferous (long
fiber) trees appropriate for meeting future domestic pulp and paper needs. 

48In areas where there has been extensive logging, forests could be poorly stocked, not 
well maintained, or otherwise improperly managed. Improved management practices or these 
degraded forests could increase forest growth and lessen the impact on natural forests. 
Moreover. reducing saw-milling wastes and developing uses for secondary species could also 
lessen the impact on natural forests. These options, however, are not specifically addressed in 
this study. 
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The third scenario uses the base-case model to determine the total amount of land 
that is physically suitable for forest plantations and then assumes that 0.1% of that land would 
be planted annually. Suitability was defined as land that had a potential productivity of 
greater ihan 6 tonnes C/ha/year and is not in "forest" or "forest-fallow" land use. This scenario 
was then modified to include land with potential productivity greater than 4 tonnes C/ha/year. 

The average amount of carbon that could be stored by each plantation hectare over a 
rotation was assumed to be half the amount of carbon that would be stored just prior to 
harvest. The amount stored at harvest was assumed to be 120 tonnes/ha for plantations on 
sites whose potential productivity was greater than 8 tonnes/ha/year (high site class), 100 
tonnes,;:a for plantations on sites with potential productivities between 8 and 6 tonnes/ha/year 
(moderate site class), and 90 tonnes/ha for plantations on sites with potential productivities 
between 4 and 6 tonnes C/ha/year (low but feasible site class). As with the agroforestry 
option, carbon storage accrued the year of establishment. Thereafter, the plantation carbon 
inventory remained constant, and additional carbon is sequestered only after new plantations 
are established. 

To calculate the amount of carbon that would be stored under each of the scenarios. 
the land area that would be biologically suitable for plantation forestry (i.e., land use = 
nonforest and potential productivity >4 tonnes C/ha/year) was first determined. Sui!able land 
was further divided into the three site classes - high, moderate, and low. The relative 
amounts of high, moderate, and low site ,lass plantation land in each zone were multiplied by 
their respective carbon storage potential to determine the average amount of carbon that 
could be stored in a hectare of plantation in a particular zone. This average amount per 
hectare was then multiplied by the number of hectares of plartations to determine the carbon 
that would be sequestered through plantations. The carbon sequestered under each scenario 
was then compared to average carbon emissions predicted from the base case. 

Table 19 gives the land area currently not in forest or forest-fallow agriculture area 
that is biologically suitable for plantations. The total amount of land in each country that is 
"biologically suitable" is, of course, an overestimate of the real land base available for 
plantation forestry, as the value includes land already in agriculture or urban land use. 
However, the distribution of the land and the relative magnitude of land area in different 
countries does indicate where plantation forestry might have the most liological potential. 
Cameroon, Congo, Gabon, Guinea, Liberia, Nigeria, and Zaire contain large areas of land 
with high potential for plantations. Several countries, as noted in Table i9, have no suitable 
land according to the above biological criteria. Because the sampling strategy used to develop 
the model data base was regular and fairly wide-spaced, the land area available in small 
countries may have been underestimated, particularly if it was concentrated in one particular 
section of the country. 

The costs for establishing plantations are dependent on many site-specific factors, such 
as the previous land use, extent of site preparation, availability of seedlings, silvicultural 
management, an pro.ection. Leach and Gowen (1987) report establishment costs ranging 
from a low of $200/ha to $2000/ha. Although it is difficult to generalize, higher costs tend to 
be associated with more arid and less favorable growing conditions. In addition to 
establishment, there will be annual costs for maintenance (e.g., weed control), protection, and 
management. Plantation establishment costs for this ,tudy were therefore assumed to range 
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Table 19. Area of nonforest land in the three plantation suitability classes by country and
 
zone. Botswana, Gambia, Guinea Bissau, Namibia, Niger, and Somalia were not predicted to have
 

Country 

Angola 

Benin 

Burkina Faso 

Burundi 

Carneroon 

Central African Rep. 

Chad 

Congo 

Equatorial Guinea 

Ethiopia 

Gabon 

Ghana 

Guinea 

Ivory Coast 

Kenya 

Liberia 

Madagascar 

Malawi 

land suitable for plantations. 

7one 

1 
2 
3 

1 

1 
2 

I 

1 
2 
3 

1 
2 

1 
2 
3 

1 
2 
3 

1 

1 
2 

1 
2 

1 
2 
3 

1 
2 

1 
2 

1 
2 

1 

1 
2 
3 

1 
± 

81 

Low 

0.02 
3.02 
0.62 

1.39 

2.41 
0.01 

1.33 
5.34 
0.42 

0.21 
6.49 

2.88 

1.83 
0.42 
4.81 

2.51 
0.64 

1.35 

0.24 
3.41 

<0.01 

0.29 
4.57 

0.97 

1.77 

0.35 

2.38 
11.77 

1.08 

Area (106 ha) 

Medium High 

2.31 
-

0.01 

0.24 

0.36 

0.24 1.21 
0.91 2.02 
-

-

0.81 

1.84 

- 0.04 
1.02 
0.47 

0.35 

9.35 1.53 
0.21 -

0.66 1.34 

<0.01 -

-

-

1.87 
0.21 

- 0.03 
0.95 

1.08 0.21 

1.21 0.66 

1.24 0.35 
3.39 4.12 

0.23 



Table 19. Area of nonforest land in the three plantation suitability classes by country and
 
zone. Botswana, Gambia, Guinea Bissau, Namibia, Niger, and Somalia were not predicted to have
 

Country 

Mali 

Mozambique 

Nigeria 

Rw'nda 

Senegal
 

Sudan 

Sierra Leone 

Tanzania 

Togo 

Uganda 

Zaire 

Zambia 

Zimbabwe 

Total 

land suitable for plantations. 

Zone 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 

1 
2 

1 
2 

Low 

3.14 

12.67 
0.02 

2.18 
11.07 
4.68 

1.52 

1 

0.92 
2.97 

0.35 
4.54 
2.24 

1.35 

0.42 
1.12 

3.59 
10.43 

0.97 
1.93 

0.23 

128.64 

Area (106 ha) 

Medium High 

1.83 0.30 

0.24 

0.44 1.60 
2.63 0.06 
-

-

_0.29 

-

0.90 <0.01 

1.75 -

1.73 0.42 
0.79 

0.43 

0.42 
0.19 -

0.98 0.65 
4.07 1.96 

0.52 -

-

-

45.96 16.71 
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between $250 and $750/ha with annual recurring costs of $50 ha/year. Total life-cycle costs 
for plantation establishment with recurring maintenance over the 1991-2001 period would 
therefore lie between $560 and $1060/ha, assuming a 10% real discount rate. 

The carbon that might be stored annually in plantations is shown for each of the three 
plantation scenarios and Lhe base-case in Table 20. The amount of land it would take to 
realize these carbon storages for each of the three plantation scenarios is summarized in Table 
21. The amount of land that would be planted each year for each of the scenarios ranges 
from 62,700 to 377,600 hectares. The total costs of establishing and maintaining plantations 
from a low of $350 to $660 million for the lowest planting scenario (land with a productivity 
greater than 6 tonnes ha/year) to a high of $2110 to $4000 million for the most aggressive 
plantation scenario (offset of industrial wood removals). The cost of sequestering carbon for 
each of these scenarios is about $11 to $22/tonne. 

4.6.4 Comparison of Land-Use Options 

When the savings in carbon are compared for the most ambitious scenario under each 
of the three management strategies to the base-case mean emission of 152 million tonnes/year 
between 1991 and 2001, preservation (with no deforestation and with recovery of degraded 
vegetation) results in net sequestering of 62.5 million tonnes C/year (a reduction in emissions 
from 152 to -62.5 million tonnes); agroforestry (high adoption/high biomass scenario) reduces 
emissions to 20.2 million tonnes C/year; and plantations reduce emissions to 134 million 
tonnes C/year. In total, the combination of these three land-use management options would 
reduce emissions from 152 to a net average annual sequestering of 212 million tonnes. 49 

The total change in carbon would be approximately 363 million tonnes. 

Scenarios involving lower amounts of land would be considerably more tractable to 
imp!ement; however, the amount of carbon sequestered would also be less. Consider the 
combined option of reducing current deforestation rates by 50%, converting 2% of 
agricultural land to agroforestry, and establishing approximately 99,000 hectares each year for 
industrial forestry. This combined option would involve preserving 15 million hectares, 
converting 11 million hectares to agroforestry, and establishing approximately 1 million 
hectares of new forest lands by the end of 2001. The amount of carbon involved with this 
combined option would lie between 110 and 150 million tonnes each year with annual costs of 
$360 to $920 million, exclusive of any costs associated with institutional, socioeconomic, and 
political constraints. 

In comparing among the three land use options, agroforestry has the lowest per tonne 
carbon cost ($2 to $10). The lower carbon sequestering cost associated with agroforestry is 
because governments are only responsible for the start-up costs (e.g., seedlings) and do not 
bear the opportunity costs for land or the annual costs for tending. These latter ;osts are 
borne by the landholder. Y!_- carbon costs for the industrial reforestation option ($11 to $22) 
are highest among the three options. However, the costs for reforestation could be offset or 

49This study did not specifically address approaches for increasing the productivity of 
natural forests and improved methods of forest regeneration. 
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Table 20. Amount of carbon (in millions tonnes) that would b-- stored annually under 
each of the four plantation scenarios 

0.1% of all nonforcst land with productivity 
greater than: Offset of industrial 

removals 
Country 4 tonnes/ha/yr 6 tonnes/ha/yr TFAPa 

Angola 0.28 0.12 0.00 0.79 

Benin 0.07 0.00 0.00 0.15 

Burkina Faso 0.12 0.01 0.00 0.00 

Burundi 0.02 0.02 0.00 0.00 

Cameroon 0.57 0.25 0.25 1.26 

Central African Rep. 0.34 0.04 0.00 0.33 

Chad 0.22 0.09 0.00 0.00 

Congo 0.40 0.08 0.28 0.36 

Equitorial Guinea 0.02 0.02 0.00 0.04 

Ethiopia 0.71 0.57 0.00 0.22 

Gabon 0.18 0.12 0.00 0.29 

Ghana 0.17 0.00 0.23 0.00 

Guinea 0.33 0.11 0.00 0.56 

Ivory Coast 0.10 0.05 1.19 8.25 

Kenya 0.15 0.07 0.00 0.10 

Liberia 0.12 0.10 0.16 0.29 

Madagascar 1.14 0.50 0.00 0.92 

Malawi 0.06 0.01 0.00 0.35 

Mali 0.25 0.11 0.00 0.00 

Mozambique 0.59 0.01 0.00 0.33 

Nigeria 1.06 0.26 2.34 1.50 

Rwanda 0.07 0.00 0.00 0.00 

Senegal 0.02 0.02 0.00 0.00 

Sudan 0.18 0.00 0.00 0.00 

Sierra Leone 0.05 0.05 0.00 0.01 

Tanzania 0.56 0.24 0.00 0.37 

Togo 0.08 0.02 0.00 0.12 

Uganda 0.10 0.03 0.23 0.30 

Zaire 1.04 0.41 0.00 1.34 

Zambia 0.16 0.03 0.00 0.19 

Zimbabwe 0.02 0.00 0.00 0.00 

TOTAL 9.11 3.30 4.67 18.00 

*Tropical Forestry Action Plan. 
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Table 21. Amount of land (in thousands of hectares) that would he planted each year under each plantation scenario 

0.1% of all nonforest land with 
productivity greater than: Offset of 

industrial 
Country 4 tonnes/ha/yr 6 tonns 'I yr 1 TFAP3 removals 

Angola 5.98 2.31 16.8 

Benin 1.40 0.01 3.3 

Burkina Faso 2.66 0.24 

Burundi 0.36 0.36 - <0.1 

Cameroon 11.47 4.38 5.0 25.3 

Central African Rep. 7.51 0.81 - 7.2 

Chad 4.72 1.84 -

Congo 8.59 1.53 6.0 7.7 

Equitorial Guinea 0.35 0.35 - 0.7 

Ethiopia 14.24 11.09 4.4 

Gabon 3.35 1.99 - 5.6 

Ghana 3.42 J.03 5.0 

Guinea 6.97 2.11 - 12.0 

Ivory Coast 6.58 0.98 25.0 173.0 

Kenya 3.06 1.29 - 2.0 

Liberia 2.22 1.87 3.0 5.5 

Madagascar 23.25 9.10  18.7 

Malawi 1.31 0.23 7.5 

Mali 5.27 2.13 -

Mozambique 12.93 0.24 - 7.2 

Nigeria 22.67 4.74 50.0 33.0 

Rwanda 1.52 0.00 -

Senegal 0.73 0.29 

Sierra Leone 0.90 0.90 -

SuUan 3.89 0.00 0.1 

Tanzania 11.82 4.69 7.8 

Togo 1.78 0.43 2.5 

Uganda 2.15 0.61 5.0 6.5 

Zaire 21.68 ;.66 27.8 

Zambia 3.42 0.52 4.0 

Zimbabwe ('.23 0.00 -

TOTAL 196.43 62.70 94.0 371.1 

'Tropical Forestry Action Plan. 
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lowered if governments revised concession agreements and opted for collection of specific 
reforestation fees as part of royalty payments. 

4.7 REMOTE SENSING RESULTS 

4.7.1 	 Comparison of AVHRR Interpretation of Forest and Savanna (Open Land) of 
Central Africa and FAO Vegetation Map 

LAC AVHRR imagery of central Africa (80 E to 32°E, 70 N to 80S) for 1988 was 
classified into three land cover classes: closed forest, mixed forest/savanna, and savanna.50 

Closed forest has a cool spectral signature due to the cooling effect of forest 
evapotranspiration, while savanna (and grassland) has a warmer spectral signature. This 
difference was used to separate forest from savanna in the imagery. The classified imagery 
was georegistered using dominate landscape features such as coastlinL and river bends. 
Accuracy of the georegistration was hampered by the lack of good topographic maps of this 
region. 

The classified georegistered AVHRR image was then sampied for land cover type at 
each of the point locations that were used to sample the FAO vegetation map used in the 
land-use model. Both the value of the pixel within which the point fell and the median value 
of a 5 by 5 box of pixels surrounding the point center were extracted from the AVHRR. 
(Later analysis showed that, out of 1875 sampling locations, the exact pixel value and the 
median pixel value varied in only 2 instances. Thus possible error due to slight geographic 
misregistration of the AVHRR imagery should not affect the interpretation.) 

The 21 FAO vegetation classes that occurred at points located within this region were 
grouped into 3 land-cover classes analogous to those of the AVHRR classification. Table 22 
shows how the original FAO vegetation classes were partitioned among the three broad land 
cover classes: forest, mixed forest/savanna and savanna. 

The AVIHRR land-cover value (single pixel value) and the FAO grouped land-cover 
value were compared at each point. Table 23 shows the correspondence between the grouped 
FAO land-cover values and the AVHRF, land-cover values. In general, the classifications 
corresponded with each other. The AVHRR classification suggested that there was less 
closed forest in the region than indicated in the FAO vegetation map. As expected, most of 
the pixels classified as forest in the AVHRR cl "-cation were also classified as forest in the 
FAO classification. Likewise, savanna pixels tended to be the same in both classifications. 
The pixels classified as "mixed" by the AVHRR analysis were generally classified as forest on 
the FAO map, while the pixels classified as "mixed" by the FAO map were generally classified 
as savanna by the AVHRR map. If the AVHRR classification is takeo as "true," then one 
must conclude that there is less forest in central Africa than the FAO rmap would indicate. 

50LAC AVHRR imagery is collected daily by NOAA weather satellites. The resolution of 
the imagery is 1.1 km 2. The imagery was classified using thermal band 3 ard ihiesholding the 
band values. Because band values are a continuum, the selection of particular threshold band 
values to delineate each land-cover class is somewhat arbitrary. 
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Table 22. Grouping of FAO 	vegetation classes occurring in central Africa into three land 

cover classes 

Forest Mixed forest/savanna 	 Savanna 

Dense forest Forest/grass savanna Tree and shrub savanna 
Dense forest/ Forest/tree savanna Shrub and grass savanna 
forest fallow Forest/forest fallow/ Shrub savanna 

tree savanna Grass savanna 
Forest/woodland Crops 
Forest fallow/crops Woodland 
Forest/forest fallow/ Tree savanna 

woodland 	 Grass steppe 
Crops/savanna fallow 
Woodland/tree savanna 
Grass savanna/savanna fallow 
Tree and grass savanna
Woodland/grass savanna 
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Table 23 . Correspondence matrix of AVHRR class values and FAO class values. The values 
within the matrix are the percentage of the number of points analyzed-in this case, 18". 
points. For example, 44.06% of the points were classified as forest in both the AVI-IRR 

analysiL and the FAO vegetation map, whereas 5.84% of the points were classified as forest by 
the FAO map and savanna by the AVHRR analysis. Also, 60.01% of the points were 

classified as forest with with the FAO map, whereas 48.13% were classified as forest by the 
AVHRR analysis. 

AVHRR class 

FAO class Forest Mixed Savanna FAO Total 

Forest 44.06 10.12 5.84 60.01 

Mixed 00.74 2.78 8.67 12.21 

Savanna 3.32 4.12 20.34 27.78 

AVHRR Total 48.13 17.02 34.85 
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To examine the pattern and location of the classification differences, the point land
cover values were plotted by their latitude and longitude to create "maps" of land-cover class 
(Appendix 3). The northern boundaries of the closed forest from each "map" coincided fairly
we!l, although the AVHRR map tended to place the boundary about 0.4* further south. The 
southern boundaries did not coincide. Along the southern Atlantic coast, the AVHRR map 
tended to class the land cover "forest" while the FAO map classed the land cover "savanna." 
However, the AVHRR map tended lo class all land south of the Kasai River between the 
towns of Bandundu and Iiebo as savanna, while the FAO map shows pockets of forest within 
the savanna. Since the FAO map was based in part on old information in this region (Zaire
vegetation maps dating from 1939 were used in creating the FAO map), the difference 
between the up-to-date AVHRR map and the FAO map could be interpreted as a loss of 
forest cover. However, both of these conclusions are quite tenuous. There are undoubtedly 
errors in the AVHRR classification, and the point method of analysis (rather than directly
overlaying the FAO map and the AVHRR classified image) could also induce errors. 
Furthermore, the FAO map might never have been representative of vegetation conditions in 
this part of Africa. 

This remote sensing exercise tempered confidence in the accuracy of the FAO 
vegetation map in this region and consequently carbon inventory and emission predictions that 
were based on that map. The exercise also indicated locations within this region where 
further image and ground analysis are warranted. 

4.7.2 Landsat Analysis of Land-Cover Change in Central Africa 

Three sets of Landsat MSS imagery and one set of Landsat MSS/SPOT imagery were 
used to explore land-cover change in central Africa. The location of these images is shown in 
Fig- 16a. The date and location of the images are shown in Table 24. The sets of imagery 
were chosen on the basis of availability, nearness to the dense forest-savanna/woodland border 
(as perceived from the 1988 AVHRR imagery), and evidence of fire activity in the area (again 
as perceived from the 1988 AVHRR imagery). Effort was focused on the border areas, on 
the premise that land-cover change was most likely to occur in the more accessible border 
forest. By examining different portions of this border, the spatial variability in change could 
be explored. 

Use of the images clearly illustrated the difficulties associated with use of satellite 
data: cloud-free, haze-free imagery exists for only a limited portion of this region. Searching 
the Landsat Archives, fewer than 30 locations were found with overlapping clear images taken 
in the 1970s ,nid ihe late 1980s during the same month (the requirements necessary for 
change detLction). In other words, by itself existing fine-resolution satellite data are sufficient 
to quantify land-cover change on probably less than 5% of this land area. Including SPOT 
imagery taken in the !ate 1980s does not improve the situation significantly. Nonetheless, 
satellite imagery represents the best and only source in many cases of information on 
deforestation. Extrapolating regional values of deforestation from these local estimates will be 
difficult, but methodologies are being developed for doing so (Singh 1989). 

Of the four sites evaluated, the Central African Republic (C.A.R.) site received the 
most analysis. A quantitative assessment of landcover change was performed for this site; 
qualitative assessments were made of the other sites. The C.A.R site was selected for detailed 
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Table 24. Date and location of Landsat MSS and SPOT imagery used in land 
cover change analysis 

Date Path/Row' Location 

1/28/73 196/57 Southwest C.A.R.-Carnot, Berberati, 

1/17/87 183/57 Amada Gaza, Gamboula. A small section of Cameroon 

7/6/73 193/62 Center west Zaire--centered just SEof Kutu. Includes southern 
6/2/86 180/62 part of Lac Mai-Ndombe. 400 km NE of Kinshasa 

12/15/72 188/58 NE corner of Zaire-W of Isiro and S of Bwendi (SPOT 
1/12/87 116/344 imagery the second date). 450 km W of Uganda and 300 km 

N of SE corner of C.A.R. 

1/13/76 187/58 NE corner of Zaire-centered on Mungbere, just east of SPOT 
1/15/87 174/58 site. 300 km W of Uganda and 150 km N of Sudan 

'Path/row changed with between Landsats 1, 2, and 3 and Landsats 4 and 5. Thus scenes 

taken in the 1970s and early 1980s with Landsats 1, 2, or 3 do not perfectly overlay scenes taken in 
the late 1980s by Landsats 4 or 5 nor are their path/row numbers the same. There is no 
correspondence between SPOT path and row numbers and Landsat path and row numbers. 
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analysis as it is the only site for which there are topographic maps at a scale finer than 
1:1,000,000. The two C.A.R scenes were classified into four land-cover classes- forest (closed 
forest with the characteristic dark red spectral signature of tropical forest with emergent 
trees); degraded forest (spectrally similar to forest but brighter indicating more open and 
occurring where forest had been); edge (mixed forest-nonforest, occurring at the edge of 
forest patches) and nonforest (vegetated land but with little to no tree clement). These 
classes were developed on the basis of reflectance characteristics and spatial relationships. 
Interpretation of the imagery was conf3unded in some instances because of smoke haze from 
savanna/grassland fires and from the differential effects of burning. A recently burned 
savanna may have a very different spectral signature from a savanna that was burned 3 months 
or a year before. 

Six subsites within the C.A.R. scene were evaluated in detail (Fig. 16b). The original 
hope had been to evaluate the entire scene, but widespread fire haze in the 1987 scene, which 
was not apparent until analysis of the image had begun, precluded accurate full-scene analysis. 
Full-scene analysis is not such a problem with the Zaire images, which have more cloud cover 
but do not have widespread haze. The selected subsites were relatively haze/smoke free and 
typical of the larger scene. Three subsites contained a major city. Two subsites were away 
from cities in areas dominated by shrub savanna according to phytosociological maps of 
C.A.R.. The forest in these subsites is limited to rioarian corridor forests. One subsite is in a 
completely forested area away from any major cities. The vegetation cover and forest 
transition statistics for each of the six subsites are given in Table 25. 

The C.A.R. results can be summarized as follows: 

1. 	 No change was seen within the large tracts (- 1000 km 2) of intact forest: that is, 
destruction of the dense forest from within was not observed. This contrasts with the 
situation in Brazil, where the interior forest is being destroyed from within. 

2. 	 Riparian forests experienced significant losses. The edges of the forest were opened 
up and the canopies thinned. 

3. 	 Forests near urban centers showed major changes. Typically only 50% of the forest 
present in 1973 appeared intact and "undisturbed" in 1987. However, complete loss of 
forest was uncommon (5% at most). Rather the forests appeared to have been 
opened up or partially harvested. 

Given the lack of survey ground truth, these conclusions and their associated statistics 
must be regarded as preliminary. Although the images were interpreted with the aid of an 
individual who had been in the Carnot area recently, the forest chaages were subtle and 
ground survey data are needed to verify the validity of the "edge and "degraded forest" classes. 
If the "edge" and "degraded forest" classes are correct then riparian forests and forests near 
urban areas have indeed undergone significant changes since 1973. If, however, the "edge and 
"degraded forest" classes are really more aligned with "forest" then none of the forests of the 
C.A.R scene have undergone much change. Ground survey data would also help quantify the 
loss of biomdss associated with a "forest" to "degraded forest" or "edge" transition. 
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The observations made at the C.A.R. site are applicable to the three Zaire sites. 
There is little or no evidence that interior forest is being converted on a large scale to 
agriculture or to more open woodland at any of the Zaire sites. Loss of forest cover is 
evident around the forest interior town of Mungbere and along the highway that passes
through the town. The clearing of the forest or opening up of the forest canopy along the 
major highway running east to west across northern Zaire is also apparent in the 1988 
AVHRR imagery. 

The Landsat analysis provides insight into the pattern and local rates of deforestation. 
It suggests ihat information on deforestation rates for specific forest types would improve the 
carbon emission model. This could be done but would complicate the model considerably.
The imagery results support the low relative rate of deforestation used in the model for 
calculating carbon emissions from Zaire. This is significant because Zaire has the greatest
potential for carbon emissions; thus, any inaccuracies with regard to Zaire's deforestation rates 
could influence the validity of the model results. 
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Table 2-5. Vegetation cover and forest change statistics of six C.A.R. subsites. Forest change statistics
 
area based on the 1973 area of forest. Degraded forest was not apparent as a spectral class
 

in the 1973 scene thus it was not assessed.
 

A. Urban - Forest border (Amada Gaza) / Total area= 100755 ha 

Veg cover class 1973 1987 Forest transitions % 

Forest 34.1% 20.0% Forest to forest 51.9% 

Degraded forest na 12.3% Forest to degraded 36.2% 

Edge 1.6% 3.6% Forest to edge 9.3% 

Nonforest 64.4% 64.1% Forest to nonforest 2.6% 

B. Urban - Forest border (Berberati) / Total area= 99496 ha 

Forest 24.6% 13.9% Forest to forest 51.9% 

Degraded forest na 8.9% Forest to degraded 36.2% 

Edge 2.6% 5.8% Forest to edge 11.6% 

Nonforest 72.8% 71.4% Forest to nonforest 0.3% 

C. Urban - (Carnot) / Total area= 38696 ha 

Forest 38.9% 14.7% Forest to forest 35.1% 

Degraded forest na 10.6% Forest to degraded 27.3% 

Edge 1.1% 12.9% Forest to edge 32.7% 

Nonforest 60.1% 61.7% Forest to nonforest 4.8% 

D. Open area near Carnot / Total area= 100825 ha 

Forest 10.7% 3.6% Forest to forest 28.4% 

Degraded forest na 2.0% Forest to degraded 18.9% 

Edge 0.4% 4.6% Forest to edge 43.5% 

Nonfores! 88.9% 89.8% Forest to nonforest 9.2% 

E. Open area east of Amada Gaza / Total area= 100774 ha 

Forest 5.3% 1.4% Forest to forest 16.6% 

Degraded forest na 1.4% Forest to degraded 26.9% 

Edge 0.3% 1.7% Forest to edge 32.5% 

Nonforest 94.5% 95.5% Forest to nonforest 24.0% 

F. Forested area south of Berberati / Total area= 204323 ha 

Forest 87.3% 88.9% Forest to forest 96.0% 

Degraded forest na 2.4% Forest to degraded 2.8% 

Edge 3.8% 1.9% Forest to edge 1.1% 

Nonforest 8.9% 6.7% Forest to nonforest 0.1% 
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5. CONCLUSIONS AND LLMITAIONS 

Carbon inventories and emissions were estimated over the 1985 to 2001 time period
using existing FAO deforestation rates and vegetation maps. The results from the model are 
within the bounded estimates of previously published studies. This consistency provides
credibility to the methodology that was developed and employed. Of course, all studies to 
date have relied on existing FAO data for many key parameters, such as country-specific rates 
of deforesiaticn. The FAO 1999 Tropical Forest Resources Assessment values, when they
become available, will undoubtedly improve the validity and accuracy of model predictions.
The remainder of this chapter discusses the conclusions of 6he study as well as limitations 
encountered related io data deficiencies and the GIS analysis. 

5.1 CONCLUSIONS 

Using current land-use trends, the land-use model results show that three countries 
(Ivory Coast, Zaire, and Nigeria) contributed over 50% of 1985 carbon emissions from land 
use change in Sub-Saharan Africa. The Ivor-y Coast and Nigeria carbon emissions are 
predicted to decline rapidly over time as their rapid rates of deforestation (7% and 3% loss 
per year) deplete tKeir forest base. Zaire is the exception because of its vast forest areas and 
its current low rate of deforestation (only 0.2% loss per year). Angola, the Central African 
Republic, Congo. and Gabon are also similar to Zaire, having low deforestation rates 
(respectively, 0.18%. 0.15%, 0.10% and 0.07% loss per year) with sizable forest areas. For all 
of the Sub-Saharan countries examined, total carbon emissions from deforestation are 
estimated at approximately 200 million tonnes in 1985. This total is projected to decline to 
about 140 million tonnes in 2001 assuming no changes in current deforestation rates. Over 
the 1985 to 2001 study period, carbon emissions are projected to average approximately 165 
million tonnes. 

The Sub-Saharan land-based carbon emissions represent a small fraction of current 
total global emissions of carbon, but are a significant fraction (about 20%) of carbon 
emissio.-q from global tropical deforestation. If all global forests are taken together their 
importance relative to world fossil fuel emissions is much more pronounced. A concerted 
effort in reducing deforestation rates, promoting sustainable agricultural systems, and 
establishing plantations in Africa and in other tropical forest areas could significantly reduce 
the rate of carbon dioxide buildup. Reducing the rate of carbon dioxide buildup could delay
the process of global warming and provide the needed time to wean industrialized countries 
away from fossil fuels and find non-fossil fuel paths for the industrialization of developing 
countries. 

If deforestation accelerated in Zaire and the other countries of the Congo basin, land
based emissions from Sub-Saharan Africa could become much more globally significant. For 
example, a tripling of Zaire's deforestation rate to 0.6%/year, still far below that of the Ivory
Coast or Nigeria, would cause carbon emissions from Sub-Saharan Africa to increase by 30%. 
If Zaire's deforestation rate was the same as the Ivory Coast's, emissions would be 50G million 
tonnes of carbon per year or about a tenth of current global fossil fuel emissions. If timber 
extraction increases significantly, as it may due to the closing of other markets in Brazil and 
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Asia and the harvested land is not reforested, then emissions from Zaire could increase 
substantially. Quality information and statistics on land use and land-use trends are badly 
needed to ascertain the real risk in Zaire and the Congo basin. Current emissions from land
use change must also be considered in their historic context. Considerable loss of forest land 
has already occurred in Sub-Saharan Africa. The closed forests that banded Western Africa 
are now largely gone. The only remaining extensive tracts of intact forest are in Central 
Africa. 

Of the three land use options considered for reducing carbon emissions, aggressive 
forest preservation (total halt of deforestation in corjuuction with recovery of degraded 
forest) yielded the greatest carbon benefit. Under this option, carbon emission- change from 
152 million tonnes to a net sequestering of 62.5 million tonnes each year as the degraded 
forests put on new growth. Halving current deforestati.n rates and allowing the existing 
forest to recover would redLce net emissions to 21 million tonnes per year. The estimate of 
carbon sequestering potential with forest preservation is conservative as the estimates of both 
the extent of degraded forest and the degree Lf degradation are conservative. More carbon, 
perhaps as much as 2 or 3 times more, could be sequestered during the recovery of degraded 
forests. It should also be noted that the preservation scenario is not a restoration scenario. 
That is, existing forest is prcserved but former forest-land is not restored to forest. 

Very aggressive agroforestry implementation also yielded significant reductions in 
carbon emissions. Assuming a high level of adoption (4% of the agricultural land was 
converted to agroforestry each year) and assuming the agroforestry site contained .10% of the 
tree biomass of an industrial plantation, the model predicted that Sub-Saharan carbon 
emissions would drop from an average of 152 to 20.2 million tonnes per year. A more 
realistic, but still optimistic, adoption rate of 2% per year and a lower tree bioniass 
assumption (20% of an industrial tree plantation) reduced emissions to 114 million tonnes per 
year. 

Establishment of industrial plantation forests, assuming implementation rates 
comparable to those recommended by the Tropical Forestry Action Plan, are predicted to 
reduce regional carbon emission by about 5 million tonnes per year. Assuming that 0.1% of 
all land biologically capable of supporting industrial plantations (this includes the agricultural 
land base but excludes current forest land) was converted to plantation annually, the annual 
carbon savings were predicted to be about 10 million tonnes per year. Offsetting all industrial 
roundwood removals with plantations would save aboui 18 million tonnes of carbon annually 
and require the establishment of nearly 380,000 hectares each year. 

The minimum costs for implementing these options were estimated to range between 
$25 and $115/ha for preservation, $50 and $150/ha for agroforestry, and $560 and $1,060 for 
industrial plantations. These costs are for drect expenses (e.g., secdlings, extension, 
management) and do not account for institutional constraints (e.g., land tenure arrangements); 
the need to purchase land; and other location specific factors. In comparing the three land
use options, industrial reforestation is perhaFs the most easily implemented, although the cost 
per tonne of sequestered carbor is higher ($11 to $22/tonne) than for preservation ($3 to 
$15/tonne) and agroft,.estry ($2 to $10/tonne). The viability of implementing any of these 
land-use options will depend on population density and rates of population growth (natural 
growth, migration, or resettlement) as well on other factors, such as customs and policies 
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affecting the allocation of land and tenure, access to markets (i.e., infrastructure), foreign
debt, government policies designed to generate foreign exchange from cash crops and timber 
exports, the availability of inputs and local technical skills for intensifying agriculture, and the 
adequacy of institutions to manage these problems. 

It is imperative to begin the process of designing policies for protecting existing forests 
and their storcs of carbon as well as policies for reducing the development pressures on these 
forests. There is also a need to emphasize the full package of benefits derived from int.ci 
forests (e.g., oils, nuts, fibers, etc.) and not just short-term timber and unsustainable 
agricultural products. In the agriculture sector, pricing policies must be changed to encourage 
greater output and more equality between rural and urban areas. Policies that serve to reduce 
the demand for unskilled labor and favor forest exploitation should also be eliminated. 
Moreover, the centralization of property rights, which has served to remove local incentives 
for conservation of forest areas, needs to be reversed to encourage local protection and 
management. 

Forestry policies in many countries also need to be reevaluated. Overly lenient timber 
concessior;s with royalty payments below stumpage values have encouraged selective cutting
and high grading, undermined forest quality, and have yie!ded too few revenues for 
governments to consider reforestation and training. There must be royalty reform that serves 
to bring up payments more in line with market stumpage values to provide revenues for 
reforestation and better forest management. There must also be policies that encourage
natural regeneration of forests and the establishment of plantations for industrial purposes.
Moreover, governments must lengthen concession periods to provide long-term financial 
interest and proper stewardship of forests. 

The methodology developed in this study is well suited to analyze a single country (or
subregion, e.g., Congo Basin). If a single country were analyzed, much finer geographic
delineation would be possible. Moreover, specific site recommendations could be made based 
on model results as well as information from ground-level and local studies. The purpose of a 
single-country analysis could be broadened to include recommendations and land-use 
management options for the preservation of specific areas and for the location of plantations
and agroforestry interventions. For example, the preservation of large intact tropical forests 
of Zaire and the protection of critical habitat areas and upland watersheds of Madagascar
could be investigated in detail. In addition, a country-level analysis could include greater
consideration and specificity of economic costs; institutional constraints (e.g., land tenure 
arrangements); and political realities. Land-use management strategies could then be based 
on the full range of tropical forest benefits (i.e., habitat, biodiversity, climate moderation, and 
soil stabilization) including carbon storage. Such specificity is not possible at a continental 
scale. Ideally, a country-level study would use satellite imagery to develop accurate vegetation 
maps and could enlist the assistance of local technical experts. 

Continuing imagery analysis of Central Africa is needed to improve the information 
base on these forests. The difficulties in traversing this region and its poverty have hampered
the collection of ground-based information on forest presence and loss. Thus, examination of 
older imagery is an important tool for evaluating the condition of forests in the past. Imagery
analysis is also a powerful tool for evaluating current forest condition. Unfortunately, the 
equatorial forests of Central Africa have received scant attention from the remote sensing 
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community. Consequently, the remote sensing methodology for evaluating forest change in 
this region is still in the developmental phase. With ground truth inforination, the analyses 

begun for this study could be refined to produce accurate estimates of forest change in this 
region. Such estimates could assist FAO in its 1990 Tropical Forest Resource Assessment. 
FAO is taking an approach to this assessment that includes both national forestry statistics 
and remote imagery analysis. FAO is relying on outside agencies to support the 1990 
assessment and would strongly support an initiative to continue and refine the remote imagery 
analysis begun with this study.51 

The carbon emissions from the energy sector are relatively minor when compared with 
fossil fuel emissions from industrial and industrializing countries. Increasing energy efficiency 
and thereby lessening the amount of carbon emitted per unit of end-use energy generated and 
substituting renewable and other energy sources for fossil fuels (primarily coal) are policy 
initiatives that are vital for controlling global carbon emissions. As noted earlier, there may 
be considerable potential to reduce emissions in the hoiisehold sector with the dissemination 
of more efficient stoves. Of course, the success of stove programs depends on whether the 
technology is consistent with local sociocultural patterns and whether the user has a distinct 
financial incentive to possess the technology. In the rapidly expanding urban areas of Africa, 
the diffusion of fuel-efficient stoves is likely to be much more effective than in rural areas. 
Initiating these programs in advance of major demographic shifts that are likely to take place 
may be prudent. In the power sector, the substitution of biomass fuels for fossil fuels (i.e., 
diesel fuel) would lessen carbon releases provided the biomass inventory is not reduced in the 
process. The viability of small-scale power generation with biomass has proven to very cost
effective in other regions. 

In sum, several general land-use policy recommendations can be made on the basis of 
these findings, although specific policy recommendations are not appropriate given the very 
broad and general scope of the project. First, the Congo basin of Central Africa shelters an 
enormous pool of carbon in vegetation. The countries of Zaire, Angola, Gabon, Central 
Africa Republic, Cameroon, and Congo contain half the forest carbon of Sub-Saharan Africa 
about 30,000 million tonnes of carbon. Because of inaccessibility and fairly low population 
pressures, this pool is still large!y intact. However, it could suffer the fate of the Amazon 
basin with similar carbon emissions if transportation access improves and governments do not 
reevaluate their overly lenient timber concession policies. Policies that promote the 
maintenance of this carbon pool, such as controlled logging, reforestation, reduction of 
agricultural and fuelwood pressures, should be pursued. Second, the information base upon 
which to develop sound specific policies is extremely limited for Central Africa. Development 
of that information base should take high priority. Finally, as elsewhere in the tropics, 
deforestation in Sub-Saharan Africa is driven ty agriculture, fuclwood needs, and international 
wood markets. These issues must be addressed if deforestation is to be successfully controlled 
and reforestation or afforestation implemented. The analysis of the energy sector in Sub-
Saharan Africa indicates that fossil fuel carbon emissions do not and probably will not play a 
major role in global carbon inventory changes. However, it is also apparent that savings could 

51K.D. Singh, Director, Forest Resources 1990 Assessment Project, FAO Forestry 

Department, Rome, personal communication to Robin Graham, April 1990. 
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be effected to reduce levels of emissions through a variety of energy conservation and fuel 
substitution programs. 

5.2 STUDY LIMITATIONS 

521 Data Deficiencies 

The single most challenging problem ecountered in this analysis had to do with data 
limitations with regard to land-use change. In particular, the 1981 Tropical Forest Resource 
Assessment data on land-use change are dated, and the original accuracy has been questioned. 
Local reports exist for some locations, but these do riot provide regional coverage and often 
do not use the same land-use classification schemes. Therefore local reports cannot be 
merged to create a continental data base. 

Satellite imagery could be used to create such a data base (Booth 1989), but a satellite 
imagery analysis of the entire continent was far beyond the scope, time, and funding of this 
project. Land-use change is inherently difficult to evaluate because it occurs at a fine scale 
(hectares) over vast expanse. (millions of square kilometers). It is extremely expensive to use 
fine-scale satellite imagery to evaluate land-use change over large regions; yet inexpensive, 
coarse-resolution imagery (1- to 4-km resolution) is difficult to interpret if the land-use change 
is occurring at a much finer spatial scale, as it often is in Africa. Quantifying forest 
degradation is especially difficult as the spectral changes between intact and degraded forest 
are likely to be subtle. Blends of fine- and coarse-scale imagery are needed as are 
methodologies for combining different scale imagery (Dale 1989, Iverson et al. 1989). This 
limitation is not to say that land-use changes cannot be evaluated across large regions using 
satellite imagery, but rather that the methodologies for doing so are still not mature and the 
statistical accuracy of such evaluations is extremely difficult to assess (Nelson and Holben 
1986, Malingreau and Tucker 1988, Nelson et al. 1987a, Nelson el al. 1987b). 

Data on carbon storage capacity or productivity of different vegetation types are 
scattered and sometimes not comparable. Often only one component of the system is 
considered: the large woody component, the overstory, or the aboveground fraction 
(Millington et al. 1989, Olson et al. 1985, Brown and Lugo 1984). The numbers are often 
scattered across many reports, often in the "gray" literature, and therefore not easily accessed. 
The U.S. Department of Energy has teen funding a project for the last several years solely to 
gather information on the carbon content of tropical forests. Data from this project were 
used to determine the maximum carbon that might be stored in closed forests in Africa. 

If data on carbon storage in tropical vegetation types are lacking, data wit'i which to 
develop empirical relationships between carbon storage and climate or soils are virtually 
nonexistent. Although there is an understanding of what vegetation types are likely to occur 
on differing soils and under various climate regimes (Woodward 1987, Walter 1973), 
converting that understanding to detinitive empirical models of carbon and growth has not yet 
been done. The approach employed by this study to relate carbon storage in a vegetation 
type to annual rainfall and soil fertility class is based on published research relating tropical 
ecosystem biomass to average annual temperature and average precipitation as well as some 
professional judgment (Houghton et al. 1985b). 
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Data on the carbon storage of fallow forest agricultural systems and agroforestry 
systems were not located. In both cases, carbon storage was modeled as a function of the 
carbon storage of crops and native vegetation. 

Data on the effect of degradation of ecosystem carbon were also not located. 
Subsequently, a 35% reduction in ecosystem carbon was assumed. Undoubtedly, there are 
many areas where depletion has been greater and others where it has been less. Such 
numbers are difficult to obtain in the field unless there exists a combination of degraded land 
and protected, intact land in the same location with the same soils and local ciimate. 

The accuracy of the vegetation map of Africa, on which much of the analysis depends, 
is difficult to quantitatively assess. Some regions of the map were developed from other 
vegetation maps produced as far back as 1932. This is particularly true of the central 
equatorial region of Africa. The satellite imagery analysis of this region suggests that the map 
is generally correct but that the vegetation class boundaries may not be very accurate. 

One of the major problems encountered in any regional-scale resource analysis is data 
incompatibilities, in performing a natural-resource analysis, one must bring together data 
from diverse sources-data which were not designed to be meshed with each other. Often the 
class definitions used within a particular data file are found to be imprecise. Fortunately the 
two primary data sources (the FAO vegetation map and the FAO/UNEP Forest Resources of 
Tropical Africa Report) used in this report were developed by the same agency and the 
agency could provide clarification when needed. Nonetheless, there were vegetation classes 
for which there were no correspondences between the two data sets even though they were 
developed by the sanie agency. 

5.2.2 GIS Analysis Deficiencies 

The study benefitted from the availability of digital continental maps of vegetation, soil 
units, and annual rainfall for Africa. Digital maps are not stored in libraries that are readily 
accessible. Generally, a map has been digitized by a user or user group (at much expense and 
labor), and access (and even the knowledge of its existence) is largely a matter of personal 
contacts. Much of the initial labor in this phase of the project was dedicated to locating such 
maps and getting permission to use them. Furthermore, digital data files are uniquely 
dependent on the GIS used in developing them. Often there are computer and software 
incompatibilities between different systems, and transferring the data becomes difficult and 
technically demanding. 

Some significant GIS difficulties were encountered with the digital FAO vegetation 
map. The map was poorly documented and its coordinate system was unrelated to the 
lozation of the continent of Africa. Although the digital map created a paper map that was 
obviously the continent of Africa, specific latitude or longitudes could not be accurately 
identified on the map, making it impossible to point sample the map to create the required 
vegetation data base. After extensive inquiries, a coordinate system was forced on to the file 
by using the GIS to visually overlay the vegetation map with another digital map of Africa, 
then transfer its coordinate system. The significance is that the vegetation point locations may 
be off by 5 to 40 km in some places. 
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GIS difficulties were also encountered with the zone map, which was created using a 
1:5,000,000 scale, Chamberlain trimetric projection, and the National Geographic map of the 
political boundaries of Africa as the base map. In sampling this map, numerous cases were 
found in which the country identity of a point at a specific latitude and longitude as identified 
from this map was not the same as the country identity at the same latitude and longitude on 
the FAO/UNEP political boundary map. Because there was no way to resolve this 
discrepancy between maps, all poirts that had mismatched country identities were deleted 
from the analysis. Deleting points from the file meant that the density of points (number of 
sampling points per 1000 square kilometers) varied among zones and among countries. 
Because a regional analysis was being conducted, the point-sampling methodology tended to 
slight very small countries (i.e., there are few points in small countries so the "accuracy" of 
emissions from small countries is more suspect). This was judged acceptable, however, as it is 
the larger countries that will dominate land-use carbon emissions because emissions are a 
function of land-use area. 
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APPENDIX 1
 

CONVERSION FACTORS AND ENERGY VALUES USED IN ENERGY ANALYSIS
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Renewable Fuels Conversions 

Bagasse 
Energy range 8380-8740 BtuAb 
Value used 8500 Btu/lb 

therefore, 

or, 

1 tonne bagasse = 0.472 TOE 

Amount of carbon 44-50% 
Value used 46% 

therefore, 

1 tonne bagasse = 0.46 tonne carbon 

Fuel wood 
Energy value 3500 kcal/kg 
Density 500 kg/m3 

therefore, 

1 m3 fuelwood = 500 Kg/m3 x 3500 Kcal/Kg x 1000 cal/i Kcal 

or, 

1 m3 fuel wood = 0.175 TOE 

(from Marland) 

Amount of carbon 50-52% 

therefore, 

or, 

1 m3 fuel wood = 0.26 tonne carbon 
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Energy Table 
Fossil Fuels 

TOE/tonne 

Fuel Btu/lb Btu/gal kJ/kg lb/gal Fuel 

LP gas 

Residual 
oil 

21,000 

18,300 

89,000 

145,700 

48,800 

42,500 
I 

4.24 

7.96 

1.19 

1.016 

Aviation 
gasoline 

Kerosene 

21,750 

19,000 

137,000 

129,600 

50,600 

44,200 

6.3 

6.82 

1.207 

1.055 

Jet Fuel 20,000 130,000 46,500 6.5 1.11 

Gasoline 20,000 123,000 46,500 6.15 1.11 

Diesel 
fuel 

18,800 122,200 43,700 6.5 1.044 

Conversion Factors 
1055.04 J = 1 Btu 
41.9 x 109 J = 1 TOE 
0.4536 kgf = 1 lb 
4.186 J = 1 calorie 

Sample Conversion of tonnes to TOE 
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APPENDIX 2
 

ENERGY CONSUMPTION BY COUNTRY
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Year 1977 

RENEWABLES FOSSIL FUEL 
COUNTRY BAGASSE FUELUOOD TOTAL TOTAL TOTAL PER CAPITA POPULATION COUNTRY 

SOUTH AFRICA 3552.58 1814.8 5367.38 53647.5 59014.88 2.22925 26473000 SOUTH AFRICA 
NiGERIA 59.8 17361 17420.8 13792.5 31213.3 0.43009 72574000 NIGERIA 
CAMEROON 52.44 1902.68 1955.12 409.4 2364.52 0.29660 7972000 CAMEROON 
COTE DE IVOIRE 55.66 1542.06 1597.72 1014.7 2612.42 0.35577 7343000 COTE DE IVOIRE 
KENYA 277.38 5780.58 6057.96 1379 7436.96 0.50212 14811000 KENYA 
GABON 7.36 305.5 312.56 1462.8 1775.66 2.52224 704000 GABON 
ANGOLA 74.9 1802.6 1877.5 955.2 2832.7 0.40473 6999000 ANGOLA 
ZAIRE 97.52 5761.6 5859.12 949.2 6808.32 0.28482 23904000 ZAIRE 
SUDA9 226.32 3634.54 3860.86 1005.9 4866.76 0.28593 17021000 SwAN 
MAURITANIA 0 1.56 1.56 145.9 147.46 0.10240 1440000 MAURITANIA 
GHANA 37.72 6090.76 6128.48 817.8 6946.28 0.68409 10154000 GHANA 
ZANBIA 106.26 2017.6 2123.86 740.7 2864.56 0.55504 5161000 ZA48IA 

ETHIOPIA 205.62 7740.46 7946.08 282 8228.08 0.22799 36090000 ETHIOPIA 
SENEGAL 29.9 733.46 763.36 567.4 1330.76 0.26441 5033000 SENEGAL 
TANZANIA 161.9 8671 8832.9 568.5 9401.4 0.55309 16998000 TANZANIA 
CONGO 23.92 335.14 359.06 81.1 440.16 0.30997 1420000 CONGO 
BOTSWANA 0 189.54 189.54 215.4 404.94 0.49808 813000 BOTSUANA 
MAURITIUS 1057.08 5.98 1063.06 174.9 1237.96 1.37551 900000 MAURITIUS 
NDZAUIQUE 479.78 2872.48 3352.26 733.7 4085.96 0.36797 11104000 MOZAM IQUE 
GUINEA 19.32 722.8 742.12 239.5 981.62 0.19388 5063000 GUINEA 
MADAGASCAR 175.26 1343.94 1519.2 221.4 1740.6 0.21679 8029000 MADAGASCAR 
NIGER 0 741.3 741.3 100 841.3 0.17141 4908000 NIGER 
UGANDA 17.94 2172.3 2190.24 214.3 2404.54 0.18942 12694000 UGANDA 

t LIBERIA 0 918.84 918.84 371.9 1290.74 0.76330 1691000 LIBERIA 
BENIN 0 861.38 861.38 81.2 942.58 0.29364 3210000 BENIN 
NALAWI 142.6 2463.8 2606.4 173.5 2779.9 0.69935 5567000 KALAWI 
BURKINA FASO 15.18 1399.32 1414.5 67.8 1482.3 0.22854 6486000 BURKINA FASO 
TOGO 0 125.32 125.32 109.7 235.02 0.09958 2360000 TOGO 
SUAZILAND 356.96 128.96 485.92 94.5 580.42 0.11314 5130000 SWAZILAND 
MALI 22.54 964.6 987.14 112.C 1099.94 0.16770 6559000 MALI 
RWANDA 1.38 1363.7 1365.08 32.3 1397.38 2.98585 468000 RUANDA 
DJIBOUTI 0 45.2 45.2 0.16929 267000 DJIBOUTI 
GAMBIA 0 209.82 209.82 30.98 240.8 0.41162 585000 GAMSIA 
GUINEA BISSAU 0 106.08 106.08 25.9 131.98 0.1874 703000 GUINEA BISSAU 
EUATORIAL GUINEA 0 103.74 103.74 15.9 119.64 0.36036 332000 EQUATORIAL GUINEA 
CENTRAL AFR REP 0 602.94 602.94 36 638.94 0.29732 2149000 CENTRAL AFR REP 
CAD 22.54 666.64 689.18 52.75 741.93 0.17665 4200000 CHAD 
REMION 373.52 8.1 381.62 149.87 531.49 1.07155 496000 REUNION 
SIERRA LEONE 0 1729.26 1729.26 134.8 1864.06 0.60977 3057000 SIERRA LEONE 
SOMALIA 29.9 864.5 894.4 212.66 1107.06 0.24129 4588000 SOMALIA 
ZIMABWE 473.8 1183.52 1657.32 2559.39 4216.71 0.64535 6534000 ZIMBABWE 



Year 1982
 

RENLWABLES FOSSIL FUEL
 
COUNTRI BAGASSE FUELWOOO TOTAL TOTAL TOTAL PER CAPITA POPULATION COUNTRY 

SOUTH AFRICA 3555.34 1820 5375.34 64590.7 69966.04 2.36660 29564000 SOUTH AFRICA 
NIGERIA 29.9 20602.7 20632.6 17890.2 38522.8 0.44720 86143000 NIGERIA 
CAMEROON 1"4.88 2188.42 2293.3 1683.7 3977 0.43679 9105000 CAMEROON 
COTE DE IVOIRE 255.76 1859.48 2115.24 1037.1 3152.34 0.34825 9052000 COTE DE IVOIRE 
KENYA 479.78 7084.74 7564.52 1280.1 8844.62 0.49118 18007000 KENYA 
GABON 22.08 625.3 647.38 1460.5 2107.88 2.40077 878000 GABON 
ANGOLA 52.44 943.28 995.72 1261.6 2257.32 0.27724 8142000 ANGOLA 
ZAIRE 86.94 6658.86 6745.8 963.7 7709.5 0.02748 280500000 ZAIRE 
SUDAN 404.8 4222.92 4627.72 1022.1 5549.82 0.28397 19896000 SUDAN 
MAURITANIA 0 1.56 1.56 224.48 226.04 0.13842 1633000 MAURITANIA 
GHANA 5.98 6233.5 6239.48 815.6 7055.08 0.61504 11471000 GHANA 
ZAMBIA 175.26 2345.98 2521.24 740.7 3261.94 0.52519 6211000 ZAMBIA 
ETHIOPIA 265.42 8714.94 8980.36 396.5 9376.86 0.23321 40208000 ETHIOPIA 
SENEGAL 59.8 823.16 82.96 643.9 1526.86 0.25507 5986000 SENEGAL 
TANZANIA 157.32 5048.68 5206 568.5 5774.5 0.28416 20321000 TANZANIA 
CONGO 24.38 392.34 416.72 154.4 571.12 0.35473 1610000 CONGO 
BOTSWANA 0 256.62 256.62 303.3 559.92 0.57783 969000 BOTSWANA 
MAURITIUS 868.94 6.24 875.18 136.4 1011.58 1.01974 992000 MAURITIUS 
MOZAMBIQUE 189.06 3513.1 3702.16 685.3 4387.,6 0.34447 12737000 MOZAMBIQUE 
GUINEA 33.12 883.74 916.86 262.9 1179.76 0.20844 5660000 GUINEA 
NADAGASCAR 130.64 1452.62 1583.26 272.9 1856.16 0.19909 9323000 MADAGASCAR 
NIGER 0 877.5 877.5 204.7 1082.2 0.19280 5613000 NIGER 
UGANDA 22.54 2555.54 2578.08 171.5 2749.58 0.19623 14012000 UGANDA 
LIBERIA 1.38 1011.92 1013.3 143.9 1157.2 0.58474 1979000 LIBERIA 
BENIN 0 994.24 994.24 136.6 1130.84 0.30538 3703000 BENIN 
MALAWI 274.62 3125.46 3400.08 160.8 3560.88 0.54909 6485000 MALAWI 
BURKINA FASO 41.86 1559.74 1601.6 112.2 1713.8 0.23451 7308000 BURKINA FASO 
TOGO 0 143.26 143.26 114.2 257.46 0.09518 2705000 TOGO 
SUAZILAhD 603.06 145.6 748.66 120.9 869.56 1.44206 603000 SWAZILAND 
MALI 8.28 1099.02 1107.3 99.9 1207.2 0.16289 7411000 MALI 
RWANDA 3.22 1263.6 1266.82 91.8 1358.62 0.24617 5519000 RWANDA 
DJIBOUTI 0 56.1 56.1 0.17422 322000 DJIBOUTI 
GAMBIA 0 172.12 172.12 44.4 216.52 0.31748 682000 GAMBIA 
GUINEA BISSAU 0 109.7 109.7 22.2 131.9 0.15518 850000 GUINEA BISSAU 
EQUATORIAL GUINEA 0 113.8 113.88 19.3 133.18 0.36190 368000 EQUATORIAL GUINEA 
CENTRAL AFR REP 0 679.38 679.38 38.51 717.89 0.29850 2405000 CENTRAL AFR REP 
CHAD 37.72 743.08 780.8 57.77 838.57 0.18317 4578000 CHAD 
REUNION 368.86 8.06 376.92 177.5 554.42 1.06211 522000 REUNION 
SIERRA LEONE 4.06 1880.06 1884.12 144.84 2028.96 0.59396 3416000 SIERRA LEONE 
SOMALIA 82.34 1039.74 1122.08 190.1 1312.18 0.22682 5785000 SOMALIA 
ZIMBABWE 601.22 1474.72 2075.94 2426.3 4502.24 G.59404 7579000 ZIMBABWE 



Year 1987 

RENEWABLES FOSSIL FUEL 
COUNI NY BAGASSE FUELWOOD TOTAL TOTAL TOTAL PER CAPITA POPULATION COUNTRY 

SOUTH AFRICA 3351.6 1840.2 5191.8 77551.8 82743.6 2.506091 33017000 SOUTH AFRICA 
NIGERIA 75 24418.7 24493.7 15633 40126.7 0.393754 101908000 NIGENIA 
CAMEROON 104.9 2510.6 2615.5 1641.7 4257.2 0.409228 10403000 CAMEROON 
COTE DE IVOIRE 247.5 ;)220.7 2468.2 1434.2 3902.4 0.350211 11143000 COTE DE IVOIRE 
KENYA 547.4 1206.9 8754.3 1389 10143.3 0.458102 22142000 KENYA 
GABON 28.5 682.5 711 1376.7 2087.7 1.971388 1059000 GABON 
ANGOLA 45.1 1069.6 1114.7 1241.7 2356.4 0.255381 9227000 ANGOLA 
ZAIRE 112.7 7728 7840.7 963.7 8804.4 0.269256 32699000 ZAIRE 
SUDAN 787.5 4870.1 5657.6 899.6 6557.2 0.283506 23129000 SUDAN 
MAURITANIA 0 1.8 1.8 860.1 861.9 0.462145 1865000 MAURITANIA 
GHANA 0 6773.8 6773.8 815.6 7509.4 0.553769 13705000 GhANA 
ZAMBIA 195.5 2448.7 2644.2 740.7 3384.9 0.447501 7564000 ZAMBIA 
ETHIOPIA 292.6 9920.3 10212.9 735.5 10948.4 0.249673 43851000 ETHIOPIA 
SENEGAL 106.3 941.5 1047.8 630 1677.8 0.246990 6793000 SENEGAL 
TANZANIA 172.5 6036.4 6208.9 568.5 6777.4 0.276753 24489000 TANZANIA 
CONGO 52.4 437.6 490 476.7 966.7 0.525952 1838000 CONGO 
BOTSWANA 0 309.9 309.9 424.9 734.8 0.634542 1158000 BOTSWANA 
NAURITIUS 1098.9 10.4 1109.3 326.3 1435.6 1.347981 1065000 14AURITIUS 
MOZANB IQUE 37.7 3710.2 3747.9 320 4067.9 0.281599 14456000 MOZANBIQUE 
GUINEA 15.2 995.8 1011 262.9 1273.9 0.199640 6381000 GUINEA 
NADAGASCAR 160.5 1675.2 1835.7 237.8 2073.5 0.190457 10887000 MADAGASCAR 
NIGER 0 1015.6 1015.6 202.9 1218.5 0.187750 6490000 NIGER 
UGANDA 29.9 5761.6 5791.5 196.1 5987.6 0.360699 16600000 UGANDA 
LIBERIA 4.6 1218.4 1223 185.6 1408.6 0.606632 2322000 LIBERIA 
BENIN 7.4 1155.4 1162.8 139.6 1302.4 0.302111 4311000 BENIN 
MALAWI 271.4 3383.9 3655.3 134 3789.3 0.496762 7628000 MALAWI 
BURKINA FASO 37.7 1765.9 1803.6 124.8 1928.4 0.232170 8306000 BURKINA FASO 
TOGO 0 166.4 166.4 124.7 291.1 0.092442 3149000 TOGO 
SWAZILAND 691.4 145.6 837 120.9 957.9 1.343478 713000 SWAZILAND 
MALI 26.2 1266.2 1292.4 104.8 1397.2 0.163034 8570000 ALI 
RWANDA 6 1456.5 1462.5 99.3 1561.8 0.239173 6530000 RWANDA 
DJIBOUTI 0 72 72 0.193029 373000 DJIBOUTI 
GAMBIA 0 218.7 218.7 49.4 268.1 0.339367 790000 GAMBIA 
GUINEA BISSAU 0 109.7 109.7 32.7 142.4 0.153780 926000 GUINEA BISSAU 
EQUATORIAL GUINEA 0 116.2 116.2 19.2 135.4 0.329440 411000 EQUATORIAL GUINEA 
CENTRAL AFR REP 688.62 1596.4 2285.02 71.1 2356.12 0.871346 2704000 CENTRAL AFR REP 
CHAD 29.9 836.4 866.3 56.1 922.4 0.175062 5269000 CHAD 
REUNION 339 8.1 347.1 196.75 543.85 0.960866 566000 REUNION 
SIERRA LEONE 9.2 2062.1 2071.3 150.71 2222.0i 0.577145 3850000 SIERRA LEONE 
SOMALIA 52.44 1160.64 1213.08 260.39 1473.47 0.214604 6866000 SOMALIA 
ZIMBABWE 688.62 1596.4 2285.02 4220 6505.02 0.735696 8842000 ZIMBABWE 



.MNtWAULE FOSSIL TOTAL RENEWABLE FOSSI, 
COUNTRY TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL IOTAL TOTAL 

NIGERIA 11747 11517 23264 13898 14938 28837 16511 13054 29564 
ETHIOPIA 5421 235 5657 6138 331 6469 6977 614 7591 
KENYA 4176 1151 5327 5261 1069 6330 6085 1160 7245 
ZAIRE 3978 793 4771 4571 805 5376 5317 805 6121 
ZIMBABWE 1283 2137 3420 1610 2026 3636 1781 3524 5305 
SOUTH AFRICA 4867 44796 49663 4873 53933 58806 4678 64756 69433 

ALL. OTHERS 35623 9533 45155 36558 11173 47731 "4510 12190 56700 
TOTAL 67094 70162 137256 72910 84275 157185 85858 96101 181959 

GHANA 4138 683 4821 4202 681 4883 4559 681 5240 
SUDAN 2679 840 3519 3258 853 4111 4086 751 4437 
TANZANIA 6003 475 6477 3560 475 4034 4239 475 4714 
UGANDA 1481 179 1660 1743 143 1886 3908 164 4072 
CANEROON 1335 342 1676 1581 1406 2987 1797 1371 3168 
COTE DE IVOIRE 1095 847 1942 1514 866 2380 1748 1198 2946 
MOZAMBIQUE 2426 613 3038 2559 572 3131 2536 267 2803 
MALAWI 1805 145 1950 2386 134 2520 2556 112 2668 
ZAMBIA 1467 618 2086 1759 618 2377 1849 618 2467 
CENTRAL AFR REP 406 30 436 457 32 489 1781 59 1840 
ANGOLA 1290 798 2088 689 1053 1742 766 1037 1803 
GABON 213 1221 1435 444 1220 1663 489 1150 1638 
SIERRA LEONE 1164 113 1277 1270 121 1391 1397 126 1523 
MADAGASCAR 1084 185 1269 1112 228 1340 1292 199 1491 
MAURITIUS 1089 146 1235 896 114 1010 1135 272 1407 
BURKINA FASO 957 57 1014 1093 94 1187 1227 104 1331 
SENEGAL 524 474 998 615 538 1153 743 526 1269 
RWANDA 919 27 946 854 77 930 986 83 1069 
SOMALIA 613 178 790 784 159 943 835 217 1052 
LIBERIA 618 311 929 683 120 a03 825 155 980 
MALI 672 94 767 748 83 832 879 8 967 
SWAZILAND 453 79 532 717 101 818 807 101 908 
GUINEA 506 200 706 629 220 848 686 220 905 
BENIN 580 68 648 669 114 783 785 117 902 
NIGER 499 84 582 591 171 762 683 169 853 
CONGO 250 68 318 289 129 418 348 398 746 
PAURITANIA 1 122 123 1 187 188 1 718 719 
CHAD 472 44 516 539 48 587 594 47 640 
qOTSWANA 128 130 307 173 2.53 426 209 355 563 
REUNION 389 125 514 384 148 532 353 164 518 
TOGO 84 92 176 96 95 192 112 104 216 
GAMBIA 141 26 167 116 37 153 147 41 188 
CUINEA BISSAU 71 22 93 74 19 92 74 27 101 
EQUATORIAL GAJINEA 70 13 83 77 16 93 78 16 94 
DJIBOUTI 0 38 38 0 47 47 0 60 60 
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CARBON EMISSIONS (MT). BY YEAR
 

Year 1977 Year 1982 Year 1987 

RENEWABLES FOSSIL FUEL RENEWABLES FOSSIL FUEL RENEWABLE FOSSIL 

COUNTR TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL 

NIGERIA 17421 13793 31213 20633 17890 38523 24494 15633 40127 

ETHIOPIA 7946 2 8228 8980 397 9377 10213 736 10948 

KENYA 6058 1.'9 7437 7565 1280 8845 8754 1389 10143 

ZAIRE 5859 6808 6746 964 7709 7841 964 8804 

GHANA 6128 818 6946 6239 816 7055 6774 816 7589 

TANZANIA 8833 569 9401 5206 569 5775 6209 569 6777 

ALL OTHERS 37789 12589 50378 42882 14423 57305 52687 17434 70121 

SOUTH AFRICA 5367 53648 59015 5375 64591 69966 5192 77552 82744 

TOTAL SSA 95401 84026 179427 103626 100928 204554 122163 115091 237255 

SUDAN 3860.86 1005.9 4866.76 4627.72 1022.1 5649.82 5657.6 899.6 6557.2 

ZIMBABWE 1657.32 2559.39 4216.71 2075.94 2426.3 4502.24 2285.02 4220 6505.02 

UGANDA 2190.24 214.3 2404.54 2578.08 171.5 2749.58 5791.5 196.1 5987.6 

CAMEROON 1955.12 409.4 2364.52 2293.3 1683.7 3977 2615.5 1641.7 4257.2 

MOZAMBIQUE 3352.26 733.7 4085.6 3702.16 685.3 4387.46 3747.9 320 4067.9 

COTE DE IVOIRE 1597.72 1014.7 2612.42 2115.24 1037.1 3152.34 2468.2 1434.2 3902.4 

MALAWI 2606.4 173.5 2779.9 3400.08 160.8 3560.88 3655.3 134 3789.3 

ZAMBIA 2123.86 740.7 2864.56 2521.24 740.7 3261.94 2644.2 740.7 3384.9 

ANGOLA 1877.5 955.2 2832.7 995.72 1261.6 2257.32 1114.7 1241.7 2356.4 

CENTRAL AFR REP 602.94 36 638.94 679.38 38.51 717.89 2285.02 71.1 2356.12 

SIERRA LEONE 1729.26 134.8 1064.06 1884.12 144.84 2028.96 2071.3 150.71 2222.01 

GABON 312.86 1462.8 1775.66 647.38 1460.5 2107.88 711 1376.7 2087.7 

MADAGASCAR 1519.2 221.4 1740.6 1583.26 272.9 1856.16 1835.7 237.8 2073.5 

BURKINA FASO 1414.5 67.8 1482.3 1601.6 112.2 1713.8 1803.6 124.8 1928.4 

SENEGAL 763.36 567.4 1330.76 882.96 643.9 1526.86 1047.8 630 1677.8 

RWANDA 1365.08 32.3 1397.38 1266.82 71.8 1358.62 1462.5 99.3 1561.8 

SOMALIA 894.4 212.66 1107.06 1122.08 190.1 1312.18 1213.08 260.39 1473.47 

MAURITIUS 1063.06 174.9 1237.96 875.18 136.4 1011.58 1109.3 326.3 1435.6 

LIBERIA 918.84 371.9 1290.74 1013.3 143.9 1157.2 1223 185.6 1408.6 

MALI 987.14 112.8 1099.94 1107.3 99.9 1207.2 1292.4 104.8 1397.2 

BENIN 861.38 81.2 942.58 994.24 136.6 1130.84 1162.8 139.6 1302.4 

GUINEA 742.12 239.5 981.62 916.86 262.9 1179.76 1011 262.9 1273.9 

NIGER 741.3 100 841.3 877.5 204'.7 1082.2 1015.6 202.9 1218.5 

CONGO 359.06 81.1 440.16 416.72 154.4 571.12 490 476.7 966.7 

SWAZILAND 485.92 94.5 580.42 748.66 120.9 869.56 837 120.9 957.9 

CHAD 689.18 52.75 741.93 780.8 57.77 838.57 866.3 56.1 922.4 

MAURITANIA 1.56 145.9 147.46 1.56 224.48 226.04 1.8 860.1 861.9 

BOTSWANA 189.54 215.4 404.94 256.62 303.3 559.92 309.9 424.9 734.8 

REUNION 381.62 149.87 531.49 376.92 177.5 554.42 347.1 196.75 543.85 

TOGO 125.32 109.7 235.02 143.26 114.2 257.46 166.4 124.7 291.1 

GAMBIA 209.82 30.98 240.8 172.12 44.4 216.52 218.7 49.4 268.1 

GUINEA BISSAU 106.08 25.9 131.98 109.7 22.2 131.9 109.7 32.7 142.4 

EQUATORIAL GUINEA 103.74 15.9 119.64 113.88 19.3 133.18 116.2 19.2 135.4 

DJIBOUTI 0 45.2 45.2 0 56.1 56.1 0 72 72 
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APPENDIX 3
 

COMPARISON OF FAO AND AVHRR VEGETATION MAPS
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Plr'mous Pco.Plem !
 



INTRODUCTION
 

These plots (or maps) were generated using SASO software in order to compare the 
FAO and the AVHRR vegetation maps in the region of Central Africa (Chapter 4). The 
FAO vegetation values and the AVHRR vegetation values at the same point locations were 
compared and the values (or differences in values) plotted by point location (i.e., latitude and 
longitude). These plots show locations where the two maps agreed, disagreed, and how they
disagreed, with regard to the three vegetation classes, thereby providing a visual means of 
comparison between the two maps. 
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Fig. A-1. AVHRR Vegetation Map of Central Africa Showing the Location of Forest, 
Savanna and Mixed Forest/Savanna. 
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Fig. A-2. FAO Vegetation Map Showing the Location of Forest, Savanna and Mixed 
Forest/Savanna. 
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Fig. A-3. Locations where there is Agreement between AVHRR and FAO Maps with regard 
to the Location of Forest, Savanna and Mixed Forest/Savanna. 
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Fig. A-4. Locations where FAO maps Indicate more Forest than AVHRR Map.
'&' symbolizer locations where Savanna (as per AVHRR) is indicated as Forest (by FAO), '$'
symbolizes locations where Mixed Forest/Savanna (as per AVHRR) is indicated as Forest (by
FAO) and '*' symbolizes locations where Savanna (as per AVHRR) is indicated as Mixed 
Forest/Savanna (by FAO). 
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Fig. A-5. Locations where AVHRR Maps Indicate more Forest than FAO Map. 

#' symbolizes locations where Savanna (as per FAO) is indicated as Forest (by AVHRR), '@' 

symbolizes locations where Mixed Forest/Savanna (as per FAO) is indicated as Forest (by 

AVHRR), and '%' symbolizes locations where Savanna (as per FAO) is indicated as 

Mixed/Savanna (by FAG). 
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Fig. A-6. Locations where Forest (as per AVHRR) is indicated as Savanna (by FAO) 
symbolized as '#', and where Savanna (as per AVHRR) is indicated as Forest (by FAO) 
symbolized as '&'. 
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Fig. A-7. Plot Showing Locations of Agreement and Disagreement between the AVHRR and FAO maps. 

'F symbolizes Agreement with regard to Forests 
'S'symbolizes Agreement with regard to Savanna 
'M' symbolizes Agreement with regard to Mixed Forest/Savanna. 

Mixed Forest/Savanna (by FAO)'@' symbolizes Locations where Forest (as per AVHRR) is Indicated as 
Savanna (by FAO)'#' symbolizes Locations where Forest (as per AVHRR) is Indicated a 

'$' svmbolizes Locations where Mixed Forest/Savanna (as per AVHRR) is Indicated as Forest (by FAO) 

'%' symbolizes Locations where Mixed Forest/Savanna (as per AVHRR) is Indicated as Savanna (by FAQO 
Forest (by FAO)

'&' symbolizes Locations where Savanna (as per AVHRR) is indicated as 
'*' symbolizes Locations where Savanna (as per AVHRR) is Indicated as Mixed Forest/Savanna (by FAO) 
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