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Because the major sources of anthropogenic carbon dioxide (CO2) emissions are fossil fuel use
and tropical deforestation, the principal opportunities for emission reductions are implementing
alternative energy technology and reversing deforestation, especially in tropical countries. Tropical
deforestation contributes approximately 20 percent of current global carbon emissions (Schneider,
1989). The rate of tropical deforestation in the early 1980's was estimated at 11 million hectares
per year, contributing approximately 1600 million tons of carbon to the atmosphere each year
(Lanly, 1983; Houghton, et al, 1987). Recent estimates of deforestation rates are even higher
(Myers, 1989; WRI, 1990).

The tropical land area that can potentially be spared from deforestation or rejuvenated through
reforestation is large, on the order of a billion hectares (Myers, 1989; Houghton, 1990). This
represents a major sink for global carbon emissions, and potentially one of the least expensive
measures available for slowing the rate of CO?2 accumulation. Because land and labor, the two
principal inputs, are inexpensive in most tropical nations, and because biomass growth rates are
high, this carbon-storage "technology” can achieve relatively low costs. Thus, reversing the trend
of tropical deforestation, and promoting reforestation worldwide, is considered part of a global
strategy to reduce the net atmospheric accumulation of CO2. In late 1989, the European Ministerial
Conference on Atmospheric Pollution and Climate Change proposed an agreement to stabilize
OECD carbon emissions by the year 2000 and to achieve a net annual reforestation rate of 12
million hectares (Nordwyck Declaration, 1989).

Although there are many potential opportunities for reducing net carbon emissions in developing
countries, the necessary technology and financial resources are concentrated in the industrialized
nations. Moreover, the dominant responsibility for the climate change problem is clearly with the
industrialized nations, who have borrowed the assimilative capacity of the atmosphere in building
their affluent economies (Smith, 1989). Even if these nations agree to their level of responsibility,
or their share of the remaining assimilative resource, some industrialized nations will likely be
physically or technically limited in their ability to reduce emissions to the necessary level. Thus, it
appears that it will be less painful for nations to agree to an emission reduction goal and to accept
their share of the responsibility for meeting the goal if they are able to capture some of the
reduction opportunities in other countries.

A variety of world fund mechanisms and emission trading systems have been proposed to transfer
resources, when necessary, from nations with unfulfilled responsibility to those with unexploited
opportunities (WRI, 1989, Swisher and Masters, 1989; Grubb, 1989; Goldemberg, 1990). Under
such systems, each hectare of forested land, or land that can potentially be reforested sustainably,
could provide a valuable environmental service to investors worldwide. In order to include
forestry projects as a way to reduce net CO2 emissions, it is necessary to determine the rate of
equivalency between tons-carbon (TC) of fossil fuel emissions and tons of carbon stored by trees.
The relevant unit of measurement is the increment in CO2 flux, expressed as tons of carbon-
equivalent, out of the atmosphere, compared to existing conditions (in the case of carbon removal)
or to a reference condition (in the case of prevention).
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Carbon-Saving Servi

Sustainable forestry can be defined as forest sector practices that maintain or increase both the
forest resource stock and the flow of forest products over time. There are different types of
forestry projects, each with different costs and different carbon flows (Trexler, 1990; Gradwohl
and Greenberg, 1988). Reversing the trend toward deforestation involves two general approaches,
which comprise seven different forestry project classifications:

-Protect remaining forested land in forest reserves or natural forest management programs.
-Reforest land using natural restoration, forest plantations, fuelwood farms or biomass
energy plantations, and agroforestry.

Of these project classifications, forest restoration is the least comrnon. Its goal is to restore
degraded land to forest cover with as much of the natural biological diversity as possible. The
restoration process may imitate the natural succession process by starting with fast-growing exotic
species and fire control to improve soil productivity. Later the propagation of native species is
encouraged, using protected natural forest remnants a seed sources (Janzen, 1986).

Forest reserves are a more familiar project classification, encompassing many projects in which
existing forest land is protected and maintained in a natural state, with little commercial
exploitation. Timber plantations are also common, especially in temperate latitudes. These are
commercial projects in which fast-growing trees are planted and harvested in a continuous rotation
to yield timber, paper and other products.

is the cultivation of trees on the same land with agricultural crops and/or livestock,
which benefit from the ecological interaction between the trees and other components, to produce
multiple outputs including wood, fruit, animal feed and fertilizer (Nair, 1989). Types of
agroforestry projects include shade trees with perennial crops (e.g. coffee or cacao),
agrosilviculture (trees with annual crops), alley cropping (alternate rows of trees and crops),
silvopastoral systems (trees with livestock), live fences and windbreaks, mixed homegardens,
shifting cultivation with managed forest fallow, and taungya (crops grown together with young
trees in forest fallow) (Budowski, 1987). The variety of outputs produced and the perennial
ecology of agroforestry systems promise both economic and social benefits, and this approach is
being seen increasingly as a replacement of non-sustainable land-use practices in tropical regions
(Winterbottom and Hazlewood, 1983).

Fuelwood farms are similar to timber plantations, except that they are usually planted on a smaller
scale and provide some or all of their harvest to meet local fuel needs. Like agroforestry systems,
fuelwood farms can be designed to relieve local pressure to cut native forests, allowing the
protection of some area of standing trees. Bjomass epergy plantations, on the other hand, are
planted specifically to produce fuel for commercial energy production, such as electricity
generation.

Natwral forest management involves the use of standing natural forests to produce timber, fibers,
rubber, fruits, nuts and other outputs on a sustainable basis. At the same time the ecological
functions of the forest, including watershed protection and erosion control, can be preserved
(Gradwohl and Greenberg, 1988). An example of natural forest management is in the dipterocarp
forests of Malaysia, where natural forest is harvested and thinned in order to promote the regrowth
of the desired species.

Forest restoration, timber and biomass energy plantations, and the reforestation aspects of agro-
forestry and fuelwood farms store carbon in biomass grown in the project, offsetting emissions
elsewhere. This opportunity has already been explored by a U.S. electric power company that
contributed $US 2 million to a project that will plant 52 million trees in Guatemala (New York
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Times, 1988; Trexler, et al, 1989). For such projects, the carbon-storage measurement must be
adjusted to account for differences in the eventual fate of the biomass (standing trees, lumber,
fuelwood, etc).

Forest reserves, natural forest management, and the protection aspects of other projects, store
carbon and prevent new emissions to the atmosphere, provided they are legally protected with an
endowed budget for operation and maintenance. If carbon-storage credit is considered for
replanting but not protection of existing natural forests, there would be a counter-productive
incentive to remove the natural forest and then replant. Although this strategy is sometimes
suggested as a way to increase the rate of CO2 removal by trees, it would likely result in a net
carbon flux into the atmosphere (Harmon, et al, 1990).

Costs of Carbon Storage

Of course, carbon-saving services need not be forest projects. Other possibilities inlude energy
efficiency projects and renewable energy projects, which produce no CO). Investments in these
energy projects would reduce net carbon emissions in proportion to the carbon-equivalent of the
energy saved or produced. In order to compare the costs of carbon storage in a forestry project
with the costs of other carbon emission reduction measures, such as alternative energy projects, the
cost should be expressed in terms of the tons-carbon (TC) stored by the project. The cost should
account for the possibility of leveraging through debt-for-nature (DFN) exchanges or other
mechanisms. The carbon storage estimate should account for the possibility that some part of the
project either will not succeed, or would have been done anyway. In either case, the effective
carbon stored would decrease, and the cost per ton would increase.

Total unit cost = Cpet Xnet / (Rnet Fnet) [1]

where: Cpet = Net cost of the carbon storage project ($/ha}
Xnet = Net ratio of cost with leverage to cost without leverage
Rpet = Net increase in carbon storage from the project (TC/ha)
Fnet = Ratio of net carbon emission reduction to net carbon stored by the project.

In the following analysis, cost values that are originally in foreign currencies are converted to US
dollars using the interbank free exchange rate prevailing at the time for which the cost values are
expressed. The dollar costs are then converted to 1989 dollars using the GDP deflator.

The cost of the project itself, Cpet, must include the total amount of money that would have to be
provided to establish, maintain, manage and monitor the project, rather than carrying out the land-
use that the project replaces. Thus, Cpet must include the opportunity cost for the land on which
the project is implemented.

Chet = Copp + Cest + Cmnt + Cmgm + Cmon [2]

where: Copp = Opportunity cost of the project
Cest = Cost of establishing the project
Cmgm = Cost of management and extension services
Cmnt = Cost of an endowment to maintain the project
Cmon = Cost of an endowment to monitor the project's performance

The opportunity cost is the difference between the value of the land without the project and its

value with the project (excluding the value imparted by the project itself). In the simplest case, the
opportunity cost is the iand value (Plang ). If the project allows production of some marketable
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outputs together with the carbon savings, the value of these commodities must be considered to :
reduce the opportunity cost . These values are calculated for each year beginning the first year that
gross revenues are sufficient to cover costs. Costs incurred before that time are included in the
cost of maintaining the project, as described below. Production costs include harvesting,
maintenance and protection (Sedjo, 1983).

Copp = Maximum (0, Pland - NPVprod) 3]
where: NPVprod = 2. (GR¢ - PCp / (14n)t-1 : (4]
t

and: r= Discount rate
GR¢ = Gross revenues from the land's output in year t
PC; = Production costs of project inputs in year t

The cost of establishing a forestry project includes the costs of seeds or seedlings and other
materials; labor costs for site preparation, planting, and building access roads; and materials and
labor for replanting trees that do not survive the first year (Durst, 1987). These costs are highest
for forest restoration projects and lowest for agroforestry programs. Management costs include the
cost of overall administration and technical supervision, and the costs of training, technical
assistance and extension services to provide for a sufficient level of technical competence on the
part of the participants (Canet, 1989). These costs tend to be substantially higher for projects that
involve agroforestry or small-holder plantations.

Both the maintenance and monitoring costs are recurring costs over the life of the project. To see
that these costs are covered, and to provide an on-going incentive for participation in the project,
these costs must be provided for in the project funding. These costs include the cost of an
endowment to provide for on-going monitoring and for maintenance until the project yields
sufficient revenues to cover future costs. Maintenance costs include weeding and thinning, road
maintenance, and fire protection (Sedjo, 1983). These costs tend to be higher for projects that
involve long-term protection of mature or growing forests. Monitoring costs include updating of
site surveys, before and after soil testing, and destructive tree measurements (CARE, 1989).

Measuring Carbon S i F Proj

The score-keeping procedure for carbon storage in forestry projects must account for the variation
in growth rates among different biological resources, the timing of carbon storage over the forest
life cycle, and the different fates of wood, leaf and soil carbon under different types of land-use.
Although these differences can lead to a great deal of detail, the procedure must be simple enough
to be compatible with information that would be available to development organizations,
government departments and private companies. Thus the procedure should incorporate only the
most important parameters, such as species, climate, soil type, planting density, and the land
management type and rotation time (Lugo, et al, 1988).

Each of the project classifications is different in terms of their carbon storage potential. Some store
carbon in standing natural forest, some accumulate carbon in new biomass grown in the project,
some accumulate carbon in harvested products that enter long-term storage, and biomass energy
plantations prevent carbon emissions from fossil fuel use. For the purpose of this analysis, the
dynamics of the carbon flows over time are not considered. Rather, only the long-term (more than
20 years) average or steady-state carbon storage density is analyzed.

The basic form of the net carbon-storage credit (Rpet), for a particular project compared to a
reference land-use, is given as (adapted from Hall, et al, 1985):
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Rpet= A(CVp+CSp-CVr-CS;) : [5]

where: A = Area of project in hectares (ha)
CVp = Carbon stored in vegetation by the project (TCIha)
CS = Carbon stored in soil by the project (TC/ha)
C\P = Carbon stored in vegetation for the reference condition (TC/ha)
CS; = Carbon stored in soil for the reference condition (TC/ha)

For a specific project or reference case, the vegetation carbon (CV) terms in this equation (CVp and
CVr) can be ¢laborated, assuming that carbon stored in ground litter and other organisms is
negligible, according to:

CV=CVpat +CVav+CVh _ (6]

where CVpgap = Carbon storage density in natural forest
CVay = Average biomass carbon during the rotation of plantation
CVh = Steady-state carbon value of the harvested biomass

For each forestry project classification, we can now relate the terms in equation 6 to the different
flows of carbon in a project. Each type of carbon flow (standing biomass, new biomass,
harvested biomass) corresponds to one term (CVpat, CVay, CVh). As shown in Table 1, the
different project classifications are distinguished by the carbon-flow terms that are relevant, in
which case they are represented by a "+" in Table 1. Carbon flows that are not relevant for a given
project classification are represented by a "0" in Table 1.

Table 1. Parameters for Calculation of Carbon Storage by Land-Use Classification
(*+” means the carbon flow applies to the project classification, “0” means it does not)

Carbon Flow: Standing New Harvested
Biomass Biomass Biomass

Variable: CVnat CVaV CVh
Forest Restoration 0 + 0
Forest Reserves + 0 0
Timber Plantations 0 + +
Agroforestry + + 0
Fuelwood Farms + + +
Biomass Energy Plantations 0 + +*
Natural Forest Management + 0 +

* the carbon content of the fossil fuel replaced

The carbon storage density in natural tropical forests, as a function of climate, is given by (Brown
and Lugo, 1982):

CVnat =298 +239log Z -112 Z (TC/ha) (7]
CSnat = 154 exp (-0.45 ) (TC/ha) (8]

where Z = Average annual (temperature / rainfall) in 9C-year/dl

In general, the reference condition will be assumed to be pasture or low-intensity agriculture, for
which (Whittaker and Likens, 1973):
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CVr=5T-Cha

-

For other forms of forest conversion (Houghton, et 21, 1987; Brown, et al, 1989):

CVr =0.40 CVpg¢ for mature forest fallow
CVr =0.75 CVpat for land converted to logged secondary forest

For projects that accumulate new biomass, CVgy is the long-term average biomass carbon overthe
period of rotation. For projects in which harvested biomass enters long-term storage (as timber,
not paper or fuelwood), CV}, is the steady-state value of stored biomass carbon net of decay.

Both CVay and CVh, depend on CVy, the carbon stored (in TC/ha) in vegetation planted by the
project, upon maturity. The value for CVyy, can be determined according to the mean annual
biomass increment (MABI), a measure of forest stemwood-biomass growth, which varies with
species and climate (Brown, et al, 1986; Lugo, et al, 1988). To determine carbon accumulation,
the MABI must be corrected for wood density and SWM, the ratio of total-to-stemwood biomass.
A simple estimate of CVpy, based on growth in a young forest, at which time annual growth is 6
percent of CVpy, is (Brown, et al, 1986; Cooper, 1983).

CVm=pcMABI__ SWM/g 9]

where: pc = carbon density of wood (typically 0.26 TC/m3)
MABImax = maximum MABI for a young forest (m3/yr)
SWM = stemwood multiplier to convert to total biomass (ranges from 1.6 to 2.5)
g = Maximum growth rate (0.06/year from Brown, et al, 1986)

The value for CVay, the average biomass carbon density over the length of a rotation (th), is
proportional to the average ratio of standing biomass to biomass (Bay / Bm) at maturity, This ratio
depends on th and on the fraction of biomass remaining after harvest (BoY Bm).

For forest restoration, t, is infinity, so CVay = CVm.

CVav=CVm (Bav/Bm) {10]
t=th

where: (Bay / Bm) = | io (B¢/Bmdt ) /th | [11]
t

and (Bt/Bm) = Ratio of standing biomass at time t to biomass at maturity
th = Rotation time between harvests

(Bt/Bm) = {1-exp(-gt)[1-(B/Bm)"]}- /1 (from Cooper, 1983)
where: (B(/ Bipy) = Ratio of biomass remaining after harvest to biomass at maturity
n = -0.17 for fast-growing species (from Cooper, 1983)
g = Maximum growth rate (0.06/year from Brown, et al, 1986)

Fpr harvested plantations, CV} is the carbon content of the steady-state value of the harvested
biomass. This value is proportionat to the fraction of biomass harvested (Bp, / By) and Nigs, the
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fraction that enters long-term storage (Cooper, 1983; Hall, et al, 1985). CVh is assumed to
accumulate until balanced by decay at a constant annual rate.

CVh =CVm Nits (Bh/Bm) [ exp(-d th) / (1 - exp{-d th} ) ] [13]
where: (Bh/Bm) = Bt/Bm) fort=

and Nlts = Fraction of the harvest that enters long-term storage (timber, not pulp or fuel)
d = Annual decay rate of harvested timber (0.01 from Houghton, et al, 1987)
th = Rotation time between harvests

The values for the soil carbon (CS) terms (CSp and CS ) are most easily related to the soil carbon

content of a natural forest in the same climate (Detwexlcr et al, 1985; Houghton, et al, 1987;
Anderson, 1987; Brown, et al, 1989):

CS = Ns CSnat _ (14]

where: CSnat =154 exp (-0.452) (TC/ha)
Ng = 0.50 for steep and highly erodible areas
Ng = 0.75 for pasture, cropland and fallow woodland
Ng = 0.90 for logged secondary forest and timber or biomass energy plantations
Ng = 1.00 for natural forest management, forest restoration, fuelwood farms,

and agroforestry

The carbon content of the fossil fuel replaced by a biomass energy project is that of the fossil fuel
that would be consumed to produce the equivalent amount of commercial energy. Assuming equal
efficiencies for biomass and fossil fuel combustion and a heating value of 19 GJ/ton-biomass, or
38 GJ/TC, and using the carbon content for the fuel replaced as that of oil at 20 kg/GJ, the carbon
saved is 0.76 TC per TC in the wood burned. This value should be corrected for differences in
efficiencies for the two fuel sources.

A nalysis of Carbon § in Samole Proi

The specific forestry projects studied in this research are based for the most part on projects -
completed, underway or planned in the Central American nations of Costa Rica and Guatemala.
These projects were chosen because they represent some of the only examples now available of 1)
internationally-funded projects conducted with carbon storage as a goal, and 2) innovative use of
international financing mechanisms, particularly debt-for-nature (DFN) exchanges, to fund projects
of mutual benefit locally and internationally. Where necessary, additional data from other nations
are drawn from the literature to allow the calculation of quantities that have not been measured or
reported for the sample projects.

One case, the agroforestry program conducted in Guatemala by CARE, is the only project studied
that was exphc1tly considered for its carbon-storage potential. Other projects studied, representing
different project classifications, are among those being implemented using funds from Costa Rica's
DFN exchange mechanism. The carbon storage results for the different project classifications can
also be used to estimate the national carbon storage potential for forestry ICEO’s in four Central
American countries, based on project proposals and cost estimates given in the Tropical Forest
Action Plans (TFAP's) of these countries.

The CARE project in Guatemala is an agroforestry and reforestation program that has received
partial financing from a US electricity company to compensate for the CO7 emissions from a new
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power plant (New York Times, 1988; Trexler, et al, 1989). The trees are expected to absorb 40-
200 percent as much CO? as the company's 180 megawatt power plant will produce in 40 years
(see Table 1). The project is part of CARE's rural development program begun in the Guatemalan
highlands in 1975. The program is very decentralized, reaching all but one of Guatemala's
geographical districts, and emphasizes rural extension work. The extension aspect is conducted by
foresiry “"promotors,” employed by the Guatemalan Forest Service (Direccién General de Bosques,
DGB), with assistance in the field from US Peace Corp volunteers (Nations, et al, 1987). Because
this project was partly financed as a voluntary carbon emission offset, carbon storage estimates
were made by CARE and subsequently revised by the World Resources Institute (WRI), which
served as an intermediary for the carbon offset transaction (CARE, 1988; Trexler, et al, 1989).
Below, the results of these two analyses are compared to the results from this study, as an example
of the carbon storage analysis methodology presented above.

Both the woodlots and agroforestry component store net carbon in new accumulated biomass and
harvested biomass that enters long-term storage. Additional carbon is stored in the standing
biomass of protected forest areas and through soil conservation. The rotation time is 35 years,
with a CVm of 93 TC/ha, based on a mean annual biomass increment (MABI) of 8.6 m3/ha-year.
This value is much lower than the MABI value of 20 m3/ha-year used by both CARE and WRL It
is based on MABI values from an analysis of the forestry component of the existing CARE project
in the same areas of Guatemala (Burniske and Prewitt, 1987). The CARE analysis involved
destructive testing of a representative sub-sample of the total population of forestry plots. Because
much of wood output early in the program was used for fuel, the rotation times varied from as
short as three years to ten years, the longest any project had been active at the time of sampling.
Positive values for wood volume were only assigned to trees with trunks wider than a minimum
diameter, excluding many trees from the younger plots. Thus, the longer cycle samples are more
indicative of the total tree growth. The area-weighted average of all the samples from 7 to 10 years

old is 8.6 m3/ha-ycar.

Assuming the biomass remaining at harvest is 15 percent of CV, Bay/Bm for a 35-year rotation
is 0.53 and Bh/Bm is 0.82. Of the biomass harvested at a given time, 15 percent is estimated to
enter long-term storage, while the remainder may decay or be used for fuel (Detweiler, et al,
1985). These values give accumulated biomass carbon, above that of the reference, of 50 TC/ha
for CVay and 22 TC/ha for CVh. For a low-mountain humid forest life-zone with a temperature-
to-precipitation ratio (Z) of 1.4, CVpgat is 175 TC/ha and CSpat is 81 TC/ha. For protected forest,
the reference is pasture with 5 TC/ha, which gives a carbon storage value of 170 TC/ha. For soil
conservation on the steep, erosion-prone land, carbon accumulation is 50 percent of CSnat, or 40
TC/ha. The success rate for the agroforestry component is estimated at 75 percent, while the
woodlots are planted and replanted to a sufficiently excess density that they are all expected to
reach maturity (CARE, 1988).

The total areas to be planted in woodlots and agroforestry are 12,700 ha and 63,500 ha,
respectively (CARE, 1988). Because the agroforestry area is only about two-thirds fully stocked
with trees, the equivalent forest area can be considered to be 42,300 ha, for a total of 55,000 ha.
In addition 9600 ha of existing forested land will be protected, and soil conservation will be
implemented on 8600 ha. Thus, the total carbon storage is 12,700 (50+22) + 42,300 (50+22)
0.75 + 9600 (170) + 8600 (40) = 5.2 million TC, or 94 TC/ha planted. These results are
compared to those of CARE and WRI in Table 2.

Another project studied is the Forest Development Program for Small and Medium Farmers
(Programa de Desarrollo Forestal para Medianos y Pequefios Agricultores, DECAFOR) in Costa
Rica. This project, which has similar carbon-storage values as the CARE project but signigicantly
higher costs, is an effort by the Costa Rican Forest Service (Direccién General de Forestal, DGF),
Repartment of Rural Forest Development (Desarrollo Campesino Forestal, DECAFOR) to
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