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Rethinking Baselines: An Efficiency-based Approach to Better REDD+
Governance
1.

Introduction
Reducing Emissions from Deforestation and Degradation plus Conservation

(REDD+) is viewed as a critical component of climate change mitigation that will
incentivize developing countries to participate. The 19th session of the Conference of
Parties (COP 19) to the UN Framework Convention on Climate Change (UNFCCC)
adopted the Warsaw Framework for REDD+ in November 2013. This followed a
series of proposals designed to incentivize countries to increase forest conservation,
e.g., through payments for ecosystem services (PES), and stimulated still further
proposals. The Warsaw framework provides guidelines for the development of
reference levels by which future forest emissions would be judged. As with earlier
proposals, REDD+ is currently envisioned to base payments according to each
country’s reduction in emissions relative to those occurring under historical
deforestation.
The economic rationale for using historical baselines to determine positive
entitlements may appear to follow from traditions regarding industrial emissions. As
discussed below, this overlooks the fundamental difference between forest emissions
and industrial emissions. While private industry tends to maximize profits, forests are
plagued with open access problems, and historical levels cannot be taken to reflect
what is privately efficient. If existing timber prices have not induced efficient forestry
practices, why would small additional price incentives render forestry socially
efficient, even with the addition of conditional grants? Furthermore, unlike industrial
emissions, the efficient amount of forest emissions absent carbon may be negative.
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The objective of this study is to develop and illustrate such an approach. We
propose Efficient Reforms for REDD+ (ERR), which provides for an efficient path of
net forest emissions that constitutes a dynamic baseline for granting emission permits.
Forest-emission permits are based on the amount of carbon that would be efficiently
emitted in the absence of carbon pricing. The efficiency baseline provides appropriate
incentives for reducing emissions of forest carbon while saving as much as $1.1
trillion worldwide relative to calculating baselines according to historical emissions.
Since ERR is more cost effective, we provide a numerical illustration of the
potential gains. The savings can be used to induce the participation of developing
countries through financial and technical assistance in forest governance, instead of
transfers without adequate provision for enforcing project conditionalities. If a
coalition of developed countries has a comparative advantage in aspects of
governance, e.g. through satellite-based monitoring systems, this promises to make
cooperation both more attractive to developing countries and more affordable for
developed countries.
The results also illustrate the tendency of well-managed forests to emit more
carbon than they sequester. Positive entitlements for forest emissions are therefore
unnecessary.

2.

Conventional REDD+ proposals
The many REDD+ proposals submitted to the United Nations3 differ primarily

according to the baseline from which emission reduction should be reckoned. The
majority of these proposals are based on historical emissions as a guide to what forest
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Already thirty two proposals had been submitted since December 2009 (Parker et al., 2009).
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emissions would have been in the absence of any carbon agreement.4 The Warsaw
Framework for REDD+ crafted at the Conference of Parties (COP) in 2013, while
leaving enough flexibility for countries to develop their own proposals, largely
adopted the principle of historical baselines. Under these proposals, hereafter referred
to as “conventional REDD+” proposals, countries receive payments for emissions
reductions but pay no penalties for increases in emissions nor for failing to achieve
targets (Mollicone et al., 2007). In contrast, we propose estimating what emissions
should have been, under an efficiency benchmark, thereby avoiding overly costly
entitlements and possibly crowding out expenditures on forest governance.
Figure illustrates historical deforestation for the case of Indonesia, which has
been deforested at the rate of 1.2 million hectares per year (FAO, 2010) over the
reference period 1990-2010. The vertical axis in Figure 1 is the total emissions of
carbon for a given year. Busch et al. (2010) estimated Indonesia’s net emissions for
this reference period at 219 million tons of carbon emissions per year. This becomes
the benchmark from which emissions reductions (shaded area) are measured during
the illustrative crediting period, 2015 to 2030. A decrease in deforestation, say by 32
percent, results in an emissions reduction of 70 million tons of carbon by 2030. At the
price of $20, for example, earnings for the reduction in emissions would be $1.4
billion in 2030.

FIGURE 1 AROUND HERE
4

Another approach uses projected baselines, whereby future deforestation rates are forecast
using econometric models that are based on socioeconomic or structural causes of
deforestation. In consideration of potential changes in future causes of deforestation, the use
of a development adjusted factor has also been suggested.
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2.1

Should baselines be set according to historical emissions?

Historical emission entitlements raise horizontal equity issues inasmuch as
they discriminate against countries that have practiced forest conservation relative to
countries that have inefficiently degraded their forests. In contrast, rewarding
countries according to their existing stocks might punish deforested countries for
profligate behavior, but would not serve as an effective basis for cooperation.
Forests are plagued with open access problems. Governments are either unable
or unwilling to enforce efficient harvesting practices. Government and military
officials may even collude with foresters (Obidzinskia and Kusters, 2015; ContrerasHermosilla, 2002) to harvest faster than the socially efficient level. Granting forest
emission permits on the basis of historical deforestation would reward overharvesting
and result in unnecessary and inequitable transfers. Granting permits on the basis of
what level of deforestation and/or degradation is efficient abstracts from actual
behavior and would be less expensive.
2.2

Should forest emissions be positive or negative?

Inasmuch as the concept of cap and trade arose in the context of industrial
emissions, the presumption of positive emission entitlements is perhaps natural given
that both the efficient level of emissions and historical emissions are positive. For the
case of forests, however, carbon emissions can be negative. To see this, define gross
carbon emissions as

1

, gross sequestration from new growth as

′

and net forest emissions as the difference:
(1)
where

1
and ′

′

,

are the rates of harvest and tree growth (change in volume) of

standing merchantable trees biomass growth;
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is the weight of carbon per unit

,

volume ( ) of the tree species in question; and

is the "pickling rate," i.e. the

percentage of carbon retained in lumber and other wood products (van Kooten et al.
1995; IPCC 1997, 2006b). Net emissions will be positive if and only if 1
′

> 0.
To illustrate, suppose that the forest is harvested (and replanted) sustainably

such that new growth, ′

and harvest,

, are equal on average to
1

is a percentage). Emissions are now given by
. For example if

(where

is 8 percent and both

and

=
are ½, net emissions

would be -2% of the biomass stock, i.e. net sequestration would be 2%. In order for
emissions to be positive, the harvesting rate must be some multiple of , , that
satisfies 1

0. That is,

must be greater than 1/(1- ). For

our example where the pickling rate is ½, this means that the harvesting rate must be
on average more than twice the growth rate. This would be satisfied for example if the
area harvested were more than twice the area replanted, i.e. under rapid deforestation,
which is likely to be inefficient as well as unsustainable.
Positive entitlements amount to a lump sum transfer in the amount of the
difference between historically-based and efficient entitlements times the shadow
price of carbon. The only possible benefit of excessive entitlements would be to
induce a country that would not otherwise join the “climate club” (Nordhaus, 2015) to
participate in a global agreement. As argued below however, international assistance
in forest governance may be a more cost effective inducement.

5

2.3

Are two instruments required to regulate the stock of trees and the

flow of emissions?
Some observers have suggested that there are two potential targets of REDD
incentives – the flow of emissions and the stock of trees -- prompting calls for two
instruments of control such as payments for emission reduction and dividends for
stock maintenance (e.g. Cattaneo, 2009). But since carbon stock is determined from
carbon flux, there is only one control variable: the amount of carbon emitted (Tavoni
et al., 2007). Changes in forest area and carbon density alter the amount of forest
stocks. The underlying control is the amount of forest harvesting. In an efficient
system, the forester is faced with the same price of carbon regardless of whether
emissions are positive or negative.

3.

Efficient reforms for REDD+ (ERR)
Basing entitlements on the efficient level of net emissions absent carbon

pricing offers an initial step toward improved forest governance. Once the baseline is
in place, first-best efficiency calls for rewarding reductions of emissions below that
level. If the efficient level of emissions is negative, then compensation would only be
paid for reducing emissions even further below that level. Moreover, countries (or
individual foresters) would be penalized for emissions above the benchmark.
Previous studies have shown that current levels of deforestation have been
higher than optimal (Barbier and Burgess, 1997; Barbier, 2001; Amacher et al., 2008)
due to incomplete property rights including tenure insecurity and open access
problems. Deforestation has continued in recent history, even when forestry prices
rose relative to agricultural prices. Since stocks are below their optimal levels,
efficient management implies increasing stocks for some time through afforestation
6

and restoration, even if optimal forest cover is declining as more land is devoted to
agriculture and urban uses. Inasmuch as a fully integrated land-use model with
theoretic foundations for both forestry and agriculture has yet to be developed, we
focus here on clarifying the conceptual issues regarding baselines from which
emission permits should be established. We outline the potential gains from forest
governance. Rather than assuming that forest area will increase due to price incentives
and good governance, however, we make the more conservative assumption that
deforestation is stopped but not reversed and focus our attention on the efficient
management of existing forestlands.
Figure 2 illustrates a hypothetical implementation of ERR. Our illustrative
country, Indonesia, has been emitting an average of 219 million tons of carbon per
year compared to an efficient level of negative 5 million tons per year. Reforms begin
to take effect in 2020, but full implementation is achieved in 2030, after which the
country is paid the global shadow price of carbon for reduction in emissions below
that level and is penalized at the same rate for emissions above the efficient baseline.
Carbon-pricing from 2030 forward, then allows payments for the emissions as
represented by the shaded area. In this way, efficient management renders the
developing country a supplier of permits on the world market even though it starts
with a negative quantity of emission permits. Efficient emissions are negative and any
increase in emissions is penalized to incorporate the externalities associated with
carbon emissions.
This leaves the question of what to do during the transition period, 2020-2030.
One possibility is to implement a sliding baseline, starting from 219 tons in 2020 and
decreasing linearly over 10 years until reaching the target of 5 million tons of net

7

emissions in 2030. In our illustration, we assume that the country meets the
transitional target and is neither rewarded nor penalized. A shorter transition period
may also be desired, e.g., five or even zero years.
FIGURE 2 AROUND HERE
Faustmann (1849) provided the solution to the forest rotation problem -- when
to cut trees in order to maximize present value of stream of profits. This formula has
become the basis of a rich literature in forestry economics. Benefits from either
timber only (Hyde, 1980; Chang, 1983) or both timber and non-timber products
(Hartman, 1976; van Kooten et al., 1995) can be considered. The standard solution
applies to a homogeneous forest of uniform age (e.g., Anderson, 1976). As shown e.g.
by Amacher et al. (2009), the optimal age to cut trees in a heterogeneously-aged
forest is that same Faustmann age.
In what follows, we model the evolution of the optimal biomass stock with
and without carbon pricing. A social planner/forester maximizes producer-consumer
surplus from harvesting timber given an initial forest stock and exogenous world
prices. Taking demand curves as given, the planner arrives at the same harvest age as
a competitive forester. Forest biomass is modeled as a function of age distribution of
trees across stands, such that the solution to the optimal cutting problem corresponds
to the evolution of the optimal biomass stock. Its implication on the evolution of
carbon stored in tree biomass and the corresponding carbon emissions is illustrated.
3.1

A dynamic baseline: efficiency without carbon pricing

We begin with the standard Faustmann (1849) problem. At time zero there is
no stock of standing forest (e.g. it has just been cut). Given an exogenous world price
of timber and costs of harvesting including any costs of replanting, the price net of
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0 per unit volume.5 With a discount rate of , the problem of the

cost is

Faustmann forester is to determine when to cut the uniformly aged forest, i.e., find the
rotation age

that maximizes the infinite sequence of discounted profits

(expressed in $/Ha), where the discounted profits in the future harvesting period are
equal to current profits.6
The present value of profits for the first rotation is given by
where

,

is the volume of standing merchantable wood per hectare. After

harvesting, a new rotation starts for the second
infinitely, where trees are harvested every

years, and the process is repeated

years. The net present value of this

infinite sequence of identical rotations is given by:
⋯

(2)

After factoring out the present value of first period profits, we are left with an infinite
sequence that reduces to 1
⁄ 1

.

i.e., the present value becomes
7

Leaving aside the external costs of carbon emissions

both the planner’s and the private harvester’s problem is now to solve for the harvest
age, , that maximizes:
(3)
The solution is obtained by setting

⁄ 1

.
/

0, which gives the Faustmann

equation:
,

(4)
5

For notational convenience,
is net price with and as gross price and cost
expressed in per unit volume.
6
In the numerical illustrations (sections 4 and 5), the Faustmann principle is extended to a
mixed-age forest. In that case present value is maximized by harvesting in each period all
trees of Faustmann age or greater.
7

See e.g. Conrad (2010) and Amacher et. al. (2009).
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is the optimal harvesting age. The left-hand side (LHS) is the marginal

where

value of delaying the harvest by one period. The right-hand side (RHS) is the
corresponding marginal cost of delaying harvest and consists of two terms: the
interest forgone by delaying harvest by one period and the implicit rental payment for
keeping the land in its current use for an additional year. Equation (4) determines the
first-best efficient rotation age

in the absence of carbon price and serves as the

efficient harvesting schedule. The corresponding emission levels then become the
baseline emission entitlements on which emission payments in ERR are based. This,
in turn, determines the efficient evolution of carbon stock on which emission
entitlements are based.
3.2

Internalizing the carbon externality

Forests are generally considered to be mostly overharvested due to
externalities conferred on other potential harvesters and stock externalities associated
with ecosystem services, including carbon sequestration. They provide both tangible
(e.g., timber, panels, paper, and fuel wood) and non-tangible benefits (e.g., watershed
control, protection of farmlands and livestock, and even cultural preservation) to
society. These benefits increase when policy reforms arrest the extent of
overharvesting.
ERR involves pricing carbon to internalize sequestration services provided by
forests. Amacher et al. (2009) provide a brief literature review, including van Kooten
et al. (1995) and Plantinga and Birdsey (1994) who use Hartman’s (1976) framework
to include carbon sequestration. We follow the formulation in van Kooten et al.
(1995), where the benefits from carbon sequestration are a function of the change in
biomass and the amount of carbon per area.
Carbon pricing aligns the forester’s incentives with the maximum social value
function of the forester. The forester faces a penalty for harvesting and emitting
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carbon above the benchmark and is rewarded at the same rate for emissions below
that benchmark. In the following formalization, the forester pays the social cost of
carbon times net emissions minus benchmark emissions. If actual emissions are less
than the benchmark level, this tax is negative, i.e. is a subsidy for sequestration above
the benchmark.
The model assumes that the amount of carbon in the forest is proportional to
the biomass content of merchantable timber given its age. Trees sequester carbon as
they grow, but growth eventually diminishes with age. Equation 3 is expanded to
account for the shadow value of gross emissions when timber is harvested and the
present value net benefits from carbon sequestration. The per-hectare maximization
problem of the social planner can now be written as:
(5)
1

where

/ 1

/ 1

is the social cost of carbon (SCC, Nordhaus 2014).8 The first term on the

RHS of equation (5) is the value of timber adjusted for the shadow value of gross
carbon emissions. The second term is the present value of the benefits obtained from
net emissions over time. As shown by van Kooten et al. (1995), integration by parts
can be applied to the numerator of the second term, allowing the maximization
problem to be rewritten as:
(5’)

8

The social cost of carbon in this case is regarded as constant for ease of exposition. A more

accurate calculation would specify the SCC as an increasing function of time.
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⁄ 1

1

1
/

Setting
emissions),

9

0, the optimal rotation age (inclusive of the social cost of carbon
, satisfies the equation:
′

(6)

The LHS of equation (6) is the marginal benefit of delaying harvest, which is the
summation of the value of harvested timber plus the value of net carbon sequestered.
The RHS is the opportunity cost of delaying harvest, which is the forgone rental
payment including foregone sequestration benefits. This equation provides the
condition for optimal harvesting decision, determined by the equality of the marginal
benefits and the opportunity costs from delaying harvest.
This optimal solution can be implemented by taxing net emissions above the
benchmark. This means that emission levels below the benchmark are subsidized.
There is no need for separate instruments or for a separate incentive for
maintaining stock. There is only one control variable, the amount of harvest, and one
instrument of control, a tax (subsidy) on net emissions above (below) the benchmark
level. The optimal harvest corresponds to the harvest following optimal rotation age,
, when benefits from wood harvest and sequestration are considered.
4.

9

Numerical illustration: the Case of Indonesia

The units corresponding to equation (5’) can be heuristically represented by:
$
3

$
3

1

3

/

$/

/

.
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/

3

/

4.1

Assumptions and parameters

We now turn to a numerical illustration of the principles developed in
sections 2 and 3 based on parameters from the Indonesia case. We use an extended
Faustmann (1849) model where we are given an initial distribution of trees
(unrestricted by a requirement that all tree ages are less than or equal to the
Faustmann optimum). We illustrate the dynamic baseline, the amount of transfers
needed, and the potential gains from implementing ERR and harvesting according to
an efficient schedule. As discussed in Section 3, the dynamic baseline is given by
efficient harvesting before accounting for the social cost of carbon. For tractability
and ease of exposition, the numerical exercise uses the discrete time analog of the
model.10
A fixed area of forests is assumed corresponding to the conservative
assumption that deforestation is simply stopped, rather than reversed. All forest lands
are also assumed to be capable of regeneration.
We assume that the forest landscape is composed of a single representative
species, mahogany (Swietenia macrophylla), with a given age distribution. Mahogany
is a dominant tree in Southeast Asia. It grows relatively slow but is highly valued. The
assumption of a representative tree species is coupled with a spatially independent
tree growth.
In order to examine the role of the initial age distribution on emission
entitlements, we consider the three age distributions representing a country's forest
landscape as shown in Figure 3. The horizontal axis is the age of trees and the vertical
axis is the percent of forest area covered by the corresponding age cohort. Panel (a)
10

Discreet time analysis often provides convenience for purposes of numerical analysis.
Examples include Hellegers et al. (2001), Sun (1992), and Merton (1971).
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and panel (c) represent the polar extremes of a completely degraded or deforested
landscape and a mature forest landscape. Assume that harvest occurs only once a year
and that the distribution is portrayed at harvest time. With regeneration, the
completely degraded forest is now composed of trees all of age one. For simplicity the
hypothetical mature forest is entirely composed of trees at Faustmann age. Between
these two extremes, panel (b), is a case of a positively skewed age distribution,
corresponding to a highly-degraded country-wide forest landscape (panel b) as
commonly observed in Asia (Odoom, 2001).
FIGURE 3 AROUND HERE
Standing trees are reckoned in units of merchantable volume.11 This study
employs the stand volume function estimated using samples of mahogany trees from
the Philippines by Revilla et al. (1976) as cited in Galinato and Uchida (2011).
10

(7)

In equation (7),

.

.

.

.

is the volume of standing timber in cubic meters on a

representative hectare. The variable t is the age of tree in years, and SI is the site
index, referring to the height of tree at a base age. The average SI height (in meters) at
base age of 40 years is used.
The parameters used in the numerical exercise are summarized in Table 1.
Table 1: Parameter values
Description

Variable

Mahogany

P

171.47

Cost of harvesting per m

c1

35.23

Fixed cost of harvesting $ per ha

c2

803.97

Price of timber per m3
3

11

Merchantable volume is defined as the amount of wood that has commercial value.
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Site Index

SI

Wood density in ton dry matter (tdm) per

WD

m3

25
0.53

Biomass expansion factor if Q x WD > 190

BEF

1.74

Biomass expansion factor if Q x WD < 190

BEF

Exp[3.213 - 0.506 x Ln(Q x WD)]

Root ratio: below ground to above ground

R

0.37

Carbon factor in ton of carbon (tC) per tdm

CF

0.47

Discount rate



5%

Pickling rate 12



0.30

Price of carbon per tC

v

$37

Forest area '000 Ha (Indonesia)

97,857

Sources: Timber price and site index are from Galinato and Uchida (2011). Costs are from Kosonen et
al. (1997). WD and BEF are from Brown (1997). CF is from (IPCC 2006a) based on McGroddy et
al.(2004). R is from Table 4.4 of IPCC (2006a). R is the ratio attributed to tropical rainforest. Forest
area is from (FAO 2010b). Carbon price is set at $37 following (Busch et al., 2010).

While the volume functions for the representative species were estimated
using samples from the Philippines, mahogany is a dominant tree species in Southeast
Asia (Odoom, 2001) and thus, the volume specification could serve as a good
approximation when applied to other REDD+ countries in the region, such as
Indonesia. These parameters are used in the numerical application of the model.
In order to investigate the implication of efficient harvesting and the
corresponding net carbon-depletion, we consider the net change in carbon stock on a
representative hectare. Merchantable volume, as measured in sawlog volume, is first
augmented by non-merchantable biomass above and belowground. Aboveground
biomass includes tree canopies, branches, twigs, and foliage. Belowground biomass
consists of live roots. Further research is needed to determine the ratio between the

12

Pickling rate refers to the amount of carbon retained in harvested wood products (HWP).
See van Kooten et al. (1995) and IPCC (1997, 2006b).

15

soil and biomass carbons under different circumstances. To date, estimates of soil
carbon only introduces a tremendous amount of uncertainty in the estimates of forest
stocks (Bottcher et al., 2009). For our illustration, we abstract from soil carbon and
dead organic matter.
The total carbon stock in the forest is now obtained by converting the volume
per hectare of live biomass of mahogany into its equivalent tonnage of carbon:
1

(8)
The determination of

given by the discrete transformation factor of IPCC (2006a)

and Brown (1997). The parameter
carbon in

/

converts green volume per hectare,

. The conversion factor

⁄

, to

is the product of wood density (WD),

biomass expansion factor (BEF), root ratio factor (1 +R), and carbon factor (CF). The
equivalent biomass in

/

units of green volume is obtained using WD (1 unit of

oven-dry biomass per m3 green volume) and BEF. 13 The unit-less BEFs expand the
dry weight of the biomass volume to account for the non-merchantable component of
a tree. These BEFs vary with the volume of dry mass.14 As a tree gets older, its
capacity to sequester carbon decreases (Brown, 1997). To get the total biomass, the
below-ground component is added by multiplying (1+R). The tonnage of carbon per
ha is then obtained using IPCC’s default CF (in

/

). The pickling rate, , is

conventionally defined by the carbon sequestered in wood products. We abstract from
an explicit specification of emission timing due to natural decay. Instead  is regarded

13

IPCC (2006a) discusses other methods including species-specific allometric equations and
biomass regression functions.
14
In the numerical exercise, varies with the volume of timber.
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as approximating a lagged distribution of emissions, whereby distant decay is
disregarded and near term decay is taken as instantaneous.15
4.2

The dynamic baseline

The conventional Faustmann solution for the optimal harvest time is based on
the assumption that the forest cycle begins with replanting a completely deforested
plot of land. In the present case, however, we begin with a specific age distribution.
Under the conditions set forth above, and assuming that the country is a price-taker in
the world timber market, it can be shown that the rule for optimal harvesting of a
mixed-age forest is to harvest each tree when it reaches the Faustmann age computed
in the standard manner (Conrad, 1999; Amacher et al., 2009). Following Nordhaus
(2008), we set

equal to 0.05. The solution to the forester’s problem in equation (2)
31 years for mahogany.

gives a Faustmann optimal cutting age of

Figure 4 illustrates the effect of optimal harvesting on the evolution of the age
distribution of mahogany trees for the case of the highly-degraded forest landscape
from panel b of Figure 3. The vertical axis gives the percent of forest area covered by
each age-cohort of trees. At harvest year = 0, trees of age 31 and older (0.94 per cent
of total forest area) are cut resulting in the new age distribution shown in panel (a).
Trees of age 1 to 30 remain standing and occupy the same area as in the initial
distribution shown in Figure 3, panel (b). There is an immediate replanting after every
harvest such that the new cohort emerges (age zero), covering the same area as the
recently cut trees. Harvest occurs every year as each cohort of trees reaches its
Faustmann age. Panel (b) shows the distribution at harvest year = 10. Trees that were

15

See discussions in Akao (2011).
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initially one year old at harvest year 0 are now 11 years old, such that 14 percent of
the forest area is covered with 11-year-old trees. Panel (c) shows this cohort of trees
to be 21 years old at harvest year = 20. At harvest year = 31 in panel (d), the
distribution is back to the same distribution at the commencement of the efficient
cutting rule. As in harvest year = 0, panel (d) shows that 14 percent of the forest area
is covered with 1 year-old trees. Instead of converging to uniformity, the optimal
cutting rule results in the initial age distribution reappearing every 31 years,
whereupon an identical cycle begins again.
FIGURE 4 AROUND HERE
As discussed in section 3.1, using efficient emissions absent carbon pricing as
the baseline means that aside from monitoring cost, the baseline entitlements would
change every year as illustrated in Figure 5. When Faustmann-efficient emissions are
positive (during times of heavy harvesting) the forester’s emission entitlement would
be positive. Otherwise, entitlements would be negative, and the forester would have to
pay for (even negative) emissions above that level. Figure 5 illustrates that there is
more sequestration than positive emissions over the cycle, regardless of the initial
age-distribution. Depleted forests go through a period of regrowth, during which
sequestration dominates, followed by a period of harvest, wherein net emissions are
positive. The cycle is reversed for mature forests, but sequestration is again greater
than gross emissions. Panel (a) shows net emissions corresponding to a completely
degraded or deforested landscape. During the phase of sequestering, the country is
building its stock of biomass and carbon. The greatest amount of harvesting takes
place in 2045, after which the cycle repeats itself.

18

The highly degraded case of panel (b) is similar to the completely degraded
case in that less than one per cent of trees are initially harvested. Accordingly net
emissions are negative (positive sequestration). In panel (b), net sequestration troughs
at year 2025. It then climbs, becoming positive in year 2036, with slightly more than
3.5 percent of forest area being harvested. In year 2045, the country harvests 14
percent of the forest area and net emissions peak at 13 tC/Ha. This cycle repeats itself
every 31 years.
For the mature forest, the Faustmann rule requires immediate harvesting such
that net forest emissions are positive during the first period. After the harvest,
replanting takes place and the trees are left to grow until again reaching Faustmann
age. The country sequesters forest carbon and builds its stock of biomass after the
initial positive emissions. As before, the cycle repeats itself every 31 years.
FIGURE 5 AROUND HERE
Regardless of the initial age-distribution, average emission entitlements per
cycle ( ) are negative. This means that sequestration is required, on average, to
avoid paying a penalty. If sequestration is done at the higher efficient level implied by
carbon prices, the country receives a bounty. 16 Under this scheme, countries would
not be rewarded for reducing emissions below a historical baseline but rather for
reducing emissions below their (negative) entitlement level.
5.

Comparing ERR and conventional REDD+ proposals

16 To avoid the complication of having different entitlements for every period, the country
can be given negative emission entitlements equivalent to the average of, say, two cycles
(64 years). The country would then be allowed to bank and borrow permits to cover the
deviations from the average.
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Busch et al.(2010) estimated the effect of conventional REDD+ for Indonesia.17
Table 2 presents the reference levels for net emissions based on FAO estimates in
2010a. This reference year serves as the business-as-usual (BAU) scenario where net
emission rates continue at 1.5 per cent of carbon stocks, with 0.7 per cent coming
from deforestation (FAO, 2010a) and 0.8 per cent coming from forest degradation.18
Table 2 also presents the expected emissions under conventional REDD+ for
Indonesia, relative to the BAU scenario. Busch et al. estimate that a conventional
REDD+ policy with a carbon price of $37/tC will reduce net carbon emissions from
1.5 to 1.1 per cent of the carbon stock.
Statistical data and the available conventional REDD+ studies use aggregate
data to estimate the changes in stock due to degradation and deforestation. To
facilitate comparison of conventional REDD+ and ERR, the projected total change in
carbon stock resulting from BAU and conventional REDD+ is applied to the
countrywide forest landscape presented in Figure 3. Specifically, the hypothetical
degraded countrywide forest landscape given in panel (b) of Figure 3 is taken to
simulate the percentage change in annual net emissions corresponding to BAU and
conventional REDD+. The default assumption in conventional REDD+ proposals is
that all carbon is oxidized upon harvest.
Table 2: Expected carbon emissions under conventional REDD+.
Conventional REDD+ at
BAU (Indonesia)

$37/tC

17 The study used a spreadsheet and mapping tool called OSIRI-Indonesia developed by
Conservation International, the Environmental Defense Fund, and World Resources
Institute, in collaboration with Indonesia DNPI and Ministry of Forestry. The
18 Denote carbon intensity or carbon per hectare by , hectares of land by , and the stock of
carbon by , such that
. Decomposing the change in stock gives us
∆ /
∆ /
∆ / . The negative of the LHS is the net emissions rate while the
negative of the RHS is the sum of degradation and deforestation rates.
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Carbon stock (Mn

Net emissions in Mn

Net emissions in Mn

tC/yr)

tC/yr (rate/yr)

tC/yr (rate/yr)

14,299

219

158

(1.5%)

(1.1%)

Source: Busch et al.(2010). The reported units of tCO2e/yr were converted using 1tC = 3.667 tCO2e .
The carbon price in Busch et al.(2010) is $10/tCO2e, which is converted to $37/tC. Source of carbon
stock is (FAO, 2010a).

In our conventional REDD+ simulation, we also assumed that the forester
follows the cutting rule of first-in-first-out (oldest tree cut first), such that carbon
emissions rate are maintained at 1.5 per cent annually under BAU. Adherence to this
cutting rule overstates the benefits of conventional REDD+ by assuming efficiency in
selecting which trees to harvest. In that sense, our calculation of the present value of
REDD+ can be taken as an estimate of the maximum present value.
Result 1 There is an enormous potential for countries to increase forest biomass,
even without carbon subsidies.
Crediting period of ERR starts in 2030. In order to estimate the potential gains
from using an efficiency baseline instead of a historical baseline, we abstract from
any transitional issues identified in section 2. To facilitate the comparison of the
evolution of the different strategies, Figure 6 shows two cycles of ERR beginning in
2030 and extending to 2092. The evolution of the socially efficient ERR carbon stock
is calculated for the case of an initially highly-degraded forest landscape. By
comparison, the average carbon stock under BAU is 12.86 tC/ha. The conventional
REDD+ regime increases the carbon stock to 14.33 tC/ha or by 11 percent above the
BAU level for a carbon price of $37/tC. Carbon stock under BAU and conventional
REDD+ decrease over time, but the rate of decline under conventional REDD+ is
slightly slower than BAU. After year 2065, carbon stock and emissions stabilize.
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FIGURE 6 AROUND HERE

In contrast, Faustmann management significantly increases carbon stock to
55.27 tC/ha, which is 328 per cent above BAU. Following efficient forestry practices,
even aside from the social cost of carbon, the country would initially build its stock of
biomass and carbon, reaching peak levels in 2051, and then deplete those stocks until
year 2061. During the initial period, the country is building its stock of carbon, i.e.
harvesting a relatively small area of mature trees, given the initial distribution. At year
2051, trees covering 4 to 14 per cent of the total area are nearing Faustmann age.
After this point, the country starts harvesting a larger area of economically mature
trees, such that the stock of carbon in the forest declines. The country builds its
current carbon stock in the short term (while demand for forest products is still
growing) to compensate for the fact that past inefficient policies have resulted in
excess deforestation/degradation. This cycle repeats itself every 31 years, which
characterizes the long-run equilibrium of the carbon stock.
Rotation age under ERR is higher at 31 years and carbon stock increases
more than that under Faustmann management. If the carbon price is set at $37/tC
carbon stock increases by 356 per cent above BAU level. Rotation age under ERR is
only a little bit higher than the Faustmann age and carbon stock increases
correspondingly by only 6 per cent above the Faustmann efficient baseline.
From Figure 6, we can deduce the corresponding net emissions under the
different regimes. Under conventional REDD+, the reductions in emissions, albeit
still positive, constitute payments to the country valued at the respective carbon
prices. In contrast, there is a long series of sequestration under the Faustmann and
ERR regime followed by carbon emissions toward the end of the forest cycle. With
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carbon pricing, sequestration increases and the country still receives carbon payments
even though entitlements are negative under ERR.
6.

Backstopping efficient national forestry policies for better governance
Result 2 Potential gains from ERR are greater than conventional REDD+
Once countries are committed to abide by a forest-carbon trading regime, the

initial endowment of carbon permits does not affect incentives regarding deforestation
and degradation. In this case, granting entitlements on the basis of historical carbon
emissions is unnecessary. It is an expensive proposition, given that induced
sequestration is likely to be relatively small, even according to conventional REDD+
proponents (section 5 above). Table 3 shows the present value net benefits of
alternative strategies for Indonesia and the world. The per-hectare present values of
net benefits per hectare were obtained by summing the annual discounted net
proceeds from today to infinity. Taking the initial age distribution of the highlydegraded forest landscape, harvesting starts immediately at time zero.19 In the BAU
scenario, proceeds from the sale of timber yield a present value of $4,601 per hectare.
When applied to all of Indonesia’s forests, the total present value under BAU is $450
billion.
Table 3: Present values of alternative strategies: Indonesia and the rest of the world
Conventional
BAU

REDD+

Faustmann

ERR

Indonesia
Average entitlements
(a)

(tC/ha)

0.17

-0.78

(b)

Average emissions (tC/ha)

0.13

-0.74

19 This is in contrast to calculation of present values starting at time zero with bare land as in
the Faustmann formula.
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Per hectare land value
(c)

($/ha)

(d)

Total land value ($Bn)

4,601

5,038

9,908

10,039

450

493

970

982

Rest of the world (ROW)
(e)

Cost of entitlements ($Bn)
Payments for reducing

(f)

carbon ($Bn)
Benefits for reduced

(g)
(h)

carbon ($Bn)
ROW net gain/loss ($Bn):
g-f-e

World (d) + (h)

160

0

4

2

4

172

-160

169

333

1,152

Note: Calculation for conventional REDD+ and ERR are made under price policy of $37/tC (Busch et
al., 2010). Total value is computed for Indonesia’s forest with an area 97.857 Mn ha in 2005 (FAO,
2010a). Net emissions entitlements are computed based on Figure 6.

Rows (a) and (b) of Table 3 show average annual emission entitlements and
average annual emissions under the various policy scenarios. Emission entitlements
under conventional REDD+ are the emissions that would prevail under BAU scenario
(i.e., historical baselines). The present values under conventional REDD+ and ERR
include the net proceeds from carbon emission reduction as well as the net revenues
from timber sales. Net proceeds from carbon are the payments received by Indonesia
for any reduction in carbon emissions beyond their entitlements. If the country adopts
conventional REDD+ under the carbon price policy of $37/tC, the corresponding total
present value net benefit with carbon is $493 billion. This is 10 per cent higher than
that under BAU. In contrast, if the country adopts ERR under a carbon price policy of
$37/tC, the total present value net benefit with carbon is $982 billion or 118 per cent
above BAU. Moreover, the potential gains from ERR even after imposing a penalty
for any carbon emissions is significantly larger than conventional REDD+. In
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summary, Indonesia stands to gain up to about half a trillion dollars in present value
by adopting ERR instead of the more conventional approach to REDD+.
A tenable agreement must be acceptable to the rest of the world (ROW) as
well as developing countries. Rows (e) through (h) provide the ROW benefits and
costs in present value terms under the alternative policy scenarios. Relative to the
efficiency benchmark, positive entitlements are equivalent to a lump sum transfer to
the receiving country from the rest of the world. Valued at a carbon price of $37/tC,
the cost of excess entitlements under conventional REDD+ is $160 billion as given in
row (e) of Table 3. It is zero for ERR since entitlements are at the level of efficient
Faustmann emissions. The other part of the gain/loss from the rest of the world
perspective is the benefits and costs of reducing carbon given in rows (f) and (g).
Under conventional REDD+, the cost paid by ROW to Indonesia is equal to
the reduction measured against the BAU scenario and valued at the carbon price.
Reduction in carbon benefits of ROW is valued at the same carbon price. Thus, ROW
accrues equal value of benefits and costs at $4 billion with a carbon price of $37/tC.
On the other hand, under ERR, carbon payments are based on the reduction in carbon
measured beyond Indonesia’s negative entitlements (i.e., the country sequesters
carbon). ROW’s payment to Indonesia would be $2 billion if the carbon price is
$37/tC. The benefit from carbon reduction is measured against the BAU obtaining a
value of $172. In summary, the rest of the world could lose up to $160 billion under
conventional REDD+ but could gain up to $169 billion under ERR. Moreover, the
world could potentially gain up to $1.1 trillion, 245 per cent higher than under
conventional REDD+.
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In a sense, these results exaggerate the benefits of conventional REDD+
because it provides no penalty for countries that increase emissions. Due to the
resulting moral hazard, countries may initially cooperate with REDD+ programs to
garner the generous payments during the final program period only to increase
emissions in the following period. On the other hand, the figures for ERR are based
on the first-best optimal forest management, which represent the maximum potential
gains available to the country. In practice, however, the best that countries can
achieve are second-best profits – that is, profits net of governance costs. The potential
first best profits for the world presented in Table 3 leaves out two important costs: the
governance costs and the shortfall between first best potential profits and feasible
profits. Second best profits are thus obtained by netting out this shortfall plus explicit
governance costs. Maximizing the second best profits is equivalent to minimizing the
sum of the shortfall and the explicit governance costs. We do not attempt to estimate
feasible profits nor the size and form of governance expenditures here. Rather the
estimates of the maximum potential gains serve only as a metric for comparing
strategies. The conventional REDD+ proposals should be subject to similar
adjustments.

7.

Conclusions

Conventional REDD+ proposals appear to be based on an inappropriate
analogy. It is thought that forest emissions should be treated analogously with
industrial emissions and that countries and/or foresters should be subsidized for
lowering emissions below some historically-determined, positive quantity. We
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suggest an alternative, basing taxes or subsidies on what efficient forest emissions
would be in the absence of carbon prices. For land that remain in forestry and are
harvested efficiently, average gross emissions will be a fraction of gross
sequestration, the fraction given by one minus the pickling rate, reflecting the
preservation of wood products. For modest pickling rates, such as the 30% figure used
here, this means that positive emissions would only be obtained if fairly rapid
deforestation were efficient. But to the extent that forests have been overharvested,
reforestation would be indicated.
To further illustrate this result, we conducted simulations for a mixed-age forest,
given the conservative assumption that moving to efficiency would halt deforestation
but not reverse it. This allows us to focus on the effects of efficient harvesting
practices on the intensive margin. The simulations confirm the result that efficient
forestry practices without carbon prices are congruent with negative emission permits,
i.e. a sequestration requirement. By contrasting the polar extremes of a mature forest
with one that is completely degraded, we see that this result is not dependent on the
initial distribution.
Instead of granting positive emission entitlements as inducements to reduce
forest emissions, developing countries whose emissions remain positive would have
to buy permits to cover both the actual emissions and the shortfall from the efficient
baseline level of sequestration. The savings from lower grants of emission permits
could be used, all or in part, on improving governance for more efficient forestry
practices. This leaves the question of whether the developing countries’ costs of
participation (accepting the sequestration requirement) would be outweighed by their
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gains from improved forest management obtained by both financial and technical
assistance in improved forestry governance.
The numerical exercise for Indonesia, which compares ERR with conventional
REDD+, reveals that the developing country’s potential gains from ERR ($982 Bn)
are nearly twice those of conventional REDD+ ($493 Bn). And while the costs of
conventional REDD+ strategies are greater than benefits, ERR yields positive net
benefits. Moreover, potential gains to the world under ERR are three times larger than
under conventional REDD+. These results suggest that world cooperation on forest
emissions is potentially feasible under ERR. The savings generated could be
channeled to investments in policy reforms and governance institutions such as
satellite based monitoring and corresponding enforcement.
The results presented here can be modified for different parameter values. A
higher pickling coefficient,  , e.g. 0.7 results in a shorter optimal rotation period. For
example, the optimal rotation period in Japan is shorter than in other countries
growing similar species due to Japan’s propensity for less waste (Akao 2011). As
discussed in section 2 however, this simply increases the ratio of gross emissions to
gross sequestration for a given area of forestland. It would only be efficient for net
emissions to be positive at the country level if the efficient rate of deforestation were
high enough to more than offset the efficient rate of sequestration on the areas
remaining in forestry. Using a different carbon price, e.g. the “high” figure of $74/tC
in Busch et al. 2010, yields similar figures for the carbon emission estimates in
Sections 4 and 5, however the costs of conventional REDD+ almost double.
There are political and institutional reasons for poor performance in the
forestry sector, and the conditional payments envisioned in conventional proposals
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may be insufficient. Incentivizing efficient management without excessive transfers
can afford the financial, technical, and administrative assistance to facilitate policy
and governance reforms whose in-country benefits serve as substitutes for the
conventional lump-sum inducements to join the international coalition of mitigating
countries. These principles should be advanced as a possible alternative to the
prominent REDD+ proposals currently circulating.
One possible extension of the model is to link it with models of the agriculture
sector such that land-use decisions are endogenous (see e.g. Rosegrant et al., 2002;
Angelsen, 1999; Pagiola, 2011; Chakravorty et al., 2011 for possible approaches).
Another important extension would be to model resource governance explicitly by
specifying response functions according to levels and types of governance. This
would allow a more comprehensive assessment of the benefits and costs of ERR.20
How close equilibrium deforestation and degradation is to the first-best optimum
depends on monitoring, bonding, and other governance mechanisms and to the
responsiveness of foresters and agriculturalists to those mechanisms.

20

Copeland and Taylor (2009) provide some insights into this line of research, but restrict
their attention to the steady state properties of a theoretical model.
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Figure 1. Conventional REDD+ proposal using historical baselines
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Figure 2. Efficient REDD+ reforms require negative emission permits
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Figure 3. Three country-wide initial age-distributions

2

Reference
Level
Actual
Emissions

Figure 4. Forest cycles: evolution of age distributions for Faustmann = 31
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Figure 5. Emissions of forest landscapes at various levels of degradations: Efficient
forestry practices are congruent with negative emissions permits.

Note: Authors’ calculation converting green volume of mahogany in m3 to tC. Net emissions take into
account a pickling rate  = 0.30.
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Figure 6. Stock of carbon (below and above ground)
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Note: Authors’ calculation converting green volume (m3) of mahogany to tC. Averages of carbon stock
are for 64 years.
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