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the REDD+ mechanism. For logging companies, REDD+ projects provide the opportunity to compensate
a voluntary reduction of the logging intensity by valuing the associated carbon gain. We explored, from
the perspective of a logging company, a range of scenarios for reducing logging intensity so as to assess
the possibilities for emissions reductions and to evaluate the financial feasibility of such projects. On the
basis of Monte Carlo simulations for a typical export-oriented forest concession, we calculated intervals of
break-even prices of permanent carbon credits. We show that logging intensity reduction is an attractive
option when there is a complete cessation of logging, and for little exploited and low-profit forests.
The most feasible IFM projects would be those that require a major reduction of logging intensity. Our
work suggests that—instead of improving forest logging techniques—IFM projects based on a voluntary
reduction of logging intensity would rather lead the exclusive choice of carbon or timber valuation. Carbon
market prices are too low to be an incentive to change logging practices toward more climate-smart forest
management, and a change of paradigm to change actors’ behaviors would be needed.
© 2017 Department of Forest Economics, Swedish University of Agricultural Sciences, Umea.
Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

The impact of climate change on the environment and human
societies is amajor concern for the international community. Mech-
anisms are being implemented worldwide to mitigate its effects
(IPCC, 2014), especially under the aegis of the United Nations
Framework Convention on Climate Change (UNFCCC, 2011). The
“Reducing emissions from deforestation and forest degradation
and the role of conservation, sustainable management of forests
and enhancement of forest carbon stocks in developing countries”
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(REDD + ) mechanism has been designed to implement result-based
positive incentives to encourage change in forest-based economic
activities to reduce greenhouse gas (GHG) emissions (Angelsen
et al., 2012). The financing options and the architecture of the
REDD+ mechanism is still being debated and negotiated (Angelsen
etal., 2012).In particular, questions about the articulation between
the national level where carbon credits are to be accounted and
reported and the subnational level where projects should be imple-
mented are yet to be resolved. This lack of clarity allowed the
development of numerous self-declared REDD+ projects, generally
oriented to voluntary carbon markets (Chagas et al., 2011; Karsenty
etal., 2012). The principles behind REDD+ projects relate to propos-
ing an alternative scenario to the implementation of a reference
business-as-usual or baseline scenario. Alternative scenarios must
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lead to areduction in GHG emissions or an increase of GHG seques-
tration, compared with the baseline scenario. The reduction of GHG
emissions generated by the project is converted into permanent
tons of CO, and allows the project developer to issue carbon cred-
its. These credits, after verification and certification, can be sold
on the voluntary market. The revenue should offset the opportu-
nity and transaction costs of the alternative scenario to ensure the
project’s viability. There are several voluntary schemes that can cer-
tify a REDD+ project (Calmel et al., 2011). For this study, we chose
the Verified Carbon Standard (VCS, previously Voluntary Carbon
Standard), the main independent carbon standard (Goldstein et al.,
2014).

In tropical forest lands, natural regeneration, agroforestry, and
reforestation were long considered to provide the lowest cost ini-
tiatives to attain diminishing GHG emissions (Brown et al., 2002;
Dixon et al., 1991); however, these assessments focused on the
marginal costs of storing carbon and discarded their opportunity
costs. Improved forest management (IFM) activities were initially
not seen as promising options to reduce GHG emissions and gen-
erate carbon credits. Several reviews have been published about
Central Africa (Durrieu de Madron et al., 2011) or on a wider scale
(Putzetal.,2008; Timothy etal.,2014) to appraise the links between
different modes of timber exploitation and carbon stocks in tropical
forests. However, most of these studies restricted their investi-
gation to the quantitative characterization of the carbon balance.
Estimates of the break-even price of carbon credits to convince log-
ging companies to modify their management practices in order to
attract REDD+ funds are much rarer, at least for tropical forests.
These calculations followed two approaches. On the one hand, the
financial analysis of improving actual logging practices is based on
generic estimates of the profit and the costs, which are modulated
by scenarios, as exemplified by (Ndjondo et al., 2014). On the other
hand, the estimates of the break-even price of carbon credits are
drawn from a comparison of the marginal costs of conventional
logging versus reduced impact logging (RIL), according to different
scenarios of timber harvesting and logging (Healey et al., 2000). In
both cases, the low price of carbon credits on voluntary or binding
markets and the high discount rate in tropical countries hardly con-
vince the logging companies to modify their management practices
in order to reduce carbon emissions.

In Central Africa, the implementation of REDD+ s a critical issue:
forests cover more than 2 million km? (Hansen et al., 2013) stock
large amounts of carbon, and face various threats of degradation
by human activities (OFAC, 2012). Hence, considerable funding
resources amounting to USD 550 million have been disbursed to
support REDD+ readiness in the region since 2006 (Maniatis et al.,
2013). Central African states are the owners of the forest, but forest
management and harvesting is largely conceded to private firms
(Bayol et al., 2012). Due to lack of human and financial resources,
the states delegated the role of forest manager to the logging com-
panies. Felling cycle durations, minimum cutting diameters, and
the list of commercial species are the main tools used to regulate
timber harvests in time and space (Karsenty et al., 2008). Among
REDD+ activities, IFM activities designate the changes of forest
management practices that allow an increase of carbon sequestra-
tion and/or a reduction of GHG emissions on forest lands managed
for wood products (VCS, 2016). Eligible IFM activities include RIL,
logged to protected forest (LtPF), extended rotation age/cutting
cycle (ERA), and low-productive to high-productive forest (LtHP).

Managed forests are, in this paper, forests managed under
national forest codes that have similar features across all central
African Countries. They have management plans, which depend on
the length of the felling cycle and on the minimum diameter cut-
ting. Managed forests in Central Africa are considered as a proxy
for sustainable forest management goals (SFMs). IFM stands for a
set of practices, that is, as RIL or silvicultural practices; these prac-

tices are designed for reducing degradation during or after logging
operations.

As 20 million ha of forests are now managed in Central Africa out
of 44 million ha allocated to logging companies in long-term con-
cessions (Angelsen et al., 2012), IFM has great potential to reduce
GHG emissions using REDD+ mechanisms. Thus, IFM has been pro-
moted as a key strategy during the implementation of REDD+
mechanisms in timber concessions (Griscom and Cortez, 2013;
Somorin et al., 2012). However, IFM projects remain little known
in Central Africa. Even if feasibility studies have been conducted
for projects such as the Takamanda-Mone Landscape project, the
Ngamikka (Kabobo) project in DRC (WCS, 2011), and the Ngoyla-
Mintom project in Cameroon (Acworth, 2012), only three REDD+
projects have been implemented so far: the North Pikounda project
in the Congo, (Strebel, 2013); and the MaiNdombé (Freund, 2012)
and the Isangi projects (Tuttle, 2014) in the Democratic Republic
of the Congo (DRC). Only the first two cover IFM projects, and only
from the LtPF category.

However, as explained by (Karsenty et al., 2012), the very idea
of LtPF projects to compensate logging companies for reducing
their emissions by an increase of their conservation surfaces, raises
an additional issue: the areas that are proposed to be turned into
conservation areas are often technically and/or economically unex-
ploitable.

Alternative IFM projects, without complete cessation of logging
activity, appear to be more preferable options but few scientific
studies have been devoted to this subject. (Bellassen and Gitz, 2008)
investigated the trade-off between shifting cultivation and forest
conservation in Cameroon and found that a break-even price of USD
2.85/tCO, would offset shifting cultivation. (Durrieu de Madron
et al,, 2011) estimated that carbon emissions could be reduced by
up to 10% thanks to the use of IFM in Central African forest conces-
sions. Ndjondo et al. (2014) estimated the opportunity cost of [FM
in Gabon and found that a break-even price of USD 4.4-25.9/tCO,
would balance conventional logging with I[FM.

This article analyzes the feasibility of REDD+ projects imple-
mented using the IFM category of reducing logging intensity, from
the perspective of a logging company, and under the actual for-
est codes and certification standards used to determine carbon
credits. Starting from the experiments carried out in the project
“Support for the sustainable management of forests in the Congo
Basin and the Brazilian Amazon Basin” (FORAFAMA), we character-
ized a generic concession and a baseline scenario representative of
logging practices in Central Africa. The FORAFAMA project involved
several REDD+ initiatives in three countries: Brazil (Grondard et al.,
2013), Cameroon (TEREA, 2013), and DRC (Hirsh et al., 2013). Some
project initiatives in Cameroon and DRC consisted in reducing
logging intensity in a forest concession and could be considered
as voluntary IFM project initiatives. We have compiled informa-
tion from these initiatives and other sources to build a conceptual
framework. This allowed exploring a range of scenarios for reduc-
ing logging intensity and discussing their impact on stakeholders
and their economic viability.

This study is the first to consider the Congo Basin from the per-
spective of quantifying the break-even price of carbon emissions
reduction for REDD+ projects from the IFM category. It follows
rigorously the requirements of the most common standard of the
voluntary market. Previous studies for this region aimed to quantify
the cost of implementing IFM, but the examined only two logging
companies in Gabon (Ndjondo et al., 2014; Medjibe and Putz, 2012)
and their financial analyses were less elaborate than ours. We have
assessed all the uncertainties in the financial analysis using the
Monte Carlo method. This efficient method, rarely used for such
financial analysis (Telfer and Sharma, 2014), allows us to obtain
confidence intervals of the break-even prices of carbon emissions
reduction.
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The next section presents the logging model, the baseline sce-
narios, the REDD+ scenarios, and the parameters used in the
simulations. Results section presents the simulation approaches
and the computation of indicators. Discussion section presents the
achievements of the simulations of the scenarios and the compar-
isons of baseline scenarios with each of the REDD+ scenarios. The
Discussion section presents an analysis of the REDD+ scenarios and
their impacts on stakeholders and of their economic viabilities.

Material and Methods
Case study: logging concessions in Central Africa

Management plans of logging concessions are supposed to
ensure the sustainable exploitation of timber after the first cutting
cycle, which removes the “forestry premium” (Putz et al., 2012).
Based on national forest codes that have similar features across all
Central African countries, management plans depend on the length
of the felling cycle and on minimum diameter cutting limits. For
example, if the logging cycle is 25 years, the productive series of
the concession is divided into 25 units of similar annual allowable
cut surface. Timber harvesting occurs each year for a predeter-
mined annual allowable cut surface and after 25 years, the logging
company can go back to the first annual allowable cut surface.

Logging companies need a dense network of forest roads and
trails, and this is one of the main expenditure items of timber
production (Carret and Clement, 1993) as quoted in (Wilkie et al.,
2000). The roads network is composed of three categories of roads:
main roads, secondary roads, and skid trails (Hirsh et al.,2013; CTFT,
1989) (see supplementary material for details).

The species generally harvested and exported by large con-
cessions in Central Africa are ayous, azobe, beli, bibolo/dobétoui,
bilinga, iroko, khaya (mahogany), moabi, movingui, niové, okan,
okoumé, padouk, sapele, sipo, and tali (ITTO, 2014). We estimated
the sales revenue of a concession by taking into account the sell-
ing price of these species on Asian export markets and the volume
of their production assuming, that they comprised only logs and
sawnwood.

Baseline and REDD+ scenarios

The IFM project area is designated for wood product man-
agement by a national or local regulatory body (e.g., as logging
concessions or plantations) (VCS, 2016). For this study, we assumed
that [FM was being carried out by each logging company on a con-
cession totaling 150,000 ha of productive series for 25 years. These
are common values for felling cycles and concession areas in Central
Africa (OFAC, 2012; TEREA, 2013; Hirsh et al., 2013; CTFT, 1989).

We defined the baseline and REDD+ scenarios as conventional
logging operations on the same annual allowable cut surfaces; here,
6,000 ha for each of the 25 years of the project. The baseline and
REDD+ scenarios differed only by the logging intensity that was
applied. The logging intensity was lower for the REDD+ scenario
than for the baseline scenario in order to reduce the level of CO,
emissions. In practical terms, reducing the logging intensity can be
obtained through several activities of the IFM category of REDD+
projects: through RIL activities by improving the selection of logs or
through ERA activities by extending the minimum cutting diameter
(MCD). The extreme case of the logging intensity being equal to zero
corresponds to LtPF activities.

Homogeneous values were reported for conventional logging
intensities in Central Africa (range 1-2 or 2.5 treesha~! (Brown
et al,, 2005; Dupuy, 1998; Fargeot et al., 2004). For the logging
intensity of the baseline scenario, we considered all values between
1 and 2.5 trees-ha~1, with a step of 0.1 trees-ha~!. For the logging

intensity of the associated REDD+ scenario, we considered all val-
ues between 0 and the logging intensity of the baseline scenario,
with a step of 0.1 trees-ha~1.

The cases of RIL/ERA activities (logging intensity >0) and LtPF
activities (logging intensity = 0) of the REDD+ scenarios were man-
aged separately because we considered two subcases for the LtPF
activities: (i) the concession has never been logged before and the
main roads were built for the baseline scenarios; and (ii) the con-
cession has been logged before and the main roads had already
been built.

Modeling and simulating logging operations to assess REDD+
scenarios

We built a model of a forest concession (see Fig. 1) that esti-
mates the CO, balance and the profit of the concession for each
year of a baseline or REDD+ scenario, starting from two variables:
the annual allowable cut surface and the logging intensity. Carbon
changes were estimated using the gain-loss method depicted in
Box 2 Box 2.3.9 (p.74) of (GOFC-GOLD, 2012). CO, emissions and
sequestration were computed as the product of activity data (here,
forest areas that are degraded or that recover from former degra-
dation) times emission factors. Approach 1 (sensu IPCC 2006) was
used for activity data ((GOFC-GOLD, 2012)§1.2.3.1) and Tier 2 was
used for emission factors ((GOFC-GOLD, 2012)§1.2.3.2).

The model integrates the variability of almost all components.
Its state variables (number of felled trees, gap and landing areas,
and so on) are randomly drawn conditionally on the values of the
model parameters. Simulating a scenario consisted in the following
sequential steps for each year of the project:

1. Sampling the number of felled trees according to a Poisson dis-
tribution with the parameter being equal to the product of the
annual allowable cut surface and the logging intensity.

2. Sampling the gaps and landing surfaces depending on the num-
ber of felled trees.

3. Sampling the lengths and surfaces of the main roads, secondary
roads, and skid trails, depending on the annual allowable cut
surface and logging intensity.

4. Computing the degraded surfaces, depending on steps 2 and 3.

5. Sampling the CO, emissions, depending on the degraded sur-
faces.

6. Computing the forest road costs, depending on their lengths.

7. Sampling the timber production and logging revenue, depend-
ing on the number of felled trees.

8. Computing the production costs, depending on timber produc-
tion and road costs.

9. Sampling CO, sequestration, depending on the degraded sur-
faces and on the timber production of the previous years.

10. Sampling logging company profit percentages according to a
uniform distribution over a predefined range.
11. Computing the CO, balance and the profit.

For most sampling steps, the values were randomly generated
according to a normal distribution; the exceptions were steps 1 and
10, where Poisson and uniform distributions were used, respec-
tively.

Most of the model parameters (Table 1, Table 2) differ between
logging companies and even within annual harvests. To integrate
this variability into the simulations, we introduced a second level
of randomness related to these parameters using a Monte Carlo
scheme. The Monte Carlo approach consists in proceeding to a large
number of simulations to handle all the randomness. We performed
10,000 simulations for each scenario, with parameter values sam-
pled according to their probability distribution for each simulation.
Most often, we used a normal distribution with parameters (mean
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Logging intensity & annual allowable cut
Number of felled trees
Degraded areas Timber production
Gaps + Landings + Main roads +
roads + Skid
CO; sequestration + CO; emissions Production costs + Logging revenue
CO; balance Profit
Fig. 1. Scheme of the model used to simulate the scenarios.
Table 1
Concession model parameter values.
Parameters Values (mean £ SD) References
Forest carbon stock (tCOeha™1) 728.96 +£129.81 (Djuikouo et al., 2010; Medjibe et al., 2011; Gourlet-Fleury et al., 2013; Lewis
etal, 2013)
Forest recovery rate (tCOe ha~'year—1) 7.8+£3.17 (Durrieu de Madron et al., 2011; Gourlet-Fleury et al., 2013; Djomo et al.,
2011; Preece et al., 2012)
Ratio of forest biomass for trees with dbh <20 cm (%) 10 (Gourlet-Fleury et al., 2011)
Wood specific gravity (WSG) (gcm—3) 0.6 (Henry et al.,, 2010)
Conversion of AGB into carbon 0.47 (Eggleston et al., 2006)
Conversion of carbon into CO,e 44/12 (Eggleston et al., 2006)
Main road width (m) 42.15+4.03 (Hirsh et al., 2013; CTFT, 1989)
Secondary road width (m) 27.44+3.68 (CTFT, 1989)
Main and secondary roads length (mha~') 11.18+1.9 (TEREA, 2013; Hirsh et al., 2013; CTFT, 1989)
Secondary/main roads proportion 0.68+0.14 (Hirsh et al., 2013), supplementary material
Skid trail width (m) 4.5 (CTFT, 1989; Medjibe et al., 2011; Durrieu de Madron et al., 2000)
Skid trail length (m) 19.83 x log(1+42.62 Supplementary material
(Logging intensity)
296)410.17
Gap surface (m?) 521.1+168.7 (Brown et al., 2005; Dupuy, 1998; Medjibe et al., 2011)
Landing surface (m?2/felled tree) 28+5.31 (Durrieu de Madron et al., 2000; Ndassa, 2010; Pallisco, 2012)
Table 2
Logging revenue and cost parameters. Computation details are provided in the supplementary material.
Parameters Values (mean + SD) References
Commercial volume of logs (m?-tree~!) 8.5+3.1 (CTFT, 1989)
Sawnwood volume/Log volume(processing rate) 30-35% (Eba’a Atyi, 1998)
Log price free on board (EUREUR m—3) 282.08 +39.04 (OFAC, 2012; ITTO, 2014)
Sawnwood price (EUREUR m—3) 502.66 +74.7 (OFAC, 2012; ITTO, 2014)
Main road cost (EUREURm™1) 7.3 (FAO, 1998)
Secondary road cost (EUREURm!) 4.4 (FAO, 1998)

Skid trail cost (EUREURm 1) 14 (FAO, 1998)
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and standard deviation) taken from the literature and from the
FORAFAMA project (see supplementary material).

However, we avoided overestimating the uncertainties by per-
forming conjointly, for each comparison, the simulations of the
baseline scenario and of the REDD+ scenarios. More specifically,
the random quantities that did not depend on logging intensity—for
example, the main and secondary road areas—were equal for the
baseline scenario and the REDD+ scenarios, but varied across sim-
ulations.

Components of the model

A more detailed technical description is available in the supple-
mentary material.

Degradation induced by conventional logging operations

Logging operations trigger deforestation and forest degradation
(Table 1). (i) Each felled tree created a logging gap, and we assumed
that all the biomass was lost in gap areas. (ii) The logs were stored
in landings before being transported out of the concession; we
assumed that the whole biomass was cleared in landing areas. (iii)
The forest road network had been built to get access to the wood
resources; we assumed that the whole biomass was lost in the main
and secondary road areas and that the biomass of trees <20 cm in
diameter at breast height (dbh) was lost in the skid trail areas.

CO, emissions

CO, emissions were caused by: (i) deforestation in gaps, land-
ings, and along main and secondary forest roads; (ii) degradation
along skid trails; and (iii) harvested wood product decomposition.

Following VCS (2016), we modeled dead wood pool decomposi-
tion using a 10-year linear decay function. We quantified the total
CO, emissions over 10 years due to deforestation by multiplying the
cleared areas with a theoretical carbon stock for undisturbed forests
in the Congo Basin (Table 1). We quantified the total CO, emissions
over 10 years due to degradation by multiplying the surface of the
degraded areas by a theoretical carbon stock for undisturbed forests
in the Congo Basin and by a proportion associated to the degra-
dation (Table 1). We quantified the annual CO, emissions due to
deforestation and degradation, applying the 10-year linear decay
function to the total CO, emissions over 10 years.

Following Eggleston et al. (2006), we modeled the decompo-
sition of harvested wood products (i.e., sawmill products in our
study) with an exponential decay function with a half-life of 20
years (Dhote and Impact et al., 2016). We quantified the annual
CO, emissions due to decomposition of harvested wood products
by applying the exponential decay function to the volume in tCO,e
of sawmill products.

CO, sequestration

Net CO, sequestration had occurred in the degraded and defor-
ested areas during the previous years. We quantified the net CO,
sequestration by multiplying the total surface of the degraded
and deforested areas of all previous years with a representative
net sequestration rate for disturbed forests in the Congo Basin
(Table 1). We assumed in the simulations that the sequestration
of CO, started the year after the gaps, skid trails, and secondary
road areas had been logged until the end of the project; and that
the sequestration of CO, started five years (Hirsh et al., 2013) after
logging in the landings and main road areas until the end of the
project. Net CO, sequestration in landings and along main roads
was delayed to take into account soil compaction, which slows
down the recovery of vegetation.

According to (VCS, 2016), IFM methodologies applicable to
activities that reduce harvested timber will account for the CO,
emissions associated with changes in the wood products pool to

avoid overestimating project CO, sequestration. The quantity of
CO, sequestered in harvested wood products was quantified using
the conversion rate from logs to sawnwood (Table 2).

Logging revenue

The logging revenue came from the selling of timber. We com-
puted the volume of timber as logs and as sawnwood, taking into
account the logging intensity and technical parameters represen-
tative of the Congo Basin concessions (Table 2). We assumed that
timber production was exported, since most domestic markets are
supplied with artisanal sawnwood (Ceruttiand Lescuyer,2011). We
computed the selling price while taking into account the species
harvested and the export prices from the Congo Basin (Table 2).

Profit

The profit is the difference between the logging revenue and the
production costs. For the REDD+ scenarios, the profit was computed
using the basic formula:

Profitrepps = LoggingRevenueggpp, — ProductionCostsgeppy (1)

For the baseline scenario, we considered x, the profit rate of the
logging company, using:

Profitpaseline = X%xLoggingRevenuepqgejine (2)

We used three ranges of values for x to analyze the sensitivity of
this parameter on the viability of the REDD+ projects: high 13-17,
medium 8-12], and low 3-7.

Production costs

Two types of production costs were considered: the road net-
work costs and the variable costs (see supplementary material for
details).

Assessing the economic viability of a REDD+ scenario for the
logging company

Transaction costs of a REDD+ project

REDD+ projects should reduce GHG emissions. The GHG emis-
sions reduction of the project has to be quantified in carbon units
(CU; 1 Mg eCO,) and validated by VCS before verified carbon units
(VCUs)are issued. The VCS procedure to issue and sell VCUs is based
on several steps (Calmel et al., 2011; Brimont, 2014; Carter Ingram
et al,, 2009; Chenost et al., 2010):

1. Pre-feasibility study: the project concept and its limits are pre-
sented via a project idea note (PIN).

2. Feasibility study: baseline and alternative scenarios are devel-
oped, the monitoring plan and review of methodologies are
presented in a project design document (PDD), and revisions or
development of a new methodology are adapted to the scenarios.

3. Validation: validation of the project is done by an independent
entity.

4. Operational: emission reductions are monitored and data are
presented in a monitoring report.

5. Monitoring: every 5 years (VCS, 2008a), verification of CO,
emission reductions is carried out by an independent entity
accredited by VCS.

6. Delivery: registration of the VCUs is generated in the VCS regis-
ter.

7. Selling: brokerage fees are determined.

Following White and Minang (2011), we designated by trans-
action costs, the costs of the above steps. The costs of the first
three steps are supported only once, at the beginning of the project
(Table 3). The costs of operational activities are supported each
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Table 3
Main steps and costs of producing VCUs.

Steps Frequency Cost bounds
Pre-feasibility PIN (KEUR) once 10 68.27
Feasibility PDD (KEUR) once 13.65300
Contractualization (KEUR) once 5-136.55
Methodology (KEUR) once 50-200
Validation (kEUR) once 20-50
Monitoring (EURha~1) 5 years 0.38-6.45
Verification (KEUR) 5 years 20-50
Registration (EUREURVCU-1) Per VCU generated 0.034-0.2
Brokerage (%) For each sale 2-15

Sources (Calmel etal., 2011; Brimont, 2014; Carter Ingram et al., 2009; Chenost etal.,
2010).

year in order to monitor the annual allowable cut that has been
exploited. The costs of verification, delivery, and sale are all sup-
ported every 5 years. For the simulation, we sampled each cost
value according to a uniform distribution on the intervals given in
Table 3.

Number of verified carbon units (VCUs) issued and sold.

According to (VCS, 2016), the maximum number of VCUs issued
by the project shall not exceed a threshold equal to the long-term
average GHG benefit. The long-term average GHG benefit (LA) is the
annual average of the project CU over the duration of the project
(Fig. 2). Once this threshold is reached, no more VCUs can be issued
from the project.

As soon as the CU is validated, the VCU can be sold on the vol-
untary market. However, it is recommended by VCS to provision a
part of the VCUs to cover any failure of the project before the end
(VCS, 2008b). We used a buffer of 22% (Ndjondo et al., 2014) in such
a way that every 5 years, 22% of the VCUs generated were buffered
and 78% were sold. Verification and delivery fees were counted for
all the VCUs issued, while brokerage fees were counted for the VCUs
sold.

Computation of the VCU break-even price

For each joint simulation of the baseline and REDD+ scenarios,
we computed the annual differences between the CO; balances and
the profits to obtain: 1) the annual levels of CO, reduction due to
the REDD+ scenario; and 2) the annual opportunity cost associated:

OpportunityCosts = Profitpgseline — PTOfitRepp 4 3)

Following the VCS recommendations (VCS, 2008a), we deter-
mined a timetable for the production and sale of the VCUs. Then
we computed the costs of transaction of the REDD+ projects and
the quantities of VCUs sold each year.

We used net present values (NPVs) and thus actualized all the
previous costs with a 12% discount rate as used in (Ndjondo et al.,
2014) and as recommended by (Halsnas et al., 2007; Harrison,
2012). We divided the NPV of the opportunity costs by the net
present quantity of VCUs sold to obtain the gross break-even price
of the VCUs. We divided the sum of the NPVs of the opportunity
and the transaction costs of the REDD+ project by the net present
quantity of VCUs sold to obtain the net break-even price of the
VCUs, which is the minimum selling price ensuring the economic
viability of the REDD+ project.

Gross VCU break-even price = Opportunity Costsypy

/Number VCUs soldnpy (4)

Net VCU break-even price = (Opportunity Costsypy

+ Project transaction Costsypy )/Number VCUs soldnpy (5)

For each joint simulation of the baseline and REDD+ scenar-
ios, we computed the VCU gross and net break-even prices. We
computed the mean and the standard deviation for these prices
obtained from 10,000 simulations.

Results
IFM-RIL/ERA activities

Over all simulated REDD+ scenarios, the mean VCU net break-
even price was between EUR 5.31-10.91 (standard deviation
between EUR 0.49-0.6), EUR 12.89-18.4 (standard deviation
between EUR 0.59-0.78), and EUR 20.39-25.84 (standard deviation
between EU 0.75-0.98) when respectively the profit percentage of
the logging company was 3-7%, 8-12%, and 13-17% (see Table 4,
Figs. 3 and 4, and supplementary material).

The lower the profit percentage of the logging company was
found to be, the lower the VCU break-even price (Table 4). The log-
ging intensities of the baseline scenario had little effect on the VCU
break-even price; rather, they depended on the logging intensity of
the REDD+ scenario (Table 4, Fig. 3). The lower the logging intensity
of the REDD+ scenario, the lower the VCU gross and net break-even
prices seemed to be. The standard deviations of the estimates of the
VCU gross and net break-even prices had low variability (Fig. 4). The
standard deviations of the estimates of the VCU gross and net break-
even prices increased when the difference between the logging
intensities of the baseline and of the REDD+ scenarios decreased
(Fig. 4). The logging intensities of the baseline and of the REDD+
scenarios also affected the REDD+ project transaction costs (rep-
resented by the difference of the two subplots of Fig. 3). Roughly,
the lower the amount of VCU generated, the greater was the share
of transaction costs in overall costs (transaction plus opportunity
costs).

IFM-LtPF activities

Over all simulated REDD+ scenarios, in the case where main
roads have to be built for the baseline scenarios, the mean VCU
net break-even price was EUR 4.63-6.6 (standard deviation EUR
0.36-0.43), EUR 8.08-12.68 (standard deviation between EUR
0.45-0.55), EUR 11.55-18.75 (standard deviation EUR 0.56-0.72)
when respectively the profit percentage of the logging company
was 3-7%, 8-12%, and 13-17% (see Table 5, Figs. 5 and 6 and sup-
plementary material). Over all simulated REDD+ scenarios, in the
case where main roads do not need to be built for the baseline
scenarios, the mean VCU net break-even price was EUR 6.06-7.18
(standard deviation EUR 0.54-0.95), EUR 10.65- 13.82 (standard
deviation EUR 0.81-1.58), and EUR 15-20.48 (standard devia-
tion EUR 1.1-2.24) when respectively the profit percentage of
the logging company was 3-7%, 8-12%, and 13-17% (see Table 5,
Figs. 5 and 6 and supplementary material).

The lower the profit percentage of the logging company, the
lower were the VCU break-even prices (Table 5). VCU break-even
prices were lower for the baseline scenarios assuming that main
roads had to be built. In addition, the VCU break-even prices were
more important for higher logging intensity of the baseline sce-
nario. The standard deviations of the estimates of the VCU gross
and net break-even prices depended only slightly on the logging
company profit (Figs. 5 and 6). The logging intensities of the base-
line scenarios also affected the REDD+ project transaction costs
(Figs. 5 and 6). Similarly to the IFM-RIL/ERA activities, the lower the
amount of VCU generated, the more expensive were the transaction
costs.
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Fig. 2. Illustration of a REDD+ scenario with LtPF activities on flux and stock of CO, in 1 ha of forest. Forest carbon stock evolution under the baseline scenario i.e. conventional
logging (black line); average forest carbon stock under the baseline scenario (dashed black line); average forest carbon stock under the REDD+ scenario, i.e., no logging (blue
line); annual CO, sequestration/emissions for the REDD+ scenario (green/red bars). The long-term average GHG benefit is given by: LA = average forest carbon stock under
the REDD+ scenario — average forest carbon stock under the baseline scenario. Hence, the first year of the project, only LA VCUs can be issued, even though the amount of
CUs is greater than LA.

Table 4
Estimates of the net VCU break-even prices (mean 4 SD EUREUR) according to the logging intensities of the REDD+ and baseline scenarios (rows and columns respectively)
assuming that logging company profit was 8-12%. These estimates were computed from 10,000 Monte Carlo simulations of the RIL/ERA REDD+ scenarios.

REDD +logging intensity (trees ha=!)

2 18.4+0.78
1.5 18.4+0.78 17.9+0.7
1 17.54+0.76 17.36+0.68 17.13+0.66
0.5 14.92 +£0.69 15.59+£0.64 15.76 £0.63 15.79+0.62
0.1 12.89+0.65 14.04 +0.62 1447 +0.6 14.69+0.6 14.78 £0.59
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Fig. 3. Mean estimates of the VCU gross and net break-even prices (EUREUR) (left and right, respectively) according to the logging intensities of the baseline and REDD+
scenarios assuming that logging company profit was 8-12%. These estimates were computed from 10,000 Monte Carlo simulations of the RIL/ERA REDD+ scenarios.

Discussion ECX CARBON SG 0113, last trading EUR 5.98, December 20, 2012).
For IFM-RIL/ERA activities: with medium or high logging company

Economic viability of the REDD+ scenarios for logging companies profit (higher than 7%), the net break-even price of VCUs was higher
than the market price; with low logging company profit (3-7%), the

Today, the price of tCO5e on the voluntary market is around net break-even price of VCUs was lower than the market price iflog-

EUR 6 (EUR 6.7, EEX Primary Auction Phase 3 EU, March 19, 2015;
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Fig. 4. Standard deviation estimates of the VCU gross and net break-even prices (EUR) (left and right, respectively) according to the logging intensities of the baseline and
REDD+ scenarios assuming that logging company profit was 8-12%. These estimates were computed from 10,000 Monte Carlo simulations of the RIL/ERA REDD+ scenarios.

Table 5

Estimates of the net VCU break-even prices (mean + SD) according to the logging intensities of the baseline scenarios and as to whether main roads have to be built or not
for the baseline scenarios, assuming that logging company profit was in the region 8-12 percent. These estimates were computed from 10,000 Monte Carlo simulations of
the IFM-LtPF REDD+ scenarios.

Profit of logging companies of between 8% and 12%

Main roads have to be built for the baseline scenarios yes no
Baseline logging intensity (treesha=') Gross VCU break-even Net VCU break-even Gross VCU break-even Net VCU break-even
price (EUR) price (EUR) price (EUR) price (EUR)
0.5 6.93+0.35 8.08 £0.45 9.17+1.36 10.65+1.58
1 9.48 £ 0.45 10.33+0.5 11.35+1.1 12.33+1.19
1.5 10.81+0.49 11.49+0.53 12.36+0.94 13.11+0.99
2 11.624+0.53 12.2+0.55 12.91+0.85 13.54+0.89
2.5 12.174+0.53 12.68+0.55 13.27+0.78 13.82+0.81
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Fig. 5. Gross VCU break-even price for the REDD+ scenario for IFM-LtPF according to the logging intensity of the baseline scenario mean (-) and 95% confidence interval (-o-).
A logging company profit of 13-17% is in red, 8-12% in blue, and 3-7% in green. Main roads have to be built for the baseline scenarios (left); and main roads do not have to
be built for the baseline scenarios (right).

ging intensity of the REDD+ scenario was lower than 0.5 trees-ha!. The logging company profit rate strongly affected the break-
For IFM-LtPF activities: with a medium to high logging company even prices, which emphasizes the trade-off between logging
profit, the net break-even price of VCUs was higher than the mar- production and VCUs.

ket price; with a low logging company profit, the net break-even (Hofstad and Araya, 2015) reported a net break-even price of
price of VCUs was close to the market price and even lower if the USD 10-40 for wood harvest REDD+ scenarios in Tanzania wood-

concession had never been logged. lands. These values are consistent with ours, considering that the
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Fig. 6. Net VCU break-even price for the REDD+ scenario for IFM-LtPF according to the logging intensity of the baseline scenario mean (-) and 95% confidence interval (-o-).
A logging company profit of 13-17% is in red, 8-12% in blue, and 3-7% in green. Main roads have to be built for the baseline scenarios (left); and main roads do not have to

be built for the baseline scenarios (right).

native carbon stock is lower in woodland than in Central African
forest, and that the impacts of logging in Central Africa and of har-
vesting in woodlands are very different. Moreover, we found for
IFM-RIL/ERA activities with low logging company profit, taking into
account all the REDD+ scenarios, a net VCU break-even price inter-
val consistent with the interval EUR 5-15 reported by (Ndjondo
et al., 2014) for REDD+ scenarios in a Gabonese concession. This
consistency enforces our results because a different methodology
for accounting VCUs was used by (Ndjondo et al., 2014). First, the
forest road network and the degraded surfaces were not explicitly
managed by (Ndjondo et al., 2014), where a constant rate of mor-
tality of 10% was applied in the low-diameter classes after each
logging. Second, a matrix model was used by (Ndjondo et al., 2014)
to quantify the CO, sequestration after logging, using the adminis-
trative parameter values for growth and mortality. The ecological
representativeness of these administrative values is questionable.

Differences between REDD+ scenarios

The LtPF projects appeared more feasible than the RIL/ERA
projects due to the cost reduction linked to the fact that there
was no need to build a forest road network. Among the RIL/ERA
projects, the higher the logging intensity reduction, the lower were
the VCU break-even prices and their uncertainties. The VCU break-
even prices were even lower if the logging intensity of the baseline
scenario was low (less than 1 tree-ha~!). The project transaction
costs accounted for a large part of the net VCU break-even price for
REDD+ scenarios that brought about low CO, reductions.

Importance of opportunity cost knowledge for climate
negotiations

A better knowledge of the opportunity costs of a ton of CO, not
emitted in the forest sector will be paramount for countries of Cen-
tral Africain future climate negotiations in the context of Nationally
Determined Contributions (NDCs). In December 2015 at the Con-
ference of the Parties (COP) 21 in Paris, 188 countries presented
their Intended Nationally Determined Contributions (INDCs). These
INDCs became commitments in line with the COP21-Paris decision
as countries ratified the Paris Agreement. These countries decided
to act as soon as possible to maintain “the increase in the global
average temperature to well below 2 °C above pre-industrial lev-
els” (Article 2 COP21 decision COP21, 2015). The decision taken in

Paris is a call for additional efforts, which countries should translate
into their national policies and state in their NDCs. These planned
efforts should be credible and ambitious. National commitments
are based on scenarios such as those of REDD+; however, these
scenarios could cover all sectors. Every 5 years, the assumptions
and data underlying these NDC scenarios will be revised to make
them more credible and accurate.

The NDCs of Central African countries indicate important reduc-
tion efforts in the agriculture, forestry and other land use (AFOLU)
sector financed through international funds. NDCs represent a
paradigm shift with REDD+. A shift was not intended for reducing
degradation and avoiding deforestation or for how reductions are
measured, but for offering the means to achieve this result. With
NDCs, behavior changes are expected initially from national poli-
cies and international cooperation instead of relying on a global
carbon market still under construction. This raises new questions
from the perspective of state and national policies.

Knowing the opportunity cost of a ton of CO, not emitted is a
contribution, which will help countries to allocate their reduction
efforts across sectors and to minimize potential negative impacts
of climate policies on their national economy.

Wood prices

We wondered whether prices could increase if we reduced the
wood supply as in the LtPF scenario. We reasoned that, in this con-
text, equilibrium theory cannot apply for a market of tropical wood
from natural forest, for two main reasons. First, many substitutes
for tropical forest wood exist, such as plantation wood for plywood
and plastic for window frames. Second, because we are studying
only a small fraction of the tropical wood producers that adopt
IFM to benefit from REDD+ credits, they will not have the macro
impacts necessary to influence global wood prices. Thus, reducing
the timber supply would unlikely drive prices up.

Study limits

We assumed that the forest was in a steady state without CO,
sequestration when unlogged. The parameter ranges characteriz-
ing the concessions used for simulations encompass the values
reported for Central Africa. The results of this study are not repre-
sentative of IFM projects for concessions whose characteristics are
outside these ranges. In particular, as we pointed out previously, the
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mean gap surface, which affects the VCU break-even price, depends
in turn on the canopy structure of the forest in the concession.

The study raised a drawback with regard to the implementation
of the IFM-REDD+ project. Contrary to the monitoring, reporting
and verification (MRV) requirement of transparency, accuracy, and
consistency, the number of VCUs is dependent on the methodol-
ogy used. More specifically, the data available in the literature to
estimate biomass recovery rate after logging are very poor. We can-
not ensure that the range used for this rate is representative of the
heterogeneity of the Congo Basin forests. This is due to the lack of
knowledge on forest dynamics in Central Africa. The settlement of
a large network of permanent sample plots over the Congo Basin
could improve this knowledge.

An assumption of our study was that the sawing activity of
the logging companies implementing the REDD+ project was not
dependent on the reduction of the volume of logs due to the REDD+
project. This assumption allowed us to consider that the permanent
and variable costs remained unchanged.

We assumed that the length of the forest main and secondary
roads was the same for any logging intensity. This assumption may
not be realistic for very low logging intensities.

We assumed a static economic framework; i.e., stability over the
project duration for the selection of species logged, wood prices,
and fuel costs, whereas the species logged and their prices depend
on the market demands. Changes in economic parameters cause
changes in logging company profit rates. As we compared several
logging companies’ profit rates, the results of this study remain
informative for moderate variation of the economic parameters.

We did not include the depreciation of equipment in the cal-
culation of opportunity costs because this information was not
available. This could lead to an overvaluation of the selling price
of the VCUs.

The CO, emissions due to fuel consumption by vehicles and
machinery during logging were not taken into account. It implies
an underestimation of the amount of VCUs generated. The break-
even price of the VCUs was then overvalued. However, as the CO,
emissions due to fuels represent about 10 kg m—3 of logs harvested
(Guitet, 2011), the VCU break-even price range would not change
significantly.

We have explicitly taken into account the variability of the tech-
nological and biophysical conditions. Although the socioeconomic
conditions of logging companies are very homogeneous in Cen-
tral Africa, for historical reasons (Karsenty, 2007), there may be
local specificities challenging prices for VCUs obtained in this study.
These local specificities were only addressed by considering several
profit rate percentages.

Conclusion

The REDD+ scenarios that reduce the intensity of timber
exploitation bring a decrease in the CO, emissions of the con-
cession. The opportunity costs and the REDD+ project transaction
costs were covered by the sale of the VCUs at the current prices on
the voluntary markets for logging companies with low profit. The
higher the logging intensity reduction, the lower was the net VCU
break-even price, with the lowest price being obtained for forest
conservation.

In the REDD+ paradigm, the carbon credit market mechanism is
central; it should generate a powerful incentive to change actors’
behaviors, which generally adversely impact tropical forests. The
aggregation of these behavioral changes would reduce GHG emis-
sions at the country scale by reducing forest deforestation and
degradation. In line with this idea, this article looks at carbon
market price incentives and the perspective of forest logging com-
panies, which are key forest players in the Congo Basin. This article
shows that there would be no massive behavior change of logging

companies, as this carbon price incentive effect—when it exists—is
too weak.

NDC is a different paradigm as it relies more on political
decisions than on market mechanisms. This paper provides a con-
tribution to NDC elaboration, because knowing the opportunity
cost of aton of CO, not emitted can potentially help governments to
allocate reduction efforts across sectors while minimizing impacts
on their national economies. However, new research will be needed
to check if this paradigm change will be sufficient to change actors’
behaviors for reducing forest degradation in Central Africa.
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