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Introduction

REKK has developed its forest carbon sink optimization model (FOX) as a response to growing
demand-pressure on forestry products, especially firewood on the one hand and the lack of a
coherent approach towards integrating forests’ carbon sinking potential into a socially cost-
efficient national climate policy on the other hand. FOX has been designed to help analysis of
country specific climate policies and provide deeper understanding of the economic
background.

Aim of the research project

The goal of the project is to quantify the additional carbon sinking potential of the forestry
sector in Bulgaria under various carbon price signals. Firstly, we develop a baseline scenario
of the current balance of carbon release and removal by the most important of carbon pools
of the forestry sector (stem wood) in Bulgaria. This is done by a timber-benefit-only harvest
optimization algorithm which decides the profit maximizing rotation cycles under exogenous
cost and price parameters. The alternative scenarios are including carbon as one of the non-
timber benefits: a carbon benefit to be realized by the forest manager when logging is
postponed by another period and a carbon penalty in the period when an area is harvested,
and carbon gets released from the forest. As a result, we can quantify the economic
characteristics of the carbon sinking supply curve of the forestry sector. The results can be
converted to marginal carbon abatement cost functions, which can be easily integrated into
the national carbon mitigation strategy.

The climate policy context

Bulgarian forests are vast sinks of carbon. The 3.9 million hectares of total forest land has been
constantly adding significant negative emissions to Bulgaria’s carbon balance. In 2021, the net
CO2 removals of the Bulgarian forest lands was approx. 8.4 million tonnes, which was roughly
15% of Bulgaria’s total annual GHG emissions (53,9 million ton CO2¢q without land use, land
use change and forestry).

Yet, this huge carbon sequestration potential has been gradually declining. As depicted by the
following graph, net carbon sinking of Bulgarian forests was high as 14-15 million tonnes of
CO2 equivalent in the 90s, then started to dramatically decrease afterwards.
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Figure 1. Net CO2 removals by the forest lands of Bulgaria, 1990-2021, kt CO2 eq.
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source: graph prepared from data of the National Inventory Report of Greenhouse Gas Emissions of Bulgaria, 2023., Common
Reporting Format, Table 10s1. (NIR 2003)
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(1) Base year could be set different from 1990 in accordance with the relevant decisions of the COP for economies in transition.
For Bulgaria, base year is 1988.

According to the National GHG Inventory Report of Bulgaria, “...the major reason behind this
dramatic decline is that in Bulgaria, since 2000, there is a constant increase in harvesting. (In
spite of) the increase in the wood removals, the harvesting in these years is still below to what
was planned to be harvested.” (NIR 2003) The growth in harvest is partly attributed to growing
market demand, but the new Forest Act of 2011 has had an impact as well, making more of
the planned harvesting realized.

As part of the EU climate policy, the Regulation on Land Use, Land Use Change and Forestry
(LULUCF) (EU 2018/821) has been revised in 2023. The previous ‘no-debit’ rule was requiring
member states that the combined emissions of their LULUCF sectors do not turn positive,
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which was a very loose target because forestry alone tends to provide much more negative
emissions than the sum of positive emissions of land use origin (note that Agriculture is not
part of the LULUCF sectors). The ‘no-debit’ rule was replaced by a net carbon removals target
of 310 million tonnes of CO2 equivalent by 2030. This EU-wide target is broken down to
member states. Bulgaria is required to have its LULUCF emissions at -9.7 million tonnes of CO2
equivalent by 2030. This will oblige significant additional sequestration, because the average
emissions of the past six years (2016-21) were -8.3 million tonnes only. So, against the trend
of decreasing carbon sequestration, Bulgaria is required to enhance its forest carbon sink by
over 1.4 million tonnes of CO2equivalent per year by 2030.

The decreasing carbon sequestration by Bulgarian forests has been accompanied by
stagnating total greenhouse gas emissions from the rest of the Bulgarian economy for the past
two decades. After the drop in the 90s, the emissions have flatted out at around 60 million
tonnes (see next Figure).
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Figure 2. Total GHG emissions of Bulgaria without land use, land use change and forestry, kt CO2eq
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source: graph prepared from data of the National Inventory Report of Greenhouse Gas Emissions of Bulgaria, 2023., Common
Reporting Format, Table 10s1. (NIR 2003)

(1) Base year could be set different from 1990 in accordance with the relevant decisions of the COP for economies in transition.
For Bulgaria, base year is 1988.

Nevertheless, as a consequence of the Paris Treaty, Bulgaria will have to decrease its GHG
emissions close to net zero by 2050. The emission trends depicted above must be interfered
by the Bulgarian climate policy soon to meet its commitment in the forthcoming two decades.

Our research is aimed to understand how Bulgarian forests can contribute to this momentous
effort.
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The forestry sector of Bulgaria

The forest management in Bulgaria recognises the basic principles enshrined in the Resolution
of the Conference of Ministers held in Helsinki (1993), which define "sustainable
management" as the management and use of forests and land in a way and to a degree that
preserves and maintains their biodiversity, productivity, renewable capacity, vitality and
potential to perform the relevant environmental, economic and social functions at local,
national and global levels now and in the future. In this regard, the management of forests in
Bulgaria is based on a policy for their reproduction and use for a long period of time, in terms
of different types of ownership over them, primarily aimed at protecting forest ecosystems in
good functional condition. The adopted criteria in forest management are for the preservation
of the Bulgarian forest as a national treasure - a major environmental factor through its
reproduction and sustainable development and multi-purpose use in the interests of owners
and society.

The policy for sustainable management of forests in Bulgaria is introduced in various
documents subordinated in a strict hierarchical structure. These are the Constitution, the
national strategic documents and action plans thereof, laws, regulations, rules,
methodologies, orders and decisions.

National Strategy for Development of the Forest Sector for 2021-2030 is currently being
developed. The draft version of the strategy contains strategic goals and priorities related to
development of forestry sector in Bulgaria. Broadly speaking, these goals include sustainable
forest management to ensure ecological functions, promote economic growth and support
socio-economic development, taking into account the needs of various stakeholders. The
strategic objectives are developed in 3 main pillars.

The first pillar is focussing on sustainable forest management, including strategic goals for
increasing forest areas, and growing stocks, improving forest monitoring and control of forest
fires and other damages. The objective includes also conservation of biological diversity and
promotion of certification of forest areas.

The second pillar addresses the economic aspect, seeking to strengthen the role of forests in
the bioeconomy. This includes support for forest inventory and management of forest areas,
support for forest businesses, development of forest infrastructure and promotion of
sustainable forest management practices.
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The third objective focuses on socio-economic development and stakeholder participation.
This includes improving governance and participation through partnership, combating illegal
activities, developing information systems and training forest workers. There is also a focus
on education and awareness of future generations about forests and the environment.

As of 31.12.2020, the total area of wooded land amounts to 3,896,009 ha. The forested area
covers more than 35% of the country as in the last several decades there is a constant increase
in forested areas in Bulgaria. The major afforestation programme, implemented in the 70’s
and the 80’s of the last century, together with the implementation of the sustainable forest
management principles in the 90’s have led to accumulation of biomass. The standing volume
stock amount in 2020 to 718 millions cubic meters.

Most of the forest territory in Bulgaria is state’s own — 73% (according to data from 2015). The
municipalities and religious organizations own around 13% of the forests. The share of private
forests in Bulgaria has increased in recent years up to 11% of the total forest area. 94% of
these private forests are properties with an area below 2 ha. The forests in Bulgaria are
managed according to forest management plans or programmes whatever their ownership.

Coppice forests constitute 35% of Bulgaria's total forest area. Among these, 80% have
exceeded 40 years in age, with 60% surpassing their designated rotation periods. The
silvicultural approach here advocates allowing coppices to age, leading them to lose their
ability to regenerate through sprouting (conversion via aging). This strategy stems from an
aged Bulgarian policy dating back to the 1960s, aimed at transforming these coppice forests
into high-stem forests. During the 1960s, the rotation ages for these forests were extended to
60-80-100 years, varying based on yield class and tree species. Consequently, these forests
were placed under moratorium, permitting only the harvesting of damaged or dying trees.

By 2010, the conversion coppices began approaching their designated rotation times.
Presently, 60% of these forests have reached maturity and surpassed their optimal age.
Moreover, they are experiencing compromised health, with their roots often affected by
fungi, displaying signs of dieback during dry spells. Consequently, a pressing need exists to
effectively convert them into high-stem forests. This forestry issue remains unresolved and is
anticipated to impact harvesting rates in the future. However, the success of the
transformation is controversial (Popov, et al. 2019) (Kostov, Aleksandrov and Kolev 2019).

Another challenge ahead to foresters and forest management practices in the country is the
need for transformation of the coniferous plantations, cultivated outside their natural habitat.
In the second half of the 20t™" century a massive afforestation programme started in Bulgaria,
mainly with coniferous species at low altitude, which is outside their natural habitat in the
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country. As a result, more than 1200 kha conifers plantations have been afforested. Currently
the total area of coniferous plantations is around 640 kha, from which 68% are cultivated in
areas with 0-700 m altitude (Popov, Kostov, et al. 2018). The majority of these stands have
surpassed the age of 40-50 years. Their susceptibility to damage results in intense processes
of deterioration. There is an observed tendency to the regrowth of native vegetation in these
stands through intensive successional processes.

In Bulgaria, felling operations primarily consist of thinnings and regeneration (final) fellings.
Thinnings occur from the inception of a forest stand until it reaches maturity for regeneration.
They encompass activities such as lightning, clearing, opening, and removal of cut trees.
Thinning methods and selective cutting techniques varied slightly before and after 2005 but
without significant economic impact.

The intensity and regularity of thinnings vary based on the forest stand's composition, age,
and condition. Intensity levels are categorized as low (up to 15%), moderate (15-25%), high
(25-35%), and very high (over 35%). Thinnings occur at intervals of 4-8 years for low or
moderate felling intensity and 10-12 years for high and very high felling intensity. Thinning
practices in coppice forests mirror those in high-stem forests, focusing on preparing the stand
to regenerate naturally by seeds and transform into high-stem forests. The approach involves
selective felling to determine the trees for the stand's future and individual coppice,
employing a cutting-from-above bias.

Regeneration fellings in mature forest stands aim to achieve various objectives, including
forest regeneration, high-quality timber production, guiding regeneration processes, species
management, and maintaining biological diversity. The type and timing of regeneration
fellings depend on forestry systems, growth conditions, undergrowth quantity, stand
composition, and condition.

Final cuts in regeneration fellings vary based on regeneration type and stand condition,
including regeneration fellings with preliminary natural regeneration, regeneration fellings
combining natural and artificial regeneration, and regeneration fellings with subsequent
regeneration. The choice of regeneration type is influenced by factors such as canopy density,
natural regeneration, and intended management approaches.

Research methodology, the FOX Model

The FOX model is an application of the multiple-benefit forestry models by (van Kooten,
Binkley and Delcourt 1995) and (Guo and Gong 2017) to the case of forestry under carbon
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price incentives. Our model assumes even-age forest management, in which the optimal
rotation is static because the timber and carbon prices, the costs and the interest rate is
assumed to be constant over the entire time horizon. (Montgomery and Adams 1995)

General model description

The FOX model determines the optimal harvesting of forests at the national level, based on
exogenous forest growth functions and timber and carbon prices. It is a dynamic, linear
mathematical optimisation model. The harvesting process includes both felling and thinning
of forests. The model allows the coexistence of several forest age classes. Timber and carbon
prices are set exogenously for the model. Timber prices are defined for three main demand
segments: ‘sawlogs’ for the timber industry, ‘pulpwood’ for the fibreboard and paper industry
and ‘firewood’ for all energy purposes. The model can be applied for several species or species
groups in 10-year age classes and can be run for several hundreds of years (with 10-year time
periods). All characteristics can be extended based on the input data. The model is written in
GAMS with an Excel interface.

In the context of dynamic exogenous factors, model outputs can be calculated for all modelled
time periods: forest stock changes (by species and age), final forest harvesting (by species and
age), forest thinning as a function of the available forest (by species and age), CO:
sequestration and the impact of the carbon price on forest stock, harvesting, thinning and CO;
sequestration. Finally, the model constructs forest carbon sink supply curves for different time
periods.

The model determines the optimal timing of harvesting for each species and age group
through dynamic linear optimisation based on the different end-use prices and costs
associated with forest harvesting and planting, as well as the implicit forest growth functions.

The objective function maximises the net present value of the net benefits from timber
production and the stream of net benefits from incremental carbon sequestration:

max PHI = Z DF * (Z Pt * Xcp — MUCE * Z Tt — MUpy * Z Vs ip,eh + PCAREX; + PCARNEWt> ]_)
; c

c s,th

Where the objective function is subject to

10
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c commodity

S species

u tree age of ,existing” forest
t modelling period
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th period of final harvesting for ,,new” forest (th is part of the modelling period t)

tp reforestation period (tp is part of the modelling period t)

Parameters
pdc,
mucy
mup;
land,,,
yWs,c,u,t
y vs,c,tp,t
y th,u,t,c
YtUs tpt.c
nug

bCt

rho

DF

gamma,

commodity-specific price

time dependent harvest cost

marginal plantation cost

available land area

standing volume of existing forest

standing volume of new forest

exogenous increment of thinning for new forest
exogenous increment of thinning for new forest
species-specific carbon content coefficient
carbon price

discount rate

discount factor

maximum share of the annual volume increase to be felled

12
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Variables

PHI net present value of benefit from timber production and carbon sequestration
Xt all timber supplied (sum of thinning and final cut)

Tet harvested volume (final cut)

PCAREX, net benefits from incremental carbon sequestration in case of “existing” forest

PCARNEW, net benefits from incremental carbon sequestration in case of “new” forest

Wsut area for final felling in existing forest
Vst th area for final felling for new forest
Vs tp,t area of new forest for reforestation
thex; . thinning of existing forest

thnew, . thinning of new forest

The objective function (Eg. 1) consists of the following four terms: the benefits from timber,
as a perfectly elastic, linear demand “function” where the commodity specific prices (pd. )
are exogenously determined for each period (t) and measured in BGN per m? timber
demanded. The variable of quantity supplied for each commodity (x..) in each period (t) is
measured in m3 and determined by the model.

The objective function consists of the costs associated with harvest and plantation. The cost
of harvest is calculated with exogenous and time dependent harvest costs (muc;) measured
in BGN per m? timber harvested and by the endogenously determined harvested timber
quantity (r..), given in m3. The plantation cost is determined by the exogenous marginal
plantation cost measured in BGN per hectare and the area of reforestation in period (tp). The
last two terms of Eq. 1) describe the stream of net benefits from incremental carbon
sequestration, discussed in detail in Eg. 10).

13
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The supply of timber is determined endogenously and driven by the area for reforestation
(Vs ep,e) and area for final felling (wg, ;) and (vs;,). The model distinguishes between
“existing” forests from the beginning of the modelled time horizon, represented by w, and
“new” forests from reforestation activities during the modelled time horizon, represented by
v. The final felling of existing forest (ws,, ;) is @ matrix which describes the area for final felling
for species (s) for tree ages (u) and for each year within the modelling period (t) measured in
1000 hectares. Similarly, variable (vg 1y, t5) includes the area of new forest for reforestation for
species (s) for tree ages (tp) and the area of forest for final cut for each year within the
modelling period (th) measured in 1000 hectares. Here tp and th are elements of t. Both
(Ws4,,¢) and (vs 1 cn) are nonnegative variables.

The above-mentioned objective function is subject to the following constraints (introduced by
Eqg. 2)- 10)). Constraints (Eq. 2) - 4)) describe the maximum amount of area that is available for
final felling. Eq. 2) sets the maximum amount of area for final felling of “existing” forest for
each species (s) and each forest age (u) over the entire modelled horizon, given the
exogenously determined land area for each species and tree age (landy,,). Eq. 3) describes
the limitation on felling (left hand side) as a function of the annual volume increase (right hand
side). Furthermore, Eq. 4) defines the maximum amount of area for reforestation Y.., Vs ¢ tn
(left hand side, LHS) as a function of the sum of the area for final felling of ,existing” X, Ws
and ,,new” forest th Vs tp,th (right hand side, RHS of Eq. 4).

The constraint introduced by Eq. 5) describes the supply of timber from final felling by demand
segment (c) for the modelled period (t) which is the product of the variable area available for
final felling (X5 Ws,t) and (Xsep Vsep,en) and the main standing volume (ywg., ) and
(VVs,ctp,e) for ,existing” and ,new” forest, respectively. The main standing volume is
determined for each species (s), each tree age (u and tp), each demand segment (c) and each
period (t).

Constraints (Eq. 6)) and (Eq. 7) define the timber available from thinning for “new” and
“existing” forests respectively. For thinning, the model takes into consideration all afforested
land, meaning forest areas still available for final felling, 7 Y5 ¢ Vs ¢, and (landg,, — pl *
>, Wsju,t) for “new” and for “existing” forests respectively, where (T') indicates the end of
the modelling time horizon. Eq. 6) and Eq. 7) also include the exogeneous increment of
thinning (Ytvs tpc) and (ytws,, ¢ ) for “new” and “existing” forest. Thus, the thinning is
calculated based on the land available in period (t) for each species and tree age and the
associated yield of side stocks, and it is automatically harvested and supplied in each period.

14
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Constraint Eq. 8) sets the market equilibrium correlation where the demand side (LHS) is
constrained by the supply side (RHS). The supply side consists of the timber production from
final felling (r; ;) and thinning of “existing” (thex; ) and “new” forest (thnew, .). The demand
of timber (x. ;) is determined for each time period (t) and each demand segment (c) ensuring
that the perfectly elastic demand does not exceed supply at any time period and demand
segment.

Equation 9) and 10) constraints describe the net benefits from incremental carbon
sequestration for “existing” forest (PCAREX;) and “new” forest (PCARNEW,). Note that,
from the forest manager’s perspective, incremental carbon sequestration generates carbon
benefits and loss of sequestration, i.e. forest harvest incurs carbon costs on growing stock.
Thinning wood is produced and cut within the same time period, generating zero carbon
benefit or loss. The RHS of these constraints consists of the following three main parts: the
changes in the forest stock between period (t — 1) and (t), the species-specific carbon fraction
coefficient (nug) and the —time dependent —carbon price (pc;) in CO; equivalent. The changes
in forest stock includes the changes in area available between period (t — 1) and (t) and the
wood volume yield of side stocks for “existing” and “new” forests.

FOX modelling results are to be interpreted with the following assumptions.

(i) FOX currently only accounts for stem-wood. This is only one of the carbon pools in forestry
— albeit the most important one.

(ii) All harvested wood is assumed to be fully oxidised within the harvest period (instantaneous
release to the atmosphere), i.e. all the carbon from the harvest is assumed to be lost to the
atmosphere and the forest manager is required to make a carbon release payment for the full
amount.

(iii) FOX assumes that all the three distinct demand segments have perfectly inelastic demand,
i.e. markets absorb any amount of output at the competitive market price. This assumption
may hold in the short run but not necessarily in the longer run.

Model developments for the case of Bulgaria

The general FOX model introduced above is subject to the assumption that reallocation of land
use among different tree species group is not allowed — thus in case of final felling of a given
species involves the replantation of the exact same species on the land where the final felling
occurred. In addition to that, the general FOX model considered a given set of tree species
that is available at the first time period in the analyzed time horizon.

15
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In case of modelling the Bulgarian forest in FOX, these two assumptions must be released to
be able to analyze the transition of a part of the coniferous plantation to native coppice
deciduous. The further development of the general FOX model consists of the following steps:

1. The definition of the set of those tree species groups that are already planted by the
beginning of the modelling horizon so that is the subset of the set of all tree species
groups that are modelled and described earlier (and denoted by s). Thus, the relation
holds so C s.

2. The prohibition of the possibility of regenerating the tree species group that it to be
converted — in case of FOX-BG this tree species group is the coniferous plantation to
be converted. This step requires the addition of a new constraint to the general FOX
model, such as:

: vsconiferous plantation to be converted,:Lth — O vt

th

Note that In Eq. 13) the following relations hold: S¢oniferous plantation to be convertea € SO and

Sconiferuos plantation to be converted € s.

3. The conversion of coniferous plantation to be converted species to native coppice
deciduous species requires the redefinition of the maximum amount of area for
reforestation equation, that is introduced in Eq. 4). In this general model the
maximum amount of area for reforestation }.;; Vs ¢ ¢ is defined as a function of the
sum of the area for final felling of ,existing” ¥, wg, ¢ and ,new” forest 1), Vg 1 ¢n-
This holds for each tree species without the possibility of reallocating the land use
among different species groups. In the extended model this equation is determined
for those tree species groups that are already planted by the beginning of the
modelling horizon (denoted by so). Therefore Eq. 4) can be rewritten as following:

z vso,t,th < Z Wso,u,t + Z vso,tp,t VSO’ t
u tp

th

16
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Since the native coppice deciduous is not the element of the subset of sol, thus Eq. 4)
does not hold for this species and a specific logic has to be defined, in which the
reallocation of coniferous plantation to be converted to native coppice deciduous is
also considered. Thus, Eq. 4) for native coppice deciduous should be rewritten as:

: vsnativedeciduous:t»th

th
<
- : : Wsnative deciduous it + : Usnative deciduousth:t 15b)
u tp
+ Z : Wsconiferous plantation to be converted Wt Snative deciduous’ vi
u

In Eq. 4) the maximum amount of area for reforestation of native coppice deciduous

(Xth Vsparive deciauons tp.th) S defined as a function of the sum of the area for final felling
« 4. ” ”

of »EXIsting (Zu Wsnative deciduous:u»t) and »nNew forest (th vsnative deciduous'tp'th) of

native coppice deciduous, extended by the area for final felling of ,existing”

coniferous plantation to be converted (), WS omiferous plantation to be converteastbt): THE

expression in Eqg. 4) allows the direct reallocation of — the land use of — coniferous
plantation to be converted to native coppice deciduous.

Model input data

Coverage of existing forests by strata

The first step in creating the database for running the FOX model is the stratification of the
forest land in the country. It serves to provide the basis for distinguishing different types of

! Please note, that in case so = coniferous plantation to be converted, the replantation of coniferous
plantation to be converted species is not allowed — based on the 2) step — thus the LHS of Eq. 4) is zero. Since the
regeneration of the “new” forest is prohibited, the final cut of the “new” forest is not possible. Therefore, the
term on the RHS ., Vs comiferous plantation to be converted Pt = 0. With these, for the coniferous plantation to be

converted species, Eq. 4) is reduced to a simple non-negativity constraint, such as 0<

Zu Sconiferous plantation to be converted:Wt
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forests and/or forest management practices, which is important to consider for more precise
modelling.

By stratum we understand part of the forest territories which is homogeneous for all the
criteria applied to the stratification process. For the purpose of the current simulation, which
is a large-scale simulation, we define 3 criteria in order to stratify the area. These are:

1) Forest type;
2) Origin and management system;
3) Tree species

In addition, the stratification considers the availability of species-specific growth functions in
the country.

18



[é REKK

Table 1 Stratification of the forest lands based on the criteria

A. Coniferous

1. Plantations

1 Scots pine (P)

2 Austrian pine (P)
1. Natural forests

3 Pines (N)

4 Norway spruce

5 Silver fir

B. Deciduous

1. Deciduous High-stem

6 Beech

7 Oak

8 Others HS deciduous
9 Poplars

V. Deciduous — Coppices

10 Coppices

V. Deciduous - Low stem

11 Akacia

12 Others LS deciduous

Coniferous plantations refer to coniferous plantations outside their natural habitat only. The
stratum of Pines (natural) refers to all pine species e.g Scots pine (Pinus sylvestris), Austrian
pine (Pinus nigra), Macedonian pine (Pinus peuce), Heldreich’s pine (Pinus heldreichii).

The deciduous forests are split into 3 groups distinguishing the origin of the stands as well as
their management system. Thus, High-stem forests consists of stands with seed origin and
prolonged rotation ages. Under this group, 4 strata are defined referring to the main tree
species. The group of the High stem Oak species consists of all the Quercus species, e.g Turkey
oak (Quercus cerris). Poplars are defined as a separate stratum because these forests are
managed for intensive production of biomass in short rotation ages.

The Coppice stratum refers to all coppice forests for transformation. The most common tree
species under this group is oak (more than 70% in area) mainly Turkey oak (Quercus cerris),
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followed by coppice beech with 10 % share from the total area of coppices and the remaining
- less than 20 % in area goes to all others deciduous species, regenerating by offshoots.
Although, these stands are managed to convert to high-stem forests, for this modelling
exercise we decided to keep the stratum as coppice forests because according to literature
sources the success of the transformation is controversial (Popov, et al. 2019) (Kostov,
Aleksandrov and Kolev 2019).

The group of Low stem forests distinguishes between Acacia forests and all others because
Acacia has different cutting ages and productivity than the other low stem forests.

Once the stratification is defined, data on area, age structure and growing stock per stratum
was gathered and processed. The source for this information is the data from the forestry
reporting forms, published on the website of the Executive Forest Agency?. The official data is
processed to meet the abovementioned stratification of the total forest lands in Bulgaria.

The data sources used consist of Reporting form 1, 2 and 3.

RF1 presents the distribution of the area by land types (forested land, bare land for
afforestation and non-productive bare land) and forest types (conifer forests, broadleaved
high-stem forests, conversion coppice forests and low-stem forests). RF1 also gives some
other details about the site and vegetation. The form contents information on the area of
coniferous plantations.

RF2 and RF3 present distributions of area and growing stock according to forest types, tree
species and 20 years age classes. By combining the information from these forms, it is possible
to derive the average growing stock per ha for the major tree species and forest types.
However, RF2 and RF3 do not provide information about the site and do not provide some
necessary details about the origin, in particular, what part of the areas are on the natural
stand, and what are the plantations. The latter is important to have to process the information
on forest characteristics of conifers to meet the stratification for this modelling exercise. Thus,
additional efforts were made to collect the information on the current state of the forests
according to the stratification of the coniferous species. Based on literature sources (Popov,
Kostov, et al. 2018)3 the area of conifers plantations outside their natural habitats or at low

2 http://www.iag.bg/docs/lang/1/cat/13/index

3 Monos, I., Koctos, I., Mapkos, W., Joges, N., Teopruesa, [., 2018. UrnoancTHUTE KyATypu B Bbarapus
Cb34aZeHN U3BBH ecTecTBEHUS UM apean. ABaHrapg NMpuma, Codus. Link
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altitude (0-700 m) is 68% of the total area of plantations according to RF1. The area allocation
between Scots pine and Austrian pine forests is also taken from Popov et al.,, 2018. The
distribution between age classes is based on expert judgement. Most of the plantations are
up to 50 years, so the distribution is equal between the 2"¥ and 3 age class. The volume stock
of the plantation strata is also calculated based on literature sources and cross-checked with
information from the National Forestry Accounting Plan (NFAP 2020).

The area and volume distribution of the coppices according to the official data goes to >61
years in a 5-year age class step. The figure on area and volume for coppices aged >61 was
distributed between age classes 61-80 and 81-100 according to observed distribution in data
used for elaboration of NFAP.

The information on area, age class structure and volume stock per strata was further
processed to meet the model requirements for a 10 years age class. While RF2 and RF3 provide
data on distributions of area and growing stock for 20 years age classes, the model is further
calibrated for 10 years age classes in order to provide better granularity — both from the
growing stock perspective and from the modelling period perspective. The distribution of the
official data within 10 years age classes is based on the following data manipulation and
assumptions:

1) We have assumed an even distribution of area among even and odd decades: e.g. in
case of Beech stratum 1-20 year age class the total area is 12.2 thousand hectares.
Thus, for both 1-10 year and 11-20-year age classes the distribution of area is assumed
to be 6.1 and 6.1 thousand hectares. (See Table 2)

2) Based on the evenly distributed forest area, the growth functions and the stocking rate
— the latter two are to be introduced in the next chapter — the distribution of the
standing stock for each 10-year age classes per stratum have been calculated. (See
Table 3)
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Table 2 Even distribution of area per stratum and age class (in hectares)

Age

clgss/ Scots Austrian Norway Silver Other HS Others

Stratum  pine pine Pines spruce fir Beech Oak Deciduous Poplars Coppices Acacia LSdec.
10 0 0 21610 1898 298 6096 20389 10091 7864 46696 56684 16793
20 0 0 21610 1898 298 6096 20389 10091 7864 46696 56684 16793
30 42556 62515 11162 11702 3214 21358 25043 25017 1896 87078 17088 28203
40 42556 62515 11162 11702 3214 21358 25043 25017 1896 87078 17088 28203
50 42556 62515 58754 13510 5440 30568 28155 30840 643 220115 4589 57153
60 42556 62515 58754 13510 5440 30568 28155 30840 643 220115 4589 57153
70 3546 2552 31856 7087 1644 20090 12591 15737 145 281191 409 53336
80 3546 2552 31856 7087 1644 20090 12591 15737 145 281191 409 53336
90 0 0 34918 15170 2587 33201 14462 5415 12 65958 0 0
100 0 0 34918 15170 2587 33201 14462 5415 12 65958 0 0
110 0 0 27461 20238 4571 45818 18518 3873 8 0 0 0
120 0 0 27461 20238 4571 45818 18518 3873 0 0 0
130 0 0 7802 8631 2621 40877 15475 3115 0 0 0
140 0 0 7802 8631 2621 40877 15475 3115 0 0 0
150 0 0 5958 5328 3617 81360 32693 5049 10 0 0 0

Source: own estimation based on Executive Forest Agency’s Reporting form 1, 24

4 http://www.iag.bg/data/docs/2 GF2020.pdf
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Table 3 Distribution of standing stock per stratum and age class (in million m3)

Asgti:tlzsni/ Spci:';s Au:i:'(iean Pines ':S:‘:’caey Si:\ilrer Beech Oak [;1 t:;::::s Poplars Coppices Acacia E)St ::rcs
10 0 0 0 0,0 0,0 00 0,0 0,0 0,5 1,9 2,7 0,1
20 0 0 1,2 0,0 0,0 0,0 1,2 0,6 1,6 3,9 4,6 0,2
30 8,7 12,8 1,3 0,7 0,2 2,0 2,6 2,6 0,5 10,6 1,5 0,6
40 115 17,9 1,9 1,4 0,4 33 37 3,7 0,5 13,1 1,6 0,8
50 13,7 22,7 11,6 2,4 1,0 56 5,0 5,4 0,2 33,7 0,4 1,8
60 14,5 26,6 13,5 3,2 1,5 6,5 5,3 5,8 0,2 35,8 0,5 2,2
70 1,3 1,2 7,8 1,9 0,6 4,5 2,3 2,8 0,0 43,4 0,0 2,2
80 14 1,3 8,4 2,1 0,7 4,7 2,4 3,0 0,0 43,0 0,0 2,4
90 0 0 9,7 5,0 1,3 84 28 1,0 0,0 9,6 0 0

100 0 0 10,1 5,4 1,4 8,9 2,9 1,1 0,0 9,7 0 0
110 0 0 7,6 7,0 2,4 11,5 3,6 0,8 0 0,0 0 0
120 0 0 7,8 7,3 2,6 11,6 3,8 0,8 0 0,0 0 0
130 0 0 2,1 3,1 1,5 98 3,0 0,6 0 0,0 0 0
140 0 0 2,2 3,2 1,5 100 3,1 0,6 0 0,0 0 0
150 0 0 1,6 2,0 2,2 19,9 6,7 1,0 0 0,0 0 0

Source: own estimation based on Executive Forest Agency’s Reporting form 3°

Growth functions

The next step in creating the database for running the FOX model was to define the growth
functions per stratum. For this we used the official approved growth tables per tree species in
BG.

For simplicity, the growth function per strata for an average yield class was applied. For all the
strata yield class 3 was defined with exception for the coniferous plantations which have been
modelled at yield class 4 as most of the literature sources indicated (Popov, Kostov, et al. 2016)
(Popov, Kostov, et al. 2018) as well as for Low stem Other deciduous.

5 http://www.iag.bg/data/docs/3 GF2020.pdf
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Other considerations when modelling the growth were:

1. Most of the coppice forests are represented by an oak species. Although we have
an approved yield table for this group, it was recommended to apply the growth
function of the coppice beach forests as the growth curve fits better to observed
data.

2. The stratum of Others under High stem forest was modelled as high stem oak,
whereas the stratum of Others under Low-stem forests was modelled using the
growth table of coppice Oriental Hornbeam (Carpinus orientalis) at yield class IV.

3. There is an observed tendency to convert coniferous plantations cultivated outside
their natural habitat. To account for this, we integrated this aspect into the model.
However, as there is no clear action plan at national level how to deal with the
coniferous plantations and their transformation, we assumed that the
transformation would follow the natural succession. Consequently, a portion of the
plantation stratum was simulated to transition into native deciduous forests
whereas the remaining area of the plantations continue to be cultivated as
planataions. The growth of converted coniferous plantations was modeled using
the growth function of coppice oak.

The available growth tables encompassed age groups ranging up to 110-130 years, depending
on the strata under consideration. However, since modelling required data beyond these age
groups, extrapolation was performed to cover older forests (over 110-130 years). To
accomplish this, we used the regression analysis method presented in the EFISCEN model
documents of the European Forest Institute (EFI) by (European Forest Institute 2021).
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Table 4 Growth tables per stratum (Nedyalkov et al., 1983)

A. Coniferous

1. Plantations

1 Scots pine (P) Krastanov et al, YC4
2 Austrian pine (P) Tsakov, YC4

Il. Natural forests
3 Pines (N) Turin (Sc.p), YC3
4 Norway spruce Turin, YC3
5 Silver fir Gerhard, YC3

B. Deciduous

1. Deciduous-High-stem

6 Beech Nedyalkov, YC3
7 Oak Wimmenauer, YC3
8 Others HS deciduous as Oak

9 Poplars Krastanov et al.YC3

V. Deciduous — Coppices

10 Coppices Ned. (beech,c.), YC3

V. Deciduous - Low stem

11 Akacia J. Georgiev, YC3

12 Others LS deciduous J. Georgiev (Or.h.c) YC IV

Since the growth tables in Bulgaria gives us the normal growing stocks, so the growing stock
of an even-aged non-disturbed and fully stocked stands, when modelling the growth of the
stands it is important also to consider the observed stocking rate of the stands. According to
the official data the stocking rate of the stands decreases with an increase of the age and
assumed to be constant above the age class 150 (Figure 3.) It is further assumed that the same
stocking rate holds for the regenerated forest for each age class and for each stratum.
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Figure 3. Average observed stocking rate per age class
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Wood assortment, harvesting age

The model requires information on the share of the wood products — sawlog, pulp wood,
firewood. Such statistics is not available in Bulgaria. In order to derive this information per
strata we used the available assortment tables in the country. However, the assortment tables
work with different classification of wood products. The allocation of the volume, among the
wood products sawlog, pulp wood and firewood, is based on expert judgement, considering
the national statistics on wood harvesting (Reporting form 5). The results of the wood
products allocation after the expert judgment were checked and calibrated with the figures
reported under FAOSTAT.
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Table 5 Share of the wood products according to FAOSTAT

Wood products av. 2015-2019 Share
Sawlogs and veneer logs 1,603,765 25%
Coniferous 1,222,806 76%
Deciduous 380,958 24%
Pulpwood, round and split 1,907,377 30%
Coniferous 1,217,491 64%
Deciduous 689,886 36%
Wood fuel 2,864,827 45%
Coniferous 763,702 27%
Deciduous 2,101,125 73%
Total roundwood 6,318,742 100%

The information about the median harvesting age per stratum has been considered as a
calibration measure for the reference scenario. The median harvesting age provides a solid
foundation for the modeller to be able to provide more realistic results for rotation cycle of
each stratum in the model. Based on the growth function and the share of assortments for
each age class and each stratum, the harvesting age for each stratum has been calibrated in
the model as it is shown in Table 6.
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Table 6 Official and calibrated harvesting age per stratum (in years)

Cutting age

expressed as Calibrated

rotation age” harvesting

Min Max age

Scots pine 80 80 80
Austrian pine 80 80 80
Pines 100 120 110
Norway spruce 100 120 110
Other coniferous 100 120 110
Beech 110 140 120
Oak 110 140 120
Others 80 100 100
Poplars 15 15 30
Coppices 60 100 70
Acacia 20 30 30
Others Low Stem
deciduous 40 40 40
Native deciduous - - 60

*Source: (NFAP 2020) Fellings Regulation, 2011

Forest management costs

According to the official forestry statistics in the country, significant part of the Bulgarian
forest regenerates naturally — 80%, including in offshoots, and 20% - by afforestation or
plantation. The logging regulation in Bulgaria (Ordinance N28/2011) provides guidance on
silvicultural activities to induce, maintain and protect the natural seedlings during the
regeneration period. The general approach during regeneration fellings is to optimize the
forest stands’ regenerative potential, promoting their natural seed or vegetative
regeneration. In cases where natural regeneration is hindered in forests or unattainable due
to specific conditions, artificial regeneration is undertaken for the original tree stand.
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According to (Tsenov 2022)° planting activities in relation to impeded regeneration are carried
out on approx. 1650 ha annually in the period 2015-2020. The average costs at national level
(Table 7) has shown an increase in the costs due to the overall inflation in prices. The provided
costs covers the following activities: planting/sowing, soil preparation, filling, cultivation, seed
production, nurseries, fencing, clearance, etc. According to the findings of (Tsenov 2022) 90 %
of the forestation costs are related with planting, nurseries, soil prep., cultivation with almost
equal share among these activities. Only 10 % of the costs goes to the rest of the activities.

Table 7 Forest regeneration costs in Bulgaria

Forest regeneration costs 2020 2015

lumpsum, BGN/ha 9230 8020
source: (Tsenov 2022)

The harvesting costs are estimated based on the current average value of 50 BGN/m?3 for
harvesting including transportation to an open storage. The historic prices are reduced by the
index of the increased prices of wood material.

Table 8 Harvesting costs in Bulgaria
Harvesting costs 2022 2020 2019 2018

lumpsum, BGN/m3 50 35 35 32

source: expert judgment

Sales price of wood assortments

The selling prices of the major wood products are derived from the National Statistical
Institute. The trend in the prices is given for the period 2016-2020. However, there is a huge
change in the prices since 2020. In 2021 the change in prices is between 3-5 % on average, but
in 2022 the changes are much bigger. On average the prices of sawlog have increased by 38%
for coniferous and by 25-50 for deciduous (av. 35%), compared to 2020. The increase in pulp
log is by 20% for coniferous and by 24% for deciduous compared to the prices for 2020. The
firewood has increase by 16-20 % compared to 2020. These changes in prices are triggered by
the lack of human and technical capacity to perform the harvesting operations on one side,
and on the other side because of the ban on logging operations in stands with age above 120

6 LleHos, 3., 2022. CTpyKTypa 1 TpeHA0Be Ha pa3xoauTe 3a 3anecABaHe B ceBepo3anaja 1 B LanaTa cTpaHa. Hayka
3a eopama, Cney,. n3g. ll, ctp. 181-192, link
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years. The convergence of these factors has caused a significant surge in wood prices due to
the scarcity in production quantity during a period of increase demand for wood products in
the country. Given the recent investments in forest machinery, it’s plausible to anticipate that
wood harvesting will meet the demand, potentially leading to price stabilization in short term.

Table 9 Selling prices of major wood products in Bulgaria

Selling prices of major wood

products (BG average) 2020 2019 2018 2017 2016

Coniferous, BGN/m3

Roundwood for industry (sawlogs) 102 105 101 100 97
Eulpwood for industry (for paper and 58 59 55 53 53
fiberboard)

Wood for energy (firewood) 49 47 44 43 42

Deciduous, BGN/m3

Roundwood for industry (sawlogs) 129 130 126 122 114
Bulpwood for industry (for paper and 71 73 70 66 63
fiberboard)

Wood for energy (firewood) 64 64 60 56 55

source: National Statistical Institute

Carbon content

The carbon content of the stand is calculated as the tons of carbon stored in a cubic meter of
wood. This measure varies between species because of their varying carbon fraction (i.e., tons
of carbon stored in a ton of wood) and basic wood density (i.e., the ratio between dry mass of
stem-wood in tons and fresh stem-wood volume in cubic meters.) In the case of grouped
species, we use the weighted average of carbon fraction and basic wood density. We apply
the weighted average of the carbon content to calculate the mass of carbon sequestered in
the forest. The input data for carbon fraction and weighted average of basic wood density are
based on reference values from IPCC 2006 Guidelines, Chapter 4, Volume 4, Table 4.3 and the
National Greenhouse Gas Inventory Report 2023 of Bulgaria, Chapter 6.3.3.1.1., Table 220.
Respectively.

In this model we only calculate with the stem wood carbon pool of the standing stock. All
other carbon pools of the Forest Land category (below-ground biomass, soil, litter, deadwood)
are disregarded.
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Table 10. Basic wood density, carbon fraction and carbon content of tree species in the FOX-BG model

Species group Basic wood density carbon fraction, carbon content
t/m3 t/t t/m3

Oak 0,661 0,48 0,32
Beech 0,562 0,48 0,27
Poplar 0,36 0,48 0,17
Acacia 0,59 0,48 0,28
Other decidious 0,604 0,48 0,29
Austrian/black pine 0,479 0,51 0,24
Scots pine 0,432 0,51 0,22
Silver fir 0,364 0,51 0,19
Norway spruce 0,381 0,51 0,19
Pines (other conifers) 0,43 0,51 0,22
Coppice 0,45949 0,48 0,22
Other low-stem 0,60 0,48 0,29
Natural decidious 0,66 0,48 0,32

source: IPCC 2006 Guidelines, Chapter 4, Volume 4, Tables 4.3 and 4.14.

Note that the carbon content is not equal to how much CO2 is sequestered in a unit growth
of tree volume. To get the CO2 equivalent, the carbon content must be multiplied by the mass
of the molecule, 44/12.

Modelling results

The FOX model applied for Bulgaria consists of a time horizon of 24 periods, where each period
represents 10 years. Based on the input data, the growing stock in the model has been
calibrated for 2020, that is the first period. As itisintroduced in Table 1, the existing Bulgarian
forest has been allocated to twelve different strata. In the modelling exercise the growing
stock of Scots pine is considered to be plantation not to be converted, while Austrian/Black
pine is plantation to be converted. An additional stratum — Native coppice deciduous — is
examined as a “new” stratum that replaces the converted plantation.

The following analysis comprises of two parts: firstly, the modelling results of the baseline —
reference —scenario is introduced. In this case the constant rotation cycle occurs in an optimal
manner as the present value of net benefit from timber value only is maximised. Secondly, in
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the different alternative scenario additional non-timber value of the forest — from carbon
sequestration — are also considered, which further impact the optimal harvest period and
volume.

Baseline scenario

In the baseline case we analyse the impact of the optimal harvest assumption on the growing
stock of the Bulgarian forest in an optimal harvest case. As one might see from Table 2 and
Table 3 the Bulgarian forest is aging, thus a significant decrease in the total standing stock can
be expected in the upcoming decades. (Figure 4) A great reduction of growing stock for
coppices, beech and oak is expected.

Furthermore, the togetherness of the different rotation cycles causes the total main standing
stock to peak at lower levels in the longer run. (see Figure 4 and Figure 5)

Based on the assumption on the median harvesting age (Table 6), the conversion from
plantation to native coppice deciduous would occur by 2050. (see Figure 4 and Figure 5) Since
the growth function of native deciduous is lower than conifers plantation’s, the total standing
stock decreases significantly.
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Figure 4 Total standing stock of forest wood in Bulgaria without carbon payments by tree stratum — aggregated view (million
m?3)
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In case of baseline scenario, the model is calibrated according to the main rotation cycle of
the different tree species (based on harvesting age values from Table 6), thus the changes in
growing stock per stratum occurs as in Figure 5. Due to the togetherness of the different
rotation cycles and the total standing stock reaches its lowest value by 2050.
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Figure 5 Total standing stock of forest wood in Bulgaria without carbon payments by tree stratum — non-aggregated view
(million m3)
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As we defined in the model description, harvested wood is grouped into four categories in
FOX: sawlog, pulpwood, firewood and harvesting waste. The three groups of merchandised
assortments are produced by the model by a designated algorithm, which assigns the
harvested wood into the three assortment groups in each age class. The actual share of
assortments by age class varies and is based on statistical observation (please indicate source
here).

As a typical pattern of relative shares of assortments, the proportion of sawlogs is minimal
below a certain age, then the ratio of sawlogs increases to the detriment of firewood.
Harvesting waste is also set as a share of the harvested amount. As opposed to final felling,
wood from thinning is assumed to produce firewood only with the other two assortment
groups missing before the median cutting age.

In Figure 6 we present the four production categories in the baseline scenario. Note that
variations in harvest intensity have diverse impact on the assortment classes. Production of
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firewood in volume is much less fluctuated across harvesting cycles because its has a stable
component originating from thinning wood.

Figure 6 Final cut and thinning by demand segment in Bulgaria without carbon payment (million m3/10 years)
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The model distinguishes between final cut and thinning. On one hand, the model maximizes
the present value of net benefits from timber benefits — in the baseline scenario — based on
the optimal timing and value of harvest (or final cut), on the other hand thinning is a function
of final cut; as thinning of the growing stock occurs until final felling.

In case of Bulgaria, around two thirds of the total timber supply is originated from final cut,
while the rest is based on thinning. As harvest is the decision variable of the model and it
impacts the level of standing stock, one can see a strong and negative correlation between
timber supply (in Figure 6 and Figure 7) and the changes in growing stock (Figure 4and Figure
5).
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Figure 7 Source of timber supply in Bulgaria without carbon payment (million m3/10 years)
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Alternative scenarios

In case of alternative scenarios, the same modelling exercise has been carried out as in case
of baseline scenario, where additional non-timber benefits — the monetarized value of carbon
sequestration — is also considered besides timber benefits. This is done by applying different
carbon prices between zero and on hundred euro per ton carbon dioxide sequestered. The
following section describes the impact of these non-timber benefits on growing stock, harvest
and thinning and carbon sequestered. At the end of this chapter the carbon sequestration
supply curve is also derived for the near milestone years.

As one can see from Figure 8, as carbon prices are rising the rotation cycles are pushed out
and the growing stock increases significantly. The non-timber benefit from the additionally
sequestered carbon — compared to the case when no carbon price is introduced — provides
the incentive for the forest manager to decrease the final cut thus the growing stock keeps
raising.
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As it is shown in Figure 4, due to the aging structure of the Bulgarian forest, the total growing
stock is expected to decrease during the upcoming decades when optimal harvest is expected.
This trend can be reversed at around 50 €/ton CO; carbon price level and as the growing stock
is kept constant by 2050, compared to the base period 2020 (Figure 8).

Given the different growth rates, share of assortment and timber prices for assortments, the
introduced carbon prices affects the standing stock of the strata dissimilarly (see the
assumptions on the aforementioned parameters above). The standing stock saturates at
different carbon prices among the tree species: in case of coniferous species the harvest is
significantly pushed out at lower carbon prices (30-50€/ton CO;). On the other hand, in case
of deciduous and low stem species higher carbon prices (above 80€/ton CO;) are needed to
further keep the existing growing stock, thus providing additional carbon sequestration and
non-timber benefits for the forest manager.

Figure 8 also depicts the impact of increasing carbon prices on the transformation from
conifers plantation to be converted (i.e. Austrian pine) to native coppice deciduous. As one
can see the conversion between these two species occurs at higher carbon prices. The reason
behind the phenomena is the difference between the growth functions of these strata. Since
the increment of the growing rate of Austrian pine overcomes the native deciduous’ values
until the age class 100, the forest manager is better off to keep the standing stock of Austrian
pine until it reaches that age. On the other hand, on the long run the transformation is
inevitable from economic perspective as well.
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Figure 8 Total standing stock of forest wood in Bulgaria without and with different carbon payments (0, 30, 50 and 80 €/ton CO;) by tree species group (million m3)
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As it is shown previously, the introduction of carbon prices increases the growing stock as final
cutting if prolonged. Providing an example, Figure 9 and Figure 10 show the changes in final
cut and thinning by 2050 at different carbon prices. Mayor changes occurs above 30€/ton CO;
level, when the timber supply starts decreasing linearly up to 70€/ton CO> carbon price level.
Above this carbon payment the total timber supply remains constant as further postponement
of final cut is not available (see Figure 10). As it is shown in Figure 9, the supply of sawlog and
pulpwood decreases significantly, as these assortments are the main outcome of final cut.

While one can see a significant decrease of timber supply at above 50€/ton CO; carbon price
level, it is important to highlight that — as it will be discussed later in Figure 11 and Figure 12
— lower carbon payment can also contribute to a mayor positive change in additional carbon
sequestration in Bulgaria. This indicates that when the forest is managed in an optimal
manner, the trade-off between timber supply and forest carbon sequestration is lower.

Figure 9 Changes in annual average of final cut and thinning by demand segment in Bulgaria at different carbon prices by
2050 (in million m3)
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As Figure 10 depicts, the timber supply from final cut can decrease significantly as carbon
payment rises and almost eliminated above 70 €/ton CO; price level. On the other hand, as
standing stock are kept further growing, thinning additionally occurs, given the growing
function.
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Figure 10 Changes in source of timber supply in Bulgaria at different carbon prices by 2050 (million m3)
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In the followings, we compile our results from the economic perspective, capturing the
changes of the Bulgarian forest carbon sink induced by various levels of the carbon price
signal. This will lead us to the concept of the carbon sinking supply curve, which we construct
from our results to depict the price flexibility of the volume response.

In Figure 11 we show the changes to annual carbon sequestration by the Bulgarian forests at
various carbon prices. Each colour corresponds to another different carbon price ranging from
EUR/tCO2eq 10 to 100. Each carbon price is kept constant over the modelling horizon. The
results are to be interpreted in comparison with the baseline case: the lines show additive
sequestration induced by the carbon prices. Note the 10-year scale of the horizontal axis. So,
the lines show the carbon sinking added by any carbon price over 10 years. For example, a
carbon price of 40 EUR/CO2eq would increase the forestry carbon sink by an additional 150
million tonnes over the 30-year time horizon of 2020-2050, that is 5 million tonnes per year
on average.

40



Figure 11 CO; sequestration by forests of Bulgaria induced by various levels of a carbon price incentive, compared to the
baseline scenario (million ton CO, sequestered)
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Figure 11 depicts the additional carbon dioxide sequestered over the modelling horizon at
different carbon prices. An increase in carbon payment incentive leads to an increase of the
aggregated sequestration of carbon dioxide over time and in most periods as well.

Figure 12 describes the carbon sequestration supply curve, that is derived from Figure 11. This
supply curve — also called marginal abatement cost curve — shows the amount of carbon
dioxide sequestered at different carbon prices for different milestone years (2030, 2040 and
2050). As one can see, a constant decent carbon payment — e.g. 20€/ton CO; — could lead to
an additional carbon dioxide sequestration of around 0.75 million ton CO; by 2030 and 1.3
million ton CO; by 2050.

A significant carbon dioxide sequestration occurs when the carbon price is increased from 40
to 60€/ton CO2. On the other hand — as it is shown previously in Figure 9 and Figure 10 — the
trade-off between timber supply and carbon sequestration also happens at this carbon
payment level. Regardless of the milestone year, above 70€/ton CO3 the carbon sequestration
supply curves become vertical, meaning no additional sequestration is expected from the
Bulgarian forest even if the carbon price is further increased.
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Figure 12 Carbon sequestration supply curves for Bulgaria for 2030, 2040 and 2050 milestone years (€/ton CO2)
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As it was discussed in the climate policy context part of the introduction, based on the revised
(EU 2018/821) the EU-wide net carbon removals target of LULUCF sector is 310 million tonnes
of CO; equivalent by 2030. This target is broken down to member states, in which Bulgaria is
required to have its LULUCF emissions at -9.7 million tonnes of CO; equivalent by 2030. This
will oblige significant additional sequestration, because the average emissions of the past six
years (2016-21) of the Bulgarian LULUCF sector was -8.3 million tonnes only. So, against the
trend of decreasing carbon sequestration, Bulgaria is required to enhance its forest carbon
sink by over 1.4 million tonnes of CO; equivalent per year by 2030. Based on Figure 12, this
additional carbon removal by 2030 might be achieved by introducing a carbon payment level
between 20 and 30 €/ton CO-.
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Conclusions

This study reports the results of a research project aiming to better understand the economic
background of forest carbon sequestration in Bulgaria. To this end, we applied the computable
bio-economic model FOX (Forest Carbon Sink Optimization) developed by REKK.

We find that economic optimization by the forest management based on timber benefits only
can easily be adapted to optimize with one of the most important non-timber benefits — the
value of carbon, positive when being removed from the atmosphere and negative when
released from the forest at the time of harvesting.

We also prove that carbon payments substantially influence harvesting cycles and thus carbon
prices can trigger additional carbon sequestration by the Bulgarian forest. In the given policy
circumstances this might deliver an important message to policy makers. The negative
emissions by the forest land category have been declining while the rest of the economy
struggles to decrease GHG emissions from a long stagnating level. Nevertheless, Bulgaria is
expected to enhance its annual carbon sequestration by over 1.4 million tonnes of CO2
equivalent by 2030 and to reach net zero emissions by 2050. So, the carbon sinking capacity
of its forest lands will have to be drawn upon.

In the model we work with a baseline scenario of current trends. The Bulgarian forests
are aging, thus if managed optimally, a significant decrease in standing stock is expected in
the long run, without any carbon price initiated.

In the alternative modelling scenarios, we facilitated a carbon price incentive of various levels
from 10 to 100 EUR/tonne CO2eq and let the model optimize the harvesting and regeneration.

We find that the standing growth saturates at different carbon prices among the tree species
— in case of coniferous species at lower prices (30-50€/ton CO3), in case of deciduous and low
stem species at higher carbon prices (above 80€/ton CO»).

The transformation of pine plantations occurs later with higher carbon prices — due to the
different growth functions but it seems inevitable from an economic perspective as well.

We present the ranges of carbon sequestered by Bulgarian forests under various
circumstances. Without carbon prices the level of sequestered carbon decreases due to
decreasing standing stock. The initial level of total sequestered carbon can be kept constant
at the carbon price 50 €/ton CO; by 2050. Significant sequestration potential occurs between
40 and 60 €/ton CO; levels.
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In order to help integrate instrumental forest carbon sinking into the broad climate policy
context, we constructed the carbon sequestration supply curves of the Bulgarian forest sector.
The individual supply curves assume various time horizons of carbon pricing. Short run supply
curves (i.e. 10 years) show lower capacity of carbon sinking, the longer the time horizon of
carbon pricing, the more carbon sequestration is triggered. The gap between the levels of
carbon sequestered at different milestone years increases as carbon price increases.

Increasing the carbon price from 50 to 60€/ton CO; can almost double the additional annual
net carbon sequestered by 2030 (from 16 to 29 million tons CO;) and by 2050 (from 21 to 33
million tons COy). At the carbon price above 70 €/ton CO; the additional annual net carbon
sequestration can be very significant by 2030 (30 million tons CO;/year) and by 2050 (41
million tons CO; /year)

Under the revised EU regulation, Bulgaria is required to have its LULUCF emissions at -9.7
million tonnes of CO; equivalent by 2030. This will oblige significant additional sequestration,
because the average emissions of the past six years (2016-21) of the Bulgarian LULUCF sector
was -8.3 million tonnes only. So, against the trend of decreasing carbon sequestration,
Bulgaria is required to enhance its forest carbon sink by over 1.4 million tonnes of CO;
equivalent per year by 2030. Our results might encourage policy makers to consider the
additional carbon removal potential of the Bulgarian forest sector.

FOX modelling results are to be interpreted with several assumptions and limitations. FOX
currently only accounts for stem-wood, just one of the carbon pools in forestry - for the sake
of simplification. All harvested wood is taken to be fully oxidized within the harvesting period
(instantaneous release to the atmosphere), meaning the total carbon of harvest is assumed
to be lost to the atmosphere and the forest manager must make a carbon release payment
for the whole amount. This can be refined in a more sophisticated model version with half-
lives of harvested wood products are taken into consideration.

FOX assumes that all the three distinct demand segments have perfectly inelastic demand,
meaning that markets absorb any amount of production at the set prices. This is a theoretical
approach used by other bioeconomic forest management models that may or may not be
verified by empirical observations. This will affect longer term outcomes than the short run.

The applied growth tables had to be extended to facilitate long modelling horizons. This was
based on the referenced EFISCEN methodology (European Forest Institute 2021) to use yield
assumptions in high ages based on EFl observations. The growth tables applied in the FOX-BG
model runs are based on academic growth tables long used by Bulgarian forestry
professionals. Yet, many of these growth tables were created back in the mid-20t™ century,
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based on field observations before the onset of climatic changes. But climate changes have
already started to impact forest tree species. The current study did not have the capacity to
account for such changes to the growth tables. The topic is high on the agenda of forest
science. Our model could be easily armoured with climate-updated growth tables in
subsequent runs.

Afforestation of non-forest land has not been incorporated into the current version of FOX-
BG. We can add this feature to the capacities of FOX in later rounds of model development,
enabling analysis of important policy questions about land conversion to permanent forestry.
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