
Applying the Forest Carbon Sink 
Optimization Model (FOX) to Bulgaria

28. Sept. 2023

Lora Stoeva, Viktor Rácz, Gabriella Szajkó



Outline of the workshop

▪ The climate policy context of forest carbon sink optimization

▪ Introduction to the FOX model and its application to Bulgaria 

▪ Bulgarian data for the FOX model - Introduction, uncertainties 
and how they were resolved

▪ Discussion with participants

▪ FOX-BG modelling results and their interpretation

▪ Discussion with participants



House rules

▪ Mute your microphone when not speaking

▪ If you want to take the floor, use the platform’s hand-raising feature

▪ Please use the chat for non-urgent comments or questions that don’t need 
immediate discussion

▪ We value your feedback

▪ We encourage you to actively engage and contribute to the discussion 
based on your own experience, expertise and beliefs.
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The policy context

The incentivization of forests 

for carbon sinking is usually 

not part of the national climate 

mitigation strategy

Strategic government 

documents (NFAP) forecast 

rapidly decreasing carbon 

sequestration by forests

Steeply increasing demand for 

biomass energy:

• Forests currently provide sinking and storage of carbon for free

• And forests produce biomass for material and energy without incurring any 

climate benefits

• Biomass combustion for energy can be accounted for with zero carbon 

emission while its actual CO2 emission is higher than that of any fossil fuel

• LULUCF target for 2030; EU: -310 MtCO2eq; BG: -9.7 Mt (2016-18: 8.6 Mt)

• Aging forest stock

• Growing intensity of harvesting (demand pressure in most countries)

• Failing afforestation plans (in several countries)

• Onset of climatic changes

• Short run: the energy crisis

• Medium run: renewable energy targets

• Long run: biomass energy with carbon sequestration and storage (BECCS)

• BECCS promises to produce energy and remove carbon at the same time



Decreasing carbon sinking by the Bulgarian forests and 
stagnating emissions by the rest of the Bulgarian economy

Net carbon balance of the Forest Land category in Bulgaria, mn t CO2eq

Total GHG emissions of Bulgaria without LULUCF, kt CO2eq

source: graph based on NIR of Bulgaria, Common 
Reporting Format 2023

source: graph based on NIR of Bulgaria, 
Common Reporting Format 2023



Climate policy context: integrated research, the case of Hungary

Source: Background 

calculations by the HU-TIMES 

model for the NECP of HU 

(Mezősi & Rácz (2023)

Source: FOX-HU model 

calculations (Szajkó et al. 

(2023)



The forestry sector can add a major cost-efficient contribution to 
the national decarbonization efforts – REKK estimate regarding 

Hungary

Additional forest carbon sinking 

triggered by carbon price incentive 

source: REKK calculations, 2023
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How bio-economic forestry models work

CO2 

sequestration

Economic optimisation of the 

volume and timing of harvest based 

on biological, environmental and 

economics aspects:

• Forest growth

• Net CO2 sequestration

• Revenues (timber, CO2

payments)

• Costs (cutting, reforestation)

• Interest rates

Timber market 

revenues: 

Sawlog $

Firewood $

Pulpwood $

Harvesting 

decision

CO2 

release

Costs of 

harvest and 

reforestation 

Carbon 

payments

Interest rate

Forest 

ecosystem



How the FOX model works

Model inputs:

▪ Current stock (m3/ha) and yield ratio 

(as the share of standing growth)

▪ Share of product segments within final 

cut (sawlogs, pulpwood, firewood)

▪ Area distribution of forest, wood

density (t/m3) and carbon content (t/t)

▪ Cutting age (used as a basis for 

calibration)

▪ Thinning as a function of main 

standing stock

▪ „optimized” + protected stock = total 

standing stock

▪ Timber prices by demand segments 

€/m3 (sawlogs, pulpwood, firewood)

▪ Cutting cost €/m3,

▪ Regeneration cost €/ha,

▪ Discount rate %

▪ Carbon price €/t (non-timber benefit)

Model outputs:

▪ Timing and volume of harvest (m3) 

/for each species, demand segment, final 

cut and thinning/

▪ Changes in main stocks and thinning (m3) 

/diff. between tree species groups and age 

classes/

▪ Alternate scenario:

▪ Changes in the aforementioned output 

parameters as a function of carbon

payments (€/ton CO2)

▪ Carbon sequestration supply curve: 

carbon sequestration „supplied” at a 

given carbon price

Control variable:

Choose the time period for harvesting that

maximizes present value of net benefits.

FOX model



Model development specific for Bulgaria

• Adaptation of FOX model to Bulgaria:

• Transition between Conifers Plantation to be converted to Native Coppice Deciduous

• The FOX model currently includes just one of the forest carbon pools: stem wood only (soil, deadwood, or 
litter is not considered yet)

• The FOX model has already been applied to Hungary, Romania and Bosnia-Herzegovina
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Creating the database for FOX-BG

A. Stratify the forest land

1. Criteria for stratification

i. Forest type

ii. Origin and management system

iii. Tree species

2. Other objectives for stratification

i. Data availability

ii. Limitations in terms of model requirements

3. 12 Strata, which can be further grouped

A. Coniferous

I. Plantations

1 Scots pine (P)

2 Austrian pine (P)

II. Natural forests

3 Pines (N)

4 Norway spruce

5 Silver fir

B. Deciduous

III. Deciduous-High-stem

6 Beech

7 Oak

8 Others

9 Poplars

IV. Deciduous – Coppices

10 Coppices

V. Deciduous - Low stem

11 Akacia

12 Others



Creating the database for FOX-BG

A. Stratify the forest land

4. Collect historical data for each stratum on growing stock and area distribution per age class. 
Process the data to meet the model requirements

i. Data source – Forestry Fund Reporting forms (OGF 1, 2, 3)

ii. The growing stock data refer to whole tree incl. branches. The age classes for coniferous and high stem 
deciduous go from 0 to above 141 in a 20 years step. For the coppices and low stem stratum the age 
classes go from 0 to above 60 in a five years step.

iii. Historical data on plantations is calculated based on data from OGF1 and the NFAP and refer only to 
plantations outside natural habitats. 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 2nd and 3rd age 
class.

iv. The area and volume distribution of the coppices according to the official data goes to >61 years. 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 the elabortion of NFAP.

v. Data on "protected" volume stock (these are the forests which are not managed for timber production: 
NP, Reserves, Old-growht forest etc.), source OGF 4



Creating the database for FOX-BG

B. Modeling the growth
1. Growth tables

i. Yield class

ii. Special considerations

i. Coppices oak

ii. Others

iii. Conversion of plantations

iii. Extrapolation of the growth function 
above the age class 160

2. Stocking rate

A. Coniferous

I. Plantations

1 Scots pine (P) Krastanov et al, YC4

2 Austrian pine (P) Tsakov, YC4

II. Natural forests

3 Pines (N) Turin (Sc.p), YC3

4 Norway spruce Turin, YC3

5 Silver fir Gerhard, YC3

B. Deciduous

III. Deciduous-High-stem

6 Beech Nedyalkov, YC3

7 Oak Wimmenauer, YC3

8 Others as Oak

9 Poplars Krastanov et al.YC3

IV. Deciduous – Coppices

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

V. Deciduous - Low stem

11 Akacia J. Georgiev, YC3

12 Others
J. Georgiev (Or.h.c)YC 

IV

13 PlantCov-

Nat.deciduous

Oak c Shustov



Creating the database for FOX-BG

C.Modeling the regeneration and thinning 
operations
1. Thinnings

i. The model performs thinnings up to the 
age of the regeneration fellings

ii. For the modeling purposes the 
extracted volume from thinnings is 
expressed by the cumulative figure of 
the mortality included in growth tables

2. Final fellings
i. The model perform regeneration felling 

once the forest stands entered the year 
of the rotation.

ii. Cutting ages are defined based on the 
adopted regulations 

№ Cutting ages min max

1 Scots pine (P) 80 80

2 Austrian pine (P) 80 80

3 Pines (N) 100 120

4 Norway spruce 100 120

5 Silver fir 100 120

6 Beech - HighStem 110 140

7 Oak - HighStem 110 140

8 Others - HighStem 80 100

9 Poplars 15 15

10 Coppices 60 100

11 Acacia - LowStem 20 30

12 Others - LowStem 40 40



Creating the database for FOX-BG

D. Modeling the share of the wood 
products
1. The model requires information 

on the share of the wood products 
– sawlog, pulp wood, firewood

2. Lack of national data

3. Assortment tables per tree 
species

4. Forestry reports – GF5

5. FAOSTAT – Forestry production 
and trade

6. EUROSTAT – Timber removals, 
wood products and trade

F

A

O

S

T

A

T

Wood products av. 2015-2019 Share

Sawlogs and 

veneer logs 1,603,765 25%

Coniferous 1222806 76%

Deciduous 380958 24%

Pulpwood, round 

and split 1907377 30%

Coniferous 1217491 64%

Deciduous 689886 36%

Wood fuel 2864827 45%

Coniferous 763702 27%

Deciduous 2101125 73%

Total roundwood 6,318,742 100%



Creating the database for FOX-BG

E. Prices of wood products – source of data National Statistical Institute

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

Pulpwood for industry (for paper and fiberboard) 58 59 55 53 53

Wood for energy (firewood) 49 47 44 43 42

Deciduous, BGN/m3

Roundwood for industry (sawlogs) 129 130 126 122 114

Pulpwood for industry (for paper and fiberboard) 71 73 70 66 63

Wood for energy (firewood) 64 64 60 56 55



Creating the database for FOX-BG

F. Regeneration costs – Tzanov, 2022

• On annual basis the planting activities in relation 
to regenaration are carried out on approx. 1650 
ha.

• The cost covers planting/sowing; soil 
preparation; filling; cultivation; seed production; 
nurseries; fencing; clearence

• 90 % of the forestation costs are related with 
planting; nurseries, soil prep., cultivation with 
almost eaqual share among these activities. 10 
% of the costs goes to the other activities.

G.Harvesting costs

• The harvesting costs are estimated based on 
the current average value of 50 BGN/m3 for 
harvesting including transoportation to a 
storage. The historic prices are reduced by the 
index of the increased prices of wood material.

Harvesting costs 2022 2020 2019 2018

lumpsum, BGN/m3 50 35 35 32
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FOX-BG modelling results

• The FOX-BG model is applied for Bulgaria on a national level and consists of all the forest in the 
country.

• 13 tree species are modelled:

• 2 coniferous plantation species (Coniferous plantation, Coniferous to be converted)

• 3 coniferous high stem species (Pines, Norway spruce, Silver fir)

• 4 high stem deciduous species (Beech, Oak, Poplars, Other high stem deciduous)

• 4 low stem and coppice species (Coppices, Native coppice decidiuous, Akacia, Other low stem)

• Transformation of Coniferous to be converted to Native coppice deciduous.

• The time horizon covers 24 time periods, where one period depicts 10 years. The growing stock 
is calibrated for 2020 and appears as the first period.

• Besides the business-as-usual (BAU) scenario, 10 alternative scenarios have been studied with 
different (0-100€) carbon prices. 

• Aim of the analysis is to study:

• the changes in standing stock and harvest of Bulgarian forest in an optimal rotation cycle 
case,

• the impact of introducing carbon prices in case of Bulgaria (on stock, harvest),

• the carbon sequestration supply for BG.



Total standing stock of forest wood in Bulgaria without 
carbon payments by tree species group

• Due to the aging 
population, a significant 
final cut occurs at the 
beginning of the time 
horizon – especially in 
case of coppices.

• The togetherness of the 
different rotation cycles 
causes the total main 
standing stock to peak at 
lower levels.

• The transformation from 
Coniferous Plantation to 
be converted to Native 
Coppice deciduous 
happen in four period.



Total standing stock of forest wood in Bulgaria without 
carbon payments by tree species group

• In case of BAU, the 
model – i.e. the final cut 
– is calibrated according 
to the rotation cycle of 
the different tree species.

• The calibrated rotation 
cycles differ among the 
tree species and are 
based on data from 
literature. 



Thinning and final cut by demand segment in Bulgaria 
without carbon payment

• The average optimal harvest occurs between 100-200 million m3 for 10 years period and 
fluctuates as a function of rotation age.

• Final cut provides the larger share of harvest.



Total standing stock of forest wood in Bulgaria without 
and with different carbon payments by tree species group

• Due to the increasing carbon 
prices the rotation cycles are 
pushed out.

• The standing growth saturates at 
different carbon prices among 
the tree species – in case of 
coniferous species at lower 
prices (30-50€/ton CO2), in case 
of deciduous and low stem 
species at higher carbon prices 
(above 80€/ton CO2).

• The transformation occurs later 
with higher prices – due to the 
different growth functions –, but 
it is inevitable – from economic 
perspective as well.



Changes in average total harvest at different carbon prices

• As the carbon price increases the total harvest decreases significantly.

• At higher carbon price the harvest of pulp and sawlog shrinks.

• With increasing rotation age – due to the increasing carbon prices – the total harvest from final cut 
decreases significantly, while the harvest from thinning rises.



CO2 sequestration by forests of Bulgaria at various levels 
of a carbon price incentive

• In case of BAU the level 
of sequestered carbon 
decreases due to 
decreasing standing 
stock (compared to the 
first period). 

• The initial level of total 
sequestered carbon can 
be kept constant at the 
carbon price 50 €/ton 
CO2 by 2050.

• Significant sequestration 
occurs between 40 and 
60 €/ton CO2 levels.



CO2 sequestration by forests of Bulgaria induced by 
various levels of a carbon price incentive



Carbon sequestration supply curves between 2020-2050

• Assumption: the 
differences between the 
levels of carbon 
sequestered at a given 
carbon price, if the price 
is kept unchanged over 
the time horizon. 

• The gap between the 
level of carbon 
sequestered at different 
milestone years 
increases as carbon 
price increases. 

• Increasing the carbon 
price from 50 to 60€/ton 
CO2 can almost double 
the additional annual net 
carbon sequestered by 
2030 (from 16 to 29 
million tons CO2) and by 
2050 (from 21 to 33 
million tons CO2).



Conclusion of the analysis

• 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 scenarios:

• The standing growth saturates at different carbon prices among the tree species – in case of 
coniferous species at lower prices (30-50€/ton CO2), in case of deciduous and low stem species at 
higher carbon prices (above 80€/ton CO2).

• The transformation of pine plantations occurs later with higher carbon prices – due to the 
different growth functions –, but it is inevitable – from economic perspective as well.

• Regarding the level of sequestered carbon:

• 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 CO2 by 
2050.

• Significant sequestration potential occurs between 40 and 60 €/ton CO2 levels.

• Carbon sequestration supply curve: 

• The gap between the level of carbon sequestered at different milestone years increases as carbon 
price increases.

• Increasing the carbon price from 50 to 60€/ton CO2 can almost double the additional annual net carbon 
sequestered by 2030 (from 16 to 29 million tons CO2) and by 2050 (from 21 to 33 million tons CO2).

• At the carbon price above 70 €/ton CO2 the additional annual net carbon sequestration can be very 
significant by 2030 (30 million tons CO2/year) and by 2050 (41 million tons CO2 /year)



Thank you for your attention!

loragstoeva@gmail.com

viktor.racz@rekk.hu 

gabriella.szajko@rekk.hu

mailto:viktor.racz@rekk.hu
mailto:viktor.racz@rekk.hu
mailto:gabriella.pal@rekk.hu
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Thinning and final cut by demand segment in Bulgaria 
without carbon payment

• Final cut does not happen in the first period – due to calibration – thus the second period’s 
value to be considered as the some of the first two period.

• The average optimal harvest is between 100-150 million m3.

• This value overestimate historical values due to (Poor Route ; protected stock is not considered??).
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