

Annex 3E  –  LULUCF

The full Annex 3E with supporting information can be found here: 
https://envs.au.dk/en/research-areas/air-pollution-emissions-and-effects/air-emissions/greenhouse-gases/supporting-documentation
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[bookmark: _Toc121992989][bookmark: _Toc121993562][bookmark: _Toc159582326]Table 3E.1   Estimation of forest percentage and forest area.
	Equation
	Description

	

	
The forest percentage () of the jth sample plot (SSU) is estimated as the forested area (A) divided by the total area of the 15 m radius sample plot (A15,j).

	

	
Average forest percentage () of all inventoried plots (SSU) with forest status Z based on aerial photos. Rj is an indicator variable that is 1 for inventoried plots and 0 otherwise. nZ is the number of inventoried plots identified as forest or OWL from the air photos.

	

	
Overall average forest percentage (). n is the total number of inventoried and non-inventoried sample plots. N21 and N22 is the number of non- inventoried sample plots with forest and OWL, respectively.

	

	
Total forest area. ATotal is the total land area, is the estimated forest percentage and AForest is the total forest area. 





[bookmark: _Toc121992990][bookmark: _Toc121993563][bookmark: _Toc159582327]Table 3E.2   Estimation of forest area with a specific characteristic.
	Equation
	Description

	

	
Proportion of the forest area with a given characteristic (). Rjk is an indicator variable which is 1 if the the forest area on the j’th sample plots has the k’th characteristic and 0 otherwise. Aj is the sample plot area and n is the total number of inventoried sample plots with forest cover.

	

	
Total area with a given characteristic (Ak). is the estimated proportion of the forest area with the k’th characteristic and AForest is the total forest area.





[bookmark: _Toc121992991][bookmark: _Toc121993564][bookmark: _Toc159582328]Table 3E.3   Estimation of diameter-height equations.
	Equation
	Description

	

	

Site specific dh-regression for calculating height of trees not measured for height. hij and dij  is the height and diameter of the i’th tree on the j’th sample plot. and are the average height and diameter of trees measured for height on the jth sample plot. α1 and α2 are species and growth-region specific parameters

	

	General dh-regression for calculating height of trees not measured for height. hij and dij  is the height and diameter of the i’th tree on the j’th sample plot. β1 and β2 are species and growth-region specific parameters





[bookmark: _Toc121992992][bookmark: _Toc121993565]

[bookmark: _Toc159582329]Table 3E.4   Estimation of quadratic mean diameter.
	Equation
	Description

	

	Basal area (g) of the ith tree on the jth plot is calculated from the diameter at breast height (d) (1.3 m above ground) assuming a circular stem form.

	

	Basal area per hectare (G) the jth sample plot is calculated as the scaled sum of individual tree basal areas. Basal area (g) of the ith tree on the jth sample plot is scaled according to the plot area (Ac,ij) of the c'th concentric circle (c=3,5; 10; 15 m). 

	

	Stem number per hectare (N) the jth sample plot is calculated as the scaled number of individual trees. The ith tree on the jth sample plot is scaled according to the plot area (Ac,ij) of the c'th concentric circle (c=3,5; 10; 15 m).

	

	The mean squared diameter is calculated from the calculated basal area and stem number for each plot.





[bookmark: _Toc121992993][bookmark: _Toc121993566][bookmark: _Toc159582330]Table 3E.5   Estimation of biomass and carbon of trees.
	Equation
	Description

	

	The volume (v) of the i’th tree on the jth sample plots is calculated using the existing volume functions (F) using the tree diameter and height and the quadratic mean diameter.

	[image: ]
	Biomass (B) of the ith tree on the jth sample plot is estimated as the total volume (VTot) times the species-specific density.

	

	Expansion factor model for beech and Norway spruce

	

	The total above and below ground volume (vtot) of the ith tree on the jth sample plot. Bij is the calculated aboveground biomass of the tree and E is the expansion factor.

	

	Carbon of the ith tree on the jth sample plot is calculated as the biomass (B) times 0.5.






[bookmark: _Toc159582331][bookmark: _Toc121992994][bookmark: _Toc121993567]Table 3E.6   Estimation of total biomass and carbon pools.
	Equation
	Description

	

	Volume, biomass or carbon per hectare (V) of the cth concentric circle on the jth sample plot (c=3,5; 10; 15 m). Rc is an indicator variable that is 1 if the ith tree is measured on the cth circle and 0 otherwise. Ac,ij is the area of the jth sample plot and cth concentric circle; m is the number of trees on the jth sample plot.

	

	
The average area weighted volume, biomass or carbon per hectare () of the cth concentric circle. Ac,ij is the area of the jth sample plot and cth concentric circle; n is the number of sample plots.

	

	

The overall average volume, biomass or carbon per hectare () is estimated as the sum of the average volume, biomass or carbon per hectare () for the three concentric circles (c=3.5, 10 and 15)

	

	
Total volume, biomass or carbon V is the overall average volume, biomass or carbon per hectare () times the forest area AForest.





[bookmark: _Toc121992995][bookmark: _Toc121993568][bookmark: _Toc159582332]Table 3E.7   Estimation of biomass and carbon with a given characteristic.
	Equation
	Description

	

	Volume, biomass or carbon per hectare (V) with the kth characteristic of the cth concentric circle on the jth sample plot (c=3,5; 10; 15 m). Rc is an indicator variable that is 1 if the ith tree is measured on the cth circle and 0 otherwise. Rk is an indicator variable that is 1 if the tree has kth characteristic and 0 otherwise. Ac,ij is the area of the jth sample plot and cth concentric circle; m is the number of trees on the jth sample plot.

	

	
The average area weighted volume, biomass or carbon per hectare () with the kth characteristic of the cth concentric circle. Ac,ij is the area of the jth sample plot and cth concentric circle; m is the number of trees on the jth sample plot.

	

	

The overall average volume, biomass or carbon per hectare with the kth characteristic () is estimated as the sum of the average volume, biomass or carbon per hectare () for the three concentric circles (c=3.5, 10 and 15)

	

	

Total volume, biomass or carbon with the kth characteristic () is the overall average volume, biomass or carbon per hectare () times the forest area AForest.






[bookmark: _Toc121992996][bookmark: _Toc121993569][bookmark: _Toc159582333]Table 3E.8   Estimation of biomass and carbon content of dead wood.
	Equation
	Description

	

	The volume (vs) of the ith standing, dead tree on the jth sample plots is calculated using the existing volume functions (F) using the tree diameter and height and the squared mean diameter.

	

	Volume of lying dead trees (vl) is calculated as the length (l) and the ith tree on the jth sample plot times the cross sectional area. The cross sectional area is calculated from the mid-diameter (dl) of the dead wood. 

	


 
	Biomass of the ith standing (Bs) or lying (Bl) tree on the jth sample plot is calculated as the volume (vs or vl) times the species specific density (D) and a the kth reduction  factor according to the structural decay of the wood observed in the field.

	

	The total above and below ground volume (Bs,tot) of the ith standing, dead tree on the jth sample plot. vs is the calculated biomass of the tree and E is the expansion factor. 

	



	Carbon in standing or lying dead wood (Cs or Cl) is calculated as the biomass (Bs or Bl) times 0.5.





[bookmark: _Toc121992997][bookmark: _Toc121993570][bookmark: _Toc159582334]Table 3E.9   Estimation of total biomass and carbon pools of dead wood.
	Equation
	Description

	

	
Deadwood volume, biomass or carbon pools per hectare () for the cth circle and the jth sample plot. vs and vl is the volume of standing and lying deadwood respectively. Rc is an indicator variable that is 1 if the tree is measured in the cth circle and 0 otherwise. AC is the sample plot area of the cth circle. m is the number of trees within the jth sample plot.

	

	
The average area weighted deadwood volume, biomass or carbon per hectare () of the cth concentric circle. Ac,ij is the area of the jth sample plot and cth concentric circle; n is the number of sample plots.

	

	

The overall average deadwood volume, biomass or carbon per hectare () is estimated as the sum of the average volume, biomass or carbon per hectare () for the three concentric circles (c=3.5, 10 and 15)

	

	
Total deadwood volume, biomass or carbon VD is the overall average deadwood volume, biomass or carbon per hectare () times the forest area AForest.






[bookmark: _Toc121992998][bookmark: _Toc121993571][bookmark: _Toc159582335]Table 3E.10   Estimation of forest floor carbon.
	Equation
	Description

	

	Forest floor carbon (Cfloor,s,j) of the sth species, on the jth plot with an area of A. Bs is the species specific forest floor density and F is the fraction of species s.

	

	Total forest floor carbon on the jth plot.

	

	Total forest floor carbon is estimated as the area weighted average forest floor carbon content times the total forest area.



[bookmark: _Toc121992999][bookmark: _Toc121993572][bookmark: _Toc159582336][bookmark: _Toc121993000][bookmark: _Toc121993573]Table 3E.11   Crops grown in 2024 distributed on regions, in ha. 	
https://envs.au.dk/en/research-areas/air-pollution-emissions-and-effects/air-emissions/greenhouse-gases/supporting-documentation

[bookmark: _Toc159582337][bookmark: _Toc121993001][bookmark: _Toc121993574]Table 3E.12   Crop yield in 2024 distributed on regions, in Hkg per ha. https://envs.au.dk/en/research-areas/air-pollution-emissions-and-effects/air-emissions/greenhouse-gases/supporting-documentation
[bookmark: _Toc159582338][bookmark: _Toc121993002][bookmark: _Toc121993575]Table 3E.13   Area input to C-TOOL in 2024 in hectares. 	
https://envs.au.dk/en/research-areas/air-pollution-emissions-and-effects/air-emissions/greenhouse-gases/supporting-documentation
[bookmark: _Toc159582339]Table 3E.14   Average annual temperatures for Denmark, 1977-2025, °C	
https://envs.au.dk/en/research-areas/air-pollution-emissions-and-effects/air-emissions/greenhouse-gases/supporting-documentation

[image: ]
[bookmark: _Toc121993601][bookmark: _Toc159582355][bookmark: _Toc159582431]Figure 3E.1   Average annual temperatures for Denmark, 1977-2025, °C.
(The Danish Meteorological Institute, 2026).


Hedgerows
Since the beginning of the early 1930s, governmental subsidiaries have been given to increase the area with hedgerows to reduce soil erosion. In the 1950-60’s, 6-9 million single rowed confers, mainly white spruce (Picea glauca), were planted annually. From around 1965, the annual rate decreased sharply to almost zero. Instead, new hedges were made of broadleaved trees/plants but only around 2-3 million trees annually. This can be converted to annually financial support given to approximately 400-800 km of hedgerow. From 2014, only minor subsidized areas have been erected. Currently there is a small annual governmental subsidy available for approximately 100 ha per year.
The new updated LiDAR model for hedges and biotopes not qualifying for forest is based on LiDAR measurements in 2006 and 2014/15. Information on the exact location of subsidized hedge planting and some of the removal is available from 2007 and onwards. In the period from 2006 to 2014/15 is the area with removed hedges estimated from what is missing in the 2014/15 LiDAR measurements compared to 2006.
Future updates with this technology will be available because the Danish Government has decided to make new LiDAR measurements in a five-year rotation for the whole country starting 2019.
30-year transition period and effect on eventual on under- or 
overestimation of the C source/sink in the period up to 1990
The Danish inventory has implemented an annual Land Use Matrix from 1990 and onwards using a 30-year transition period for estimating emissions from Land Use Change (LUC). This is different from the 20 years transition period as mentioned in the 2006 IPCC Guidelines, however the default of 20 years, is not appropriate for mineral soils under the cold temperate conditions in Denmark.
The choice of transition period has mainly two effects on the inventory.
The first issue is a distribution of the reported hectares and emissions between “Land remaining in the same Land category” and “Land converted to.” For all emission estimates, except for the carbon stock in soils, is used either a distribution of the known carbon stock as in forest, or the instant oxidation approach is used. For all living and dead biomass Denmark is using instant oxidation, except for hedges where an area-based Tier 3 carbon stock model is developed. Thus, the emission/sink from living and dead biomass has no impact on the emission estimate for the base year. An eventual over- or underestimation of the emission will therefore only occur from mineral soils in transition as the period until the new equilibrium is reached.
The main historical LUC in Denmark is conversion from:

· Cropland (CL) to Settlement (SE) with an indicative loss of carbon stock/ha and a lower yearly C storage in the living biomass.
· CL to Forest land (FL) with an indicative increase in the carbon stock/ha and a higher yearly C storage in the living biomass.


Figure 3E.2 shows the apparent Land Use Change from 1961 to 2024 (Statistics Denmark 1896, 1919, 1952, 1990). It appears that the area with FL has increased substantially as well as the SE area. Both CL and GL have decreased substantially since 1960. Approximately half of the 900 000 ha GL in 1888 were heathland. Of this only 70 000 ha is left today. The remaining heathland has been turned into agricultural soils. According to our forest statistics from 1954 (Vivian Kvist Johannesen, pers. com), about 55 % of the afforestation since 1954 has taken place on former CL and 32 % on land that would have been considered GL. The afforestation on CL has mainly taken place on the fertile land around the cities, and the afforestation on GL was mainly on the sandy heathland, planted with Norwegian spruce.  
[image: ]
[bookmark: _Toc121993602][bookmark: _Toc159582356][bookmark: _Toc159582432]Figure 3E.2    Land Use Change 1961-2024.

Very few data is available on the carbon stock in the different soil types and it is therefore very difficult to estimate Danish default reference carbon stocks. The earliest representative data we have on agricultural land is from the beginning of the 1960’ies from our agricultural research stations (Lamm, 1971). Forty-nine of these soil samples can be considered as mineral. They had an average C stock (0-100 cm) of 103.3 tonnes C/ha (SE ±33.8). The sandy soils showed both low and high values, depending on its podsolization. In Danish soil sampling grid from 1986 (approximately 500 samples), the weighted average C stock was 120.8 tonnes C/ha indicating a build-up in the period from the 1960’s to the 1980’s. This coincided with the increased fertilization in agriculture leading to higher yields.
Long-term agricultural experiments at Rothamsted in the United Kingdom has shown that >95 % of the Soil Organic Matter (SOM) has a half-life (t½) of more than 49 years (Jenkinson and Rayner, 1977), (Table 1). Both the Roth-C model used in England and C-TOOL (Petersen et al., 2002) are based on the long-term experiments. All models are using prediction of the age of the soil carbon. Basically, the models are operating with fast pools (crop residue), medium reacting pools and slow acting pools. The fast pools are normally considered crop residues or litter, and the slow reacting pools is of minor interest for inventory purposes because of t½ >> 100 years. Hence, the medium pools are considered of highest importance for the reporting obligation within the time frame of the inventories submitted to UNFCCC. According to the data presented in Table 3E.15 from Rothamsted (Jenkinson and Rayner 1977) and Denmark (Petersen et al., 2002), the medium pool accounts for approximately 45 % of the total C stock. Unpublished data in Denmark has estimated that on sandy soils (former heathland) the medium pool is even lower (Taghizadeh-Toosi, 2015).
[bookmark: _Toc121993003][bookmark: _Toc121993576][bookmark: _Toc159582340]Table 3E.15   Modelled half-lives and pool sizes in Rothamstedt. 
(Jenkinson & Rayner, 1977).
	
	t½, yr
	t per ha (0-23 cm)
	Fraction

	Decomposable Plant Material, DPM 
	0.165
	0.01
	0.0004

	Resistant Plant Material, RPM
	2.31
	0.47
	0.0194

	Soil Biomass
	1.69
	0.28
	0.0115

	Physically stabilized Organic Matter POM
	49.5
	11.3
	0.4658

	Chemically Stabilized Organic Matter, COM
	1980
	12.2
	0.5029

	Total
	
	24.3
	1.0000



The Danish inventory is using C-TOOL to estimate the C turnover in agricultural mineral soils. As the major land use conversion is from agricultural land to Settlements, this model may be able to predict loss from agricultural soils when land is transferred to Settlements. When looking at the large Danish conversion from unfertile sandy heathland to fertile CL and the afforestation on this land it is currently a difficult task to deliver any conclusive figures on the loss and gain from mineral soils combined with LUC.
Technical documentation for C-TOOL
[bookmark: _Toc121993004][bookmark: _Toc121993577]C-TOOL is a simple tool for simulation of soil carbon turnover. The technical documentation for C-TOOL with parameterization is provided and documented by Taghizadeh-Toosi et al. (2014) and Taghizadeh-Toosi (2015).

Table 3E.16   Land use matrix 1959-2021. 	
https://envs.au.dk/en/research-areas/air-pollution-emissions-and-effects/air-emissions/greenhouse-gases/supporting-documentation
894
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