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Voorwoord 
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Energy, Environment and Society, onderdeel van de Rijksuniversiteit Groningen. Het onderzoek is 

uitgevoerd in de periode van december 2020 tot en met december 2021. Het onderzoek heeft me in 

het bijzonder geleerd mijn denkkaders te verfijnen, af te bakenen, en te vertalen naar leesbare 

materie. Ik wil mijn begeleiders Winnie Gerbens-Leenes en Angelique Lansu bedanken voor de rol die 

zij hierin hebben gespeeld. Onze gezamenlijke discussies en conceptbesprekingen hebben in grote 

mate bijgedragen aan het resultaat. Daarnaast wil ook de leden van de onderzoeksgroep IREES en 

Jikke van Wijnen bedanken voor de input die zij hebben gegeven tijdens mijn onderzoek. Bovenal wil 

mijn vrouw en kinderen bedanken. Onze gezamenlijke belangstelling voor duurzaamheid zorgde 

ervoor dat ik altijd mijn enthousiasme kwijt kon bij mijn vrouw. Voor Anne-Sophie en Daaf was het 

niet altijd leuk als papa weer de studieboeken in moest, maar tevens zijn zij de grootste reden waarom 

ik duurzaamheid en de natuurlijke omgeving belangrijker ben gaan vinden. 

Ik wens u veel plezier toe tijdens het lezen van mijn masterthese! 

Jaap Bos, 23-01-22 
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Abstract 
 
Human activities release 40 billion tons of carbon dioxide (CO2) into the atmosphere every year. 

150 Mton CO2 is emitted annually in the Netherlands. Forest can contribute to climate change 

mitigation by capturing CO2 and storing it as woody biomass. Harvesting this wood and 

processing it into wooden products can ensure that the CO2 remains withdrawn from the 

atmosphere for an extended time thereby contributing to climate change mitigation.  

 
This study examined the extent to which common Dutch homogeneous forests can contribute to 

climate change mitigation if the harvested wood is processed into wooden products. Existing 

yield tables based on the theoretical growth of Dutch homogeneous forests were used as input 

data. These forests concerns homogeneous beech, Douglas fir, oak, spruce, larch, poplar and Scots 

pine forests on a growing site where the conditions are such that the trees have optimal growth 

development. To determine the forest contribution to climate change a mathematical model was 

set up and applied which calculates the CO2 stock in the atmosphere for varying residence times 

of harvested wood in the economy and also determines the influence of this residence time on the 

optimal harvest age.  

 
This study showed that homogenous forests in the Netherlands can extract on average a 

maximum of between 7 and 17 tons CO2 per hectare per year depending on the tree species. For 

all tree species, the amount that remains extracted from the atmosphere approaches the 

maximum when the residence time in the economy is increased. After an initial rapid growth 

towards this maximum with increasing residence time, however, this development levels off and 

the maximum is never reached. The optimal felling age varies because of the economic residence 

time. Building wooden houses with a lifetime of 150 years offers the possibility of extracting CO2 

from the atmosphere for a long time. Until 2050, the speculative demand of 660,000 single-family 

homes will allow an average of 1.5 Mton of CO2 to be extracted from the atmosphere every year. 

If the total forest area in the Netherlands is used to store wood in the economy for 150 years, an 

average of almost 6 Mton is extracted each year. 

 
The conclusion is that from the point of view of climate mitigation, forest management requires 

customization and coordination based on the lifespan of the wooden product to be produced. In 

addition, building wooden houses with a long economic residence time offers the possibility to 

transfer almost the complete maximum amount of CO2 stored in biomass from the forest to the 

economy. In the Netherlands, however, the average annual amount of CO2 that can be extracted 

from the atmosphere by forests is a small percentage compared to the annual CO2 emissions. As 
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a result, the average annual CO2 extraction into the atmosphere by building wooden houses is 

relatively low, but because the wood also significantly limits the use of concrete, it is a possibility 

that fits well in the mix between other options that can contribute to the mitigating climate 

change. 

 

Samenvatting 
 
Door menselijke activiteiten wordt er elk jaar 40 miljard ton koolstofdioxide (CO2) geëmitteerd 

naar de atmosfeer. In Nederland wordt jaarlijks 150 Mton CO2 uitgestoten. Bossen kunnen 

bijdragen aan het mitigeren van klimaatverandering door CO2 op te slaan als houtachtige 

biomassa. Door dit hout te oogsten en te verwerken tot houten producten, kan de CO2 voor een 

langere tijd aan de atmosfeer worden onttrokken en zo bijdragen aan de beperking van de 

klimaatverandering. 

In dit onderzoek is onderzocht in hoeverre algemene Nederlandse homogene bossen kunnen 

bijdragen aan het tegengaan van klimaatverandering als het geoogste hout wordt verwerkt tot 

houten producten. Bestaande opbrengsttabellen gebaseerd op de theoretische groei van 

Nederlandse homogene bossen werden gebruikt als invoergegevens. Het betreft hier homogene 

beuken-, douglas-, eiken-, sparren-, lariks-, populieren- en grove dennenbossen op een 

groeiplaats waar de omstandigheden zodanig zijn dat de bomen een optimale groeiontwikkeling 

hebben. Om de bosbijdrage aan klimaatverandering te bepalen is een wiskundig model opgezet 

en toegepast dat de CO2-voorraad in de atmosfeer berekent voor variërende verblijftijden van 

geoogst hout in de economie en tevens de invloed van deze verblijftijd op de optimale 

oogstleeftijd bepaalt. 

Uit dit onderzoek bleek dat homogene bossen in Nederland gemiddeld maximaal tussen de 7 en 

17 ton CO2 per hectare per jaar kunnen onttrekken, afhankelijk van de boomsoort. Voor alle 

boomsoorten nadert de hoeveelheid die overblijft aan de atmosfeer het maximum wanneer de 

verblijftijd in de economie wordt verhoogd. Na een aanvankelijk snelle groei naar dit maximum 

met toenemende verblijftijd, vlakt deze ontwikkeling echter af en wordt het maximum nooit 

bereikt. De optimale oogstleeftijd varieert vanwege de economische verblijftijd. Het bouwen van 

houten huizen met een levensduur van 150 jaar biedt de mogelijkheid om langdurig CO2 uit de 

atmosfeer te halen. Tot 2050 zal de speculatieve vraag van 660.000 eengezinswoningen het 

mogelijk maken om jaarlijks gemiddeld 1,5 Mton CO2 uit de atmosfeer te halen. Als het totale 
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bosareaal in Nederland 150 jaar wordt gebruikt om hout op te slaan in de economie, wordt er 

jaarlijks gemiddeld bijna 6 Mton gewonnen. 

De conclusie is dat vanuit het oogpunt van klimaatmitigatie bosbeheer maatwerk en afstemming 

vraagt op basis van de levensduur van het te produceren houten product. Daarnaast biedt het 

bouwen van houten huizen met een lange economische verblijftijd de mogelijkheid om bijna de 

volledige maximale hoeveelheid CO2 opgeslagen in biomassa van het bos naar de economie over 

te hevelen. In Nederland is de gemiddelde jaarlijkse hoeveelheid CO2 die door bossen aan de 

atmosfeer kan worden onttrokken echter een klein percentage ten opzichte van de jaarlijkse CO2-

uitstoot. Daarom is de gemiddelde jaarlijkse CO2-extractie in de atmosfeer door het bouwen van 

houten huizen relatief laag, maar ook mede doordat hierdoor minder beton wordt gebruikt is het 

een mogelijkheid die goed past in de mix tussen andere opties die kunnen bijdragen aan het 

mitigeren van klimaatverandering. 

 



 

12 

 

  



 

13 

 

Table of content 
Voorwoord .............................................................................................................................................. 7 

Abstract ................................................................................................................................................... 9 

Samenvatting ........................................................................................................................................ 10 

Main abbreviations ............................................................................................................................... 15 

Definitions ............................................................................................................................................. 15 

1. Introduction .................................................................................................................................. 17 

1.2 Problem statement and knowledge gap ............................................................................... 18 

1.3 Aim of the study .................................................................................................................... 20 

1.4 Main question and sub-questions ......................................................................................... 20 

2 System description ........................................................................................................................ 21 

2.1 Compartments and fluxes in the CO2-wood system .............................................................. 21 

2.2 Atmosphere ........................................................................................................................... 23 

2.2 Forest .................................................................................................................................... 23 

2.2.1 Site class and management .......................................................................................... 24 

2.2.2 Forest growth ................................................................................................................ 24 

2.2.3 Carbon in dry woody biomass ....................................................................................... 27 

2.3 Economy ................................................................................................................................ 28 

3 Methods and materials ................................................................................................................. 31 

3.1 System boundaries ................................................................................................................ 31 

3.2 Modeling approach ............................................................................................................... 31 

3.3 Simulations ............................................................................................................................ 35 

3.4 Carbon stocks in the economy .............................................................................................. 35 

4. Results ........................................................................................................................................... 37 

4.1 Optimal forest residence time ............................................................................................... 37 

4.2 CO2 extraction ....................................................................................................................... 38 

4.3 Carbon stocks in the economy .............................................................................................. 42 

5. Discussion ...................................................................................................................................... 45 

5.1 Findings and interpretation................................................................................................... 45 

5.2 Research validity ................................................................................................................... 47 

5.3 Model functioning and system limitations ............................................................................ 48 

5.4 Recommendations ................................................................................................................ 49 

6. Conclusions ................................................................................................................................... 49 



 

14 

 

References ............................................................................................................................................ 51 

Appendices ............................................................................................................................................ 55 

Appendix A: Results .......................................................................................................................... 55 

Appendix A.1: CO2 in biomass ....................................................................................................... 56 

Appendix A.2: CO2 stocks .............................................................................................................. 59 

Appendix A.3: atmospheric CO2 extraction .................................................................................. 62 

Appendix A.4: CO2 stocks in the economy .................................................................................... 67 

Appendix B: Model ............................................................................................................................ 69 

 



 

15 

 

Main abbreviations 
 

MAI:    mean annual increment 

SRP:    system rotation period 

C-flux:    the carbon flux between compartments 

𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏:   CO2 captured by the growth of woody biomass in the forest  

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟:   the residence time of carbon in the forest in years 

𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟:   the residence time of carbon in the economy in years 

 

Definitions 
 

Mean annual increment: the average increment of cubic meters biomass in forests up to 
    the forest age calculated by dividing the volume of trees by the age 
    of  the forest. 

System rotation period: the total of years that a quantity of carbon is fixed in wood, both 
    in woody biomass and if appliable afterwards in wooden products. 

Moisture content of wood: the percentage weight of the moisture in wood relative to the 
    weight of the dry mass  

CO2-wood system:  a system that covers the compartments involved in the carbon flux 
    generated by the harvesting of wood and its subsequent economic 
    application. 

Economic application:  the type of product or service for which harvested wood can be 
    used as a raw material.  

The economy:   the compartment within the CO2-wood system in which carbon is 
    stored through the use of economic wooden products.  
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1. Introduction 
 
 Forests are ecosystems that provide services that benefit human society and are, 

therefore, valuable to humans. Forest provides food, water, wood, and fiber and also support soil 

formation, photosynthesis, and nutrient cycling. Their versatility makes forests a suitable habitat 

for many species of birds, insects, and mammals, ensuring biodiversity (Global Biodiversity 

Outlook, 2020). Above all, forests fulfill an important function in the carbon cycle by capturing 

atmospheric carbon dioxide (CO2) through photosynthesis and storing it as biomass.  

 Biomass from forests serves as a raw material for the production of economic goods and 

services. The European Union (EU) allows the Member States to obtain this biomass from forests, 

as this is seen as a sustainable alternative to fossil fuels (Searchinger et al., 2018). An important 

condition is that carbon stocks in the forests remain intact or are strengthened [European 

Commission (EC), 2019] since afforestation is an important option to mitigate climate change 

(IPCC, 2018). According to Nabuurs et al. (2017) improved forest management could increase the 

carbon stock in European forests with 172 Mt CO2 per year by 2050, thereby giving a significant 

boost to the pursuit of the climate goals. At national levels, however, the climate objectives are 

not included in the forest management plans (Verkerk et al., 2020). 

 Human activities release 40 billion tons of CO2 into the atmosphere every year (IPCC, 

2021). According to the CBS (Centraal Bureau voor Statistiek - Statistics Netherlands in Dutch, 

2021) 150 million tons of CO2 is emitted annually in the Netherlands. With the Green Deal, the 

European Union (EC, 2019) aims for drastic carbon dioxide (CO2) emissions reduction Forests 

can make a significant contribution as wood extracted from these forests can be a substitute for 

fossil fuels and can be used for the manufacture of wooden products, thereby extracting carbon 

from the atmosphere for a longer period (IPCC, 2019). According to Sathre and O’Connor (2010) 

replacing non-wood products with wood products on average saves 2 tons of CO2 emissions. The 

sustainability content of biomass as energy or raw material source is based on the avoided 

emissions related to the combustion of fossil fuels (IPCC, 2019).   

  After woody biomass is harvested and used as a raw material for wood products the 

carbon is stored in the economy. Long-term carbon storage in the economy is possible when 

woody biomass is processed into products with a long lifespan and the potential for cascading is 

present (Ramage et al., 2017). Therefore, the possibility of using wood as a building material is 

being explored and encouraged (EC, 2020) which creates opportunities in the construction sector 

for long-term carbon sequestration and reducing fossil fuel use (Nabuurs et al., 2017; Ramage et 

al., 2017). Concrete production, for example, generates significant CO2 emissions (IPCC, 2018). 

Replacing concrete with woody biomass could create the opportunity to turn certain products 
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supplied by the construction industry from a carbon source to a carbon sink (Hildebrand, 

Hagemann and Thrän, 2017; Smedley, 2019). Several studies support the claim that this can be a 

very effective climate mitigation solution (e.g., Amiri et al., 2020; Hildebrandt, Hagemann and 

Thrän, 2017; Ramage et al., 2017; Dodoo et al., 2009).  

 After the economic application in which the wood has been used has been discarded, there 

are various options for storing the wood in the economy for even longer. Wood fibers for paper 

production can be reapplied several times. In addition, the principle of cascading can be used by 

reusing the wood after disposal for new purposes, whereby a lower quality level is sufficient. For 

example, wood that has been processed for the construction of houses or furniture can be used 

as a raw material for bioenergy after it has been discarded (Brunet-Navarro et al., 2016). 

  

1.2 Problem statement and knowledge gap 
 
 Carbon storage and the provisioning of woody biomass are two ecosystem services that 

are provided through forest management and may affect each other. For optimal carbon 

sequestration in forests, the carbon stock, and, therefore, woody biomass, in a forest must be as 

large as possible. For the optimum supply of wood, the outgoing flow to the economy must be 

maximized. To be able to make full use of both ecosystem services, one approach is to investigate 

possibilities in which the carbon stock and the outgoing flow assume a maximum value without 

negatively influencing each other (Pingoud et al., 2017). However, there is a debate on how these 

two forest ecosystem services relate to and interact with each other. Several studies have 

addressed the negative effect of biomass provisioning by increased harvest on the carbon storage 

capacity of forests and indicate trade-offs between harvest and climate mitigation (Carpentier et 

al., 2016; Gutch et al., 2018; Schwenk et al., 2012; Verkerk et al., 2014). Other studies have shown 

possible synergies, stating that logging initiates forest rejuvenation and preserves carbon storage 

capacity (Nabuurs et al., 2017; Pukkala, 2016, Yan, 2018). The extent to which possible trade-offs 

or synergies arise depends on forest management with variables such as growth rate, harvest 

intensity, rotation age, tree cover management, and the interval between harvests (Pukkala, 

2016; Pingoud et al., 2018; Yan, 2018).  

 In general, it is not clear from the literature which characteristics forests should have so 

that both ecosystem services can be fully utilized. When considering the interaction between 

these two ecosystem services, commonly the framework is applied, whereby the stock of carbon 

should be built up in the forest (Gutch et al., 2018). Another approach is to include the carbon 

stock in wood products as an extension of the forest carbon stock and to use this total stock as a 

starting point to determine the ability of forests to extract CO2 from the atmosphere. When the 
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incoming flux CO2 flux and the outgoing flux are maximized, the maximum amount of CO2 is 

extracted from the atmosphere and the maximum amount of woody biomass flows into the 

economy. The size of the forest carbon stock functions as a buffer which ensures that the incoming 

and outgoing flux may temporarily assume independent sizes from each other over a period of 

time. If the amount of CO2 stored in the forest is constant over a certain time and the amount of 

woody biomass harvested is based on this number, the forest stock may in principle be low while 

the economy stock increases. Figure 1 shows these two approaches and highlights the difference 

in focus. 

 

Fig 1. Different approaches considering the forest climate mitigation potential of forests and 
woody biomass flow. The rimmed rectangles indicate the carbon stocks. The gray lines in between 
these stocks indicate the carbon flows. The dashed arrows indicate which stock and/or flow should be 
maximized in the different approaches described in the dashed boxed rectangles.  

Figure 1 indicates that with approach 1 the focus is on maximizing forest carbon stocks and the 

woody biomass flow from the forest. With approach 2 the focus is on maximizing the incoming 

flow of CO2 to forests and the outgoing biomass flow. In this case, forest systems function as an 

inverter of CO2 to store carbon in products. In this case, the size of the stock doesn’t necessarily 

have to be maximal. However, the size of the stock of carbon in economic products and the type 

of product becomes very important in this approach. It is important to assess which economic 

goods are created with woody biomass as a raw material. After combustion, the stored carbon is 

re-emitted as CO2 to the atmosphere. The same applies if deadwood remains in the forest and is 

broken down by bacteria and fungi. Massive felling of trees can therefore cause a significant flux 

of CO2 from production forests. If woody biomass is processed into sustainable products, the 

stored carbon is extracted from the atmosphere for a longer period of time. In fact, in this case, 

forests make it possible to create carbon sinks in the economy.  

CO2 flow woody biomass flow
stock of carbon 

in forest
stock carbon in 

economy
stock of CO2 in 

atmosphere

Approach 1: focusing on maximizing stock of carbon 
in forest and flow of woody biomass out of the forest

Approach 2: focusing on maximizing the incoming flow of 
CO2 to forests and the outgoing flow of woody biomass 
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1.3 Aim of the study 
 
This study aims to design a theoretical forest system, termed a CO2-wood system, that captures 

CO2 for woody biomass production, stores it as carbon in the forest, and as carbon in wooden 

products in the economy. Next, it evaluates the effect on the CO2 balance using the Netherlands 

as the case study area. It attempts to generate knowledge how Dutch CO2-wood systems must be 

set-up and managed to optimally contribute to the climate objectives. Here, the system is 

analyzed in an alternative way, looking at optimizing the incoming and outgoing carbon fluxes of 

these forest systems. This leads to the following research aim: 

 
Determine to what extent theoretical forests in the Netherlands can be used to capture and store 

carbon in the economy, thereby contributing to climate mitigation, by defining which characteristics 

these systems should meet to enable optimal carbon sequestration and biomass harvesting for 

economic production and use. 

 
The results of this research can be used for decision-making purposes as forests will have to 

contribute to the achievement of the low-carbon economy in the coming decades. The answer to 

the question of what characteristics these forests must have in order to fully provide both 

ecosystem services is of paramount importance to achieve the objectives mentioned of the EU 

efficiently. Herein lies the practical relevance of the research. The theoretical relevance is the 

contribution that the research will make to the definition of forests as climate mitigation systems 

and how management principles can be modeled. 

 

1.4 Main question and sub-questions 
 
The research model main question and sub-questions: 

How can the climate-mitigating effect of Dutch CO2-wood systems be optimally utilized if the 

economic application and the resulting carbon stocks in the forest and wooden products are 

considered? 

1. How much CO2 can annually be stored per hectare in woody biomass in Dutch CO2-wood 
 systems? 
 
2. Which forest system configuration is needed to optimize the atmospheric CO2 
 extraction?  
 
3. To what extent can CO2 be stored in the economy if woody biomass is used for housing? 
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2 System description 
 
 The system description describes the CO2-flow initiated by woody biomass growth in the 

forest, subsequent harvest, and the economic use of the extracted wood which leads to carbon 

stock changes in the atmosphere, the forest, and the economy. First, a general introduction is 

given concerning the carbon fluxes. Next, the compartments and their most important 

characteristics are described more in depth. 

 

2.1 Compartments and fluxes in the CO2-wood system 
 
 The CO2-wood system consists of three compartments in which, depending on the supply 

and discharge over time, certain quantities of a form of carbon are stored. The compartments of 

the wood system are (1) the atmosphere, (2) the forest, and (3) the economy. Here, the economy 

concerns the carbon stock in economic products in which harvested wood is applied. The CO2-

wood system converts atmospheric CO2 into fixed carbon in wood and distributes this over the 

forest and the economy. Several internal and external drivers can stimulate change in this system, 

whereby carbon is exchanged between the compartments. These exchanges carbon fluxes (C-

fluxes) are increasing (+) the compartment stock or decreasing (-) the stock. The internal driver 

comes from the system itself and is also present in the absence of human intervention. The growth 

of woody biomass in the forest  is the internal driver of change in the CO2 stock of the atmosphere 

(-) and the carbon stock in the forest (+) as atmospheric CO2 is converted into stored organic 

carbon by photosynthesis. This process drives the C-flux from the atmosphere to the forest.  

Autotrophic and heterotrophic respiration generates a C-flux from the forest (-) to the atmosphere 

(+). Here, autotrophic respiration concerns the CO2 production related to the release of energy 

for the growth and maintenance of biomass where heterotrophic respiration concerns the 

breakdown of organic material. Wildfires can also occur creating a C-flux from the forest (-) to the 

atmosphere (+). The external drivers are anthropogenic activities that influence the changes in 

the system. External drivers are wood harvesting, and the choice of economic application and use. 

The external drivers influence the residence time in the forest and the economy. Here, the 

residence time is the time carbon is stored in a compartment. Wood harvesting creates a C-flux 

from the forest (-) to the economy (+). If the wood is used for combustion or is discarded after use, 

a C-flux is generated from the economy (-) to the atmosphere (+). The economic application and 

use affect how long the stock of carbon remains stored in the economy. In other words, a carbon 

sink can be generated by storing carbon in wooden products. The longer the product's life cycle, 

thus the residence time of wood in the economy, the longer this sink is retained. The length of the 
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residence time in the economy, therefore, determines how long the return of a stored amount of 

captured CO2 to the atmosphere can be delayed. By replacing the product again with a wooden 

product after use, this sink will remain permanently (Brunet-Navarro, Jochheim & Muys, 2016). 

Hence, harvesting wood from a forest creates the opportunity to store the carbon in the wood 

outside the forest and increases the total amount of CO2 extracted from the atmosphere.  

 An additional advantage of using wood is the substitute effect. Using wood in economic 

products eliminates the need to rely on certain materials and fossil fuels that would otherwise be 

used to meet societal needs. The cumulative effect of the use of wood products is, therefore, a 

result of the prolonged withdrawal of CO2 from the atmosphere and the avoidance of the 

utilization and combustion of fossil fuels. Examples include the use of wood for bioenergy and 

wooden houses instead of fossil fuels and concrete houses respectively. Figure 1 provides a 

conceptual overview of the compartments and the fluxes between these compartments. It 

outlines how the use of wood for economic purposes creates an alternative short carbon cycle. 

 

 

Fig 2. Schematic representation of the CO2-wood system from the point of view of CO2 storage. 
The rectangles represent the compartments in which CO2 is stored where A stands for the atmosphere, 
F for the forest, and E for the economy. The black arrows represent the carbon fluxes between these 
compartments. For the growth of woody biomass, indicated by the green tree pictogram, CO2 is 
extracted from the atmosphere. After harvesting, this stock of stored carbon is transported to wooden 
products where it is stored for a period of time, depending on the application. In the picture, the 
examples of wood for bioenergy and building structures are shown in brown if wood is the main raw 
material and gray if fossil fuels and concrete are the raw materials. The purpose of use of the wood in 
which the carbon is stored can serve as a substitute for other raw materials so that CO2 emissions for 
economic production and services are potentially reduced. In this example, a wooden house versus a 
house made of concrete and bioenergy versus fossil fuels. The dotted arrow indicates the carbon flux 
that can be prevented when wood is applied for the economic applications. 

CO 2 carbon

CO 2

total stock of extracted CO 2

A F E

applied 
wood

woody 
biomass



 

23 

 

 

2.2 Atmosphere 
 
 The atmosphere is the compartment where CO2 makes a major contribution to the 

greenhouse effect and consequently climate change (IPCC, 2018). From the perspective of climate 

mitigation, as much CO2 as possible should be extracted from the atmosphere and stored in the 

forest or the economy. Moreover, moving a carbon stock from the forest into wooden products 

eliminates the risk of this stock returning to the atmosphere prematurely due to forest fires and 

windstorms (Nabuurs et al., 2017).  After the residence time in the economy CO2 returns to the 

atmosphere. In the forest bacteria and fungi in the soil break down dead wood, so the carbon stock 

in the woody biomass that is not transported to the economy but remains in the forest, will 

eventually also return to the atmosphere. Moving a carbon stock from the forest to the economy 

therefore offers the possibility to remove CO2 from the atmosphere for a longer time and also 

enables the possibility to achieve the substitute effect. 

 

2.2 Forest  
 
 The forest compartment comprises the total of carbon stored in the biomass of the trees 

standing in a forest. In the forest, the size of the incoming C-flux is determined by the biomass 

increment over time which depends on the tree growth and the mutual competition for resources 

and space. As long as trees in the forest grow, i.e., produces biomass over time, the flux from the 

atmosphere to the forest is maintained and the carbon stock in the forest increases while the CO2 

stock in the atmosphere decreases.  

 
The annual average growth of biomass and the age of the trees in the forest at the time of felling 

determines the amount of biomass and, stored carbon, that is transported to the economy. Factors 

influencing the flow from the forest to the economy include the thinning type, the tree species, and 

associated wood moisture content. The tree growth curve and subsequently the production of 

woody biomass differs among tree species and is also strongly influenced by the thinning type 

and the quality of the habitat. The moisture content of a tree species indicates what percentage 

of an amount consists of water and, therefore, also what percentage is formed by raw mass in 

which carbon is stored. 
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2.2.1 Site class and management 
 
 For tree growth, the climate and soil composition, the availability of water, sunlight, space, 

and nutrients form the physical preconditions for biomass production. These requirements 

determine the so-called site quality, which is quantified based on classes in which a certain class 

corresponds to a certain height that a tree can reach on this location. The volume growth of tree 

species strongly correlates with this height growth (Den Ouden et al., 2010). Biomass growth in 

the forest is also influenced by the type of forest management. Thinning, the main form of 

management in forestry reduces interspecific competition between trees and increases the 

amount of sunlight for selected trees. The two main thinning forms are low thinning and high 

thinning. Low thinning, also called thinning from below, involves the removal of trees that have 

lost competition with other trees and thus cannot meet their growth potential. By removing 

suppressed trees, dominant trees get a growth impulse. Low thinning is used to varying degrees. 

This includes weak, moderate, strong, or very strong low thinning. In high thinning, also called 

thinning from above, competing trees are removed to create space in the forest canopy for pre-

selected trees to continue growing. This involves exempting so-called future trees which are given 

the opportunity to reach full growth by thinning in the surrounding area. High thinning includes 

moderate high thinning and strong high thinning. A variant of high thinning is the so-called free 

growth, in which with each thinning it is chosen again which trees should develop. In addition, 

there is also systematic thinning, in which trees are removed according to a fixed pattern. This 

often involves removing entire rows of trees, creating an open stand. This is mainly done because 

of the simplicity in planning and intervention and the effect of the thinning can also be measured 

well (Den Ouden et al., 2010). Thinning, thus, focuses on favoring generally selected but 

sometimes also random trees by giving them the advantage of the necessary growing space so 

that they can reach full maturity.  

 

2.2.2 Forest growth 
 
 The growth of trees in the forest is generally expressed in current volume, the yield, and 

the mean annual increment (MAI) (Buongiorno & Giless, 2003). The volume represents the total 

number of cubic meters fresh weight of trees per in the forest at a given age. Buongiorno and 

Giless (2003) have defined the yield as the cubic meters that have been added to the forest during 

a year and the MAI as the total of cubic meters the trees in the forest  have grown on average up 

to a certain age which is calculated by dividing the volume of trees by the age of the forest. The 

MAI provides information on the most favorable age of trees in the forest for felling to maximize 

the flux of woody biomass to the economy. This maximum flux is created by felling trees in the 
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forest when the MAI peaks.  The average increment per year thus increases until the MAI peaks, 

after which it decreases again. Felling trees in the forest before or after the MAI peaks, therefore, 

leads to a lower amount of wood that is transferred to the economy. If the trees are felled after the 

MAI has peaked, the standing stock of wood in the forest is higher, while the average annual 

standing stock up to that point is lower than at the moment the MAI peaked. This is important to 

realize as an old forest has captured a large amount of carbon, but the same amount may also be 

emitted to the atmosphere after economic use. The average amount of CO2 stored in the forest, 

therefore, is lower than in a shorter cyclical forest with higher average growth.  

 
Figure 3 shows the relation between the volume, the annual yield, and the MAI for poplar 

(Populus tremula)  under the thinning type weak low thinning on a Dutch class 1 site, a site with 

optimal conditions. Although the yield is highest when the Poplar forest is 15 years old, the best 

moment for felling is when the trees in the forest have the age of 20 years. Figure 3 shows that 

the MAI rises as long as the yield is higher than the MAI. When the yield becomes lower than the 

MAI, the MAI drops. Indeed, the graph shows that this is the case after the forest passes the age of 

20. 

 

 
Fig 3. The volume (V) and yield at every 5 years of forest age, and the corresponding mean 
annual increment (MAI) for a Poplar forest. Because yield tables usually use 5-year periods, the 
chart is also shown with these periods. Because the yield concerns the increment per period, the total 
additional increment per period needs to be divided by 5. The left Y-axis indicates the quantity of woody 
biomass of trees in the forest (tons ha-1) for the yield and the MAI. The right Y-axis indicates this for the 
volume. Data Janssen et al. (2018e) 
 
Figure 4 shows the MAI per ha for different tree species under weak low thinning. It gives the 

moment at which the MAI peaks for common Dutch tree species (Janssen et al., 2016, 2018). This 
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includes beech (Fagus sylvatica), Douglas fir (Pseudotsuga menziesi), larch (Larix kaempferi), 

Norway spruce (Picea abies), oak (Quercus robur), Scots pine (Pinus sylvestris), and polar. The 

MAI of the various tree species increases rapidly in the first few years. This effect is generally 

larger with coniferous trees than with deciduous trees. After the MAI peaks, the average annual 

growth rate steadily declines.  
 

 

 

Fig 4. The mean annual increment (MAI) per ha for different tree species under weak low 
thinning. The vertical axis presents the forest age. The graph shows that in the various tree species 
growth increases rapidly in the first years, reaches a peak relatively at an early age, and then decreases 
steadily. The data used for this graph describes the general occurring rotation periods in the presented 
tree species. This explains why the graph line stops after some years for some tree species. Data: 
Janssen et al., (2016, 2018a, 2018b, 2018c, 2018d, 2018e) 
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2.2.3 Carbon in dry woody biomass 
 
 Wood volume after felling does not give an exhaustive indication of how much weight of 

wood can be applied. To do this, the moisture content of the different tree species must first be 

determined. A felled tree still contains a large amount of moisture. The moisture content is 

expressed as a percentage of the weight of the water divided by the oven-dry weight (Ray, 2014):  

 
     𝑀𝑀𝐶𝐶 = 𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ−𝑀𝑀𝑑𝑑𝑓𝑓𝑑𝑑

𝑀𝑀𝑑𝑑𝑓𝑓𝑑𝑑
     (2.1) 

Where MC is the moisture content expressed as a percentage of the dry mass, Mfresh is the weight 

of a mass of wood at harvest, and Mdry is the weight of a mass of dried wood with 12% or less 

moisture.  Equation 2.1 can be converted to: 

 
𝑀𝑀𝑓𝑓𝑟𝑟𝑓𝑓𝑏𝑏ℎ = 𝑀𝑀𝑑𝑑𝑟𝑟𝑑𝑑 × (1 + 𝑀𝑀𝐶𝐶)         (2.2) 

 

So, the moisture content of wood actually describes the percentage weight of the moisture 

relative to the weight of the dry mass. The ratio between the fresh weight of wood and the dry 

weight of wood can be easily used to calculate the dry weight of wood based on the fresh weight 

of wood and vice versa. Some tree species, when first felled, contain more weight in water than 

actual wood fiber, resulting in a moisture content of more than 100%. Table 1 shows the average 

weight of a cubic meter of fresh and dry wood and the moisture content for common Dutch tree 

species. The moisture content varies considerably and strongly determines the amount of carbon 

in the mass of the wood. 

 
Table 1. Moisture content in Dutch tree species. The ratio between the fresh weight and the dry 
weight is equal to the result of the moisture content + 1 (equation 2.2). Example for beech: 960 
divided by 710 gives 1.35 (1 + MC) 

Species Fresh weight 
kg/m3 

Dry weight 
kg/m3 

Moisture 
content 

beech 960 710 35% 
douglas fir 640 510 25% 
larch 850 600 42% 
Norway spruce 810 460 76% 
oak 1050 710 48% 
poplar 880 400 120% 
scots pine 725 520 39% 

Source: Wiselius (2005) 
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From the moisture content in tree species, it is possible to calculate the mass dry biomass 

produced. Table 2 shows the maximum MAI of dry biomass that can be produced annually per 

hectare under the common thinning types for the different common Dutch tree species. 

 
This average maximum is determined by dividing the cumulative biomass produced by the age 

number and then assessing the age at which the MAI peaks. Again, from the perspective that wood 

must be extracted from the forest to be used in the economy, this is the ideal age to cut, as this will 

keep the average annual yield at its maximum. Table 2 shows that a poplar forest reaches the 

highest MAI with no thinning. At an appropriate distance follow the conifers Douglas fir and 

Norway Spruce, which annually produce a maximum of almost 19 and 17 tons of biomass per 

hectare respectively under weak low thinning, which Douglas fir also achieves with no thinning.  

 

Table 2. Maximum MAI dry biomass volume increment in tons per hectare for different tree 
species under different management forms on a site class 1. Because not every form of thinning 
is applied for every tree species, values are not available for every combination of tree species and 
type of thinning. 

MAI per 
species  
(tons h-1 y-1) 

weak 
low 

moderat
e low 

strong 
low 

very 
strong 

low 
moderate 

high 
strong 
high 

open 
stand 

free 
growth 

no 
thinnin

g 
Beech 9,3 8,4 7,6 7,2 0,0 0,0 6,7 7,2 0,0 
Douglas fir 18,1 16,2 14,9 13,8 14,6 13,9 13,1 0,0 18,6 
Larch 11,7 11,3 10,9 10,6 0,0 0,0 10,2 0,0 0,0 
Norway Spruce 16,8 15,4 14,1 13,1 0,0 0,0 11,1 0,0 0,0 
Oak 7,0 6,4 6,0 5,4 0,0 0,0 4,9 5,8 0,0 
Poplar 8,9 0,0 0,0 0,0 0,0 0,0 0,0 0,0 22,0 

Source: Janssen et al., (2016, 2018a, 2018b, 2018c, 2018d. 2018e) 

 

 

2.3 Economy 
 
 The economy compartment comprises the total amount of CO2 in the wood that is used to 

provide wooden products. Depending on the economic application, the residence time in the 

economy can vary considerably. When used as a raw material for bioenergy, a C-flux is created 

back to the atmosphere within a year, while when processed other economic products, this can 

take up too many years. By applying cascading after the use of the wood product, several more 

cycles of use can be completed to postpone the return of the CO2 to the atmosphere for as long as 

possible.  
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By constantly using wood as a raw material for a specific application, the economy can, therefore, 

form a permanent sink for the amount of CO2 that is stored in the required amount of wood. If the 

wood serves as a substitute for a material that is a source of CO2, there is, therefore, the possibility 

of turning the economy into a carbon sink instead of a carbon source. Depending on the demand, 

the sink will become saturated at a certain moment, but an amount of CO2 will remain 

permanently withdrawn from the atmosphere. Table 3 shows the residence time of different 

common wood products  

 
 
Table 3. Residence time in the economy for different applications for harvested wood 

Application 
Residence 
time 

building and construction wood 50 - 150 
furniture and pile wood 25 - 50 
cardboard and paper 3 - 4.5 
energy wood <2 

Source: Probos 2020 

 
 
As already stipulated, the use of wood for the construction of houses can be an opportunity to 

give an impulse to climate mitigation. According to the European Commission (2020), by using 

wood as the main raw material, more than 90% of the emissions generated by the production and 

construction of houses using mineral materials can be avoided. If wood is used in house 

construction, the mix of materials required for different types of houses changes. By using wood, 

less concrete is needed. According to Statistics Netherlands, 2021), at least 660,000 households 

still need to be established in new homes to be built by 2050.  

 
Table 4 provides a comparison of the raw materials needed for the production of the two main 

types of family houses. A distinction is made per row between 4 subtypes of single-family houses 

and multi-family houses, based on the material composition. It is then shown how much of a 

certain type of material in tons and cubic meters is required to build a single-family house or a 

multi-family house. 
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Table 4. Needed material for type and subtypes of houses. Types are single and multi-family 
houses. Subtypes are a solid wood houses, houses with a wood frame, houses made of bricks, 
houses made of sand-limestone, and houses made of reinforced concrete. 

 
 

 
Wood 

 Concrete 
Type Material tons m3 tons m3 
Single Solid Wood 40 88 136 59 
 Wood frame 16 33 136 59 
 Brick 5 9 195 84 
 Sand-Limestone 5 9 196 85 
    
Multi Solid Wood 205 460 375 165 
 Wood frame 82 171 377 167 
 Brick 3 4 725 331 
 Sand-Limestone 6 11 1022 456 
 Reinforced concrete 6 11 1565 669 

Source: EC (2021) 
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3 Methods and materials 
 
 This section presents the method and data used to produce the research results. First, this 

study introduces the system boundaries. Then it gives the equations and data used to perform the 

calculations. Finally, it indicates which simulations generated the results. 

 

3.1 System boundaries 
 
 This study only considered the stocks and fluxes of stored CO2 in woody biomass. 

Therefore, the C-fluxes from the forest to the atmosphere by autotrophic and heterotrophic 

respiration were not taken into account. This study focused on homogeneous forests, i.e., forests 

consisting of single tree species. This study included seven tree species: (1) beech, (2) Douglas fir, 

(3) larch, (4) Norway spruce, (5) oak, (6) poplar, and (7) Scots pine. It assumed that the carbon 

in the wood products return to the atmosphere after the products are discarded and that after the 

felling of the trees, biomass growth in the forest continues as new trees develop. Only the thinning 

type weak low thinning is included in the calculations. This was chosen because this thinning type 

generates the most yield for almost all tree species and is also applied to every tree species, which 

makes it easier to compare between tree species. 

 

3.2 Modeling approach 
 
 The size of the CO2 stock in woody biomass determines the average annual amount of CO2 

that is transported from the atmosphere to the forest and subsequently gets transported to the 

economy after the felling of these trees. This means that extracted CO2 is stored as carbon in the 

forest and the economy a certain number of years before it returns to the atmosphere. It follows 

theoretically that of a certain amount of CO2, on an annual basis, part was in the forest, and part 

in the economy. The annual biomass growth, the residence time of wood in the forest, and the 

residence time of wood in the economy are the variables that determine how the carbon is 

distributed between the compartments and, more importantly, how much CO2 remains extracted 

from the atmosphere over a longer period. The total period over which carbon is extracted from 

the atmosphere is the sum of the residence time of carbon in the forest and the economy which 

represents the system rotation period (SRP). The stock of carbon in the forest and wood products 

combined determine the total amount of CO2 that is extracted from the atmosphere. By calculating 

the average annual size of the stocks, it is possible to compare different tree species and varying 

residence times in the forest and the economy. However, the size of the carbon stocks in the 
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atmosphere, the forest, and the economy does not change annually, but an annual average change 

can be calculated theoretically by dividing the amount of stored carbon in the compartments by 

the total time the carbon resides in the economy + the forest. Since the carbon stocks in the CO2-

wood system are moved to the next compartment at different time intervals, the SRP is not 

necessarily an absolute time delimitation from a chosen moment, but a representation of the 

length of the carbon cycle in a particular system configuration. Figure 5 shows the calculation 

steps to determine the annual average changes. 

 

 

Figure 5. Overview of input data (blue boxes) used to calculate the system flow and the carbon 
stocks in the compartments (yellow boxes) 

 
  
As presented in figure 5, to determine how much CO2 a CO2-wood system can extract from the 

atmosphere, a number of steps have been performed:  

(1) This study calculated how much CO2 is captured by the growth of woody biomass in the forest, 

𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  (tons ha-1 y-1) as: 

    𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑀𝑀𝑀𝑀𝑀𝑀
1+𝑀𝑀𝑀𝑀

× 𝑑𝑑𝐹𝐹𝑑𝑑 𝑤𝑤𝐹𝐹𝐸𝐸𝑤𝑤ℎ𝐹𝐹 𝑥𝑥 𝐸𝐸𝑐𝑐𝐹𝐹𝑐𝑐𝐹𝐹𝐸𝐸 𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐹𝐹𝐸𝐸𝐹𝐹 × 3.67    (4.1) 

 
Here, MC refers to the moisture content, the carbon content is 0.5, and the factor 3.67 is the C-to-

CO2 conversion calculated by dividing the molecular mass of CO2 (44 grams/mole) by that of 

carbon (12 grams/mole). Data on the MAI were adopted from (Janssen et al., 2016; 2018a; 2018b; 

2018c; 2018d, 2018e). The moisture content for the included tree species and the dry weight is 

taken from Table 4 and the carbon content of 50% was taken from Den Ouden et al. (2010).  

Residence time in 
the forest 

flow of CO2 through 
the system (eq 4.2) 

Residence time 
economic products 

Stored CO2 in woody 
biomass (eq 4.1)

forest carbon 
stock (eq 4.3)

economy carbon 
stock (eq 4.4)

atmosphere CO2

stock (eq 4.5)

MAI  per tree age for 
Dutch tree species 

moisture content per 
tree species

carbon content wood 
and CO2-to-C-ratio
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(2) This study next determined how long the carbon remains in the forest and the economy. The 

size of 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 multiplied with the residence time of wood in the forest (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟) determines 

the maximum amount of CO2 that is stored in the forest in woody biomass until the trees are felled. 

Subsequently, this amount of carbon is transported to the economy, where it remains until the 

wood product is discarded. The residence time in the economy (𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟) added with the 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 , which is the system rotation period (SRP) gives the total period 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  that is 

extracted from the atmosphere. During the economic life of the wood product, the forest keeps 

producing new biomass after felling. Therefore, the following equations give the size of the total 

flow of CO2 in the system: 

     𝐶𝐶.𝑓𝑓𝑓𝑓𝑓𝑓𝑥𝑥𝑀𝑀,𝐹𝐹 = 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 + 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟)           (4.2a) 
and on annual basis: 

     𝐶𝐶.𝑓𝑓𝑓𝑓𝑓𝑓𝑥𝑥𝑀𝑀,𝐹𝐹 = 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏                                                         (4.2b) 
 

Where 𝐶𝐶.𝑓𝑓𝑓𝑓𝑓𝑓𝑥𝑥𝑀𝑀,𝐹𝐹 is the C-flux from the atmosphere to the forest (tons ha-1 y-1), 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  is the 

stored CO2 in the annual increase of biomass (m3 ha-1 y-1), 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 is the residence time of carbon 

in the forest (year), and 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 is the residence time of carbon in the economy (year). SRP 

refers to the system rotation period, the accumulated years that carbon remains in the forest and 

subsequently the economy.  

 
(3) Next, the study calculated the size of carbon stocks in the economy, the forest, and the 

atmosphere. The carbon stock in the forest gradually builds up until felling. Since the MAI is a 

calculated average, the growth of the carbon stock is considered linear here. Moreover, not all 

carbon in the forest has the same residence time. Carbon captured by young trees is stored longer 

in the forest than carbon stored by trees a year before they are felled. This means that over longer 

periods, on average, half of the final stock is present in the forest. In formula: 

 
     𝐹𝐹𝑏𝑏𝑟𝑟𝑏𝑏𝑠𝑠𝑠𝑠 = 0.5𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  × 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟                         (4.3a) 
and on annual basis: 

     𝐹𝐹𝑏𝑏𝑟𝑟𝑏𝑏𝑠𝑠𝑠𝑠 = 0.5𝐶𝐶𝑐𝑐𝐸𝐸𝐹𝐹𝐸𝐸𝑐𝑐𝐹𝐹𝐹𝐹 × 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆𝑆𝑆𝑆𝑆⁄                            (4.3b) 
 

Where Fstock is the average forest carbon stock (tons ha-1 y-1), 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the stored CO2 in the 

annual increase of biomass (tons ha-1 y-1), and 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟  is the residence time of carbon in the 

forest (years). SRP refers to the system rotation period, the accumulated years that carbon 

remains in the forest and subsequently the economy. 
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In contrast to the carbon stock in the forest, the carbon stock in the economy is not limited by a 

maximum size, but is determined by the residence times of the incoming amounts of total carbon 

stocks through tree felling in the forest. So, the average stock results from the multiplication of 

this flux and the 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟: 

     𝐸𝐸𝑏𝑏𝑟𝑟𝑏𝑏𝑠𝑠𝑠𝑠 = 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 × 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟                             (4.4a) 

and on annual basis: 

     𝐸𝐸𝑏𝑏𝑟𝑟𝑏𝑏𝑠𝑠𝑠𝑠 = 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 × 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟/𝑆𝑆𝑆𝑆𝑆𝑆               (4.4b) 

 
Where, Estock is the average carbon stock in the economy (tons ha-1 y-1), 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the stored CO2 

in the annual increase of biomass (tons ha-1 y-1), and 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 is the residence time of carbon 

in the economy (years). SRP refers to the system rotation period, the accumulated years that 

carbon remains in the forest and subsequently the economy. The unit of carbon stock in the 

economy is also expressed per hectare to stipulate that this amount is made possible by the 

utilization of one hectare of forest. 

 
(4) The extracted carbon stock from the atmosphere is obtained by adding the carbon stocks in 

the forest + the economy: 

     𝐴𝐴𝑏𝑏𝑟𝑟𝑏𝑏𝑠𝑠𝑠𝑠 = −(𝐹𝐹𝑏𝑏𝑟𝑟𝑏𝑏𝑠𝑠𝑠𝑠 + 𝐸𝐸𝑏𝑏𝑟𝑟𝑏𝑏𝑠𝑠𝑠𝑠)     

which gives:                      

    𝐴𝐴𝑏𝑏𝑟𝑟𝑏𝑏𝑠𝑠𝑠𝑠 = −𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 × (0.5𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 + 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟)                (4.5a) 

and on annual basis: 

    𝐴𝐴𝑏𝑏𝑟𝑟𝑏𝑏𝑠𝑠𝑠𝑠 = −𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 × (0.5𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 + 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟)/𝑆𝑆𝑆𝑆𝑆𝑆          (4.5b) 

 
Where Astock is the average carbon stock in the atmosphere (tons ha-1 y-1), 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the stored 

CO2 in the annual increase of biomass (m3 ha-1 y-1), 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 is the residence time of carbon in the 

forest (year), and 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 is the residence time of carbon in the economy (year). SRP refers to 

the system rotation period, the accumulated years that carbon remains in the forest and 

subsequently the economy. Again, the unit of atmospheric carbon stock is also expressed per 

hectare to as this amount is made possible by the utilization of one hectare of forest. Appendix B 

shows a conceptual summary of the different relationships between the data and the variables, 

and the carbon stocks in the compartments. 
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3.3 Simulations 
 
 By applying equation 4.5, this study calculated how much CO2 is extracted from the 

atmosphere at different system configurations, i.e., combinations of 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟  and 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 . 

This study carried out 4 simulations:  

(1) For each tree species, all occurring values of 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 and the associated values for 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

were taken and combined with different values for 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟  (0, 25, 50, 75, 100, 125, 150). 

From this it was determined at which 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 most CO2 is extracted from the atmosphere, so the 

best moment for tree felling from a climate mitigating perspective, and which pattern the CO2 

extraction follows during the entire residence time in the forest.  

(2) Equation 4.5 was then used to determine the pattern of CO2 extraction for a fixed 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 of 

30 years with an increasing 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟.  

(3) This was elaborated in more depth for combinations of three consecutive values for the 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟  (30, 50, 70) and the associated values for 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , combined with three consecutive 

values for the 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 (25, 50, 75).  

(4) This study assessed how the value of 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  changes when a fixed 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟  is chosen in 

combination with a fixed amount of extracted carbon and an increasing 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟. 

 

3.4 Carbon stocks in the economy 
 
 Table 4 shows that a single-family house requires 40 tons of wood if this type of house is 

made of solid wood. This number multiplied by 660,000 households means that 26,4 Mton of 

wood are needed in total by 2050 if the same number of single-family homes are built for these 

households. By multiplying the specific weight of dry wood (Table 1) by the dry MAI (Table 2) 

for each type of wood, the maximum weight of wood that can be supplied by one hectare of forest 

per year is obtained. Multiplying this number by the number of years up to 2050, it can be 

determined how much wood can be supplied by a hectare of forest up to 2050. The required 26,4 

Mton of wood divided by this result then gives the required number of hectares of forest needed 

to supply the total amount of wood for 660,000 single-family homes. So, how is the carbon balance 

when the harvested wood is stored in 660,000 solid wood houses? To determine this, the total 

amount of wood required must first be converted into CO2. Multiplying 26,4 Mton by 3.67 (C-to-

CO2 conversion factor) and 50% carbon content gives 48,4 Mton CO2. This quantity must be 

transferred via the forest to the economy and is, therefore, equal to the variable 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 in the 

model for the period up to 2050. Equation 4.5b can be used again to calculate the amount of CO2 

that is extracted from the atmosphere. For this simulation, the 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 was set at 150 years 
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and the value of 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 follows from the optimal age for an 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 of 150 years. Again, the 

assumption is that after disposal the product is replaced again with wood. By dividing the result 

of this simulation by the number of required hectares of forest, the amount of extracted CO2 made 

possible per hectare is obtained. 

Suppose all the wood extracted from the forest is stored in the economy for 150 years. How much 

CO2 can different tree species have extracted from the atmosphere? According to (Forest Europe, 

2015), there is 300,000 hectares of production forest in the Netherlands. The total forest area in 

the Netherlands is approximately 375,500 hectares (Forest Europe, 2015). By multiplying these 

numbers with the annual CO2 extraction for the tree species it is determined how much CO2 

300,000 and 375,000 ha of forest consisting of a certain tree species can extract from the 

atmosphere. Again, an 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 of 150 years has been taken into account with replacement 

after disposal.  
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4. Results 
 
 This section discusses the results of the simulations. It explains how variations in the 

residence times of woody biomass in the forest and applied wood the economy lead to different 

amounts of CO2 that are extracted annually on average from the atmosphere. 

 

4.1 Optimal forest residence time 
 
 Figure 6 shows the optimal residence time in the forest for beech, Douglas fir, larch, 

Norway Spruce, oak, poplar, and Scots pine in the CO2-wood system. It shows at which value for 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟  the maximum amount of CO2 is extracted from the atmosphere combined with an 

𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 of the harvested wood ranging from 0 to 150 years with steps of 25 years. 

 

Figure 6. Optimal forest residence time to extract the most CO2 from the atmosphere for beech, 
Douglas fir, larch, Norway spruce, oak, poplar, and Scots pine when combined with a varying 
economic residence time of the harvested and applied wood. The light to dark green vertical bars 
indicate the best age for felling trees from a climate-mitigating perspective when the harvested wood is 
used in the economy for 0 to 150 years. For example, if the harvested wood of the beech is not used in 
the economy (0 years), most CO2 is extracted from the atmosphere on average annually if the beech is 
cut down after 55 years. If the beech wood is used in the economy for 100 to 150 years, this is 40 years. 

 
For beech, oak, Norway spruce, and Scots pine the ideal 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 is highest when the harvested 

woody biomass is not used in the economy (0 years), For Douglas fir and larch, the ideal 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 

is highest if the harvested woody biomass remains 0 years or at least 100 years (larch) or 150 

years (Douglas fir) in the economy. For poplar the 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 has no influence. Figure 6 shows 

that from a climate mitigation perspective in combination with carbon sequestration in the forest 
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and the economy, there is no ideal age at which trees should be felled to provide the economy with 

woody biomass. The best age for felling varies more in some tree species than in others.  

 
This pattern can be explained by analyzing the operation of equation 4.5b. To calculate the carbon 

extraction, half of the maximum carbon stock in the forest is applied in the numerator of equation 

4.5b. In the denominator, the SRP is determined based on the total residence time in the forest 

and the economy. This means that the numerator and denominator always differ by half the value 

of 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟. This leads to the fact that with a constant 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 and an increasing 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟, the 

result of the division between the numerator and the denominator increasingly approaches 1, 

which means that the effect of 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  in the equation also increases. The ideal moment for 

felling will then increasingly approach the forest age at which 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, thus the MAI, is maximum. 

If the 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 is 0, the result of equation 4.5 is -0.5𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏. So, the ideal time for felling is 

then always when the MAI is maximum. If the 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 is relatively low, the ideal age to cut 

will be below the age at which the MAI is maximum because at a lower 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 the difference 

between the numerator and denominator in equation 4.5b is also lower, thereby, also increasing 

the effect of the value of 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 in the equation. 

 

4.2 CO2 extraction 
 
 Figure 7 shows the amount of CO2 extracted from the atmosphere on a hectare per year if 

the ideal felling time in combination with a varying 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟  is applied as shown in figure 6. 

The annual CO2 extraction increases with a higher 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟. It becomes clear that despite this 

increase, the amount of CO2 required for the growth of woody biomass does not stay fully 

extracted no matter the system configuration. Following equation 4.5b, dividing the numerator 

by the denominator will never give 1 if 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  is removed from the numerator. This 

corresponds to the fact that the CO2 returns to the atmosphere after the residence time of the 

wooden product in the economy, whereby the annual average increases with an increasing 

𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟. 
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Figure 7. Maximum CO2 extraction for beech, Douglas fir, larch, Norway spruce, oak, poplar, and 
Scots pine at different values for the economic residence time. The horizontal thick lines indicate 
how much CO2 is extracted from the atmosphere to produce biomass. The light to dark green vertical 
bars indicate the atmospheric CO2 extraction when the harvested wood is used in the economy for 0 to 
150 years. 

 

The results of the other 3 scenarios have been worked out for all previously mentioned tree 

species but will only be presented and discussed for larch in the remainder of this section. Figure 

8 shows the second simulation.  

 
Figure 9 shows the tons of CO2 that can be extracted from the atmosphere by one hectare larch 

forest per year in the CO2-wood system. Here, the pattern of carbon sequestration due to biomass 

production naturally follows the pattern of the MAI. This pattern is shown in combination with 

an 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 of 50 and 100 years. It becomes clear that if a wood product is stored for 100 years 

in the economy, the carbon extraction at a 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 of 45 years is equal to the carbon extraction 

at a 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 of 25 years with a wood product stored 50 years in the economy. It follows from this 

that if a target amount of CO2 has to be removed from the atmosphere every year, an increase in 

the 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 offers the possibility to allow larch to age. 
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Figure 8. The pattern of CO2 extraction over the age of a larch forest in the CO2-wood system. 
The black horizontal arrow indicates corresponding moments at which a combination with an economic 
residence time of 50 years extracts the same amount of CO2 as a combination with an economic 
residence time  of 100 years. 

 
If this study keeps the residence time of larch in the forest fixed at an age at which the MAI peaks 

and combines this with an increasing 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 , the pattern of mean annual CO2 extraction 

emerges as presented in figure 8. This shows that the mean annual CO2 extraction at a fixed 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟  first rises steeply if the 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 increases but starts to flatten over time. 
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In figure 10 this pattern for a larch forest is worked out in more detail for different combinations. 

This figure shows how much CO2 is extracted annually from the atmosphere on average with an 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟  of 30, 50 and 70 years combined with an increasing 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 of 25, 50, 75, and 100 

years. The pattern that the CO2 extraction follows as shown in figure 8 is also visible in this figure. 

This curve can be seen with all three combinations of ascending values for the 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 with 

the three different fixed values of the 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟.  

 

 
Figure 10. The pattern of CO2 extraction possible for a larch in the CO2-wood system with 
different combinations of  the forest residence time and the economic residence time. 

 

From figure 10 it becomes clear what the influence of a higher 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, driven by a higher MAI, 

is. The MAI is highest in a 30-year larch forest and then decreases. The simulation shows, for 

example, that a system configuration consisting of a 30-year 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 and a 50-year 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 

extracts about the same amount of CO2 from the atmosphere as a configuration of a 50-year 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟  and a 100-year 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 . It also becomes clear that a 130-year configuration 

consisting of a 30-year 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 and a 100-year 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 extracts about twice as much CO2 on 

average per year from the atmosphere as a 120-year configuration consisting of a 70-year 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 and an a 50-years 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟. 

Figure 11 shows the results of the fourth simulation. If the aim is to extract a certain amount of 

CO2 from the atmosphere on average per year with a fixed value for the 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 , then the 
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required value for 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 decreases, which means also the biomass growth is linked to this, with 

an increasing residence time in the economy. This shows that the required yield from the forest to 

achieve a certain objective may be lower if the CO2-wood system is set up in such a way that the 

wood is used in the economy for a longer period of time. 

 

Figure 11. The needed yearly tons CO2 stored in the produced fresh woody biomass on a hectare 
in combination with an increasing economic residence time to extract a target amount of CO2 
from the atmosphere on average annually. In this graph, an arbitrary choice has been made for a 
target of 15 tons of CO2 extraction per year and a forest residence time of 50 years which explains why 
there are no values when the system rotation period is smaller than 50 years. 

 

4.3 Carbon stocks in the economy 
 
 Figure 12 visually shows how much space is needed in hectares to build solid wood 

houses up to 2050 for beech, Douglas fir, larch, Norway spruce, oak, poplar, and Scots pine. Figure 

13 shows for each tree species how much CO2 is extracted from the atmosphere and gives the CO2 

extraction per hectare. Douglas fir, larch, Norway spruce, oak, and Scots pine all extract the same 

amount of CO2 due to the same 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 in combination with an 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 of 150 years. Beech 

and poplar deviate because of a higher and lower 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟. Douglas fir forests have the highest 

CO2 extraction per hectare and Scots pine the lowest. About 1% of the yearly CO2 emissions can 

be prevented by storing wood in the economy when the demand is about 23,000 houses a year 

(660,000 divided by 29 years). 
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Figure 12. The needed hectares for each trees species to deliver the cubic meters of wood for 
building 660,000 houses until 2050.  

 

Figure 13. Extracted CO2 from the atmosphere when building 660,000 solid wooden houses until 
2050 for different tree species compared with the CO2 per hectare. Douglas fir, larch, Scots pine, 
and oak all extract 1.53 megatons CO2. Poplar extracts 1.57 megatons CO2 but the extraction made 
possible on a hectare is lower than for Douglas fir, larch, and beech. Beech extracts only 1.49 megatons 
but the extraction per hectare is higher than for Scots pine, Norway spruce, and oak. 
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Figure 14 shows per tree species how much CO2 is extracted annually from the atmosphere on 

average if all wood obtained from the available production forest and the total forest area in the 

Netherlands is harvested and stored for 150 years in the economy with the associated 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 as 

presented for the tree species in figure 7. The ratio between 375,000 hectares and 300,000 

hectares is equal to the ratio between the extracted CO2 in both scenarios for the different forests. 

 

Figure 14. Extracted average annual Mton CO2 per tree species possible through 300,000 ha production 
forest and 375,000 ha total available forest when applied in the economy for 150 years. 

 

When all available forest land is managed for wood production and the harvested wood is used 

in the economy for at least 150 years, between 2% and 4% of the yearly CO2 emissions can be 

prevented by storing wood in the economy depending on the composition of tree species.  
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5. Discussion 
 
 This study attempts to describe how a CO2-wood system can extract as much atmospheric 

CO2 as possible through the combination of biomass growth and the supply of wooden products. 

In this section, the validity of the study and the model limitations are discussed, and the results 

are interpreted. Finally recommendations for further research are given. 

 

5.1 Findings and interpretation 
 
 The growth of trees and, therefore, also CO2 absorption follows a pattern. The growth rate 

increases relatively quickly in the first decades, after which the growth rate peaks and then slowly 

decreases again. The mean annual increment (MAI) indicates the average growth up to a certain 

age and is expressed in cubic meters of additional growth per hectare per year. The growth is thus 

on average highest until the age at which the MAI peaks. This peak also indicates the maximum 

amount of CO2 that can be extracted from the atmosphere on average per year, expressed in tons 

per hectare per year. This study shows Dutch forests can store on maximum 7 to 17 tons of CO2 

per hectare per year depending on the tree species. This concerns homogeneous forests, i.e., 

forests consisting of one species. If trees are cut down at the age where the MAI peaks and the 

harvested wood is processed into products with an infinite lifespan, this amount would be 

permanently withdrawn from the atmosphere. In this study, however, economic residence times 

as described in the literature were taken into account, ranging from 0 years to max 150 years.  

 
This research shows that the amount of CO2 that is withdrawn from the atmosphere on average 

per year follows a curve. With an economic residence time of 0 years, only half of the potential 

maximum of CO2 remains withdrawn from the atmosphere. This is caused by the fact that with an 

economic residence time of 0 years only the carbon stock in the forest is important to determine 

the atmospheric CO2 extraction. The average carbon stock in the forest is then on average half of 

the total increase in carbon stock and, therefore, the atmospheric CO2 extraction is also half of the 

maximum. As residence time in the economy increases, atmospheric CO2 extraction also 

increases. However, the rate of this increase deflects with increasing economic residence time 

and does not reach the maximum across the domain. 

 
The MAI and the economic residence time have an effect on the ideal age for felling. Therefore, 

certain combinations of these variables are preferred over other combinations. In practice, this 

means that a system configuration with a short forest residence time associated with a high MAI 

combined with a short economic residence time may extract more atmospheric CO2 on average 
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per year than a system configuration with a long forest residence time, but an associated low MAI 

combined with also a long economic residence. This study shows, therefore, that forestry for 

climate mitigation is not unambiguous but strongly dependent on the product for which the wood 

will be used.  

 
It is clear from the model simulations that with 0 years of residence time in the economy, forests 

are better felled later than with higher economic residence times to extract as much CO2 as 

possible from the atmosphere. With 25 years of residence time in the economy, forests are better 

felled at a younger age, after which the ideal moment for logging increases again with increasing 

economic residence time for the beech, Douglas fir, larch, and oak. This pattern is not seen in 

Norway spruce and Scots pine. Poplar has the same ideal harvesting age at all economic residence 

times. 

 
The following conditions must be met to keep a maximum amount of CO2 out of the atmosphere 

if the harvested wood is processed into economic goods. First, the forests must grow on a class 1 

growing place. Next, the trees in the forest should be felled at an age corresponding to the 

calculated optimal residence time. In addition, weak thinning from below must be applied as the 

thinning type. The residence time in the economy should also approach the maximum of 150 

years that has been modeled in this study. 

 
If the above applies, 1.5 million tons of CO2 can be extracted on average through house 

construction until 2050. This is based on forecast 660,000 solid wood single-family homes. To 

extract these 1.5 million tons of CO2 annually, between 100,000 and 200,000 hectares of forest 

are needed, depending on the tree composition. 

 
Under the same conditions mentioned above, the total production forest in the Netherlands can 

make it possible to extract about 3.5 million tons per year on average from the atmosphere. If the 

total forest area in the Netherlands can be utilized, this will rise to a maximum of more than 5.5 

million tons. 

The amount of CO2 that can be stored in the economy if CO2 wood systems are managed as 

proposed in this study seems small in percentage to the emissions in the Netherlands. It should 

be noted that this study only assessed how the carbon stocks in the forest and the economy relate 

to certain system configurations. The substitution effect related to prevented emissions through 

fossil fuel use is not taken into amount. 
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5.2 Research validity 
 
 In this study, data on the growth of trees in forests were used that were drawn up based 

on the analysis of the growth of forests in the Netherlands. These yield tables give a theoretical 

approximation of the standing woody biomass stock in Dutch forests under different thinning 

types. The MAI presented in these tables has been used to determine the average amount of CO2 

captured by tree species at different ages. The model, therefore, only provides a purely theoretical 

approximation of the amount of CO2 that can be extracted in different simulations.  

 
Arets (2018) indicates that Dutch forests extract an average of 8.5 tons of CO2 per year based on 

the annual measured additional growth. This fits within the range that this study shows for the 

included trees. This can be explained by the fact that this study has only included the value of 

maximum MAI at a class 1 growing site in the calculations. Also, Arets (2018) considered the 

increment in current forests in the Netherlands. Forests that are still standing after the MAI has 

peaked will naturally store a lower average amount of CO2. 

 
Multiplying the MAI by 1.83 which obtained by multiplying a carbon content of 50% in wood with 

the conversion factor of 3.67 to go from carbon to CO2 gives the amount of captured CO2 per unit. 

This number is in line with findings in other studies (Amiri et al. 2020). A carbon content of 50% 

also corresponds to what the IPCC (2006) applies, namely 51% for coniferous trees and 49% for 

deciduous trees.  

 
In this study, an average moisture content was determined for each tree species and then 

included in the calculation. This study used a source in which a range was described per tree 

species for the weight of fresh wood and the weight of dry wood in the Netherlands. Other sources 

were found show different values for the moisture content of trees in different geographical 

regions. Although taking a different value for the moisture content will change the amount of CO2 

in woody biomass, this does not affect the model as this value at all forest ages will change 

according to ratio.  

 
This study does not include which tree species are suitable for which economic application. This 

study only outlines how large the cumulative carbon stocks in the forest and the economy 

becomes if a wood species is used for a product with a certain lifespan. 
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The calculation regarding the amount of atmospheric CO2 that can be extracted by building 

wooden houses is based on the assumption that all houses to be built are single-family houses. 

The amount of wood required is based on a report from the European Commission (2020).  

 

This study did not investigate whether this amount of wood also applies to wooden houses in the 

Netherlands. In addition, the economic residence time has been set at 150 years based on a report 

by Probos (2020). No additional literature has been found in which the maximum residence time 

of wood processed in houses is described. Perhaps the 150 years mentioned is an overestimation 

or an underestimation. 

 

5.3 Model functioning and system limitations 
 
 In general, the model gives a representation of the amount of atmospheric CO2 that can be 

extracted if forests are managed in a certain way and the harvested wood is used continuously 

for the same purpose with a constant economic residence time. The condition for this is that the 

wood used is replaced after it has been discarded by wood from the same hectare of forest. This 

creates a configuration in which a relationship is created between the forest residence time and 

economic residence time and, as a result, also the size of the carbon stocks in these compartments. 

By maintaining this system configuration, a calculable C-flux is created through the system and 

the amount of CO2 that is extracted on average annually and remains in the atmosphere then 

becomes clear. The model cannot be applied to determine CO2 storage when the harvested wood 

from one hectare of forest is used for varying uses with varying residence times. 

Further, only homogeneous forests are included in the model, whereby only the woody biomass 

produced by the growth of trees is included. The model, therefore, does not provide a good 

representation of the possibilities offered by mixed forests. Although the calculated numbers 

presented in this study could be combined, this falls short because, as mentioned before, the 

interspecific competition between trees influences biomass growth. However, in this study, no 

information was sought and integrated about the competition between the different tree species. 

In addition, this study has assumed that after a tree has been felled, a new tree can be planted 

immediately and follows the modeled growth again. 

In this study, it was not investigated which type of wood is suitable for which application. Nor 

whether there are losses in production. This study assumes that all integrated wood species can 

be used for any application and that the harvested wood is 100% usable. 
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5.4 Recommendations  
 
 Following the model limitations, further research is needed to determine the extent to 

which the use of wood in the economy can contribute to CO2 extraction. It is recommended to 

specifically assess which types of wood are suitable for economic use and which type of wood is 

suitable for which type of application. In addition, it is important to determine what percentage 

of the harvested wood is ultimately processed into wooden products. It is also recommended to 

consider to what extent wood that, for example, is processed in wooden houses and replaced after 

150 years, can still be used for another application, for example paper and cardboard. It should 

also be assessed to what extent trees can be replanted in places where trees were felled just 

before and how the growth of the newly planted trees is progressing. Finally, it is advised to use, 

if available, yield tables of mixed forests subsequently use as input to determine the CO2 

extraction rate for mixed forests. 

 

6. Conclusions 
  

 The amount of CO2 that is stored annually per hectare in woody biomass depends on 

several factors. The most important factor is the growing place that creates the conditions for a 

forest to reach full growth. In addition, the moisture content of the different tree species has a 

significant influence on the amount of CO2 that is stored in a quantity of woody biomass. The 

growth of the woody biomass also differs between tree species and can also be influenced by the 

way thinning is applied. These factors ensure that the maximum amount of CO2 that is annually 

extracted from the atmosphere for the growth of woody biomass can vary considerably. Douglas 

fir forests, for example, store at maximum almost 17 tons of CO2 per hectare per year, while a 

forest consisting of Scots pines only store at maximum about 7 tons of CO2 per hectare per year. 

This amount is not withdrawn from the atmosphere when the wood is transported to the 

economy but is increasingly approached as the residence time of the wood product in the 

economy increases. In general, the average annual CO2 extraction increases with increasing 

economic residence time, but this increase deflects over time. Finally, the extraction seems to 

reach a limit. 
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Taking into account a wooden house in which 40 tons of wood is processed multiplied by the need 

for 660,000 homes until 2050, slightly more than one and a half million tons of CO2 per year can 

be stored in the economy. The number of hectares of forest required for this supply varies 

considerably per tree type. A Douglas fir forest covers this need with 100,000 hectares, while 

more than 200,000 hectares of Scots pine forest are needed for this. If all the available production 

forest in the Netherlands or the total amount of forest land available in the Netherlands is used, a 

maximum of almost 6 million tons of CO2 per hectare per year can be extracted from the 

atmosphere on average. Compared to the annual Dutch CO2 emission of 150 Mton, this is a 

percentage of 4%. Mitigating climate change by building wooden houses, therefore, seems limited 

but also due to the substitution effect it is a possibility that fits well in the mix between other 

options that can contribute to the extraction of atmospheric CO2. 

 
To conclude on the research question, the climate-mitigating effect of Dutch CO2-wood systems 

when taking economic application and the resulting carbon stocks into account can be optimally 

utilized if the forest residence time is matched to the economic residence time. This means that it 

should be clear in advance what the wood from forests will be used for. By subsequently felling 

trees at the optimum harvest age, the amount of atmospheric CO2 that is extracted annually on 

average is maximized. 
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Appendix A.1: CO2 in biomass 
 
The fresh biomass increment (m3 ha-1 y-1) is taken for each forest age from Janssen (2016, 2018a. 

2018b, 2018c, 2018d, 2018e). The dry biomass increment (m3 ha-1 y-1) is calculated by dividing 

the fresh weight by the moisture content (Table 1). The dry biomass increment was then 

converted to tons (ha-1 y-1) by multiplying by the weight per (kg/m3) (Table 1). Finally, the 

biomass was converted to CO2 by multiplying by 50% carbon content and the factor 3.67 for the 

C-to-CO2 conversion. 

Table 5. Mean fresh and dry annual increment, dry biomass weight, and stored CO2 in biomass. 

    

Tree species Forest age Fresh mean 
annual 
increment 
(m3 ha-1 y-1) 

Dry mean 
annual 
inrement 
(m3 ha-1 y-1) 

dry weight 
biomass 
(tons ha-1 y-1) 

Weight CO2 in 
biomass 
(tons ha-1y-1) 

beech 5 0,5 0,37 0,26 0,48 
beech 10 3,1 2,30 1,63 2,99 
beech 15 7,7 5,70 4,05 7,43 
beech 20 10,1 7,48 5,31 9,75 
beech 25 11,3 8,37 5,94 10,91 
beech 30 12 8,89 6,31 11,58 
beech 35 12,3 9,11 6,47 11,87 
beech 40 12,5 9,26 6,57 12,06 
beech 45 12,6 9,33 6,63 12,16 
beech 50 12,6 9,33 6,63 12,16 
beech 55 12,6 9,33 6,63 12,16 
beech 60 12,5 9,26 6,57 12,06 
beech 65 12,4 9,19 6,52 11,97 
beech 70 12,2 9,04 6,42 11,77 
beech 75 12,1 8,96 6,36 11,68 
beech 80 11,9 8,81 6,26 11,48 
beech 85 11,7 8,67 6,15 11,29 
beech 90 11,5 8,52 6,05 11,10 
beech 95 11,3 8,37 5,94 10,91 
beech 100 11,1 8,22 5,84 10,71 
beech 105 10,9 8,07 5,73 10,52 
beech 110 10,8 8,00 5,68 10,42 
beech 115 10,6 7,85 5,57 10,23 
beech 120 10,4 7,70 5,47 10,04 
beech 125 10,2 7,56 5,36 9,84 
beech 130 10,1 7,48 5,31 9,75 
beech 135 9,9 7,33 5,21 9,55 
beech 140 9,8 7,26 5,15 9,46 
beech 145 9,6 7,11 5,05 9,26 
beech 150 9,5 7,04 5,00 9,17 
douglas fir 5 0,4 0,32 0,16 0,30 
douglas fir 10 12,9 10,32 5,26 9,66 
douglas fir 15 19,2 15,36 7,83 14,37 
douglas fir 20 21,3 17,04 8,69 15,95 
douglas fir 25 22,1 17,68 9,02 16,55 
douglas fir 30 22,4 17,92 9,14 16,77 
douglas fir 35 22,3 17,84 9,10 16,70 
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douglas fir 40 22,1 17,68 9,02 16,55 
douglas fir 45 21,7 17,36 8,85 16,25 
douglas fir 50 21,3 17,04 8,69 15,95 
douglas fir 55 20,8 16,64 8,49 15,57 
douglas fir 60 20,3 16,24 8,28 15,20 
douglas fir 65 19,8 15,84 8,08 14,82 
douglas fir 70 19,3 15,44 7,87 14,45 
norway spruce 5 0,1 0,06 0,03 0,05 
norway spruce 10 1,8 1,02 0,47 0,86 
norway spruce 15 12,3 6,99 3,21 5,90 
norway spruce 20 17,5 9,94 4,57 8,39 
norway spruce 25 19,5 11,08 5,10 9,35 
norway spruce 30 20,2 11,48 5,28 9,69 
norway spruce 35 20,3 11,53 5,31 9,74 
norway spruce 40 20,1 11,42 5,25 9,64 
norway spruce 45 19,8 11,25 5,18 9,50 
norway spruce 50 19,3 10,97 5,04 9,26 
norway spruce 55 18,8 10,68 4,91 9,02 
norway spruce 60 18,3 10,40 4,78 8,78 
norway spruce 65 17,8 10,11 4,65 8,54 
norway spruce 70 17,3 9,83 4,52 8,30 
norway spruce 75 16,8 9,55 4,39 8,06 
norway spruce 80 16,3 9,26 4,26 7,82 
norway spruce 85 15,9 9,03 4,16 7,63 
norway spruce 90 15,4 8,75 4,03 7,39 
oak 5 1,2 0,81 0,58 1,06 
oak 10 5,1 3,45 2,45 4,49 
oak 15 7,9 5,34 3,79 6,95 
oak 20 9,3 6,28 4,46 8,19 
oak 25 9,9 6,69 4,75 8,72 
oak 30 10,2 6,89 4,89 8,98 
oak 35 10,3 6,96 4,94 9,07 
oak 40 10,3 6,96 4,94 9,07 
oak 45 10,2 6,89 4,89 8,98 
oak 50 10,1 6,82 4,85 8,89 
oak 55 10 6,76 4,80 8,80 
oak 60 9,9 6,69 4,75 8,72 
oak 65 9,7 6,55 4,65 8,54 
oak 70 9,6 6,49 4,61 8,45 
oak 75 9,4 6,35 4,51 8,27 
oak 80 9,2 6,22 4,41 8,10 
oak 85 9,1 6,15 4,37 8,01 
oak 90 8,9 6,01 4,27 7,83 
oak 95 8,8 5,95 4,22 7,75 
oak 100 8,6 5,81 4,13 7,57 
oak 105 8,5 5,74 4,08 7,48 
oak 110 8,4 5,68 4,03 7,39 
oak 115 8,3 5,61 3,98 7,31 
oak 120 8,2 5,54 3,93 7,22 
oak 125 8,1 5,47 3,89 7,13 
oak 130 7,9 5,34 3,79 6,95 
oak 135 7,9 5,34 3,79 6,95 
oak 140 7,8 5,27 3,74 6,87 
oak 145 7,7 5,20 3,69 6,78 
oak 150 7,6 5,14 3,65 6,69 
larch 5 1,4 0,99 0,59 1,09 
larch 10 8,6 6,06 3,63 6,67 
larch 15 12,9 9,08 5,45 10,00 
larch 20 14,7 10,35 6,21 11,40 
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larch 25 15,3 10,77 6,46 11,86 
larch 30 15,6 10,99 6,59 12,10 
larch 35 15,5 10,92 6,55 12,02 
larch 40 15,4 10,85 6,51 11,94 
larch 45 15,2 10,70 6,42 11,79 
larch 50 15 10,56 6,34 11,63 
larch 55 14,7 10,35 6,21 11,40 
larch 60 14,4 10,14 6,08 11,17 
larch 65 14,2 10,00 6,00 11,01 
larch 70 13,9 9,79 5,87 10,78 
scots pine 5 0,1 0,07 0,04 0,07 
scots pine 10 2,6 1,87 0,97 1,78 
scots pine 15 7 5,04 2,62 4,81 
scots pine 20 9,4 6,76 3,52 6,45 
scots pine 25 10,3 7,41 3,85 7,07 
scots pine 30 10,7 7,70 4,00 7,35 
scots pine 35 10,8 7,77 4,04 7,41 
scots pine 40 10,8 7,77 4,04 7,41 
scots pine 45 10,7 7,70 4,00 7,35 
scots pine 50 10,6 7,63 3,97 7,28 
scots pine 55 10,4 7,48 3,89 7,14 
scots pine 60 10,2 7,34 3,82 7,00 
scots pine 65 10 7,19 3,74 6,86 
scots pine 70 9,8 7,05 3,67 6,73 
scots pine 75 9,6 6,91 3,59 6,59 
scots pine 80 9,3 6,69 3,48 6,38 
scots pine 85 9,1 6,55 3,40 6,25 
scots pine 90 8,9 6,40 3,33 6,11 
scots pine 95 8,7 6,26 3,25 5,97 
scots pine 100 8,5 6,12 3,18 5,84 
scots pine 105 8,3 5,97 3,11 5,70 
scots pine 110 8,1 5,83 3,03 5,56 
scots pine 115 7,9 5,68 2,96 5,42 
scots pine 120 7,8 5,61 2,92 5,35 
scots pine 125 7,6 5,47 2,84 5,22 
scots pine 130 7,5 5,40 2,81 5,15 
scots pine 135 7,3 5,25 2,73 5,01 
scots pine 140 7,2 5,18 2,69 4,94 
scots pine 145 7 5,04 2,62 4,81 
scots pine 150 6,9 4,96 2,58 4,74 
poplar 5 1,6 1,15 0,46 0,84 
poplar 10 12 8,63 3,45 6,34 
poplar 15 18,3 13,17 5,27 9,66 
poplar 20 19,5 14,03 5,61 10,30 
poplar 25 19,1 13,74 5,50 10,09 
poplar 30 18,4 13,24 5,29 9,72 
poplar 35 17,6 12,66 5,06 9,29 
poplar 40 16,7 12,01 4,81 8,82 
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Appendix A.2: CO2 stocks 
 
The CO2 stocks in the forest and economy are calculated with equation 4.3 and 4.4. 

 
Table 6. CO2 stocks in the forest per forest age and in the economy depending on the residence time. 

  
  Stock in Economy per residence time 

forest age 
 
 

Forest stock 
  

0 25 50 75 100 125 150 
beech 5 1 0 12 24 36 48 60 72 
beech 10 15 0 75 150 224 299 374 449 
beech 15 56 0 186 372 557 743 929 1115 
beech 20 97 0 244 487 731 975 1218 1462 
beech 25 136 0 273 545 818 1091 1363 1636 
beech 30 174 0 290 579 869 1158 1448 1737 
beech 35 208 0 297 594 890 1187 1484 1781 
beech 40 241 0 302 603 905 1206 1508 1810 
beech 45 274 0 304 608 912 1216 1520 1824 
beech 50 304 0 304 608 912 1216 1520 1824 
beech 55 334 0 304 608 912 1216 1520 1824 
beech 60 362 0 302 603 905 1206 1508 1810 
beech 65 389 0 299 598 898 1197 1496 1795 
beech 70 412 0 294 589 883 1177 1472 1766 
beech 75 438 0 292 584 876 1168 1460 1752 
beech 80 459 0 287 574 861 1148 1436 1723 
beech 85 480 0 282 565 847 1129 1411 1694 
beech 90 499 0 277 555 832 1110 1387 1665 
beech 95 518 0 273 545 818 1091 1363 1636 
beech 100 536 0 268 536 803 1071 1339 1607 
beech 105 552 0 263 526 789 1052 1315 1578 
beech 110 573 0 261 521 782 1042 1303 1563 
beech 115 588 0 256 511 767 1023 1279 1534 
beech 120 602 0 251 502 753 1004 1255 1506 
beech 125 615 0 246 492 738 984 1230 1477 
beech 130 634 0 244 487 731 975 1218 1462 
beech 135 645 0 239 478 717 955 1194 1433 
beech 140 662 0 236 473 709 946 1182 1419 
beech 145 672 0 232 463 695 926 1158 1390 
beech 150 688 0 229 458 688 917 1146 1375 
douglas fir 5 1 0 7 15 22 30 37 45 
douglas fir 10 48 0 241 483 724 966 1207 1449 
douglas fir 15 108 0 359 719 1078 1437 1797 2156 
douglas fir 20 159 0 399 797 1196 1595 1993 2392 
douglas fir 25 207 0 414 827 1241 1655 2068 2482 
douglas fir 30 252 0 419 839 1258 1677 2096 2516 
douglas fir 35 292 0 417 835 1252 1670 2087 2504 
douglas fir 40 331 0 414 827 1241 1655 2068 2482 
douglas fir 45 366 0 406 812 1218 1625 2031 2437 
douglas fir 50 399 0 399 797 1196 1595 1993 2392 
douglas fir 55 428 0 389 779 1168 1557 1947 2336 
douglas fir 60 456 0 380 760 1140 1520 1900 2280 
douglas fir 65 482 0 371 741 1112 1482 1853 2224 
douglas fir 70 506 0 361 722 1084 1445 1806 2167 
norway spruce 5 0 0 1 2 4 5 6 7 
norway spruce 10 4 0 22 43 65 86 108 129 
norway spruce 15 44 0 147 295 442 590 737 885 
norway spruce 20 84 0 210 420 629 839 1049 1259 
norway spruce 25 117 0 234 468 701 935 1169 1403 
norway spruce 30 145 0 242 484 727 969 1211 1453 
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norway spruce 35 170 0 243 487 730 974 1217 1460 
norway spruce 40 193 0 241 482 723 964 1205 1446 
norway spruce 45 214 0 237 475 712 950 1187 1424 
norway spruce 50 231 0 231 463 694 926 1157 1388 
norway spruce 55 248 0 225 451 676 902 1127 1352 
norway spruce 60 263 0 219 439 658 878 1097 1317 
norway spruce 65 277 0 213 427 640 854 1067 1281 
norway spruce 70 290 0 207 415 622 830 1037 1245 
norway spruce 75 302 0 201 403 604 806 1007 1209 
norway spruce 80 313 0 195 391 586 782 977 1173 
norway spruce 85 324 0 191 381 572 763 953 1144 
norway spruce 90 332 0 185 369 554 739 923 1108 
oak 5 3 0 26 53 79 106 132 158 
oak 10 22 0 112 224 337 449 561 673 
oak 15 52 0 174 348 522 695 869 1043 
oak 20 82 0 205 409 614 819 1023 1228 
oak 25 109 0 218 436 654 872 1089 1307 
oak 30 135 0 224 449 673 898 1122 1347 
oak 35 159 0 227 453 680 907 1133 1360 
oak 40 181 0 227 453 680 907 1133 1360 
oak 45 202 0 224 449 673 898 1122 1347 
oak 50 222 0 222 445 667 889 1111 1334 
oak 55 242 0 220 440 660 880 1100 1320 
oak 60 261 0 218 436 654 872 1089 1307 
oak 65 278 0 213 427 640 854 1067 1281 
oak 70 296 0 211 423 634 845 1056 1268 
oak 75 310 0 207 414 621 827 1034 1241 
oak 80 324 0 202 405 607 810 1012 1215 
oak 85 340 0 200 401 601 801 1001 1202 
oak 90 353 0 196 392 588 783 979 1175 
oak 95 368 0 194 387 581 775 968 1162 
oak 100 379 0 189 379 568 757 946 1136 
oak 105 393 0 187 374 561 748 935 1122 
oak 110 407 0 185 370 555 739 924 1109 
oak 115 420 0 183 365 548 731 913 1096 
oak 120 433 0 180 361 541 722 902 1083 
oak 125 446 0 178 357 535 713 891 1070 
oak 130 452 0 174 348 522 695 869 1043 
oak 135 469 0 174 348 522 695 869 1043 
oak 140 481 0 172 343 515 687 858 1030 
oak 145 491 0 169 339 508 678 847 1017 
oak 150 502 0 167 335 502 669 836 1004 
larch 5 3 0 27 54 81 109 136 163 
larch 10 33 0 167 333 500 667 834 1000 
larch 15 75 0 250 500 750 1000 1250 1500 
larch 20 114 0 285 570 855 1140 1425 1710 
larch 25 148 0 297 593 890 1186 1483 1779 
larch 30 181 0 302 605 907 1210 1512 1814 
larch 35 210 0 300 601 901 1202 1502 1803 
larch 40 239 0 299 597 896 1194 1493 1791 
larch 45 265 0 295 589 884 1179 1473 1768 
larch 50 291 0 291 582 872 1163 1454 1745 
larch 55 313 0 285 570 855 1140 1425 1710 
larch 60 335 0 279 558 837 1117 1396 1675 
larch 65 358 0 275 551 826 1101 1376 1652 
larch 70 377 0 269 539 808 1078 1347 1617 
scots pine 5 0 0 2 3 5 7 9 10 
scots pine 10 9 0 45 89 134 178 223 268 
scots pine 15 36 0 120 240 360 481 601 721 
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scots pine 20 65 0 161 323 484 645 807 968 
scots pine 25 88 0 177 354 530 707 884 1061 
scots pine 30 110 0 184 367 551 735 918 1102 
scots pine 35 130 0 185 371 556 741 927 1112 
scots pine 40 148 0 185 371 556 741 927 1112 
scots pine 45 165 0 184 367 551 735 918 1102 
scots pine 50 182 0 182 364 546 728 910 1091 
scots pine 55 196 0 178 357 535 714 892 1071 
scots pine 60 210 0 175 350 525 700 875 1050 
scots pine 65 223 0 172 343 515 686 858 1030 
scots pine 70 235 0 168 336 505 673 841 1009 
scots pine 75 247 0 165 330 494 659 824 989 
scots pine 80 255 0 160 319 479 638 798 958 
scots pine 85 265 0 156 312 469 625 781 937 
scots pine 90 275 0 153 305 458 611 764 916 
scots pine 95 284 0 149 299 448 597 747 896 
scots pine 100 292 0 146 292 438 584 729 875 
scots pine 105 299 0 142 285 427 570 712 855 
scots pine 110 306 0 139 278 417 556 695 834 
scots pine 115 312 0 136 271 407 542 678 813 
scots pine 120 321 0 134 268 402 535 669 803 
scots pine 125 326 0 130 261 391 522 652 783 
scots pine 130 335 0 129 257 386 515 644 772 
scots pine 135 338 0 125 251 376 501 626 752 
scots pine 140 346 0 124 247 371 494 618 741 
scots pine 145 348 0 120 240 360 481 601 721 
scots pine 150 355 0 118 237 355 474 592 711 
poplar 5 2 0 21 42 63 84 106 127 
poplar 10 32 0 158 317 475 634 792 951 
poplar 15 72 0 242 483 725 966 1208 1450 
poplar 20 103 0 257 515 772 1030 1287 1545 
poplar 25 126 0 252 504 756 1009 1261 1513 
poplar 30 146 0 243 486 729 972 1215 1457 
poplar 35 163 0 232 465 697 929 1162 1394 
poplar 40 176 0 220 441 661 882 1102 1323 
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Appendix A.3: atmospheric CO2 extraction 
 
Calculated with equation 4.5 

Table 7. Average annual CO2 extraction for alle forest ages combined with different economic residence 
time for larch forest. 

  
Economic residence time 

Tree Forest 
age 

0 25 50 75 100 125 150 

beech 5 0,24 0,44 0,46 0,47 0,47 0,47 0,47 
beech 10 1,50 2,56 2,74 2,82 2,86 2,88 2,90 
beech 15 3,72 6,04 6,57 6,81 6,95 7,03 7,09 
beech 20 4,87 7,58 8,35 8,72 8,93 9,08 9,17 
beech 25 5,45 8,18 9,09 9,54 9,81 10,00 10,13 
beech 30 5,79 8,42 9,41 9,93 10,24 10,46 10,62 
beech 35 5,94 8,41 9,43 9,98 10,33 10,57 10,75 
beech 40 6,03 8,35 9,38 9,97 10,34 10,60 10,79 
beech 45 6,08 8,25 9,28 9,88 10,27 10,55 10,76 
beech 50 6,08 8,11 9,12 9,73 10,13 10,42 10,64 
beech 55 6,08 7,98 8,98 9,59 10,00 10,30 10,53 
beech 60 6,03 7,81 8,77 9,38 9,80 10,11 10,34 
beech 65 5,98 7,65 8,58 9,19 9,61 9,92 10,16 
beech 70 5,89 7,44 8,34 8,93 9,35 9,66 9,90 
beech 75 5,84 7,30 8,17 8,76 9,18 9,49 9,73 
beech 80 5,74 7,11 7,95 8,52 8,93 9,24 9,49 
beech 85 5,65 6,93 7,74 8,29 8,70 9,01 9,25 
beech 90 5,55 6,76 7,53 8,07 8,47 8,78 9,02 
beech 95 5,45 6,59 7,33 7,86 8,25 8,55 8,79 
beech 100 5,36 6,43 7,14 7,65 8,03 8,33 8,57 
beech 105 5,26 6,27 6,96 7,45 7,83 8,12 8,35 
beech 110 5,21 6,18 6,84 7,32 7,69 7,98 8,22 
beech 115 5,11 6,03 6,66 7,13 7,49 7,78 8,01 
beech 120 5,02 5,88 6,49 6,95 7,30 7,58 7,81 
beech 125 4,92 5,74 6,33 6,77 7,11 7,38 7,61 
beech 130 4,87 5,66 6,23 6,66 6,99 7,26 7,48 
beech 135 4,78 5,52 6,07 6,48 6,81 7,07 7,29 
beech 140 4,73 5,45 5,97 6,38 6,70 6,96 7,17 
beech 145 4,63 5,31 5,82 6,21 6,52 6,78 6,99 
beech 150 4,58 5,24 5,73 6,11 6,42 6,67 6,88 
douglas fir 5 0,15 0,27 0,29 0,29 0,29 0,29 0,29 
douglas fir 10 4,83 8,28 8,85 9,09 9,22 9,30 9,36 
douglas fir 15 7,19 11,68 12,72 13,18 13,44 13,60 13,72 
douglas fir 20 7,97 12,40 13,67 14,27 14,62 14,85 15,01 
douglas fir 25 8,27 12,41 13,79 14,48 14,89 15,17 15,36 
douglas fir 30 8,39 12,20 13,63 14,37 14,84 15,15 15,37 
douglas fir 35 8,35 11,83 13,26 14,04 14,53 14,87 15,12 
douglas fir 40 8,27 11,45 12,87 13,67 14,18 14,54 14,80 
douglas fir 45 8,12 11,02 12,40 13,20 13,73 14,10 14,37 
douglas fir 50 7,97 10,63 11,96 12,76 13,29 13,67 13,95 
douglas fir 55 7,79 10,22 11,49 12,28 12,81 13,19 13,48 
douglas fir 60 7,60 9,83 11,05 11,82 12,35 12,73 13,03 
douglas fir 65 7,41 9,47 10,63 11,38 11,90 12,29 12,58 
douglas fir 70 7,22 9,13 10,24 10,96 11,47 11,86 12,15 
norway spruce 5 0,02 0,04 0,05 0,05 0,05 0,05 0,05 
norway spruce 10 0,43 0,74 0,79 0,81 0,82 0,83 0,84 
norway spruce 15 2,95 4,79 5,22 5,41 5,51 5,58 5,63 
norway spruce 20 4,20 6,53 7,19 7,51 7,69 7,81 7,90 
norway spruce 25 4,68 7,01 7,79 8,18 8,42 8,57 8,68 
norway spruce 30 4,84 7,05 7,87 8,30 8,57 8,75 8,88 



 

63 

 

norway spruce 35 4,87 6,90 7,73 8,19 8,47 8,67 8,81 
norway spruce 40 4,82 6,67 7,50 7,96 8,26 8,47 8,63 
norway spruce 45 4,75 6,44 7,25 7,72 8,02 8,24 8,40 
norway spruce 50 4,63 6,17 6,94 7,41 7,71 7,93 8,10 
norway spruce 55 4,51 5,92 6,66 7,11 7,42 7,64 7,81 
norway spruce 60 4,39 5,68 6,38 6,83 7,13 7,35 7,52 
norway spruce 65 4,27 5,45 6,12 6,56 6,86 7,08 7,25 
norway spruce 70 4,15 5,24 5,88 6,29 6,59 6,81 6,98 
norway spruce 75 4,03 5,04 5,64 6,04 6,33 6,55 6,71 
norway spruce 80 3,91 4,84 5,41 5,80 6,08 6,29 6,46 
norway spruce 85 3,81 4,68 5,23 5,60 5,87 6,08 6,25 
norway spruce 90 3,69 4,50 5,01 5,37 5,64 5,84 6,00 
oak 5 0,53 0,97 1,01 1,02 1,03 1,04 1,04 
oak 10 2,24 3,85 4,12 4,23 4,29 4,32 4,35 
oak 15 3,48 5,65 6,15 6,37 6,50 6,58 6,64 
oak 20 4,09 6,37 7,02 7,33 7,50 7,62 7,71 
oak 25 4,36 6,54 7,26 7,63 7,84 7,99 8,09 
oak 30 4,49 6,53 7,30 7,70 7,94 8,11 8,23 
oak 35 4,53 6,42 7,20 7,62 7,89 8,08 8,21 
oak 40 4,53 6,28 7,05 7,49 7,77 7,97 8,11 
oak 45 4,49 6,09 6,85 7,30 7,59 7,79 7,94 
oak 50 4,45 5,93 6,67 7,11 7,41 7,62 7,78 
oak 55 4,40 5,78 6,50 6,94 7,24 7,46 7,62 
oak 60 4,36 5,64 6,34 6,78 7,08 7,30 7,47 
oak 65 4,27 5,46 6,13 6,56 6,86 7,08 7,25 
oak 70 4,23 5,34 5,99 6,41 6,71 6,93 7,11 
oak 75 4,14 5,17 5,79 6,21 6,50 6,72 6,90 
oak 80 4,05 5,01 5,61 6,01 6,30 6,52 6,69 
oak 85 4,01 4,92 5,49 5,88 6,17 6,39 6,56 
oak 90 3,92 4,77 5,32 5,70 5,98 6,19 6,37 
oak 95 3,87 4,68 5,21 5,58 5,86 6,07 6,24 
oak 100 3,79 4,54 5,05 5,41 5,68 5,89 6,06 
oak 105 3,74 4,46 4,95 5,30 5,57 5,77 5,94 
oak 110 3,70 4,38 4,85 5,20 5,46 5,66 5,83 
oak 115 3,65 4,31 4,76 5,10 5,35 5,56 5,72 
oak 120 3,61 4,23 4,67 5,00 5,25 5,45 5,61 
oak 125 3,57 4,16 4,58 4,90 5,15 5,35 5,51 
oak 130 3,48 4,04 4,44 4,75 4,99 5,18 5,34 
oak 135 3,48 4,02 4,42 4,72 4,96 5,15 5,31 
oak 140 3,43 3,95 4,34 4,63 4,86 5,05 5,21 
oak 145 3,39 3,89 4,26 4,54 4,77 4,96 5,11 
oak 150 3,35 3,82 4,18 4,46 4,68 4,87 5,02 
larch 5 0,54 1,00 1,04 1,05 1,06 1,06 1,07 
larch 10 3,33 5,72 6,11 6,28 6,36 6,42 6,46 
larch 15 5,00 8,13 8,85 9,17 9,35 9,47 9,55 
larch 20 5,70 8,86 9,77 10,20 10,45 10,61 10,73 
larch 25 5,93 8,90 9,89 10,38 10,68 10,87 11,02 
larch 30 6,05 8,80 9,83 10,37 10,70 10,92 11,09 
larch 35 6,01 8,51 9,54 10,11 10,46 10,70 10,88 
larch 40 5,97 8,27 9,29 9,86 10,23 10,49 10,68 
larch 45 5,89 8,00 8,99 9,58 9,96 10,23 10,43 
larch 50 5,82 7,75 8,72 9,30 9,69 9,97 10,18 
larch 55 5,70 7,48 8,41 8,99 9,38 9,66 9,87 
larch 60 5,58 7,22 8,12 8,68 9,07 9,35 9,57 
larch 65 5,51 7,03 7,90 8,45 8,84 9,13 9,35 
larch 70 5,39 6,81 7,63 8,18 8,56 8,84 9,06 
scots pine 5 0,03 0,06 0,07 0,07 0,07 0,07 0,07 
scots pine 10 0,89 1,53 1,64 1,68 1,70 1,72 1,73 
scots pine 15 2,40 3,90 4,25 4,40 4,49 4,55 4,59 
scots pine 20 3,23 5,02 5,53 5,77 5,92 6,01 6,07 
scots pine 25 3,54 5,30 5,89 6,19 6,36 6,48 6,57 
scots pine 30 3,67 5,34 5,97 6,30 6,50 6,63 6,73 
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scots pine 35 3,71 5,25 5,89 6,23 6,45 6,60 6,71 
scots pine 40 3,71 5,13 5,77 6,12 6,35 6,52 6,63 
scots pine 45 3,67 4,98 5,61 5,97 6,21 6,37 6,50 
scots pine 50 3,64 4,85 5,46 5,82 6,06 6,24 6,37 
scots pine 55 3,57 4,69 5,27 5,63 5,87 6,05 6,18 
scots pine 60 3,50 4,53 5,09 5,45 5,69 5,87 6,00 
scots pine 65 3,43 4,39 4,92 5,27 5,51 5,69 5,83 
scots pine 70 3,36 4,25 4,77 5,10 5,34 5,52 5,66 
scots pine 75 3,30 4,12 4,61 4,94 5,18 5,35 5,49 
scots pine 80 3,19 3,95 4,42 4,74 4,97 5,14 5,27 
scots pine 85 3,12 3,83 4,28 4,59 4,81 4,98 5,12 
scots pine 90 3,05 3,72 4,15 4,44 4,66 4,83 4,96 
scots pine 95 2,99 3,61 4,02 4,30 4,52 4,68 4,81 
scots pine 100 2,92 3,50 3,89 4,17 4,38 4,54 4,67 
scots pine 105 2,85 3,40 3,77 4,04 4,24 4,40 4,52 
scots pine 110 2,78 3,30 3,65 3,91 4,10 4,26 4,38 
scots pine 115 2,71 3,20 3,53 3,78 3,97 4,12 4,25 
scots pine 120 2,68 3,14 3,46 3,71 3,89 4,04 4,16 
scots pine 125 2,61 3,04 3,35 3,59 3,77 3,91 4,03 
scots pine 130 2,57 2,99 3,29 3,52 3,69 3,84 3,95 
scots pine 135 2,51 2,90 3,18 3,40 3,57 3,71 3,82 
scots pine 140 2,47 2,85 3,12 3,33 3,50 3,64 3,75 
scots pine 145 2,40 2,76 3,02 3,22 3,38 3,52 3,62 
scots pine 150 2,37 2,71 2,96 3,16 3,32 3,44 3,55 
poplar 5 0,42 0,77 0,81 0,82 0,82 0,83 0,83 
poplar 10 3,17 5,43 5,81 5,96 6,05 6,10 6,14 
poplar 15 4,83 7,85 8,55 8,86 9,03 9,15 9,22 
poplar 20 5,15 8,01 8,83 9,21 9,44 9,59 9,69 
poplar 25 5,04 7,56 8,40 8,83 9,08 9,25 9,37 
poplar 30 4,86 7,07 7,89 8,33 8,60 8,78 8,91 
poplar 35 4,65 6,58 7,38 7,82 8,09 8,28 8,41 
poplar 40 4,41 6,11 6,86 7,28 7,56 7,75 7,89 
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Table 8. Average annual CO2 extraction for all economic residence up to 250 years combined with 
different forest ages for larch forest 

Economic 
residence time 

Forest age 
30 years 

Forest age 
50 years 

Forest age 
70 years 

0 6,05 10,35 9,59 
5 6,91 11,29 10,23 
10 7,56 12,07 10,79 
15 8,07 12,74 11,28 
20 8,47 13,30 11,72 
25 8,80 13,80 12,11 
30 9,08 14,23 12,47 
35 9,31 14,61 12,79 
40 9,51 14,95 13,08 
45 9,68 15,25 13,34 
50 9,83 15,52 13,58 
55 9,96 15,77 13,81 
60 10,08 15,99 14,01 
65 10,19 16,20 14,21 
70 10,29 16,38 14,38 
75 10,37 16,56 14,55 
80 10,45 16,72 14,70 
85 10,52 16,86 14,85 
90 10,59 17,00 14,98 
95 10,65 17,13 15,11 
100 10,70 17,25 15,23 
105 10,76 17,36 15,34 
110 10,80 17,46 15,45 
115 10,85 17,56 15,55 
120 10,89 17,65 15,65 
125 10,93 17,74 15,74 
130 10,97 17,82 15,82 
135 11,00 17,90 15,90 
140 11,03 17,97 15,98 
145 11,06 18,04 16,06 
150 11,09 18,11 16,13 
155 11,12 18,17 16,19 
160 11,14 18,23 16,26 
165 11,17 18,29 16,32 
170 11,19 18,34 16,38 
175 11,21 18,40 16,44 
180 11,24 18,45 16,49 
185 11,26 18,49 16,55 
190 11,28 18,54 16,60 
195 11,29 18,58 16,64 
200 11,31 18,63 16,69 
205 11,33 18,67 16,74 
210 11,34 18,71 16,78 
215 11,36 18,74 16,82 
220 11,37 18,78 16,86 
225 11,39 18,81 16,90 
230 11,40 18,85 16,94 
235 11,42 18,88 16,98 
240 11,43 18,91 17,01 
245 11,44 18,94 17,05 
250 11,45 18,97 17,08 
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Table 9. The needed tons CO2 (ha-1 y-1) stored in the produced fresh woody biomass in combination with 
an increasing 𝑬𝑬𝒓𝒓𝒓𝒓 to extract a target amount of CO2 from the atmosphere on average annually. 

To calculate this, equation 4.5b has been converted to: 

 
 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  = 𝐴𝐴𝑏𝑏𝑟𝑟𝑏𝑏𝑠𝑠𝑠𝑠𝑆𝑆𝑆𝑆𝑆𝑆/(0.5𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 + 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟)      

 
Where Astock is the average carbon stock in atmosphere (tons ha-1 y-1), 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  is the stored CO2 

in the annual increase of biomass (m3 ha-1 y-1), 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 is the residence time of carbon in the 

forest (year), and 𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟 is the residence time of carbon in the economy (year). SRP refers to 

the system rotation period, the accumulated years that carbon remains in the forest and 

subsequently economy. 

 

The data presents the output with the forest residence time fixed at 50 years.  

 

Economic 
residence time 

SRP 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

0 50 30,0 
5 55 27,5 
10 60 25,7 
15 65 24,4 
20 70 23,3 
25 75 22,5 
30 80 21,8 
35 85 21,3 
40 90 20,8 
45 95 20,4 
50 100 20,0 
55 105 19,7 
60 110 19,4 
65 115 19,2 
70 120 18,9 
75 125 18,8 
80 130 18,6 
85 135 18,4 
90 140 18,3 
95 145 18,1 
100 150 18,0 
105 155 17,9 
110 160 17,8 
115 165 17,7 
120 170 17,6 
125 175 17,5 
130 180 17,4 
135 185 17,3 
140 190 17,3 
145 195 17,2 
150 200 17,1 
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Appendix A.4: CO2 stocks in the economy 
 
The number of tons of wood is obtained by multiplying the dry average annual increase by the 

wood density per tree species (Table 1). This number was then multiplied by the number of years 

up to 2050 (29) to determine that wood per hectare can be supplied up to 2050. By dividing the 

amount required for 660,000 houses, 26,400,000 tons, by this amount, the number of hectares of 

forest required per tree species is obtained. 

 
Table 10. The hectares of forest needed to produce the necessary wood for 660,000 solid wooden houses.  

Species tons wood (ha-1 
y-1) 

through 
2050 

Needed ha 

beech 6,6 190,7 138464 
Douglas fir 9,1 265,0 99609 
larch 6,6 191,2 138057 
Norway spruce 5,3 153,0 172538 
oak 4,9 141,9 186092 
poplar 5,6 162,4 162562 
Scots pine 4,0 116,1 227359 

 

The 26,4 Mton of wood needed multiplied by 50% carbon content and 3.67 gives 48,4 Mton of 

CO2. This is 1.67 Mton of CO2 per year if we take the 29 years to 2050. By taking this number as 

the value for  𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 in equation 4.3, the carbon stock in the forest can be determined. Doing the 

same for equation 4.4 determines the carbon stock in the economy. Applying to equation 4.5b 

gives the average annual atmospheric carbon extraction.  

 
Table 11. Average annual CO2 extraction when wood is used for 660,000 solid wooden houses.  

Species Optimal 
harvest 
age 

Needed 
ha 

Forest 
stock (Mton 
ha-1 y-1) 

Eonomy 
stock (Mton 
ha-1 y-1) 

Average annual 
extraction 
(Mton ha-1 y-1) 

Per hectare 
(tons ha-1 y-1) 

beech 40 138464 33 251 1,49 10,8 
Douglas fir 30 99609 25 251 1,53 15,4 
larch 30 138057 25 251 1,53 11,1 
Norway spruce 30 172538 25 251 1,53 8,9 
oak 30 186092 25 251 1,53 8,2 
poplar 20 162562 17 251 1,57 9,7 
Scots pine 30 227359 25 251 1,53 6,7 
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The forest carbon stock on 300,000 ha has been calculated by applying equation 4.3a and then 

multiplying the result by the number of hectares. To calculate the economy carbon stock, equation 

4.4a was used with a residence time of 150 years and the result was then multiplied by the 

number of hectares. The average annual extraction is calculated with equation 4.5b. The results 

for 300,000 ha were multiplied with 1.25 (375/300) to obtain the results for 375,000 ha  

 
Table 12. Average annual CO2 extraction when all available production forest or forest land is used.  

Species Forest 
stock on 
300,000 ha 

Economy 
stock on 
300,000 ha 

Average annual 
extraction (Mton 
ha-1 y-1) 

Forest 
stock on 
375,000 ha 

Economy 
stock on 
375,000 ha 

Average annual 
extraction 
(Mton ha-1 y-1) 

beech          72,4         542,9  3,2          90,5         678,6  4,0 
Douglas fir          75,5         754,7  4,6          94,3         943,3  5,8 
larch          54,4         544,5  3,3          68,1         680,6  4,2 
Norway spruce          43,6         435,7  2,7          54,5         544,6  3,3 
oak          40,4         403,9  2,5          50,5         504,9  3,1 
poplar          30,8         462,4  2,9          38,5         578,0  3,6 
Scots pine          33,1         330,6  2,0          41,3         413,3  2,5 
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Appendix B: Model 
 

Figure 15. Overview of relationships between variables and data, and the calculations to 
determine carbon stocks. The blue box presents the atmosphere compartment, the green box 
presents the forest compartment, the orange box presents the economy compartment. The blue-grey 
thick lines indicate the carbon flow through the system. The black lines show the interdependencies 
between the variables. The thin blue arrows indicate the relationship and calculations between data and 
variables. As depicted the system rotation period consists of the forest residence time which influences 
the average annual forest carbon stock and the economic residence time which influences the average 
annual economic carbon stock. The blue thin arrows linked to each of the compartments and the CO2 
in biomass indicate the formula used to determine the average carbon stock per compartment and to 
define the amount of stored CO2 in biomass.  

 

System rotation Period

(Janssen et al., 2016; 2018a; 2018b; 2018c; 2018d, 2018e)

Economic 
residence time 

Forest residence
time (years)

Forest carbon 
stock:

(tons ha-1 y-1) 

Economy carbon 
stock: 

(tons ha-1 y-1)

Atmosphere 
(extracted) 

carbon stock: 
(tons ha-1 y-1) 

carbon content wood (%)
and CO2-to-C-ratio (tons)

moisture content per 
tree species (%)

MAI  per tree age for Dutch 

CO2 in woody 
biomass

(tons ha-1 y-1) 

yield tables Dutch 
tree species:
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