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1 Abstract 

Climate change as the century’s major concern, the project investigated 

how changes in forest management could enhance carbon sequestration. A 

concept of an “optimized” forest management is created, supported by 

transitional economic incentives, known as Payments for Ecosystem Services 

(PES). The project included a Life Cycle Assessment (LCA), comparing a 

traditional plantation forest to the project-based “optimized” forest. The 

objective is to analyse the consequences of the establishment of this new 

strategy. “Optimized” forestry has been recognized as efficient regarding 

carbon sequestration, despite a potential lower yield on the same surface. 

Therefore, the PES revealed their relevance to incentive the transition. New 

revenues might come out of the “optimized” forest, compensating the loss of 

timber production, while fulfilling the aim of climate mitigation. 
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2 Preface 

This report has been made by four Environmental Management and 

Sustainability Science (EMSS) students, studying at Aalborg University at 

the 7. semester. All students have different backgrounds; one has a bachelor 

in geography, another in biology, a third in technoanthropology and a fourth 

has a master in geology. The report has been constructed through the period 

from the 16. October 2020 to the 8. January 2021. 

 

The main purpose of the report was to develop an “optimized” forest, 
which aims to mitigate climate change through carbon sequestration and with 

the assistance of financial initiatives such as Payment for Ecosystem Services 

(PES) as a tool towards landowners to help transitioning their management 

practices. A Life Cycle Assessment (LCA) has been carried out to compare a 

traditional monocultural plantation forest with a project-made “optimized” 
forest. The report has partly been made through field observations, face-to-

face interviews, phone calls, literature and document reviews. 

 

We want to thank our supervisors Carla Smink, and Pierre Jouannais for 

their help and guidance through this work. We would also like to thank Rémi 
(Programme for the Endorsement of Forest Certification - PEFC), Henrik 

and Michael (Lindenborg Gods) as well as Bendt and Eric (The Danish 

Nature Agency) for their important inputs and insights that we got through 

the interviews. 
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6 List of definitions 

- Above-ground biomass growth (IPCC, 2007) 

“Oven-dry weight of net annual increment (s.b) of a tree, stand or forest 

plus oven-dry weight of annual growth of branches, twigs, foliage, top and 

stump. The term “growth” is used here instead of “increment”, since the 

latter term tends to be understood in terms of merchantable volume.” 
 

- Carbon sink (Oxford Lexico, n.d.-a) 

“A forest, ocean, or other natural environment viewed in terms of its 

ability to absorb carbon dioxide from the atmosphere.” 
 

- Carbon sequestration (Oxford Learner’s Dictionaries, n.d.) 

“Carbon sequestration is a “natural or artificial process by which carbon 

dioxide is removed from the atmosphere and held in solid or liquid form.” 
 

 
Figure 1 - Simplified diagram of the carbon cycle through the atmosphere, soil and 

water (Larson et al., 2017, p. 4) 

 

- Clear cutting (Merriam-Webster, n.d.)  

“The removal of all trees in an area of forest” 
 

- Close-to-nature forest management (Johannsen et al., 2019, p. 31) 

“A method to obtain a better integration of multiple ecosystem services 

(ES) while allowing for a differentiation of management actions, depending 

on the local site and species composition.” 
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- Cradle-to-gate (Illustrated Dictionary of Architecture, 2012a) 

“Analysis of a partial product life cycle from manufacturer to the factory 

gate (before the product is transported to the consumer).” 
 

- Cradle-to-grave (Illustrated Dictionary of Architecture, 2012b) 

“An analysis of the impact of a product from the beginning of its source-

gathering processes, through the end of its useful life, to disposal of all waste 

products.” 
 

- Deciduous tree (Diagram Group, 2008) 

“A tree that loses its leaves each year in the autumn.” 
 

- Genus (genera) (Oxford Lexico, n.d.-b) 

“In biology, a principal taxonomic category that ranks above species and 

below family” 
 

- Photosynthesis (Oxford Lexico, n.d.-c) 

“The process by which green plants and some other organisms use 

sunlight to synthesize nutrients from carbon dioxide and water. 

Photosynthesis in plants generally involves the green pigment chlorophyll 

and generates oxygen as a by-product.” 
 

- Selective cutting (Glossary of Statistical Terms, 2001) 

“Felling of selected trees based on criteria such as tree size and spacing 

without affecting the growth of other trees.” 
 

- Thinning (González-García et al., 2009) 
“Felling in immature stand to improve the development of other trees.” 
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7 Introduction 

With the last decade being the warmest on record (WMO, 2020), the 

importance of reducing the continuous emission of greenhouse gasses (GHG) 

to limit climate change risks has particularly increased (Pachauri et al., 2014). 

Carbon dioxide emissions, as prime GHG, are widely associated with global 

temperature change, at the expense of people and ecosystems  (Pachauri et 

al., 2014). New climate mitigation initiatives, such as the European Green 

Deal, is willing to reach an economy with net-zero GHG emissions 

by 2050. To reach carbon neutrality, the aim is to create an equilibrate status 

between carbon emissions and carbon sequestration (European Commission, 

2018). 

 

Forests are the largest terrestrial carbon pool, storing 92% of terrestrial 

biomass, accounting for 606 Gt of carbon (FAO, 2020a; Kayler et al., 2017). 

Although forests also contribute to a part of global carbon emissions, half of 

these emissions are caused by adverse human activities such as deforestation 

and forest degradation1 (Walker, 2016). Therefore, to reach carbon neutrality, 

forests have a significant role to play. In accordance with this, the European 

Commission is in the process of creating a European Forest Strategy for 2021 

(European Commission, 2020a). Some of their objectives are: 

 

Financial initiatives for forest managers providing a public good such 

as carbon sequestration or biodiversity benefits. The initiatives could 

include Payments for Ecosystem Services and results-based schemes 

(carbon farming)2. 

 

The preservation of stocks and the increase of the EU forest carbon 

sink capacity, including in their soil and harvested wood products. 

 

Guaranteeing sustainable management practices in all European Union 

(EU) forests and maximizing the provision of their multiple functions. 

 

Adapting EU forests to climate change by strengthening their resilience 

to face future challenges, including through enhanced conservation and the 

use of the genetic diversity of trees. 

 

 
1 5-10 GtCO2e annually 
2 Through protecting and restoring forests 
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By enhancing the productivity of the forests in addition to providing 

multiple services, the aim is to provide more wood-based products in the 

substitution of fossil fuel-based products. Both EU and national incentives 

may expand the use of plantation forests (EEA, 2018), seeing that around 

half of the forests in Europe are designated primarily for production (FAO, 

2020a). 

7.1 Problem analysis 

In addition to climate change risks and challenges, the loss of biodiversity 

and the degradation of ecosystems are currently among the major threats 

facing humanity (United Nations, 2020). To mitigate them, there is a need 

for managing strategies focusing on forest resilience, while promoting carbon 

storage, potentially supported by new financial initiatives such as PES (EEA, 

2016b). 

 

Even though over 90% of forests in Europe are naturally regenerating 

(FAO, 2020a), most of them were formerly planted forests due to large-scale 

afforestation programs to counter forest depletion. However, without proper 

or sufficient management, forest resources and services can be damaged or 

even destroyed (EEA, 2018). 

 

In Europe, different forest management practices can be identified, from 

intensive monoculture forestry to nature protection-oriented management, or 

even abandonment. The popular “German model” for instance, is focusing on 

integrative and multifunctional forest management (Borrass et al., 2017). In 

Denmark, close-to-nature forest management, focusing on biodiversity, has 

been implemented in State forests (Johannsen et al., 2019). With increasing 

concerns about climate change and biodiversity conservation, the interest in 

management with a focus on the multifunctional nature of forests is growing 

(EEA, 2016a). 

 

Considering the above, there is an increasing importance of establishing 

sustainable long-term forest practices that combines productivity and regards 

towards ecosystem services, such as carbon sequestration. Furthermore, 

creating baseline data appear to be essential to properly monitor the 

improvements and outcomes of changes as much as improving knowledge 

about European forest cover, condition, and management practices, creating 

an organized, European-wide information system (EEA, 2016a, 2018). 
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7.2 Objectives 

In regard to our problem analysis, objectives were formulated. To mitigate 

climate by sequestrating more carbon, one objective is the creation of a 

theoretical “optimized” forest management practice in Europe. This new 

forest should no compromise wood production, and will be supported by PES, 

acting as transitional economic incentives. Because of the periodic nature of 

the PES schemes, the new management strategies should stay attractive and 

economically viable after duration of the PES. 

 

To achieve previously mentioned objectives, a state of the art has been 

conducted to analyze the current situation regarding forests, and more 

especially European plantation forests, their management practices, carbon 

sequestration and PES (see chapter 7). Following the formulation of theories, 

an LCA has been performed as a tool to compare the new “optimized” forest 
conceptualized to a classic plantation forest (see chapter 10.4). 

7.3 Disciplinary gaps 

Conducting Life Cycle Analysis on forestry practices is an ongoing 

challenge, particularly on ecosystem services since most of these are public 

goods by nature with little to no markets available (Pagiola et al., 2002). 

This poses a challenge not only for landowners but also for policymakers and 

researchers to navigate in the PES area efficiently. In addition to this, it is 

important to highlight that there is no generic assessing method for the 

economic value of ecosystem services yet. Due to this, it can a complex task 

to convince any landowner to conserve trees solely for carbon sequestration 

and so, economic incentives. 

 

Currently, there are 47 public payments for forest ecosystem services 

(FES) in Europe, which have been identified through the Ecosystem 

Marketplace map and the United Nations Economic Commission for Europe 

(Forest Trends Association, 2018; United Nations et al., 2014). Even though 

numerous databases for PES-schemes in Europe exist, many of them do not 
have all the relevant information or are outdated (Sarvašová et al., 2019). 
Furthermore, the diversity of PES-schemes that can be developed is adding 

to the complexity of it, and thereby the transparency decreases. 

 

The credibility towards PES-schemes has also been fluctuating over the 

years due to ineffective PES initiatives, which has involved greenwashing in 

several cases such as SHELL supporting forest projects (Skjoldager et al., 
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2020). For PES to gain more credibility, a monitoring system to ensure the 

benefits of those programs should therefore be implemented in every case 

(Muradian et al., 2010). 

  



15 

 

 

8 State of the art 

8.1.1 Plantation forests 

Generalities 
Forests are traditionally classified into various categories presented in 

Figure 2 (FAO, 2020a): 

 

 
Figure 2 - Categories of forests 

In 2020, the global forest area is composed of 4,06 billion ha (see Table 

1). Naturally regenerating forests are accounting for 93% (3,75 billion ha), of 

which 7% (290 million ha) are planted. Among the planted forest types, 45% 

(131 million ha) are categorized as plantation forests. Thus, the remaining 

55% (163 million ha) are categorized as other planted forests (see Figure 2). 

It is worth noting that in the last two decades, the area of plantation forests 

worldwide increased by 55,8 million ha. Europe is no exception due to climate 

mitigation strategies and the increasing demand for bioeconomy (Freer-Smith 

et al., 2019). 
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Region Plantation 
forest  
(1000 ha) 

Other planted 
forest  
(1000 ha) 

Total planted 
forest  
(1000 ha) 

Africa 7 678 3 712 11 390 

Asia 79 332 55 897 135 230 

Europe 4 495 70 697 75 193 

North and Central 
America 

15 177 31 850 47 027 

Oceania 4 356 456 4 812 

South America 20 099 145 20 245 

Total 131 137 162 758 293 895 

Table 1 - Distribution of planted forest in 2020 (FAO, 2020a) 

In Europe, other planted forests predominate with 94% of the 

total planted forest area, leaving 6% for plantation forest (see Table 1). 

Denmark, however, has a higher plantation forest coverage with almost 42% 

(see Figure 3) (Thomas & Johannsen, 2020). 

 

 
Figure 3 – Distribution of the Danish forest area to management types, excluding the 

2% auxiliary areas. Temporarily unstock areas are part of the even-aged, planted area 
(Johannsen et al., 2019, p.33) 

Plantation forests are defined as “forests predominantly composed of trees 

established through planting and/or deliberate seeding and which are being 

actively managed for provisioning services, climate regulation or both” 
(Freer-Smith et al., 2019). Plantation forest utility can also be found in the 
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restoration of degraded landscapes and the improvement of ecosystem 

services, leading to many benefits such as better soil, groundwater, and 

biodiversity quality (Silva et al., 2019). Moreover, plantation forest 

management has started to shift from productivity-only paradigm of view 

towards more sustainable practices with good conservation and biodiversity 

standards (McEwan et al., 2020). 

 

Ownership 
From the legal perspective, forest ownership can be separated into two 

main categories – public and private. Around 73% of the global forest area 

is publicly owned and 22% is privately owned (FAO, 2020a)3. In Europe, 

approximately 60% of the forest area (around a billion ha) is privately owned 

and about 80% of it is held by individuals or families, followed by private 

institutions and forest industries. However, the ownership structure varies 

significantly among countries, therefore, we cannot draw general conclusions 

(Weiss et al., 2019). 

 

A growing tendency in plantation forestry is conversions from large-scale 

monoculture investments to small or medium-scale investments, where local 

households and communities are owners or co-owners as well as being 

employees (Freer-Smith et al., 2019). In Europe, 99% of private owners 

possess forest plots with a surface not larger than 50 ha (Weiss et al., 2019), 

classifying them as small forest owners and for this reason, most likely not 

considering financial objectives as being of high importance (Wiersum et al., 

2005). Indeed, they will receive a substantial income from forestry once or 

twice in their lifetimes during clear-cutting or commercial thinning (Feliciano 

et al., 2017). 

 

In Denmark, most of the forests are owned by the private sector (˜70%), 

while the public sector, owns approximately 28% of the forests (see Figure 

4). Also, more than one-third of the private forest area is owned by forest 

owners who describe themselves as ‘hobby owners’, meaning that they mainly 

focus on the recreational side of forestry, including taking care of nature and 

having their hunting opportunities (Thorsen, 2017). On larger forest 

properties, which form a bigger part of the forest area, the owners typically 

focus on earning capacities (McEwan et al., 2020; Thorsen, 2017). 

 

 

 
3 5% being unknown/other (mainly, areas with disputed ownership) 
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Figure 4 - Distribution of forest area by types of ownership in Denmark (Johannsen et 

al., 2019, p.21) 

Growing stock composition 
Most of the world plantation forests are monocultures (Kelty, 2006; Liu 

et al., 2018), many consisting of introduced species (FAO, 2020a). Of the 

several thousand existing tree species, about 30 have been widely planted and 

most of them (with some exceptions) are from four genera: Acacia, 

Eucalyptus, Pinus, and Populus (Evans, 2009). The dominant genera of forest 

growing stock in Europe contain Pinus, Larix, Picea, and Betula (FAO, 

2020a), but the content of the species varies in different areas. 

 

In Denmark, the commonly used introduced species are Norway spruce 

(Picea abies), Stika spruce (Picea sitchensis), Scots pine (Pinus sylvestris), 

Larch (Larix sp.), and Silver fir (Abies alba) (Thomas & Johannsen, 2020). 

 

The use of monocultures has significant advantages. Indeed, single species 

management is considered a simpler and cost-effective practice compared to 

other types of forest management. It allows achieving a high growth rate and 

quality of wood (Kelty, 2006). 

 

Mixed-species plantations, in addition to economic advantages, also grant 

more environmental and social benefits. It might also increase the damage 

resistance4 and carbon sequestration5. However, some challenges are 

associated with polycultures such as the increase in management as well as a 

 

 
4 See chapter “Factors affecting carbon sequestration–tree mortality and 

resilience” 
5 See chapter “Factors affecting carbon sequestration-species diversity” 
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limited understanding and knowledge about the most optimized matching of 

species to attain the benefits mentioned earlier (Liu et al., 2018). Moreover, 

research on mixed species plantations productivity is not unanimous (Kelty, 

2006; Liu et al., 2018). 

 

Management 
Most forests in Europe are turning to sustainable forest management 

(SFM), which highly includes considerations for ecosystem services and social 

aspects. As an ongoing process, the forest sector is supported by research and 

policies for the establishment of the SFM practices (Freer-Smith et al., 2019). 

Since forests in Europe are actively managed in diverse ways, due to 

centuries of unlike management styles in different countries, the contrast 

between natural and plantation forests is not as noticeable as other regions 

of the world (Nabuurs et al., 2014). 

 

In a plantation forest, four phases to achieve the most optimal outcome 

of timber production can be identified (see Figure 56). 

 

 
Figure 5 – Stages in plantation forestry (Te Ara, n.d.) 

 

 
6 Felling and logging account for harvesting operations 
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Site preparation can consist of soil work and clean-up such as ploughing 

and removal of tree leftovers. They are carried out after the former harvest 

(P. Klein & Zaid, 2002). The stand tending process involves everything that 

enhances the stand and its growth quality. This can include tree thinning 

and pruning, but it can also involve genetic materials (explained further in 

this chapter). Pruning and thinning are not necessarily needed in short-

rotation systems, but they are vital in a cutting system, wherein the goal is 

to produce high-quality timber (Province of British Columbia, n.d.). Finally, 

the harvesting can be carried out in two ways, via a clear cutting or a 

selective-cutting pattern. 

 

As explained, some plantation forests are managed through a clear-cutting 

system (usually, monocultures), wherein all the trees are cut at the same time 

and thereafter replaced by new trees (see Figure 6) (FSC, n.d.). Clear-cutting 

does not only affect the biodiversity, but it leaves a risk for loose topsoil for 

wind and rain erosion. In addition to this, monocultural plantations have also 

been criticized for having a lower resistance to pests and diseases (Liu et al., 

2018). It is however a method that is generally cheaper for the forest 

managers and therefore also more attractive regarding cost-effectiveness 

(Oregon Forest Resources Institute, n.d.). 

 

 
Figure 6 – Plantation forest owned by Lindenborg Gods, near Arden, Denmark. Left 
picture: on foreground can be seen a clear-cut plot with new trees planted and a 

monocultural plantation forest with even-aged conifers in the background. Right picture: a 
monocultural plantation forest with a clear ground 

Another method is the selective cutting of trees, in which some of the 

trees are cut down (including stumps) when they reach certain requirements, 

but the rest of the area is left intact so that the cuttings do not affect the 

growth of other trees (Glossary of Statistical Terms, 2001). Selective cutting 

can affect forest resilience in different ways. Depending on the harvesting 
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intensity, it might have the potential of speeding up the fragmentation 

process7, which means, it can either accelerate or delay the transition to 

deforestation of the affected area. This depends on the planting and thinning 

intensity, and if enrichment planting is added in the process (Rondon et al., 

2012). 

 

Importantly for plantation forests is the implementation of the most 

suitable genetic materials (EUFORGEN, n.d.). The European Forest Genetic 

Resources Programme (EUFORGEN) consists of a framework that promotes 

significant forest genetic resources for sustainable forestry. Genetic forestry 

is a high risk and time-consuming process. Indeed, it can be very complicated 

to predict climate change and its outcomes (weather, temperatures, diseases, 

etc.), impacting the resilience of the trees if the genetic selection is 

not suitable with the climate evolution (Freer-Smith et al., 2019). Douglas 

Fir could be one of the suitable species that could adapt to climate change in 

Denmark and probably in many other countries in Europe as well (The 

Danish Nature Agency, personal communication, 2 November 2020). 

 

Planted monocultures always suffered from unpopular opinions, 

particularly because of its limitations in relation to biodiversity (Freer-Smith 

et al., 2019). This can lead to conflicts since forest owners and forest users can 

have different perceptions about how forests shall be established and 

maintained (FAO, 2020a; Ribe et al., 2013). This is also the case in the Rold 

Skov forest, located in Denmark and managed by both private (Lindenborg 

Gods) and public (The Danish Nature Agency) owners. Two interviews were 

conducted, one with each actor (see methods). Lindenborg Gods, who does 

monoculture plantations, were asked if they felt any pressure from outside 

stakeholders, and if this pressure would decrease if they would transition 

from their current management to either PEFC or Forest Stewardship 

Council (FSC) management certification. The answer leads us to think that 

certification might not entirely solve the issue, “[…] many people have a lot 

of opinions on what to do. And especially on what to do on other people’s 
land.” (Lindenborg Gods, personal communication, 30 October 2020). 

  

 

 
7 Is the process whereby a large, continuous area of habitat is reduced in area 

and divided into two or more fragments (Wilcove et al., 1986) 
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8.1.2 Ecosystem services 

Forests are providing numerous and crucial ecosystems to societies and 

these ecosystems are providing services. Ecosystem services are defined as 

“multiple benefits provided by ecosystems to humans” (FAO, 2019). These 

services and their regulations rely on functions performed by the organisms 

composing the forest ecosystem (Gamfeldt, Snäll, et al., 2013). Depending on 

the forest management the forest can provide a variable number of ecosystem 

services such as: 

 

 
Figure 7 - Ecosystem services provided by forests 

To name a few, societies are profiting from forests in many ways such as 

being the source of raw materials, regulation of climate, pollination or air and 

water purification (Jenkins & Schaap, 2018). Given the necessity of all the 

ecosystem services provided by the forest, it is estimated to have a significant 

economic value worldwide representing 4,7 trillion dollars (Jenkins & Schaap, 

2018). However, ecosystems tend to be overexploited as the services they 

provide do not have explicit market value and are considered as public goods 

(FAO, 2019).  

 

8.1.3 Overview of carbon sequestration 

Generalities 

One of the most vital and environmentally significant roles of a forest is 

to sequestrate carbon to mitigate or at least to slow down the increase of 

carbon dioxide levels in the atmosphere (Liu et al., 2018; Savill et al., 1997). 

Carbon sequestration is considered as the uptake and the storage of carbon 

(EEA, n.d.). Furthermore, some studies suggest a tendency of forests taking 
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up more carbon dioxide in the past 50 years related to the augmentation of 

carbon in the atmosphere (Bellassen & Luyssaert, 2014). The impact forests 

have on net greenhouse gas, including carbon dioxide, can be categorized in 

two ways (Nabuurs et al., 2018): 

 

1. Acting as a carbon sink 

a. Capturing 

b. Storing carbon from the atmosphere 

2. Substituting 

a. Fossil fuels (fuelwood and bioenergy) 

b. Other high carbon cost materials (timber production) 

 

The carbon storage made by forests corresponds to 20% of all the fossil 

emissions in the European Union annually, the net effect is estimated at -806 

million tons CO2 eq (this estimation includes the net sink, the carbon 

emissions made by the forest sectors, and the avoided fossil fuel emissions by 

substitution) (Holmgren & FutureVistas, 2020). 

 

 
Figure 8 - Forest-related carbon stocks in reservoirs and flows between the atmosphere, 

biosphere and fossil reservoir (Nabuurs et al., 2018, p. 10) 
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Carbon cycles 

The basic carbon cycle can be divided in two different types - carbon 

capture and storage, and carbon release: 

 

1. Carbon capture and storage 

 

As mentioned before, forestry can contribute to stabilizing and reducing 

greenhouse gas emissions levels in the atmosphere by storing carbon in 

standing trees, dead wood, wood products and soil (FAO, 2020a; McEwan et 

al., 2020). Forests worldwide are storing about 47% of the total global carbon 

(Sedjo & Sohngen, 2012).  Moreover, wood products have the capacity to 

borrow the carbon from the carbon cycle for a longer or shorter time 

(Holmgren & FutureVistas, 2020). Most of the forest carbon is found in the 

living biomass and soil organic matter (see Figure 9). Over 50% of dry tree 

biomass is carbon and biomass can be any part of a living or non-living 

tissue of a tree, including leaves and roots. 

 

Carbon is necessary for a tree to build parts of cell walls, thereby carbon 

is being sequestered within the tissue of a tree. Carbon dioxide is needed 

for photosynthesis, so it is captured from the atmosphere. As the tree grows, 

more carbon is sequestered in its tissues, therefore the carbon uptake of 

forests is higher while the trees are young and growing (Sedjo & Sohngen, 

2012). 

 

 
Figure 9 - Proportion of carbon stock in forest carbon pools, (FAO, 2020b, p. 11) 
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2. End of cycle and carbon release 

 

Even though forests sequestrate carbon within average about 1 m3 of wood 

storing approximately 0,92 tons of CO2 (IPCC, 2007)8, they also release some 

CO2 back to the atmosphere (Bellassen & Luyssaert, 2014; Sedjo & Sohngen, 

2012). The main reasons for those emissions are: 

 

1. Naturally occurring 

a. During the trees’ cellular respiration 

b. Decomposition of a dead tree or debris 

c. Windstorms9 

d. Forest fires 

2. By human impact 

a. Harvest of trees 

b. Production of short-lived products (paper) 

c. Production of long-lived products (furniture)10 

d. Biomass use 

e. Forest fires 

 

Some of these processes, natural and anthropogenic are presented below: 

 

 
Figure 10 – Forest sector carbon cycle (USDA, n.d.) 

 

 
8 Assuming a specific wood density of 0.5g dry matter/cm3 and carbon content 

of 0.5g C/g dry matter 
9 Leading to wood decomposition 
10 Will sequestrate carbon and so continue to act as a carbon sink until decay 
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8.1.4 Factors affecting carbon sequestration 

Species diversity 
Biodiversity can have a positive influence on multiple ecosystem services, 

including the production of tree biomass and carbon storage (Gamfeldt, Snäll, 
et al., 2013). It has been demonstrated that diversity in tree species could 

enhance the amount of carbon sequestrated in a forest. This can be explained 

by the fact that tree species are interacting with carbon in different ways. 

Indeed, trees have different wood density, photosynthesis, decomposition, and 

absorption rates (Brockerhoff et al., 2017). For example, deciduous trees 

(broadleaved trees), present a higher wood density and then accumulate more 

carbon than conifers trees which are producing a lighter wood. However, more 

research should be done on this subject due to the lack of information (Jandl 

& al, 2007). 

 

More reasons for better carbon capture and growth capacity in a forest 

with diversity in tree species are an increase in pollination and a more diverse 

canopy cover (Liu et al., 2018). 

 

Age 
The carbon sequestration varies with the age and growth rate of a forest. 

It is generally assumed that old-growth forests are not storing any more 

carbon (balance reached between photosynthesis and respiration). However, 

recent studies demonstrate the contrary. It might be that the sequestration 

of carbon is continuous and grow asymptomatically (Angerand & Bus de 

Warnaffe, 2020). The forests with the highest probability to be carbon sinks 

are forests between 15 and 800 years. Forests under 15 years are, indeed, 

often carbon positive because the creation of new forests is following 

disturbance to soil and therefore a high decomposition rate (Luyssaert et al., 

2008). While the carbon stocks are clearly increasing after 100 years, over 

300 years the benefits are diminishing as the forests slowly are approaching 

their carbon-storing capacity (J. Gunn & Buchholz, n.d.). 

 

Management processes 
It has been demonstrated that carbon storage is higher in non-harvested 

forests (Harmon & Marks, 2002). Therefore, when looking at managed forests, 

less intensive forest management (using selective cutting for example) and 

with a lower frequency of harvesting, are showing higher carbon storage 

values than more intensive forest management practices (using clear-cutting, 

for example) (Nunery & Keeton, 2010). After harvesting, leftovers such as 
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root parts and other residues will remain on the soil. These materials are 

going to decompose over time and emit carbon (Bellassen & Luyssaert, 2014). 

A clear-cutting system will lead to more leftovers and thus, more emissions, 

whereas a selective cutting system should be less detrimental. Moreover, 

selective cutting will lead to uneven-aged forests, more effective in carbon 

sequestration compared to even-aged forests (Nunery & Keeton, 2010). 

 

The thinning process is aiming at increasing the density of the trees 

(adding value to them) but it reduces the total biomass and by extend, the 

carbon sequestration. For a certain period, thinning will change the 

microclimate of the forest, making it a bit warmer. Over this period of change, 

the forest floor decomposition will be higher, leading to an increase of carbon 

emissions. However, thinning is still useful for the control and maintenance of 

carbon sequestration by increasing the stability of the trees (Jandl et al., 

2007). The practice should remain but the intervals between thinning should 

be longer to avoid microclimate formation. 

 

Tree mortality and resilience 
The loss of trees is leading to emissions of CO2 through decomposition. 

When a big loss is occurring, the forests are shifting from a carbon sink to a 

carbon source. Climate change is increasing the risks and exposure to tree 

mortality by spreading pests and diseases or due to extreme weather events 

such as wildfires and storms. To guarantee and optimize carbon 

sequestration, forest management should reduce the exposure to these risks 

(Angerand & Bus de Warnaffe, 2020). 

 

Mixed forests with high biodiversity and genetic diversity within the same 

species are more resilient to climate change than monoculture forests, more 

impacted by extreme weather events like storms (Angerand & Bus de 

Warnaffe, 2020). Broadleaved trees for example, because they are losing their 

leaves during winter will enhance the resistance of the forest during this 

period when the strongest winds are expected (Brockerhoff et al., 2017). The 

uneven-aged plantation also enhances the resistance to storms; indeed, the 

tallest trees will protect the smaller ones. Whereas, in an even-aged 

plantation forest, all the trees are exposed to the wind and at the same 

strength (Brockerhoff et al., 2017). The damage recovery from such events 

will be lower in mixed forests and will reduce the amount of interventions 

required, leading to fewer financial inputs (Stanturf et al., 2007). 
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The tree diversity seems to decrease the damage and occurrence of pests. 

Despite, few existing studies on the subject, it is well acknowledged among 

the foresters (The Danish Nature Agency, personal communication, 2 

November 2020). Some variations in the results exist among the same species 

diversity due to how important a species composition can be. For example, a 

mixture of broadleaved trees and conifers is demonstrated to be particularly 

effective against pests as they are further related to each other (Castagneyrol 

et al., 2014). 

 

Some general ecologic factors explain the tendency of having fewer 

pests in the mixed forest compared to a single species one (Brockerhoff et al., 

2017): 

 

1. Lower density of host trees, scattered among non-host trees 

2. Host trees are more difficult to find as they are “hide” by other trees, 

both visually but also chemically 

3. Insect predators are more abundant due to the higher diversity of 

food sources and nesting sources 

8.1.5 Productivity 

Generalities 

Wood as a resource plays a major role in the ecological transition making 

forest productivity a relevant subject. A few reasons for the increase in wood-

based products are explained below: 

 

1. Fossil-free energy sources (Holmgren & FutureVistas, 2020) 

2. Substitution from fossil dependent materials11 (Holmgren & 

FutureVistas, 2020) 

3. Long life and recyclability of wood products (CEI-Bois, 2019) 

4. Renewable and zero waste (CEI-Bois, 2019) 

 

Factors impacting the productivity 
Usually, the productivity rate goes in hand with carbon sequestration, as 

the photosynthesis capturing carbon is higher when the productivity is high 

(Angerand & Bus de Warnaffe, 2020). Therefore, we can expect the factors 

 

 
11 (Cement, steel, plastic, etc.) 
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for an increase in productivity and factors for an increase in carbon storage 

to be in accordance with each other. 

 

Species diversity 
Biodiversity and thus, the richness of species increases the primary 

productivity of a forest. Blending species that considerably differ in properties 

such as shade tolerance, growth rate, crown structure, and root depth can 

achieve a forest resulting in a higher biomass production (Kelty, 2006). 

 

For example, five tree species instead of only one enhances the biomass 

production of approximately 50% (Gamfeldt, Robert Bagchi, et al., 

2013). Plus, some studies have been specifically done in European 

forests, under the conditions of a changing climate, and show the same result. 

The benefits could be, in fact, even better as climate change impacts the 

relation between species (Morin et al., 2018). Therefore, monoculture 

plantations might not be the most optimal method for productivity, and 

mixed species forests are estimated to be, on average, 15% more productive 

(Jactel et al., 2018). 

 

Management processes 

Clear-cutting practices avoid the natural restoration of the forests 

(Angerand & Bus de Warnaffe, 2020), affecting productivity.  However, no 

literature has been found to demonstrate whether a clear-cutting is more 

productive than selective cutting. Shifting to an uneven-aged 

forest increases the long-run harvest yield. A study compared different 

scenarios within the scope of increasing the carbon sequestration, and in the 

end, the uneven-aged forest was the only scenario showing more productivity 

than an intensively managed forest (J. S. Gunn & Buchholz, 2018). An 

uneven-aged forest needs to instore a system of selective-cutting instead of 

clear-cutting. 

 

Tree mortality and resilience 
Tree mortality being a negative input for biomass production, strategies 

to enhance the resilience of the forest must be set up. The previous 

section “iv. 4” in this report presents the factors that are increasing the 

stability and resistance of trees. Although, an additional point is relevant for 

the productivity and financial interest regarding the regulation of pests. 

Indeed, regulation of pests, besides increasing the biomass, is also increasing 
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the quality of the wood, which is in correlation with the profitability of the 

forest (Brockerhoff et al., 2017). 

8.1.6 Payments for Ecosystem Services 

Definition 

Payments for Ecosystem Services is a deep and complex subject; 

therefore, our research presents an overview of the PES history and 

mechanics, allowing us to get a sufficient understanding to complete our 

project. PES is sometimes used as an umbrella term to cover all the economic 

arrangement mechanisms put in place to assure the conservation of ecosystem 

services (Smith et al., 2013). PES schemes are generally considered as a cost-

effective practice to attain conservation objectives by rewarding specific 

actors for their efforts in providing ecosystem services (Puydarrieux & 

Mésenge, 2018). 

 

By considering different existing definitions and in order to define PES as 

close as possible to our project, we can interpret PES as: 

In order to incentive the preservation of those ecosystem services, the 

beneficiaries of those payments are subjects to the condition that they 

maintain their ecosystem services pre-defined in the PES contract (Pirard, 

2011). 

 

 
Figure 11 – The PES concept (Oppla, 2017) 

“voluntary programs based on contractual payments to individuals or 

communities, whose lands are used and managed to guarantee the 

provision of one or more ecosystem services, and where the land use 

include an improvement in the management practices.” 
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 Nature and its economic value, a historical context 

Regarding modern international policy, the milestone of environmental 

awareness is the 1972 United Nations Conference on the Human 

Environment, also known as the Stockholm Conference (United Nations, 

n.d.). By acknowledging the finite nature of the Earth resources, the 

convention marks the beginning of global scale reflections on how to combine 

environmental preservation and economic development (Boudes, 2014). 

 

The necessity of “natural systems” in providing viable development and 

welfare is not a recent understanding as it was already documented by Plato 

(Johnston, 2016). Placing ecosystem services at the center of economic 

processes is, however, a relatively new approach, mentioned for one of the 

first time in 1977 by Walter E. Westman in his article “How Much Are 

Nature’s Services Worth?”. 
 

By focusing on the flows of nature (inputs and outputs), rather than 

nature’s standing stocks (see Figure below), it allows to research economic 

assessment tools and cost-benefits analysis of the ecosystems and the services 

they provide (Westman, 1977). This new approach has aroused great interest 

in the field of research and the development of monetary valuation studies in 
the 1990s (Gómez-Baggethun et al., 2010). 

 

 
Figure 12 – The Human well-being and its interactions with Social and Natural Capital 

(Costanza et al., 2017) 
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Presently, ecosystem services are progressively considered in policy and 

economic decision-making through schemes such as Markets for Ecosystem 

Services (Bayon, 2004) and Payments for Ecosystem Services (Pagiola et al., 

2008). 

 

Further considerations were given to literature combining PES and their 

applications on mitigating climate change through carbon sequestration. The 

research revealed that PES is mostly considered and put in practice as a 

conservation tool for at-risk ecosystems in developing countries. This can be 

explained with the increased exploitation of natural resources as a primary 

revenue such as the wood industry, or to allow other land uses, resulting in 

deforestation. Because PES is not yet fully thought of as an incentive for 

climate mitigation, we can consider that this field of study is not yet widely 

examined and would merit further research. 

 

Payment	principles	
First, it is worth noting that there is no standardized “one-size-fits-all” 

arrangement for the successful implementation of a PES program (Kemkes 

et al., 2010). 

 

PES is based on the Beneficiary Pays Principle (BPP), in which the 

actors beneficiating an ecosystem service are asked to contribute to the 

conservation costs of this particular ecosystem (Costanza et al., 2017). 

The opposite system to BPP is the Polluter Pays Principle (PPP) in which 

actors responsible for pollution and degradation are held accountable for it. 

This translates into the polluter bearing the costs of pollution prevention, 

control, and reduction (OECD, 1992). 

 

The Polluter Pays Principle is already used on regional and national 

levels. Nonetheless, in the case of damage occurring on ecosystem services, 

opportunities for new and better economic tools can be developed (Rode et 

al., 2016). Consequently, putting in place Beneficiary Pays Principles do not 

attend to diminish or replace Polluter Pays Principles but act as a 

complementary tool under the possible supervision of public bodies (Pirard, 

2011). 

 

By addressing the situation ecosystem services instead of the pollution 

itself, one assumption of the Beneficiary Pays Principle is the individual’s 
right to pollute and the responsibility of societies to provide compensation 
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for avoiding pollution costs and instigating non-polluting resource 

management decisions (UNPD, n.d.). 

 

PES financing 
Payments for Ecosystem services can be financed in mainly 2 ways (see 

Figure 13). 

- The user-financed PES is directly financed by the beneficiaries 

(users) of the ecosystem services. 

- The government-financed PES is including a third party acting on 

behalf of the service beneficiaries. 

 

 
Figure 13 - User- and government- financed PES (Pagiola, 2018) 

 

Both programs have advantages and inconveniences (Pagiola et al., 2008): 

 

User-financed programs usually have close geographical proximity 

between service providers and service users. These types of programs are 

usually considered as the most performative ones. Indeed, the proximity 

allows for better interactions and controls on both sides and also facilitates 

renegotiation or termination of the agreement. However, the transaction costs 

can be considered as expensive programs for service users due to the 

economies of scale (Amadeo, 2020). 

 

On the other hand, and the same economies of scale principle, 

government-financed programs are considered more cost-effective schemes. 

Yet, it is considered less performative compared to user-financed programs 
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due to the absence of regular interactions and control between the service 

providers and service payers. Moreover, the distance between the providers 

and the beneficiaries can create a lack of interest and/or knowledge of 

ecosystem conservation. Finally, government-financed programs can be 

subject to variations and/or cancellation based on direct or indirect political 

context changes. 

 

PES programs can also be hybrid by combining both users and 

governments. 

 

 
Figure 14 - Hybrid PES programs (Pagiola, 2018) 

 

The minimum compensation (efficient policy according to the UNDP) is 

set to counterbalance an income loss for the landowner (see Figure 15). The 

maximum compensation (not recommended according to the United Nations 

Development Programme - UNDP), is equal to the total value of the 

ecosystem service loss itself (see Figure 15) (UNPD, n.d.). 

 

 
Figure 15 - Example of PES payment structures (Fripp, 2014) 
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Objectives 

In principle, PES is intended to obtain immediate results by removing the 

threat to the ecosystem service as long as the payments are being maintained. 

In other terms, it does not remove the possibility of a degradation 

occurrence once the payment stopped (Pirard et al., 2010). Yet, long-lasting 

positive change can take place after the use of the PES programs if new 

valuable sustainable practices were involved in the land use by those 

providing the service (Kemkes et al., 2010). In other terms, the “optimized” 
forest becomes an asset (asset-building), valuable enough to keep.  
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9 Research question 

The steps in developing the research question are as follows: 

 

1. Choosing a general topic of interest, and in this case, sustainable 

forest management, its certifications, and ecosystem services. 

Concerning FES, the focus was given to carbon sequestration. This 

can be explained due to carbon’s role in climate change, the need 

for its accountability, and questions around its global value. 

2. Conducting preliminary readings & research, allowing for a better 

understanding of the challenges and existing issues within the 

topic. 

3. Narrowing down the chosen topic. During the interview with 

PEFC, the discussion led to the problem of certification for 

ecosystem services, allowing forest owners compensations for the 

preservation and/or enhancement of the ES they provide. 

Furthermore, the following interviews with Lindenborg Gods and 

The Danish Nature Agency showed their interest in PES, 

particularly on carbon sequestration. Both interviews have also 

given an insight into two different forest management practices – 

plantation and close-to-nature forestry 

4. Evaluation of the research question. 

 

The steps mentioned before has led to a following research question:  

 

How can Payments for Ecosystems Services, directed at carbon 

sequestration enhancement, support behavioral change in European forest 

management? 

 

The research question has been formulated to highlight the importance of 

forests in climate mitigation by considering carbon sequestration into 

plantation forests and providing plans (PES) to incentive those changes. 

 

Based on the research question, assumptions have been formulated: 

 

- A shift in forest management that increase carbon sequestration 

will necessarily increase the biomass productivity of the whole 

forest  

- Plantation forestry will have a higher timber yield than optimized 

forest 
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10 Theory 

The “optimized” forest 

This framework of this project-based “optimized” forest is based on our 

research and compiles methods of forest management enhancing both carbon 

sequestration and productivity. It is based on our expectations and goal for 

the project and following the 2020 European forestry strategy (see 

introduction). By increasing the carbon sequestration potential, biomass 

production will, most likely, increase. But the productivity in terms of 

biomass does not necessarily mean an increase in timber production. This 

point is going to be analyzed in the LCA part. 

 

 
Figure 16 - Project-based optimized forest 

The following table is a selection of forest management methods suitable 

to increase both carbon sequestration and productivity. 

 

Methods for productivity x carbon sequestration 

Cutting Selective cutting 

Planting Uneven-aged forest with natural regeneration as 

much as possible 

Species Mixed species forest, at least 5 species including a 

mixture of broadleaved trees and conifers (see Figure 17) 

Thinning Soft thinning with long interval 
Table 2 - Selection of forest management practices for an optimized forest 

 
Figure 17 - Diagram of 5 different tree species, mix of broadleaves and conifers, and 

uneven-aged. 
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The combination of these practices should enhance the two functions 

selected, provided by the forest. 

 

Existing PES schemes in Europe as precedent 
Diverse PES schemes are being used and documented all over Europe. 

137 PES exist across Europe according to The Market Place database. 66 of 

them are focusing on watershed conservation, 49 focusing on biodiversity 

conservation and the last 22 has a focus on terrestrial carbon conservation 

(Forest Trends Association, 2018). The most successful PES schemes are 

usually based on water protection or nature conservation. One reason for this, 

is the fact that water is easy to put a value on, whereas other cultural or 

wildlife services may be a lot harder to evaluate (Viszlai et al., 2016). 

 

In Europe, two main approaches of PES are in practice. The first PES 

practice consists of maintaining or enhancing particular services provided by 

ecosystems. The second one being payment to rescue services, or to prevent 

a change of land-use that could have potential negative impacts (Viszlai et 

al., 2016). 

 

Public schemes between public authorities and private landowners are 

widely used such as in Finland, where the project called “Forest Biodiversity 

Programme METSO” (METSO, 2019), running from 2008 until 2025. This 

project aims to conserve and stop the decline of biodiversity of forests in 

Southern Finland. The project consists of temporary (10-20 years) or 

permanent conservation agreements. Landowners are financially compensated 

for the conservation of their areas. In the situation of permanent protection, 

they will receive tax-free compensation. These compensations are funded by 

the Ministry of Environment and the Ministry of Agriculture and Forestry. 

 

Moreover, the deals between the two parts are based solely on 

“opportunity costs” in form of lost timber, which will be compensated no 

matter what. This means that payment is based on the lost amount of timber, 

whereas nature values become simple eligibility criteria that can be 

negotiated between the landowner and the buyers of the service. 

 

On the other hand, most PES schemes consist of agreements between 

private holding companies and landowners. An example of this is based in 

Germany, where it started between the NGO “Trinkwasserwald®e.V.” 
(Drinking Water Forest) and the company BIONADE Corporation in 1995 



39 

 

 

(United Nations et al., 2014). These two organizations brought forest 

landowners together. This has resulted in an average increase in the annual 

volume of available water, reaching up to 800 000 liters per hectare, 10-12 

years after the projects begun. The most successful PES schemes are usually 

based on water protection or nature conservation. One reason for this is the 

fact that water is easy to put a value on, whereas other cultural or wildlife 

services may be a lot harder to evaluate (Viszlai et al., 2016). 

 

PES schemes consisting of mandatory principles is not likely to work. It 

is in general the voluntary nature of PES that makes it work efficiently. The 

voluntary aspect gives space for a less prescriptive and open-ended approach, 

which makes it a more attractive instrument in some cases as it offers a high 

degree of flexibility  (Dunn, 2011). In addition to this, the voluntariness of 

PES provides opportunities to discuss details of the deal between the parts 

without having any limitations or restrictions besides legislation. 

 

 It is necessary to assess each payment individually for specific services, 

since it can vary a lot depending on the context. Finally, it is crucial to define 

supporting and controlling organizations, so it is ensured that the PES is 

being provided in the right way. Furthermore, it is important to develop legal 

conditions for trading and identify the services, sellers of it, and the service 

buyers. 

 

Theoretical PES 
The European Green Deal is Europe’s shift project for its economy and 

society towards climate mitigation, biodiversity restoration, green economy 

and sustainable living (European Commission, n.d.-a). The Green Deal is 

composed of multiple plans, policies and measures tackling numerous issues 

with the one common goal of climate neutrality by 2050 (Cabuzel, 2019). 

This will require a significant overall budget. 

 

With a budget of €1 trillion over the next decade, the expenses are as 

high as the objectives. The EU, national public sectors as well as the private 

sector are involved in The European Green Deal’s Investment Plan (see 

Figure 18). 
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Figure 18 – European Green Deal Investment plan (European Commission, n.d.-d) 

Building on the 2030 biodiversity strategy, the European Commission is 

preparing a new EU forest strategy, covering the entire forest cycle and 

promoting the numerous services that forests provide. This translates into 

effective forest afforestation, preservation, risk reduction, resilience building 

and the absorption of CO2 (European Commission, 2020b). Additionally, the 

announcement of an EU climate adaptation strategy in 2021 will further 

increase the focus on forests alongside the Common Agricultural Policy, while 

incentivizing forest managers to preserve, grow and manage forests 

sustainably (CEPF, 2019; European Commission, n.d.-b). In this way, forests 

are the subject of various European plans working together or independently. 

In addition, national strategic plans will also be encouraged to speed up the 

process (European Parliament, n.d.). 

 

The 2020 EU Forest strategy is still under preparation and a commission 

adoption is planned for the first quarter of 2021 (European Commission, n.d.-

c). In practice, European PES schemes are carried out under the Common 

Agricultural Policy funding due to the difficulty to clearly separate land use 

forms such as forestry and agriculture (European Commission. Directorate 

General for Agriculture and Rural Development. & European Forest Institute 

(EFI)., 2019).  
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In our PES hypothesis, the new EU Forest Strategy is being used as a 

platform to initiate payments for ecosystem services schemes (see Figure 19), 

independently from the Common Agricultural Policy for better targeted 

actions towards the promotion of “optimized” forests as conceptualized (see 

“optimized” forests). 
 

 
Figure 19 - EU Forest Strategy as a PES platform 

 

Building on the state of the art done previously, the characteristics of the 

PES hypothesis are as follow (see Figure 20): 

 

Developing on the European Green Deal, PES would define themselves as 

government-financed programs under the European Commission procedures.  
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Compensation payments to protect the forest from a different land use 

would follow the minimum compensation method recommended by the 

United Nations Development Programme (see Figure 15, “example of PES 

payment structures”). PES could also be used for marketing opportunities 

such as a carbon markets or tourism, potentially leading to a better 

attractiveness of “optimized” forests. 
 

Finally, PES schemes would have to be thought as asset-building 

procedures. Meaning that the new “optimized” forest need to be interesting 

enough to keep. Therefore, it becomes an asset and the possibility of future 

degradation occurrence once the payment stopped is removed. 

 

 
Figure 20 - Characteristics of the hypothetical PES 
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11 Methods 

This chapter presents the methods applied for the data collection during 

the empirical research phase with the purpose of linking PES to climate 

mitigation through behavioral change in European plantation forests. Each 

method is explained and reasoned (see Figure 21). The final method applied 

in the project is an LCA, which will be explained, and the results presented. 

 

 
 

Figure 21 - Research design flowchart 

The flowchart is starting from the formulation of a research question. 

Back and forth thinking between the research question formulation and the 

problem analysis occurred. Therefore, the reformulation can be revised 

and/or polished. 
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11.1 Interviews 

The project started with the search for stakeholders related to the field 

of forestry, without consideration of their activities. This way, multiple 

opportunities remained open such as certification bodies, forest management 

activities, wood-based product manufacturing, etc. Twelve different actors 

were contacted, from private companies, such as IKEA, to non-government 

organizations (NGO’s) or public organizations. This process allowed us to 

conduct semi-structured interviews with three of them, and with whom we 

were able to acquire useful knowledge (see Figure 22). Those stakeholders 

were: PEFC, Lindenborg Gods, and the Danish Nature Agency. The 

interview with PEFC took place via a Skype-call while the two others were 

carried out on the actual activity sites. All three semi-structured interviews 

were recorded and transcribed. 

 

 
Figure 22 - Interviews in the problem analysis 

On October 23, 2020, an interview with the development manager of 

PEFC was conducted and lasted for about 90 minutes. The interview brought 

notions, ideas and overall insight in the field of forestry, useful as the project 

just started. The concept of PES was particularly highlighted during the 

interview, as well as forest certification in different areas of the world. The 

following interview, on October 30, 2020, was being held with Lindenborg 

Gods, a danish company with diverse activities such as producing and selling 

timber (Lindenborg Gods, n.d.). The CEO and a forest ranger of the company 

were interviewed. The semi-structured interview was followed with a shorter 

unstructured interview through a walk-and-talk structure at a forest plot the 

company is managing. The interview gave a lot of knowledge about how a 

private timber company is managing its assets (tree species selection, land 

management, etc.). The third interview was conducted with the Danish 
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Nature Agency, on November 2, 2020. A semi-structured interview with the 

forest manager and a forest ranger was carried out. This interview gave 

insights on forest management practices in public-owned forests (selective 

cutting, biodiversity consideration, etc.). 

 

For each interview, preparatory work has been conducted. Interview 

guides were developed and aimed at different topics such as the forest 

management cycle, certification and carbon sequestration. Identical interview 

guides were used for Lindenborg gods and the Danish Nature Agency, in 

order to compare two different forest managing views and practices. 

11.2 Literature and document review 

In combination with the interviews, literature and document review were 

conducted to obtain a broad understanding of forestry, its challenges and 

opportunities (see Figure 23). The findings of this research constitute the core 

of the state of the start. The literature review consists mainly of articles 

published as scientific papers using various collecting methods such as 

databases (Google Scholar, Aalborg University Library, ResearchGate, etc.) 

and cross-referencing. 

 

While a literature review provides a critical approach from the scientific 

community, a document review acts as an important complement by giving 

a better understanding of organisations and public authorities’ view and plans 

on forestry and its future. Therefore, to research the global state of forests, 

well-known organisations were used, such as Food and Agriculture 

Organization (FAO) and Intergovernmental Panel on Climate Change 

(IPCC). When focusing on the European scale, more local sources were used, 

e.g., European Environment Agency (EEA), European Forest Institute (EFI), 

The Danish Nature Agency. 
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Figure 23 - Literature and document review in the problem analysis 

11.3 Field observation and visual materials 

Field observations 
Two interviews were conducted on-site, Lindenborg Gods and the Danish 

Nature Agency. This allows for a practical understanding of the day-to-day 

operations as well as technical processes affiliated to it such as the use of 

specific software, monitoring their activities and assets (see Figure 24). 

 

 
Figure 24 - Observations in the problem analysis 

Data during field observations were acquired such as pictures but also 

through unstructured discussions covering diverse topics such as forest ranger 

schedules, production and maintenance procedures and expenses. 
 

Moreover, significant differences were observed between Lindenborg Gods 

and The Danish Nature Agency in forest management practices. Indeed, the 

differences were easily noticeable (see “Visualization”). These field trips and 



47 

 

 

the observations that were made gave new insights into forestry and allowed 

for new ideas to explored furtherly. 

 

Visualization 
Visualizations were used in many different forms during this study in 

order to simplify and illustrate pattern and trends, otherwise complex to 

grasp. To highlight certain points, visualization processes occurred during the 

research-design and throughout the project via flowcharts and designs. For 

instance, demonstrating the global repartition of the plantation through a 

graph allows for a better accessibility of knowledge. 

 

Pictures, taken on plantation sites (see Figure 25), have been used to 

demonstrate two different managing practices of forests. 

 

 
Figure 25 – Left picture: Lindenborg’s plantation forest, Right picture: the Danish 

Nature Agency “close-to-nature” forest 

Furthermore, visualizations were essential for creating an LCA on timber 

supply. Indeed, it can be complicated to gain a clear overview of the LCA, if 

it is not illustrated through a matrix and a block diagram, which shows both 

inputs and outputs. LCA’s have however been criticized for having poor 

quality in data visualization in many cases, and this makes it more 

complicated to use this as a tool for political decisions if some relevant 

impacts might be hidden in the background system for example (Cerdas et 

al., 2017). 

 

Combined, those steps (interviews, literature & document review and 

observations), permit an assimilation of important knowledge necessary to 

elaborate a research question (see chapter 8 – Research question). 
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11.4 Life cycle analysis 

An LCA is a quantitative impact assessment of a product over its lifetime: 

from its extraction to its disposal (Golsteijn, 2018). This tool is used to test 

the “optimized” forestry presented in the theory (see Figure 26). In our case, 

we are assessing the environmental impact of the production of timber, in a 

cradle-to-gate perspective (core production) and not in a cradle-to-grave (use 

and disposal included) (D’Amato et al., 2020). LCA is directed to decision 

making in a company or for policymakers and is a standardized methodology 

in which standards are provided in ISO 14040 and 14044. 

 

Even though LCA techniques for the forestry sector are relatively new 

and are currently missing a common methodological approach (D. Klein et 

al., 2015; X. Zhang et al., 2020), the use of an LCA has been chosen for this 

project because, compared to other environmental assessment methods, e.g., 

Environmental Impact Assessment, LCA applies the life cycle perspective, 

reflects the potential environmental impacts and enables a comparison of a 

plantation forest and an “optimized” forest regarding their weight in climate 

change and mitigation. 

 

 
Figure 26 - LCA in the research design 
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11.4.1 Steps in the LCA process 

 

 
Figure 27 - Stages of a LCA, according to ISO standards 14040 (Morais, 2015) 

Goal and scope 
- Goal: Intention and target audience 

- Scope: Product system, functional unit, system boundary (define 

units and processes taking part in the product system), 

assumptions, limitations 

 

Inventory analysis 

- List of all the inputs and outputs involving collection of data 

(Danish Standards, 2008) 

 

Impact assessment 

- Provide additional information to increase the understandability 

of the environmental impact significance (Danish Standards, 2008) 

 

Interpretation 
- Summary of the results, conclusion and recommendation for the 

decision- maker (Danish Standards, 2008) 

- Classification and characterization 
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11.4.2 Applying LCA 

Goal and scope 
The goal of making an LCA is to compare both types of management, 

consequently, two models have to be set up. To begin, a model for plantation 

forestry is designed, based on data collection for standard management of a 

monoculture plantation. Next, designing a model for our “optimized” forest 
will allow us to study the consequences of implementing alternative 

management based on new revenue for carbon sequestration. The” optimized” 
forest will allow us to study the consequences of implementing alternative 

management based on new revenue for carbon sequestration. 

  

Once the two models are defined, a comparison of the GWP (global 

warming potential) between them will proceed. The result of this comparison 

will make it possible to assess the efficiency of the “optimized” forest 

regarding its impact on climate change. 

 

Characteristics Choice 

Target audience Foresters and forest owners, policy makers 

Functional unit 

(FU) 

Quantity of timber produced in m3 unit during 

an average plantation forest rotation 

 

Reference flow 

 

Same as the functional unit: Quantity of timber 

produced in m3 unit during an average plantation 

forest rotation 

Approach Consequential 

Boundary 

condition 

Cradle-to-gate 

System 

boundaries 

 

The LCA occurs in established forest managed 

for wood production; it is not taking place in a first 

rotation planting 

The determinant product of the forestry is the 

timber, while woodchips is a dependant product. 

Therefore, a substitution takes place.  

Some inputs are excluded: buildings (office), 

vehicles, manufacture of machineries, fencing, etc. 
Table 3 - Characteristics chosen to realize the LCA 

To compare both scenarios and have the same functional unit, from two 

factors, time and surface, one must be fixed. We decided to keep a fixed time 

as from our point of view it is more logical to compare on the same timeline 
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basis for economic purpose and climate change mitigation. The timeline 

selected is an average rotation of plantation forestry (see Figure 27). 

 

 
Figure 28 - Diagram describing the functional unit 

A consequential LCA framework is used, which involves the use of 

consequential databases and uses substitution (system expansion) to deal 

with co-products. A consequential modeling framework allows to study the 

environmental consequence of an increase in demand for the FU. In our case, 

our comparative and a consequential LCA will bring answer to the following 

question “What would be the increase in GWP entailed by a new demand of 

timber supplied either by the plantation forest or the “optimized” one?” 
 

Since it is a cradle-to-gate LCA, manufacturing and end of life are not 

taken into consideration. On contrary, all the processes involved in the 

production, maintenance, and harvest of the wood must appear in the model. 

However, some simplifications might be needed regarding the complexity and 

the availability of details of these processes. 

 

Depending on the forest management different processes are going to be 

involved at some point with different intensity (frequency, duration, etc.). 

Silviculture and logging include some activities emitting carbon like on-site 

processing including machineries, but also transport to the roadside (J. S. 

Gunn & Buchholz, 2018). 
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The list of the activities included in the system and their definitions are 

in Table 4: 

 

Activities  Definition (González-García et al., 2009) 
Silviculture Establishment of forest plantation 

Clearing Complete removal of unwanted vegetation in the 

site preparation phase 

Cleaning  Removal of unwanted vegetation in young stands 

to regulate the composition, spatial distribution of the 

tree species, as well as their growth and quality 

Planting Renewal of tree by artificial means  

Scarification Preparation of soil before the planting by breaking 

the forest floor 

Logging Felling and extraction of the trees  

Thinning  Felling in immature stand to improve the 

development of other trees  

Final felling Removal of all trees in a clear-cut system 

Selective 

cutting  

Felling of selected trees based on criteria such as 

tree size and spacing without affecting the growth of 

other trees12  

Extraction Transport to the roadside 
Table 4 - List of the forestry processes mentioned in the LCA and their definition 

Assumption 

When we perform the LCA, we assume the two models are at steady 

state, which means no change will happen over time regarding different 

variables, such as the biomass production, management system, availability 

of nutrient or water. Having a steady state is especially important for the 

“optimized” forestry scenario as it can take a long time to implement and 

reach a status quo in this management strategy.  

 

Limitation 
Some limitation can be observed before proceeding to the LCA. There is 

an important lack of specific data about the management processes and their 

different inputs and outputs. Therefore, we have a cross-study data sourcing 

which will lead to a lack of consistency.  

 

 
12 (OECD, 2001) 
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The objectives of the LCA are to give answers to these questions:  

  

1. Which management presents the lowest GWP and is the most 

efficient to sequester the atmospheric carbon? 

2. Which process (or activity) presents the biggest impact? 

3. Are “optimized forests” really optimized form a GWP perspective 

once lower yield and different management are considered on an LCA 

perspective? 

4. From a GWP perspective, should a new demand for timber be 

answered by classic plantation forests or “optimized” ones? 
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LCA Inventory 

 

Plantation forest model 

 

Timeframe and surface: 

The timeframe of the plantation forestry in Sweden, consists of a forestry 

rotation of approximately 80 years, including cleanings, thinning operations, 

site preparation and clear-cut (Freer-Smith et al., 2019). The reference 

surface selected is 1 hectare. 

 

Processes: 

The activities and their energy consumption are sourced from a case study 

of plantation forestry in Sweden (González-García et al., 2009). In this study, 

different numbers are provided depending on the regions (north, central and 

south), therefore averages of these results have been calculated to get global 

numbers rather than specifics ones (see Table 5). 

 

Silviculture Energy consumption (MJ per m3) 

Clearing 0,005 

Soil 

scarification 

2,53 

Planting 0,91 

Cleaning 0,81 

Total 4,255 

Logging Energy consumption (MJ per m3) 

Thinning 50,83 

Final felling 28,4 

Extraction 55 

Total 134,23 
Table 5 - Processes and their energy consumption of the plantation model 

Net Biomass growth and allocation: 

Even though net primary productivity is quite often used in forestry 

science to account for carbon allocation in trees and is useful to compare the 

performance of different forest types (Guedes et al., 2018), there is insufficient 

data for its distribution. Due to the focus on productivity combined with 

carbon sequestration; it has been chosen to account for the annual biomass 

growth within LCA modelling instead. 
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The annual biomass growth for the pure stand, consisting of Norway 

spruce (Picea abies) trees, is 14,82 m3 ha−1 y−1 (Pretzsch et al., 2010). The 

allocation has been calculated based on data from the interview with 

Lindenborg Gods (Lindenborg Gods, personal communication, 30 October 

2020), indeed, from their information around 50% of this volume is harvested 

for timber and 50% - for producing woodchips. 

 

Time Net biomass growth  

1 year 14,82 m3 ha 

80 years  1186 m3 ha (14,82x 80) 

 

 

593 m3 of timber 

 

593 m3 of woodchips 

Table 6 - Net biomass growth annually, and after 80 years with its allocation 

Carbon sequestration by photosynthesis: 

Knowing the volume of biomass gowned in cubic meters, we can 

determine the amount of carbon sequestered. Formulas and calculations to 

get to this amount are described in the Annex 2 and are following the 

methods described by Andrea Jane Leys for Forest Learning (Leys, n.d.). 

From biomass of 1186 m3 we obtain an amount of carbon sequestered of 679 

008,72 kg of CO2 (= 679,9 t of CO2). This corresponds to around 0,57 t13 of 

CO2 sequestered per m3 of wood. 

 

This amount of carbon sequestered is acknowledged in the SimaPro model 

as a negative emission. 
  

 

 
13 (679,9/1186= 0,57) 



56 

 

 

System model 

 

 
 

Figure 29 - System model of a full plantation rotation (80 years) producing 593 m3 of 
timber and 591 kg of woodchips14 

 

 
14 Carbon emission (CO2) values originate from SimaPro calculations 
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Optimized forest model 

 

We used some data from “close-to-nature” forestry as their management 

strategy presents similarities with our “optimized” forest. Most of the data 

has been sourced in the forest visited at the Danish State Forest Agency in 

Rold Skov including the net biomass production and the allocation (The 

Danish Nature Agency, n.d.). 

 

Timeframe and surface: 

As mentioned in the “Goal and scope”, the time reference is the same as 

for the plantation forestry and corresponds to an average rotation which is 

80 years. To obtain the same functional unit, 593 m3 which is the amount of 

timber produced over 80 years and on 1 hectare in the plantation forestry, 

the optimized forestry needs 1,3 ha (see calculation in the Annex 2).  

 

Processes: 

All the processes and their energy consumption are in the table below: 

Silviculture Energy consumption (MJ per m3) 

Clearing 0,005 

Cleaning 0,81 

Total 0,815 

Logging Energy consumption (MJ per m3) 

Thinning 50,83 

Selective cutting + 

extraction 

113 

Total 163,83 
Table 7 - Processes and their energy consumption of the “optimized” model 

 

- Selective cutting 

To determine the energy consumption of a selective cutting system, we 

used a study made in Michigan comparing the energy consumption of 

different harvesting operations. In this study, the energy consumption for 

selective cutting in MJ/t for a mix of hardwood/softwood is 188,82 while for 

a clear-cut the energy consumption is 139,35 (Zhang et al., 2016) (the ratio 

between the two numbers is 0,738). From these numbers, we can determine 

an intensity factor of 0,738 from selective cutting to clear-cut including 

extraction. 
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Felling and extraction of the plantation forest are consuming 83,4 MJ/m3. 

With the intensity factor mentioned previously, we obtain the energy 

consumption of selective cutting and extraction together of 113 MJ/m3. 

 

- Thinning 

Thinning is usually more frequent and intensive in plantation forests 

(Marchi et al., 2014). However, without any numbers, we cannot determine 

the energy consumption of thinning operation in close-to-nature forest 

management.  

 

 

- Cleaning and clearing  

Without any data, we assume these processes are alike the ones realized 

in plantation forestry. 

 

Net biomass growth and allocation:  

The data has been sourced from the Danish Nature Agency who owns 

part of the Rold Skov forest. The allocation is described in the following 

figure: 

 

 
Figure 30 - Allocation of the annual biomass growth according to the (The Danish 

Nature Agency, n.d.) 
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Carbon uptake by photosynthesis:  

To get the same amount of timber produced over 80 years as the 

plantation forestry (593 m3), the optimized forestry will need 1,3 ha. Over 

this period and this area, we get net biomass growth of 1840,3 m3. Like we 

did for the plantation forest we can determine the amount of carbon 

absorbed. Formulas and calculations to get to this amount are described in 

the annex and are following the methods described by Andrea Jane Leys for 

Forest Learning (Leys, n.d.). From biomass of 1840,3 m3 we obtain an amount 

of carbon sequestered of 1 211 649,8394 kg of CO2 (= 1 211,650 t of CO2). 

This corresponds to around 0,658 t15 of CO2 sequestered per m3 of wood. 

 

This amount of carbon sequestered is acknowledged in the SimaPro model 

as a negative emission. 

 
  

 

 
15 (1 211,650/1840,3 = 0,658) 
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System model 

 

 
Figure 31 - System model for 80 years of optimized forest management for 1,3 ha (80 

years = full rotation of a plantation forestry), producing 593 m3 of timber and 279 kg of 
woodchips16 

 

 
16 Carbon emission (CO2) values originate from SimaPro calculations 
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Impact assessment and interpretation 

 

In the LCA modelling process, SimaPro (version 8.5) has been used and 

the results have been compared using IPCC 2013 impact assessment methods. 

Some processes have been sourced from the database EcoInvent (version 3.6) 

(see Table 8). 

 

Processes Activities used in SimaPro 

 

Fuel 

consumption 

Heavy fuel oil, burned in refinery furnace —GLO˝– 

market for – Conseq, U 

Woodchips Wood chips, wet, measured as dry mass —Europe 

without Switzerland˝– market for – Conseq, U 

Table 8 - Activities integrated in the model 

Global warming potential has been chosen as the characterization factor 

as our focus is to see the impact of the two scenarios regarding climate 

change, its unit is in CO2 equivalent (CO2 eq). The two figures below show 

the results obtained in SimaPro. 

 
 

Figure 32 - Global warming potential of plantation forest scenario, calculated using 
IPCC method 
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Figure 33 - Global warming potential of optimized forest scenario, calculated using 

IPCC method 

Using the IPCC method, the calculated carbon footprint in SimaPro for 

the chosen FU is negative in both cases, -1 340 000 kg CO2 eq for plantation 

forest and – 1 840 000 kg CO2 eq. These negative results are due to the very 

significant amount of carbon sequestered in the trees. 

 

If we look at the processes’ GWP, it can be seen in the Figure 32 and 33, 

logging process is the largest contributor to carbon footprint in both scenarios 

and it contributes to almost the whole environmental impact. Moreover, the 

plantation forestry scenario presents a higher GWP than the “optimized” 
forestry scenario. The figure 33, do not consider the negative carbon emissions 

from the carbon sequestration, which represent a too important number 

compared to the others to be analysed with them. This explains why the 

GWP is positive in this figure, even though, it is globally negative.  
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Figure 34 - Comparison of global warming potential contribution for plantation and 

optimized scenario over 80 years without the negative carbon sequestration 

It can also be seen (see Figures 31 and 32) that wood chip production is 

the only negative value in the system besides the carbon sequestration, 

therefore it indicates a CO2 uptake due to the substitution of non-biogenic 

carbon. Indeed, the woodchips in the model are substituting woodchips 

harvested elsewhere or another source of energy that might be more carbon 

emitting. 
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Figure 35 - Carbon sequestration in the two different scenarios over 80 years 

The carbon sequestration is much higher in optimized forestry compared 

to plantation forestry; indeed, it is almost twice the number (see Figure 34). 

 

 
Figure 36 - Outputs in cubic meter of the two scenarios over a rotation period of 80 

years, over 1 ha for the plantation, and over 1,3 ha for the optimized forest 

The optimized forestry scenario, in the model we designed, does not 

generate as much commercial yield as the plantation forestry (see Figure 35) 

as it demands more surface. In contrast, the production in terms of biomass 
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is higher, meaning there is more carbon uptake by photosynthesis. This 

biomass production is partly left as standing stocks where carbon is 

continuously sequestered. 

 

From the figures resulting from the LCA, we can draw some observations 

in the comparison of the two scenarios (see Table 9).  

 

Comparison Plantation Optimized 

Carbon sequestration Lower  Higher  

Standing stocks None  Higher   

Timber production 

(equal as it is the FU) 

Equal  Equal 

 

Woodchips production Higher  Lower   

GWP Higher  Lower  

Surface  Lower  Higher  
Table 9 - Summary of the comparison between the two scenarios 

 

Limitations: 

The LCA made presents some considerable limitations due to several 

reasons.  

 

In the first place, data has been difficult to find and the ones we got were 

not necessarily complying exactly with what we were looking for, therefore, 

some adjustments along the LCA process were required. Specifically, the lack 

of data is more important for the “optimized” forestry scenario, as we could 

not find precise data for the specific practices and processes described. As an 

example, we did not find any data for the thinning operations for “optimized” 
forestry, even if we know it is less intensive, we decided to take the same 

number as for the plantation model. Therefore, most of the data are coming 

from close-to-nature forest management in Denmark which does not reflect 

exactly the model of the “optimized” forest. When it comes to the plantation 

forestry model, the allocation of the annual biomass growth is very broad. 

Indeed, because of a lack of data, we assumed 100% of the annual biomass 

growth was collected and 50% was going to timber, for obvious reasons it is 

unrealistic to consider that there is no loss at all. It is consequently difficult 

to assess the real yield of the plantation forest. 

 

Furthermore, the models created are linear, the energy use is expressed 

per cubic meter, and do not consider surface factor. However, the surface 
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may be a more significant factor than m3 for some processes such as “soil 
scarification” and “planting”. 

 

The model does not include any potential loss due to pest or weather 

events, to which the plantation forest is more vulnerable. Again, the yield of 

the plantation forest could have been different. 

 

Regarding the carbon sequestration, some points are difficult to represent 

and assess in the LCA and are missing from our models. For example, the 

model does not include soil carbon stocks, which is a large (45%) and an 

essential part of forest carbon pools. There are some considerable standing 

stocks in the optimized forest, which are not acknowledged in the LCA per 

se but are important in the climate change context. Besides, we considered 

all the carbon sequestrated in the trees as negative emissions, however, a part 

of this carbon is stored in harvested products and will go back to the 

atmosphere, after a short or long amount of time, depending on the lifetime 

of the product. Then, it implies positive emissions in the long run that are 

not considered here. 

 

Finally, our LCA is only comparing the GWP, indeed it is currently the 

most analyzed impact category in forestry LCAs (D. Klein et al., 2015) and 

the focus of the project is carbon sequestration. However, other impact 

assessments, such as the impact on biodiversity, land-use, water availability, 

have significant importance on the environment and could have been treated. 

 

Interpretation and recommendation: 

The assessment of our results allows us to give answers to the questions 

formulated in the “goal and scope” and make some recommendation: 

 

Some differences in the production from the two scenarios can be 

observed. If we ignore the limitations mentioned before, the “optimized” 
forestry, for the same production of timber, demands more surface and 

produces fewer woodchips. Nevertheless, the “optimized” forestry scenario has 

a lower GWP and sequester more atmospheric carbon. Even if the “optimized” 
forestry scenario presents the lowest GWP, it is difficult to conclude if this 

management is better or not. Indeed, the need for a larger surface, and the 

lower production of woodchips should be considered. It is even more difficult 

regarding the significant limitations of the LCA. However, these limitations 

are in the benefit of the plantation forestry and we can assume the 

“optimized” forestry would look more attractive without them. Considering 
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the important benefit regarding GWP, other factors like surface and 

production of woodchips seems to have limited significance. Therefore, if we 

make a balance, the “optimized” forestry seems to be a real “optimized” form 

of forest management compared to the plantation. A new demand for timber, 

from a GWP perspective, should be answered by a “optimized” forestry rather 

than from a classic plantation. 

 

Since logging is the hotspot, we recommend to re-thing the harvesting 

practices and the type of machinery used to reduce their carbon emissions. 

The machinery could, for example, consider other energy sources, less 

impacting than fuel.  

 

As said earlier, the optimized forestry shows a higher carbon uptake and 

a lower GWP despite a lower yield on the same surface (if we do not consider 

the unreliability factors mentioned before). Therefore, the implementation of 

revenue for ecosystem services should encourage the development of this 

management strategy by compensating for the loss of timber production. 
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12 Discussion 

Looking at the official roadmap, the European Green Deal is still a work 

in progress in its budget allocation and general conception (European 

Commission, 2020b). Moreover, the place given to PES in the European 

Green Deal is not yet clear, and the budget allocated to the EU forest strategy 

is unknown. This reinforces the idea of theoretical only PES as a relevant 

climate mitigation practice in the upcoming Green Deal. 

 

However, PES could target two different forest owner types. Companies 

with the main activity being forestry such as Lindenborg, with larger forest 

surfaces or small private owners. Small, private owners have the majority of 

Europe’s private forest but covering less land per individual. Because they 

are voluntary programs, PES might require effective arguments to incentive 

a transition in forest management practices. Solely focusing on the financial 

aspect of PES might not be as effective in the long term due to the end of 

PES schemes at some point, once the transition into the “optimized” forest 
is complete. Therefore, besides bringing economic incentives, the discussion 

should consider other concerns such as the necessity of conserving public 

goods for contributing to shaping a sustainable living. 

 

Creating a more qualitative LCA, can help in orienting the PES strategy. 

Indeed, there is a need for a systematical approach that consists of reliable 

information about forest management in Europe, especially, precise technical 

information, determinant in the making of an LCA. Currently, the main 

objective of the LCA in forestry is to assess the wood products or wood-based 

products from gate-to-grave. This focus is well understandable since it is 

where the major carbon emissions are occurring, but, as a matter of fact, 

forest management itself contributes to adverse environmental impacts. Even 

if, due to the carbon sequestration behind the growth of trees, the production 

of wood is “negative” regarding carbon emissions, this is not an “excuse” to 
leave aside other considerations and studies that are necessary to optimize 

the forestry practices. Once, the other considerations are studied, new 

forestry practices could emerge. 

 

In our project, we find out that the so-called “optimized” forestry leads to 

a higher production of timber and fewer woodchips. A complete cradle-to-

grave LCA could be interesting to analyze the consequences and outcomes of 

having this change in production. Indeed, as we know, there is an increasing 

demand for wood products, which is also certainly the case for woodchips, 
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considered as a renewable energy source. Consequently, an expansion of 

“optimized” forest management in Europe, could potentially be detrimental 

for the energy mix’s carbon footprint, or could lead to more pressure toward 

third countries’ plantation for the supply of woodchips. 

 

While “optimized” forests demand more surface, the production will surely 

be more reliable because of its resilience to climate change, pests, as well as 

weather events. Furthermore, as explained in the limitations of the LCA, the 

results of production for the plantation may not reflect reality. The GWP in 

the “optimized” forestry is significantly higher and the carbon sequestration 

is almost the double. As the result, enhancing the suppliance of timber from 

“optimized” forestry seems to be a wise option. However, the question of the 

surface should be put into consideration, even more in Europe as it has a 

limited land surface. This demanded surface, though, serves other goals and 

services. One among others, which has been highlighted, is having continuous 

standing stocks of carbon. The existence of continuous carbon pools is very 

valuable in the century’s context of climate mitigation. Besides, other 

ecosystem services, which have not been assessed in our project, are more 

likely to be fulfilled in the “optimized” forestry. That point brings the 

discussion of assessing other ecosystems services and combine payments for 

them. It could, indeed, add financial incomes and attractiveness to 

“optimized” forest management. 
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13 Conclusion 

The assumptions formulated in the research question have been verified. 

Indeed, a shift to the optimized forestry will lead to a higher annual biomass 

growth combined with a higher carbon sequestration. In the meanwhile, the 

plantation forestry has higher yield on the same surface. However, this 

assumption is only verified if we don’t acknowledge others points stated in 

the discussion (allocation, production loss). Plus, the “optimized” forest has 

showed to have a lower Global Warming Potential. We can conclude, that 

based on the project research, “optimized” forest will sequestrate 

approximately double the amount of carbon, compared to a plantation forest. 

 

To define which new forestry practices the implementation of PES 

directed at carbon sequestration would support, we designed an “optimized” 
forest management, which would comply with it. After the use of an LCA to 

test the effectiveness of the “optimized” forest, we can conclude that this 

forestry practice follows the expectations financed by our PES binding 

requirements on carbon sequestration, as this new management is increasing 

it, but also preserving this specific ecosystems services by conserving constant 

standing stocks. 

 

In other words, shifting from a classical plantation forest to an “optimized’ 
forest would make the forest owners eligible for a payment on carbon 

sequestration. This means that a classical plantation forestry should not be 

eligible for PES. Indeed, even if plantation forests participate in carbon 

sequestration, it is only limited to a rotation period, after what, all the 

quantity sequestrated is either released or stored in wood-based products. 

Moreover, to be a cost-effective practice, PES needs to be implemented in a 

way that constrains the forest owners to shift toward an “optimized” 
management sequestrating more carbon. 

 

Even though “optimized” forest might not be as financially interesting as 

plantation forests, it should not be an obstacle for changing management 

practices. Indeed, due to the creation of species richness within a forest, and 

higher considerations for ecosystem services, forest owners might open 

themselves to new marketing opportunities such as tourism or other forest-

hobbies related. Moreover, this could facilitate the establishment and 

preservation of other ecosystem services, resulting in additional revenues. 
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15 Annex 

Annex 1 

 

Calculation of amount of carbon sequestered for the plantation forest:  

 

The density of softwood is approximately 400 kg/m3 

 

Tree mass (kg) = Volume of the tree (m3) x density of wood (kg/ m3)  

 

Tree mass (kg)= 1186 x 400 = 474 400 kg  

 

CO2 sequestered in trees (kg) = Tree mass (kg of fresh biomass) x 65% (dry 

mass) x 50% (carbon %) x 3,67 x 120% 

 

CO2 sequestered in trees (kg) = 474 400 x 0,65 x 0,5 x 3,67 x 1,2 = 679 008,72 

kg of CO2 = 679,9 T of CO2  

 

Calculation of amount of carbon sequestered for the optimized forest: 

 

The optimized forest consists of approximately 80% softwood conifers and 

20% hardwood deciduous trees ((B. Andersen & The Danish Nature Agency, 

personal communication, 8 December 2020). 

 

The density of softwood is approximately 400 kg/m3 

 

The density of hardwood is approximately 700 kg/m3 

 

Tree mass (kg) = Volume of the tree (m3) x density of wood (kg/m3) 

 

Tree mass (kg)= (0.8 x 1840.3 x 400) + (0.2 x 1840.3 x 700) 

 

Tree mass (kg)= 846 538 kg 

 

CO2 sequestered in trees (kg) = Tree mass (kg of fresh biomass) x 65% (dry 

mass) x 50% (carbon %) x 3.67 x 120% 

 

CO2 sequestered in trees (kg) = 846 538 x 0,65 x 0,5 x 1,2 x 3,67 = 1 211 

649,8394 kg of CO2 = 1 211,650 T of CO2 
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Calculation to get the surface needed for the optimized forestry: 

 

We need an 874 cubic meter of net biomass growth to get 593 m3 of timber. 

 

We have 672 (8,4x80) m3 of net biomass growth for 80 years and 1 hectare.  

 

So, we divide 874 by 672 to get the surface needed and we obtain 1,3 hectares 

 

Annex 2 
Interview Lindenborg Gods about pests: 

 

“R: Yes. Ehm… Yeah, do you do anything about the pests or diseases if 

the trees will get that? We heard a lot about, like the trees are not as resilient 

as they used to be now because that the winters are warmer, and some of the 

insects can be there, and normally they would have the tendency to go to 

sleep and they would die, so… 

B: And that will be a disaster if you have a big forest with only one species 

and one age and then the diseases come then it will go all over. If you have 

such a system, where you have 10 tree species and several ages mixed 

together, then there will never come a disaster. Of course, there can come a 

pest in one of the species and maybe it will die out, but then there are other 

trees to take over, so you are not as vulnerable in this system for this pests 

as you are when you have a plantation. So, that’s a good (can’t hear) by this 

system, you are more sure, you don’t need insurance.” 
 

Interview with Lindenborg Gods, about harvest allocation: 

“R: Do you get an okay revenue from the central heating?  

M: That’s alright.  

H: That’s alright at the moment. But if you go 40 years back, it was…  

M: It was a cost.  

H: Yeah, it was a cost to do that.  

MH: Ooh. 

H: So, it has changed. And if you take an area and say you have trees 

that started 50 years ago, and you cut it down. About 50 percent of the 

volume, you take out from the area, that will be… What you can use on 

sawmill and the other 50 percent will go for central heat.  

R: I see.  

MH: And is it a political decision, or?  
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M: No, that is due to forestry.   

MH: Okay. “ 


