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ABSTRACT 
With global warming and the international, national and local goals of reducing greenhouse gas net 
emissions, the phasing out of fossil fuels are of great importance. One energy source resulting in nearly 
no net emissions are biofuels. Residue from the forest industry, such as tops and branches, is already 
today in Sweden an important source of energy, especially in the district heating sector. The demand 
for forest residue is estimated to increase until 2050 and the potential harvest is a lot larger than what 
is utilized today. This master thesis tests the hypothesis of biofuels having a climate positive effect 
when replacing fossil fuels, despite the loss of carbon in the forest soil, which is a feedback of 
harvesting forest residue. The municipality of Norrköping here works as a case as they are standing in 
the forefront of turning towards a bio-based economy and a fossil free energy system. The 
biogeochemical model ForSAFE was used to study if Norrköping can replace all their fossil fuels and 
solid waste in the district heating for the municipality’s households and public facilities with forest 
residue from the forest within the municipality’s administrative boundaries. The result show that the 
productive forest area of the municipality does not yield enough forest residue to fulfil the energy 
demand from the fossil fuels and the waste. Meanwhile, the soil organic carbon was shown to be 
decreasing over the simulated years (2000-2300), although the loss did not exceed the emissions from 
the burning of the replaced fossil fuels. If the productive forest had been large enough to yield enough 
biomass to meet the demand, the loss of soil organic carbon would still not exceed the amount of 
carbon dioxide that the fossil fuels would have emitted. This indicates a positive climate effect when 
replacing fossil fuels with forest residue, reducing net emissions to the atmosphere. Despite the low 
yield of biomass compared to the energy demand from fossil fuels and waste in Norrköping, a study 
like this gives a projection of the biomass production and the feedbacks. These effects will be affected 
by different forest management scenarios and the change in climate. The silvicultural practices have 
however shown to have negative impacts on the Swedish Environmental Quality Objectives. 
Threatening the biodiversity and leaching of nutrients and chemicals, resulting in additional feedbacks 
downstream are examples of effects from disturbance in the forest and forest soil. It is therefore of 
great importance to consider the natural environment and neatly plan around forestry operations. In 
the end, the climatic benefit of switching to a fossil free energy system with the help of forest biofuels 
will have to weighted against the negative impacts. With a landscape view used and great knowledge 
about feedback effects when forestry planning, the input of biofuels can be a natural way to go for 
several municipalities in Sweden when wanting to create a bio-based economy with zero net emissions 
of greenhouse gases. 

Keywords: Forest residue, slash, bio-based economy, sustainable energy 
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SAMMANFATTNING 
Med global uppvärmning och de internationella, nationella och lokala målen om reducerade 
växthusgasutsläpp, är utfasningen av fossila bränslen av stor betydelse. En energikälla som ger nära 
noll nettoutsläpp är biobränslen. Rester från skogsindustrin, som toppar och grenar (grot) är redan 
idag i Sverige en viktig energikälla, speciellt inom fjärrvärmesystemet. Efterfrågan på grot väntas öka 
fram till år 2050 och skördepotentialen är mycket större än vad som idag utnyttjas. Detta 
examensarbete testar hypotesen om att biobränsle är klimatpositivt när det ersätter fossila bränslen, 
trots kolförlusten i marken som uppstår när grot skördas. Norrköpings kommun används här som fall 
då de står i framkant när det gäller övergången till en biobaserad ekonomi och ett fossilfritt 
energisystem. Den biogeokemiska modellen ForSAFE användes för att studera om Norrköping kan byta 
ut alla sina fossila bränslen samt avfall, som förser kommunens invånare och offentliga lokaler med 
värme och varmvatten via fjärrvärmenätet, mot grot från skogsmarkerna inom kommunens gränser. 
Resultatet visar att den produktiva skogsmarken i kommunen är för liten för att producera tillräckligt 
med grot för att ersätta allt fossilt bränsle och allt avfall. Samtidigt sjönk markkolet över de simulerade 
åren (2000-2300) även om förlusten inte översteg utsläppen från förbränningen av de ersatta fossila 
bränslena. Om den produktiva skogen hade varit stor nog att kunna ersätta de fossila bränslena så 
hade förlusten av markkol ändå inte varit större än utsläppen från de fossila bränslen som kunnat 
ersättas. Detta indikerar den klimatnytta som bytet från fossila till biobaserade bränslen ger när 
nettoemissioner reduceras från atmosfären. Trots den låga skördenivån av grot i förhållande till den 
energi som de fossila bränslena och avfallet tillför i Norrköping, kan en studie likt denna ge en 
uppfattning om hur mycket grot som kommer kunna produceras i framtiden och vilka effekter dessa 
kan ha. Dessa effekter beror då på olika skördeintensitet och ett förändrat klimat. Skogsbruket har 
dock visat sig bidra till att försvåra att de svenska miljömålen nås. Hot mot biodiversiteten samt läckage 
av näringsämnen och tungmetaller som ger problem nedströms är exempel på effekter av störningar i 
skogen och skogsmarken. Detta gör att visad hänsyn till den naturliga miljön och god planering kring 
ingrepp i skogen är av stor vikt. De positiva klimateffekterna av att utnyttja biobränslen från skogen 
för att ersätta fossila bränslen kan därför komma att behöva ställas mot de negativa ekologiska 
konsekvenserna av skogsbruket. Med ett landskapsperspektiv och stor kunskap kring effekterna av 
skogsbruket kan biobränslet komma att bli en naturlig väg att gå för flera kommuner i Sverige som vill 
övergå till en biobaserad ekonomi med noll utsläpp av växthusgaser. 

Nyckelord: Grot, biobaserad ekonomi, hållbar energi 
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ABBREVIATIONS AND TERMS 
Biofuel – In this report mainly referring to wood fuel from the forest, and as studied here; 
forest/logging residue/slash such as tops and branches. 

Clear-cut – Same as final felling; when the mature trees are being harvested. 

EQO – The Swedish Environmental Quality Objective(s) 

Final felling – Same as clear-cuts; when the mature trees are being harvested. 

Forest residue – Same as logging residue and slash; Tops and branches of harvested trees, small trees 
and residue extracted during thinnings and used as an energy source. 

Liquid fossil fuels – May include diesel, petroleum, fuel oil, waste oil, kerosene (including Jet A-1), 
dissolvants, hazardous waste or sulphur (SCB, 2015). 

Logging residue – Same as forest residue and slash; Tops and branches of harvested trees, small 
trees and residue extracted during thinnings and used as an energy source. 

m³f – fastkubikmeter (in Swedish), cubic meter solid volume without air in between. 

m³fub – fastkubikmeter under bark (in Swedish), cubic meter solid volume under bark. 

m³s – kubikmeter stjälpt mått (in Swedish), cubic meter loose volume. 

m³sk – skogskubikmeter (in Swedish), cubic meter standing volume (stem volume over bark from 
stump to tip). 

m³t – kubikmeter travat mått (in Swedish), cubic meter stacked. 

Municipal solid waste – Here also just called waste; mixed household waste where 50% is considered 
being of fossil origin and 50% of renewable origin (SCB, 2015). 

Productive forest land/area – Forest area that can produce at least 1 m³sk per hectare and year, on 
average over the growth time of the stock (Swedish Forest Agency, 2018a). 

Roundwood – Stems of logged/harvested trees. 

Slash – Same as forest residue and logging residue; Tops and branches of harvested trees, small trees 
and residue extracted during thinnings and used as an energy source. 

Solid fossil fuels – May include coal, coke, nuclear fuel, petroleum coke, peat and peat briquettes, 
waste (50% thereof), tires, rubber, plastic (PTP), recycled waste wood (50%), hazardous waste (50% 
thereof) or pressure impregnated wood (SCB, 2015). 

Soil organic carbon (SOC) – The carbon component of organic compounds in the soil. It is an 
important contributor to soil health and productivity along with infiltration capacity and stability. 

Stem-only harvest – only stems being harvested, and tops and branches being left at the site. 

Thinning – Removal of small or unwanted trees at a forest stand to create better growth conditions 
for the preferred trees. The residue is sometimes harvested to be used as an energy source 
(Agestam, 2015).  
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1 INTRODUCTION 
During 2017, the global average land surface temperature was 1,2°C above the 20th century average, 
making it the third warmest year on Earth since 1880. To the record is also added that the six warmest 
years of this century have occurred after 2010 (NOAA, 2018). The rapid increase in global average 
temperature during the second half of the 20th century has made scientists and world leaders gather 
to combat climate change. The United Nations’ (UN) Convention of the Parties’ 21st meeting (COP21) 
in Paris in 2015 resulted in an important agreement that aims to limit global warming to well below 
2°C with the aim of not going above 1,5°C above pre-industrial levels. To reach these goals, the 
Convention agreed to reduce the global emissions of greenhouse gases to zero to the second half of 
this century. Along this, the agreement strives to help countries adapt to and better deal with the 
effects of climate change. All this require ambitious efforts considering financial flows, new technology 
and capacity building framework along with enhanced support to developing and vulnerable countries. 
As of today, 176 of the 197 participating countries have ratified the Convention that entered into force 
on 4 November 2016 (UNFCCC, 2017).  

The European Union (EU) has been at the forefront of the international climate negotiations and was 
the first large economy to support the Paris Agreement, already before the meeting had taken place 
(European Commission (EC), 2015). Within the EU, frameworks were set already in 2011 to reduce 
greenhouse gas emission to 80-95% of 1990 emission levels by 2050 (EC, 2011). These numbers are 
based on the Intergovernmental Panel on Climate Change’s (IPCC) recommendation for developed 
countries to be able to achieve the below 2-degree Celsius target (EC, 2015). By 2050, most energy will 
then come from renewable sources where biofuels will play a large role in the heating and cooling 
sector (EC, 2018a). Biofuels are renewable fuel sources based on bio products from the forest and the 
agricultural sectors. Biofuels can replace fossil fuels and create close-to-zero net emissions due to the 
uptake of carbon during the plants growth period (SEPA, 2017a). The expansion of district heating will 
also help lower emissions from households and offices, which is expected to be reduced by 90% by 
2050 (EC, 2018a). Challenges remain to drive down the costs of renewable energy sources; efficient 
policies need to be combined with improved research and industrialisation of the supply chain. In 
addition, the energy efficiency needs to be improved substantially in all sectors (EC, 2011). 

Sweden, having ratified the Paris Agreement and being part of the EU, is obliged to contribute to reach 
the common emission goals. The Swedish Government has set the target year for having a society with 
no net emissions of greenhouse gases to 2045, with a milestone being a transport sector independent 
of fossil fuels by 2030 (Government Offices of Sweden, 2008; 2017). In Sweden, where 57% of the land 
area is covered by productive forest land (Swedish Forest Agency, 2014), the demand for biofuels from 
the forest is expected to increase during the transition towards a fossil fuel free energy sector 
(Börjesson et al., 2017; Swedish Energy Agency 2017c). In Sweden, the district heating system has 
expanded a lot since the 1980’s (Swedish Energy Agency, 2017a) and it is within this sector that the 
demand for biofuels has increased the most in recent years (Swedish Forest Agency, 2014). In Sweden 
in 2015, district heating accounted for 31,4% of the heating sources for households and public services, 
where only heating from electricity was a larger supplier, with 49,5% (Table 1). The district heating 
sector is the second largest sector to use biofuels for energy. The shift from fossil fuels to renewable 
energy sources is partly a result of higher taxes on fossil fuels. In 2015, 42% of the energy required for 
the national district heating was generated from combined heat and power (CHP) plants (Swedish 
Energy Agency, 2017a). 
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To reach the goal of no net emissions of greenhouse gases in 2045, the current use of fossil fuels needs 
to be replaced with renewable energy sources. An energy sector based on water, wind and solar power 
along with biofuels is an inevitable and necessary way to go (SEPA, 2017b). This change is part of the 
strategy to reach sustainable development where raw materials are reused and recycled, called 
circular economy (SEPA, 2017c). The EU has developed a Bioeconomic Strategy to reach for an 
economy that is more resource efficient and less dependent on natural resources. The aim is to create 
more jobs within the industry of bio-based products and develop a resilient and sustainable energy 
system. This strategy is also called bio-based economy or bioeconomy (EC, 2018b). 

According to Börjesson et al. (2017), the demand for biofuels from the forest will possibly increase in 
Sweden, when considering all energy sectors, by 26-55% (34-72 TWh/year) in 2050 compared to 
todays’ demand. The range depend on the scale of energy efficiency improvements, electrification 
within the sectors along with policies, industrial development and international bioenergy trade. What 
then needs to be known is whether the available biomass has the potential to replace all fossil fuels. 
De Jong et al. (2017) estimated that the potential sustainable harvest of forest residue could be 18-22 
TWh/year in relation to the stem-wood harvest levels of 2010-2019 in Sweden. This would then stand 
for 30-55% of the demand for biofuels in 2050, according to Börjesson et al. (2017). The Swedish Forest 
Agency (2015) estimated the potential harvest of forest residue (excluding stumps) in 2020-2029 to be 
44,5 TWh, if using today’s silvicultural practices. In addition, Cintas et al. (2017) also believe Swedish 
forests can majorly contribute to make Sweden climate neutral in 2050, while still maintaining the 
carbon storage they provide. However, the scenarios in de Jong et al. (2017) and Cintas et al. (2017) 
does not include impacts from a changed climate. Higher mean annual temperatures and longer 
growing seasons in Sweden are expected to increase the growth rate of the forests (Claesson et al., 
2015). Such increase in growth, along with fertilizing improvements could help meet even more of the 
future demand of biofuels from the forest. 

The forest and its’ species provide us with several ecosystem services, such as fuel, game, climate 
regulation and carbon sequestration (Government Offices of Sweden, n.y.). While wood and plants 
store carbon as they grow, through photosynthesis, that carbon is released into the atmosphere when 
biofuels are burnt for energy use (SEPA, 2017b). The soil where plants grow also store carbon and with 
the forest management strategies that are today, along with environmental changes, it has been 
shown that the soil conditions in Swedish coniferous forests have changed (Belyazid, 2006). The carbon 
flux in this cycle is affected by these changes (Belyazid, pers. comm.1). Intensified harvesting has also 
been shown to have a negative effect on the soil organic stock, especially after clear-cuts (Zanchi et 
al., 2014). Meanwhile, soil respiration, releasing carbon dioxide (CO₂) into the air, is larger than the 
carbon sequestration after a clear-cut (de Jong et al., 2014). The alternative to thinnings and clear-
cutting under shorter rotation periods could be residue extraction where the negative effect on 
growing stock and primary production is lower (Zanchi et al., 2014). In addition, and with support from 
de Jong et al. (2017), Cintas et al. (2017) suggest a higher rate of tops and branches (35%), than today’s 
15%, and also stumps (20%) to be extracted during logging to increase the supply of biofuels from the 
forests. Fertilization and genetically improved plants could also have great contribution to create an 
even higher production rate. A productive forest is important to sustain both carbon sequestration 
and biofuel production (Zanchi & Belyazid, in prep.). With the intensified harvesting methods of today, 
the storage of carbon in the soil may be reduced. This may make the goal of having no net emissions 
of greenhouse gases in 2045 more difficult to reach. 

To understand changes in biogeochemical cycles, the ForSAFE model has been developed (Wallman et 
al., 2005; Belyazid, 2006). This model can be used to estimate the forest carbon cycle and storage, 
which in turn can help planners calculate the natural sequestration potential and its changes. By using 

                                                           

1 Belyazid, Salim. Interview 2018-01-29 
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this model, it can be detected how and where carbon can be stored most efficiently in a natural way. 
The climate effects on carbon storage should also be included to get a better picture of future 
outcomes (Wallman et al., 2005), and will be tested in this thesis. Based on the output of the scenarios 
by Cintas et al. (2017), Zanchi et al. (2014) and de Jong et al. (2017), different harvesting and residual 
extraction intervals will here also be tested to measure the effect on soil carbon sequestration. The 
development of the use of the ForSAFE model can further help and guide organizations working with 
environmental management in physical planning, to optimize carbon storage when trying to reach the 
global goals of reduced net emissions. To further study effects on forest productivity from the 
extraction of logging residue has been highlighted by de Jong et al. (2014). To also do so in the light of 
climate change have been suggested by Cintas et al. (2017). Although this study is a theoretical one, 
the results, as they include both impacts from climate change and has a long simulation period, can 
give some implications on these effects. 

The method of switching from fossil fuels to renewable ones have been encouraged by the Swedish 
Government through the initiative Fossilfritt Sverige (Fossil free Sweden) where it has already become 
the goal for many municipalities, companies and organizations (SOU, 2018). The municipality of 
Norrköping in Östergötland County in southeast Sweden is part of this movement. Norrköping 
municipality, with almost 140 000 inhabitants, is the 9th largest municipality in Sweden. Its’ land area 
of 149 505 hectares holds 71 102 hectares (47,6%) of productive forest land (in 2010) (SCB, 2010). Of 
the energy used by all sectors in Norrköping municipality in 2012, 34% came from fossil free sources, 
32% from fossil fuels (including waste) and 34% from electricity (Municipality of Norrköping, 2016). 
The municipality wants to stand in front when it comes to creating a sustainable society where 
profitability and welfare still can increase (Municipality of Norrköping, 2017). Therefore, their goal is 
to use only renewable energy sources and increase their energy efficiency with 30% by 2030. To reach 
these goals, when having considered the 30% efficiency increase, about 2000 GWh of fossil fuels need 
to be replaced with renewable ones. One way of working towards a shift from fossil to renewable 
energy sources, and to increase the demand for renewables in the municipality is to expand the district 
heating infrastructure. The goal is that all apartments and office buildings and most single-family 
houses are connected to the district heating system in 2030 (Municipality of Norrköping, 2009). 

Table 1 Energy end use for heating and electricity in households and public services in 2015, per energy 
source. In parenthesis, the electricity shares only for heating in households and public services.  

2015 (GWh) Electricity District 
heating 

Biofuels Liquid fossil 
fuels* 

Natural 
gas 

Other Total 

Sweden2 70 689  
(18 802) 

44 750 13 592 12 058 1587 40 143 

% 49,5 (13) 31,4 9,5 8,4 1,1 0,028 100 

Norrköping3 10,4 685,6 66,8 486,1 0 0 1248,9 

% 38,9 54,9 5,3 0,83 0 0 100 

*Liquid fossil fuels may include diesel, petroleum, fuel oil, waste oil, kerosene (including Jet A-1), dissolvants, hazardous 
waste or sulphur (SCB, 2015). 

  

                                                           

2 Swedish Energy Agency, 2017b 
3 SCB, 2017a 
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2 AIM 
The aim of this thesis is to investigate if substituting fossil fuels with biofuels in the district heating in 
the municipality of Norrköping will lead to a net reduction in CO₂ emissions. The balance and tradeoffs 
between the use of the forest for biofuels on one hand, and its use as a carbon sink on the other will 
be discussed. The hypothesis that will be tested regards if all fossil fuels used to produce district 
heating in the municipality of Norrköping were replaced with forest residue from the productive forest 
within the municipality, the loss of soil carbon storage would not exceed the emissions from the 
replaced fossil fuels. This will be tested under different forest management scenario simulations and 
the RCP 8.5 emissions scenario during the time period 2000-2300. The results can be analysed to map 
how forest ecosystems can be used to optimize net emissions in the municipality of Norrköping in 
order to help reach the local, national and global zero net emissions goal. 

3 BACKGROUND 
The current Swedish energy goals for 2020 were set through the Government bill (2008/09:163). In 
relation to the energy use and efficiency of 2008, the objectives aim at: 

• 50 percent renewable energy 

• 20 percent higher energy efficiency 

• 10 percent renewable energy within the transport sector 

• 40 percent reduction of the greenhouse gases for the sectors not included in the EU Emissions 
Trading System, of which two thirds being reduced in Sweden (Government Offices of Sweden, 
2008) 

Later on, it has been agreed among the two government parties and three of the opposition parties 
that by 2030, the energy efficiency shall be 50 percent more efficient than in 2005, calculated as added 
energy in relation to the gross domestic product (GDP). In addition, the electricity production shall be 
of 100 percent renewable energy sources by 2040. Sweden reached the goal of 50 percent renewable 
energy in 2012 (Swedish Energy Agency, 2017a). 

In 2016, district heating accounted for 90% of the energy used for heating in apartment buildings, for 
77% in facilities and 17% in single villas in Sweden. Heating from electricity is the second largest energy 
source in apartment buildings and in facilities. In single villas, electricity stands for the largest share of 
the used energy with 48%, while biofuels are the second largest energy source, accounting for 33%. 
Fuel oil used as heating source outside the district heating system stands for less than 1% in these 
buildings and facilities (Swedish Energy Agency, 2017c). In holiday houses, heating from electricity 
stood for the largest share; 75%, biofuels for 24% and oil for 1% in 2011 (Swedish Energy Agency, 2012). 

3.1 Swedish forest management 
Clear-cutting of forests, or forestry by area, with stem-only harvesting is the most common forest 
management practice in Sweden, when the trees have reached the desired volume. This method is 
used on three quarters of the Swedish productive forest areas. Even though most trees are taken out, 
some are saved for ecological and natural value purposes or to provide protection zones (Lundqvist et 
al., 2014). The minimum harvesting age of spruce in the southern part of the country is 45-90 years 
and for pine 60-90 years, depending on the site index (Swedish Forest Agency, 2011). When clear-
cutting, 20% of the logging residue (tops and branches) must remain at the logged site in consideration 
of species dependent on deadwood. Especially important tree species to leave on the ground are the 
deciduous tree species and pine, although spruce can also contribute to enhance the biodiversity of 
the forest ecosystem (Claesson et al., 2015). Before clear-cutting, a pre-clearance can be made to ease 
access to the major trees at harvesting, and to reduce the risk of getting mineral soil brought along 
later when collecting the tops and branches (Lundqvist et al., 2014). 
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Returning of ash from burnt biofuel when having extracted residue during thinning or clear-cutting is 
also a suggested procedure to maintain a good nutrient balance. The ash reduces the risk of acidifying 
the soil and this procedure is especially important in spruce forests. Returning of ash is recommended 
if the ash of the extracted biomass weighs more than 0,5 ton. Ash return could be substituted with 
spreading the harvested needles evenly at the logged site, but this procedure is not common in Sweden 
(Swedish Forest Agency, 2008). 

When having harvested the forest, replanting is mandatory by law (SFS 1979:429). Beyond this, the 
Swedish forest management shall be characterized by the environmental goal along with the 
production goal set by the Swedish Government in 1993. The environmental goal implies that the 
natural biodiversity and production is to be enhanced, threatened species shall be protected while 
cultural and social values are maintained. These regulations must go together with the production 
goal; effective and responsible management leading to high yields. Furthermore, the forest owner is 
free to decide what the forest will produce (Swedish Forest Agency, 2017). 

As of the trends in Swedish forest management today, spruce is becoming the more common tree 
species in Götaland and in southern Svealand. This will result in a shift in tree species occurrence in 
the next generation of forests, changing the ecological environment and may increase grazing on pine 
tree saplings (Claesson et al., 2015). An increase in spruce forests will also increase the amount of 
forest residue available for bioenergy, since spruce consists of around 27% tops and branches while 
pine only consists of about 16% (Pettersson, 2007). 

The way the forest is managed is however criticised and opinions are diverse from different interest 
groups. In a study by (Sandström et al., 2016), the common visions for the future of the Swedish forests 
was often connected to the forest being utilized for its provisioning services, such as timber and 
biofuel. On the other hand, some groups demand a lot more forest to be preserved for ecological and 
recreational purposes, along with the Sami people wanting less disturbance on their reindeer 
management. A higher degree of freedom for forest owners with less regulations would result in 
greater rural activities such as tourism and production of bio-based products, according to some 
stakeholders. Other critics on the modern forest management are that large habitat areas change fast 
and that the variability in the forests is low (SSNC, 2018). Even if the area of old forest is increasing, its 
total area is not enough to help fulfil the EQOs. This is one argument used by the Swedish Society for 
Nature Conservation (SSNC) for increasing the assets for nature conservation areas. To apply a forest 
management with less clear-felled areas is a way to decrease negative environmental impacts, which 
is also something the government support and has suggested a budget for (SEPA, 2018). 

3.1.1 NATIONAL RESIDUE HARVESTING 
In 2015, 155 300 hectares of productive forest were subject to final felling, 291 400 hectares were 
thinned and 253 900 hectares were cleaned (pre-commercially thinned) in Sweden. Productive forest 
is here not including national parks, national reserves or nature conservation areas that are protected 
from forestry (Swedish National Forest Inventory, 2016). Out of that total area, 90 410 hectares, or 
13% of the treated area in 2015, were registered for residue extraction (Swedish Forest Agency, 
2018b). In 2011-2013 on average 72 400 hectares, or 40% of the clear-cut area, was extracted for 
residue during final felling per year. Meanwhile, on average 20 000 hectares, or 5% of the thinned area, 
was extracted for residue during thinning per year (Swedish Forest Agency, 2014). The trend for 
bioenergy demand in Sweden has been going upwards since the 1970’s. Lately, there has also been a 
growing interest in taking advantage of forest residue also after thinning and cleaning (Egnell & 
Swedish Forest Agency, 2013). From 2006-2010, the forest residue extraction increased with 82%, 
while it has steadily decreased since 2010, and in 2017 being only 14% larger than in 2006 (Swedish 
Forest Agency, 2018b). According to experts, 50% of the clear-cut and thinned forest area could be 
harvested for residue without interfering with the Swedish Environmental Quality Objectives (de Jong 
et al., 2017). 
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3.1.2 LOCAL FOREST AND MANAGEMENT 
In Östergötland 8 197 hectares were reported for final felling in 2013. Out of that, 6 994 hectares was 
reported to be harvested for tops and branches. 935 000 m³sk of residue was harvested during final 
felling, and 58 000 m³sk during thinning, resulting in a total residue extraction of 992 000 m³sk, or 
1 190 400 m³fub as an average during 2011-2013 (Swedish Forest Agency, 2014). Out of the 71 102 
hectares of productive forest land in the municipality of Norrköping (SCB, 2010), 50% consists of pine, 
17% of spruce, 17% mixed forest, 12% deciduous trees and 4% has no trees (Swedish National Forest 
Inventory, 2018). 

 

Figure 1 Tops and branches in pile at the side of the road  on the Island of Visingsö, Östergötland in April 
2018.              Photo: Stina Ljungberg 

3.1.3 IMPACTS FROM SILVICULTURAL PRACTICES 
On average, 2% of the Norway spruce (Picea abies (L.) Karst.) and the Scots pine (Pinus sylvestris L.) 
biomass is returned to the forest floor as litter before harvesting. In quantitative measures, the Norway 
spruce yield more needle litterfall, compared to the Scots pine. Meanwhile, spruce holds a 2- to 3-fold 
larger nutrient pool than the pine, where N, Ca and K levels showed to be the largest. The turnover of 
Mg was also higher at spruce plots. Despite this, in pine dominant areas, overall nutrient cycling rates 
were higher than in spruce stands. The Ca return to the soil also accounted for a significant part needed 
for the annual biomass production of pine (Ukonmaanaho et al., 2008). Hence, leaving a share of the 
logging residue returns some of the important nutrients from the harvested tree to the soil. If all the 
tops and branches were to be taken out, then the soil would instead become more and more acid. This 
is due to that the natural litter fall and death of trees are disturbed, restricting the natural nutrient 
cycle. Trees mostly take up nutrients that are positively charge and therefore must return acidifying 
hydrogen ions to the ground to sustain their own ion balance. Trees also take up negatively charged 
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substances, making them release hydroxide ions that make the soil basic. Trees usually use more 
positively charged nutrients, allowing more hydrogen ions to be released and making the soil more 
acid over time (Swedish Forest Agency, 2008). 

Wallman et al. (2005) demonstrated the effect of the base saturation and the stem volume during a 
simulated 500-year period (1800-2300), covering six forest rotations at a test site in southern Sweden. 
With increased nitrogen deposits, resulting in increased forest production, in combination with high 
sulphur availability, the base saturation declined drastically along with the stem volume after 2050. 
Wallman et al. (2005) conclude that changes occurring in one sub-system of the biogeochemical cycle 
can have effect on another cycle, even though they are not directly connected. Through systems 
analysis and the model ForSAFE, they show that such changes and feedbacks can be detected, resulting 
in a better understanding of the dynamics of the ecosystem. 

Helmisaari et al. (2011) showed that extraction of tops and branches during thinnings reduced the 
standing trees’ growth increment. The response time was different for Scots pine compared to Norway 
spruce stands in the Nordic countries, studied under a 25-year period. Pine responded more during 
the second 10-year period, after only being thinned once, indicating effects occur after a long time. 
Spruce showed a significant decrease in volume increment already after the first thinning during the 
first 10-year period. Egnell (2016) also found that spruce height was significantly lower at sites where 
both stem, slash and stumps were harvested, compared to where only stems were harvested. Pine 
tree heights were not affected negatively, but rather positively by the different harvesting methods. 

In the long run, harvesting of tops and branches (and stumps) were shown by de Jong et al. (2014) to 
decrease soil carbon stock over a 300-year period, including three rotations. A decrease was also 
shown by Lindholm et al. (2010), Eliasson et al. (2014), Oritz et al. (2014) and Zanchi et al. (2014). But, 
considering the high amount of carbon in the extracted residue, and if the residue is used to replace 
fossil fuels, it can more than balance out the loss of soil organic carbon (SOC). De Jong et al. (2017) also 
conclude that the reduction in production over time is due to nutrient loss. SOC was also in Zanchi et 
al’s. (2014) study decreasing when forest residue was taken out after thinnings and clear-cuts, 
compared to standard management practices. They meant that the acidity was only increasing during 
the first half of the studied 100-year period. In addition, less N and dissolved organic carbon (DOC) was 
released with runoff from the ground. Release of greenhouse gases has also been detected from 
harvested sites, about 10-20 years after a clear-cut. The release can be as large as 200 g of C per m² 
and year for boreal regions (Amiro et al., 2010). Other measures such as trenching in the forest and in 
peat soils will also contribute to emissions of greenhouse gases that can take many years to benefit 
from in terms of carbon uptake from new grown forest (Swedish Forest Agency, 2015). 

3.1.3.1 Suggested measures to reduce negative impacts 
Nutrient loss after a slash harvest could be compensated for by fertilizing the ground, mainly with 
nitrogen. Recycling of ash is also an important measure to reduce acidity, especially on peat lands and 
on already acid soils (Swedish Forest Agency, 2008) and on productive soils. Soils with low productivity 
may however respond with negative production on ash return. The negative effect on tree growth is 
reduced if slash harvest is only performed at clear-cuts (de Jong et al., 2017). Other measures to 
improve forest regeneration is to remove the harvested biomass rapidly after the logging process or 
to use genetically improved, more fast-growing plants or species (Egnell & Swedish Forest Agency, 
2013; de Jong et al., 2017).  

Another suggestion is to extract stumps rather than tops and branches since the stumps does not 
contribute to the loss of nutrients as much as slash (de Jong et al., 2017). Stump harvest does also not 
contribute to acidifying the soil as much as residue harvesting. The sustainable potential stump 
harvesting is by experts considered to be around 10-20% of the clear-cut areas. A larger amount might 
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have negative impact on forest species richness and N leaching. But, considering the harvesting 
techniques used today, stump harvesting is more expensive, giving slash a true advantage. 

3.1.4 SWEDISH ENVIRONMENTAL OBJECTIVES 
The Swedish Environmental Quality Objectives (EQO) consists of 16 objectives which state the goals of 
the Swedish environmental management. De Jong et al. (2017) identified which of the EQO that are 
prone to be affected by silvicultural activities. The objective Sustainable Forests goes in line with the 
overall goal for the Swedish forest management; the biological production and the biodiversity shall 
be protected, while social and cultural values are enhanced (SEPA, 2017d). Another objective affected 
by forest management is A Rich Diversity of Plant and Animal Life. To fulfill this objective, biodiversity 
and habitats are to be sustainably exploited while natural processes and functions are maintained 
(SEPA, 2017e). Expert groups have concluded that if slash harvest is carried out on more than 50% of 
the landscape, then the risk of species extinction increases since habitats are changing or disappearing 
with clear-cuts. Logging and slash harvesting could thereby be decreasing the chance of fulfilling the 
objective, unless measures are taken to mitigate these changes (de Jong et al., 2017). Natural 
Acidification Only is an objective defined as; acidifying land use shall not counteract the natural 
recovery of soils and waters, while it also does not harm biodiversity or contribute to enhanced 
corrosion of technical material or archaeological objects (SEPA, 2017f). The frequent acid depositions 
in Sweden during the 1900’s due to the burning of fossil fuels with low purification, released nitrogen 
(N) and sulphur (S) into the atmosphere, which, as they were deposited on ecosystems led to the 
acidification of soils and waters. Although acid rain has diminished dramatically, the recovery of soils 
and waters remain slow. The acidification is still high in the western part of Sweden, while the east and 
northern parts have recovered faster. With the additional N depositions, tree growth has been 
enhanced and thereby the uptake of base cations (mainly nitrogen (N), phosphorous (P), potassium 
(K), calcium (Ca) and magnesium (Mg)), which also contribute to make the soil more acid (Belyazid et 
al., 2006; Swedish Agency for Marine and Water Management, 2017). It has therefore been suggested 
that reductions in N availability or lower harvesting frequency is needed to sustain continuous forest 
rotations in the future (Belyazid et al., 2006). The threat of acidification can be compensated for by 
returning ash to the forest floor. One concern is however that the wood ash would not be enough to 
meet the recommendations nationally (3 ton/ha return) when harvesting areas as large as today. In 
theory, only 50% of the clear-cut areas could meet the recommendations. In that case, ash return 
should be focused to the most acid-sensitive areas (de Jong et al., 2017). 

The Zero Eutrophication objective strives to reduce the eutrophicating substances to levels that do not 
harm humans, biodiversity or the possibilities to versatile use of land and water (SEPA, 2017g). The 
effects on the objective was judged to be slightly positive when harvesting slash, since the nitrogen 
was removed with the harvest and not leached from the site (de Jong et al., 2017). The A Non-Toxic 
Environment objective aims at keeping naturally occurring substances at acceptable levels while 
reducing substances introduced in nature that may harm biodiversity or human health (SEPA, 2017h). 
Ash return may add cadmium to the forest soil, although most returns show of no effect. This highlights 
the importance of wood ash being well burnt before returned to ensure low levels of organic pollutants 
and heavy metals. Mercury is also stored in Swedish forest soils due to long-term deposition, and after 
logging, leaching has been detected in runoff water. Today, the threshold for Hg in fish have been 
exceeded in all Swedish lakes and streams and it has been suggested that the elevated Hg level is to 
10-15% due to logging operations. To limit negative impact from forest management, effects should 
be studied on a landscape level to determine how the forest soil will respond to intensified residue 
harvesting. Some sites may not be suitable for harvesting while others can stay on a sustainable level 
if only the recommendations are followed (de Jong et al., 2017).  
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3.1.5 CLIMATE EFFECTS ON FOREST PRODUCTIVITY 
With longer and warmer summers, the growing season will be prolonged, and the forests will grow 
faster. According to the Swedish Forest Agency’s estimations under the RCP8.5 emissions scenario, the 
growth of the Swedish forests will be about 56% higher in 2100 compared to the productivity level of 
the climate during 1970-2000 (Eriksson et al., 2015a). This increase is not only due to a change in 
climate, but also due to a larger amount of standing volume, since some of the forests are not part of 
the productive lands. With this in consideration, the actual climate impact on the forest productivity 
at the end of this century relative to 2000-2010, is about 37% for RCP8.5. The increase in m³sk per year 
will be highest in southern Sweden and spruce will increase its’ growth more than double that of pine, 
in absolute numbers. The increased growth rate might also have an impact on when the trees need to 
be harvested. For RCP8.5, the average age of the forest at the time for final felling could be 57 years 
at the end of the century, compared to 115 years in 2015. 

Not included in the scenario model used by The Swedish Forest Agency was the increased risk of 
damage from insects such as the spruce bark beetle (Ips typographus) in a warmer climate (Eriksson 
et al., 2015a; 2015b). If such damage leads to pre-mature harvest, it may lead to a reduction in forest 
production. With warmer winters, more ungulates, like deer, may survive and the grazing on tree 
saplings might increase. Another important limiting factor are the soil nutrients. A higher CO₂ level that 
increases growth may be restricted by the amount of nutrients in the soil. It is also discussed that the 
trees may acclimatize so that their stomata do not have to stay open to collect CO₂ as much as today, 
increasing the trees’ water use efficiency. Meanwhile, flooding may become a more frequent problem 
even in forests due to more intense rain events. This will require lighter vehicles harvesting and 
transporting the biomass and a new way of storing biomass along the production chain. The energy 
system might also become more exposed to extreme weather events that may disturb the system 
(Swedish Energy Agency, 2009; Eriksson et al., 2015b). An increase in average annual temperature will 
also increase the decomposition of SOC, resulting in higher CO₂ leaching (Cintas et al., 2017). 

3.2 Future demand for forest biofuels 
Biofuels are one of the most important energy sources within the industrial, housing and service 
sectors in Sweden (Swedish Energy Agency, 2009). To estimate future energy demands and energy 
sources is difficult and most Swedish studies only cover the first half of this century (Swedish Energy 
Agency, 2016; 2017c, Börjesson et al., 2017). Studies have instead used scenarios to demonstrate how 
the development can look like and what implications those changes might have (like Krook Riekkola et 
al., 2017 and Swedish Energy Agency, 2017d). It is expected that the demand for biofuels in Sweden 
will increase within the first half of this century due to the transition towards a fossil free energy sector 
(Börjesson et al., 2017; Swedish Energy Agency, 2017d). The use of biofuels in 2050 can be as large as 
18 TWh for households and services in a scenario with high electricity prices, and as low as 12 TWh in 
case of low electricity prices. At the same time, district heating might be competing with heat pumps 
during low electricity prices. Electricity prices will only after year 2035 become as high as to let the 
district heating exceed heat pumps and might in 2050 stand for 43 TWh. Considering the total district 
heating production in Sweden in 2050, the energy use ranges between 56-63 TWh. Depending on the 
studied scenarios, the share of biofuels in the district heating sector might range from 56-69% in 2050 
(Swedish Energy Agency, 2017d). 

More strict energy requirements for buildings could be one thing to motivate today’s electricity heated 
households and facilities to change for more energy efficient methods, such as heat pumps (Krook 
Riekkola et al., 2017). However, ambitious climatic goals can further promote an extension of district 
heating since such system can utilize excess heat from other sources. Krook Riekkola et al. (2017) also 
showed with help from their model that biofuels will play a significant role in the cost-effective 
transformation towards a fossil free energy system until 2030. Meanwhile, with more strict goals for 
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the businesses not covered by the EU emission restrictions, the emissions from the trading sector may 
increase. This may be due to a competition among the fossil free fuels (SOU 2016:47). 

The demand and use of bioenergy in Sweden will depend on policies and prices on fossil fuels and 
electricity. Higher electrification within more sectors may result in a lower demand for biofuels in the 
future (Börjesson et al., 2017). In scenarios where ambitious goals for the energy system is applied, 
the biomass use (including waste and peat) is estimated to increase with about 63% by 2050 compared 
to 2010 (Börjesson et al., 2015). Overall the demand for energy in Sweden is expected to decrease until 
2050 (Swedish Energy Agency, 2017c). 

It has been estimated that the fraction of the household waste that will go to combustion and be used 
for energy will decrease, while recycling and sorting of bio waste will increase until 2050. Despite this, 
the total amount of waste that will be subject to energy utilization, when including all waste that go to 
combustion will increase. Estimations are unsure, and actions are taken to reduce all waste that is 
generated. Meanwhile, the population is increasing in Sweden, leading to more waste being produced 
(Tillväxt- och regionplaneförvaltningen, 2017). 

3.3 Energy demand in the municipality of Norrköping 
The municipality of Norrköping is located in the County of Östergötland in the upper east corner of the 
most southern part of Sweden, Götaland. 48% (4,8 million people) of the Swedish population lives in 
Götaland and around 457 500 of those in Östergötland (SCB, 2017b). The City of Norrköping is 
considered a large city in Sweden with its almost 140 000 inhabitants (140 927 whole municipality). 
The future energy goals for the municipality of Norrköping is to reduce the energy consumption by 
30% from 2005 to 2030. In 2030, only renewable energy sources will be used, and the energy system 
is resilient towards both physical and socioeconomic changes. That means the system is resistant to 
storms, floods and other extreme weather events, while it can deal with instability in the world along 
with higher prices on necessary commodities (Municipality of Norrköping, 2009). With these goals, the 
municipality is in the forefront of becoming a bioeconomy in Sweden. As of 2015, 54,9% of the energy 
used for heating in households and public services came from the district heating system. Only 0,8% 
came from liquid fossil fuels, not connected to the district heating system. The energy demand for the 
district heating system in the municipality of Norrköping in 2015 per energy source is presented in 
Table 2. The energy that is to be replace with biofuels in this study is the sum of the energy derived 
from the liquid and solid fossil fuels and the municipal solid waste; 631,5 GWh.  
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Table 2 Energy use (demand) in the district heating production in the municipality of Norrköping in 2015, 
per energy source. The district heating is provided by combined heat and power (CHP) plants , producing 
both electricity and heat, and regular power plants, producing only heat. It is also provided from waste heat 
and fuel gas condensations (SCB, 2017a), although these two sources are not listed or considered here since 
they are the result of industry processes and recycled energy from the efficiency process. 

2015 (GWh) Liquid fossil 
fuels* 

Solid fossil 
fuels** 

Municipal 
solid waste 

Biofuels Total 

CHP 15,8 114*** 486*** 551,6 1183 

Power plants 15,5    15,5 

Total 31,3 114*** 486*** 551,6 1199 

*Liquid fossil fuels may include diesel, petroleum, fuel oil, waste oil, kerosene (including Jet A-1), dissolvants, hazardous 
waste or sulphur (SCB, 2015).  
**Solid fossil fuels may include coal, coke, nuclear fuel, petroleum coke, peat and peat briquettes, waste (50% thereof), 
tires, rubber, plastic (PTP), recycled waste wood (50%), hazardous waste (50% thereof) or pressure impregnated wood (SCB, 
2015). In this study, this energy source is considered to be releasing gross emissions to the atmosphere. 
***Recalculated from the share of the energy sources coal and waste as in 2012 (Municipality of Norrköping, 2016). For 
municipal solid waste, 50% is considered being of fossil origin and 50% of renewable origin (SCB, 2015). 

The energy input from fossil fuels and waste in the district heating was 631,5 GWh per year in 2015, 
while biofuels contributed with 551,6 GWh (SCB, 2017a). The demand for biofuels is expected to 
increase since more biofuels are being used in the CHP plants in Sweden. An increased demand for 
biofuels will possibly also be the result of the municipality’s energy plan for 2030 (Municipality of 
Norrköping, 2016). The owner of the CHP plants in Norrköping has as a goal to stop using fossil fuels 
and only run on biofuels and reused materials, such as waste, in 2025. This requires large investments 
of new furnaces that are adjusted for biofuels (Norin, pers. comm.4). 

3.4 Forest harvesting potential 
In 2013, 10,6 TWh of wood chips (of tops and branches) from logging were produced and used for 
energy purposes in Sweden. 5,9 TWh of that came from the most southern part of Sweden, Götaland 
(Swedish Forest Agency, 2015), where the Municipality of Norrköping is located. The potential harvest 
of tops and branches during 2020-2029 is 59,7 TWh for the whole country according to the Swedish 
Forest Agency (2015), in a scenario where the forest management continues as during 2008-2013, 
including the emission scenario RCP4.5. This number includes all tops and branches, without any of 
the recommendations from the Swedish Forest Agency. When considering the recommendations; 
leave 20% of the residue at the logging site, and that some sites are completely excluded from residue 
harvesting, the potential residue extraction could be 44,5 TWh in the entire country. For Götaland the 
total potential is 18,4 TWh and with the recommendations 13,7 TWh. Looking only at regeneration 
fellings, then the potential could be up to 7,9 TWh from tops and branches during 2020-2029 in 
Götaland. This indicates that the future harvest of forest residue could be 2-4 times higher than in 2013 
(Swedish Forest Agency, 2015). This can also be compared to previous studies estimating the potential 
harvest from both final felling and thinning to yield 16-32 TWh/year (de Jong et al., 2017) or 17,1 
TWh/year in 2050, according to data collected by the Swedish Forest Inventory during 2002-2006 
(Börjesson et al., 2015). 

Based on statistics from the Swedish Forest Agency, about half of the final fellings (117 636 hectares 
out of 238 990) in Sweden during 2014 was reported to be harvested also for tops and branches 

                                                           

4 Norin, Tobias. Fuel purchaser at E.ON Värme Sverige AB. Interview 2018-05-15. 



Ljungberg, Stina 2018-06-25 
Stockholm University 

12 
 

(Swedish Forest Agency, 2014). Despite this number, only half of the reported area was actually 
harvested for the residuals. This resulted in only 25% of the total clear-cut forests being used for tops 
and branches harvest, leaving 75% of the potential energy production on the ground. The conclusion 
from the study by de Jong et al. (2017), based on interviews with a number of experts, is therefore that 
the potential harvest of tops and branches are larger than what is utilized today. 

3.5 Energy input in fuel and energy production 
To get the whole picture of the biofuel production, the energy required to harvest, treat and transport 
biofuels has been considered in earlier studies. The input energy has shown to be around 2% of the 
produced energy for forest residue chips (Lindholm et al., 2010). The benefit for the climate also 
depends on the energy conversion, where electricity in combination with district heating or industrial 
heat dependent systems and their distribution result in high energy efficiency. A system only 
dependent on electricity for heating could be less efficient if excess heat is unutilized (de Jong et al., 
2014). The forest can also release greenhouse gases such as methane and nitrous oxide, but those will 
not be covered in this thesis. 

Table 3 presents the input of primary energy from a number of, for this study, interesting energy 
sources. The input of primary energy from the different energy sources is to be compared with the one 
for forest residue to further discuss the climate benefits of using residue as an energy source. 

Table 3 MJ of primary energy input per MJ energy produced per energy source, presented as primary 
energy factor (PEF). Only the input energy is included here, and not the energy content of the source 
(revised from Gode et al., 2011).  

Energy source Primary energy factor (MJ/MJ) 

Forest residue 0,03 

Waste 0,04 

Heavy fuel oil 0,11 

Coal 0,15 

Wind 0,05 

Hydro 0,1 

Solar 0,22 
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4 METHOD 
To demonstrate how the carbon balance in the forests of the municipality of Norrköping would look 
like if all the fossil fuels in the district heating sector in the municipality were to be replaced with 
logging residue, different scenarios were run in the ForSAFE model (Wallman et al. 2005; Gaudio et al., 
2015). The scenarios are built upon established emission and population scenarios that were extended 
until 2300 and will give projections on future forest growth and carbon balance in the municipality. 
Four different forest management strategies were simulated, and the outcome was compared and 
analysed to understand how the replacement of fossil fuels with forest residue will impact the carbon 
level of the forest floor and the carbon dioxide level in the atmosphere. 

4.1 Boundaries and assumptions 
The demand for biofuels to replace fossil fuels in the district heating system in the municipality of 
Norrköping is in this study simply calculated on the amount of energy that the fossil fuels and the waste 
supply the district heating with each year. Energy for the district heating is also provided by waste heat 
and fuel gas condensation (SCB, 2017a), although these two sources are not part of the calculations 
here since they are the result of industry processes and recycled energy from the efficiency process. 
The municipality has a share of 53% fossil fuels and municipal solid waste in its district heating today. 
A large share is also biofuels, but in this study it is assumed that they are not using any forest residue 
from forests within the municipality as a biofuel source in their power plants today, but that it is 
derived from somewhere else. 

To calculate the carbon balance in the soil, three forest sites in the municipality of Norrköping were 
studied (See locations in Figure 2). This data came from a database by the Swedish National Forest 
Inventory and synthesized in Alveteg (2004). Mean annual normal temperature and precipitation 
(1961-1990) in the city of Norrköping was 5-6 °C and 560 mm (SMHI, 2017a; 2017b). It was assumed 
that the productive forest only consisted of spruce and pine. The outcome of the ForSAFE model 
(further described in 4.2) show residue biomass in dry weight (DW), and hence the energy calculations 
and thereof the yearly demand for forest residue have been derived from DW. In reality, the wood 
chips delivered to the power plant are not completely dry. However, in modern power plants it is 
possible to take advantage of most of the energy that is required to vaporize the water remaining in 
the wood (Egnell & Swedish Forest Agency, 2013). 

 

 

  

Figure 2 Forest data sites in the municipality of Norrköping. Map to the right from 
Wikimedia Commons (2006).  
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Since projections on future energy demand is difficult to make, especially for the second half of this 
century and beyond that, any future number on energy demand in the municipality of Norrköping have 
not been analyzed. The projections say that the demand for biofuels will increase within the first half 
of this century, making this study relevant in the planning of future biofuel supply. Instead, the long 
time perspective in this study is encouraged by de Jong et al. (2017) to better predict long-term effects. 

Stumps are also subject of being harvested for energy after clear-cuts, but are not included in this 
study due to the many uncertainties concerning the ecological consequences of stump removal 
(Swedish Forest Agency, 2015). The ecological dimension of the Swedish forest management in 
relation to harvest of tops and branches is discussed in relation to the Swedish Environmental Quality 
Objectives (EQO) with support from earlier studies. Social aspects are briefly discussed considering 
equality and resource distribution, jobs and infrastructure. The economical sustainability of shifting to 
a bio-based district heating system is not covered in this study. 

When calculating the CO₂ equivalents balance of the forest soil and the atmosphere, the main aim was 
to look at how much CO₂ comes out of the stack and compare that amount to the amount of CO₂ 
equivalents that are being stored in the forest soil. However, the life cycle of the production of both 
fossil fuels and biofuels are briefly covered in the Discussion section based on previous studies to get 
a deeper understanding of the fuels’ climate impact. 

4.2 The ForSAFE model 
The forest model ForSAFE was developed to be able to make long-term sustainability assessments 
(Wallman et al., 2005). It is operable with readily available environmental data and make projections 
for several centuries ahead. It can respond to environmental changes such as CO₂ and ozone levels and 
depositions while considering different forest management and policy strategies. To calculate forest 
production and soil composition, it also considers soil processes and the feedbacks between soil and 
vegetation. This model is a simplification of the many natural processes that should be involved in a 
comprehensive biogeochemical forest model. To analyse the long-term sustainability, it was created 
from four established models that represents the spatial, temporal and structural scales of the forest 
biogeochemical system; a tree growth model, a soil chemistry model, a decomposition model and a 
hydrology model. These together point out the most important cycles of the tree growth process, the 
ones having the strongest feedbacks in the system; decomposition processes, vegetation feedback 
processes, considering uptake, allocation and retranslocation of nutrients and soil chemical processes 
covering mineral weathering, soil solution equilibrium processes and cation exchange. The 
management options allowed in the model is whole-tree harvesting, stem-only harvesting, complete-
tree harvesting and thinning. Forest residue from harvesting and thinning can either be left at the 
logging site or be extracted, which the model then considers. The model version used in this study is 
the one calibrated with the PnET model, by Gaudio et al. (2015). 

With help from a causal loop diagram and a feedback loop analysis, Wallman et al. (2005) shows that 
the major reinforcing feedbacks on tree growth within the system comes from the base cations and 
the nitrogen. Meanwhile, many other processes slow these two reinforcing loops down, like the 
availability of nutrients, balancing the biogeochemical development. Water is of course also a limiting 
factor in the model. Wallman et al. (2005) also shows that changes in one subsystem can affect another 
subsystem, even though they are not directly connected. To properly investigate and demonstrate the 
effects on soil and forest carbon storage over time, several rotation periods should be simulated. 5-7 
rotation periods would mean a span of about 300 years for a forest in the temperate regions. By using 
a long time-span, cumulative effects from management disturbances can be detected, such as nutrient 
loss or soil degradation (Wallman et al., 2005). With this as basis, the time span run in the model was 
from year 2000-2300. 
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The dataset used in the model was both derived and prolonged from previous studies and these 
methods are further described in the upcoming sections. The input data consisted of the monthly 
climate properties average temperature, minimum temperature, maximum temperature, 
precipitation, average photosynthetically active radiation and CO₂ level.  

The output of the model that was interesting for this study was the amount of harvested residue for 
each final felling and each thinning and the carbon content of the soil. Harvest was presented in grams 
of wood (dry weight) per m² for each harvest occasion. The C content was presented as soil organic 
carbon (SOC) in grams per m² per year. These numbers were later used for calculating the carbon 
balance of the studied case. 

4.3 Scenarios 
4.3.1 CLIMATE 
The climate data explaining and modelling the development during the years 1900-2100 were in the 
simulations in this study the same as in the work by Zanchi and Belyazid (Belyazid, pers. comm.5). The 
historical (1961-2008) monthly averages for temperature and precipitation at the selected forest sites 
were derived from the Swedish Meteorological and Hydrological Institute’s (SMHI) register. By using 
SMHI’s STRÅNG model, global monthly average photosynthetically active radiation data had been 
estimated for the same period. Further, the trends for temperature and precipitation over the 
simulated period 1900-2100 were derived from the Global Climate Model of the Max Plank Institute; 
ECHAM5. The SRES A2 emission story line was used during simulation and the data was calibrated so 
to match the observed data from 1961-2008. The A2 storyline reflects a world with continuous increase 
of global population and a fragmented, slow and regionally focused economic growth (Nakicenovic et 
al., 2000). The predicted temperature was shown to increase both during future winters and summers. 
Compared to another model used by Zanchi and Belyazid (Belyazid, pers. comm.5); the National Centre 
for Atmospheric Research’s CCSM3, ECHAM5 showed a higher temperature increase during summer 
than during winter. ECHAM5 also predicted a lot drier summers in both southern and along most of 
eastern Sweden compared to the historical data and the CCSM3 model. Finally, they both predicted 
wetter winter months in relation to the observed levels. The ECHAM model also predicted the CO₂ 
levels up until year 2100. 

The temperature projections beyond 2100 were calculated on the basis of the Representative 
Concentration Pathways (RCP) emission scenario 8.5 derived from the Coupled Model Intercomparison 
Project Phase 5 (CMIP5; Taylor et al., 2012), as presented in the 12th chapter of the Fifth Assessment 
Report (AR5) by the Intergovernmental Panel on Climate Change (IPCC). This is a business-as-usual 
scenario which as of now mirror today’s emission levels (SMHI, 2017c). The reference period used in 
the CMIP5 model is 1986-2005 (Collins et al., 2013).  

The development of the precipitation in relation to the global average temperature change during the 
simulated period until 2100 was explained to be 1-3% increase per °C or approximately linear. The 
precipitation predictions beyond 2100 show of large varieties depending both on latitude and season. 
Alike the ECHAM5 projections for 2100, the CMIP5 shows how the average precipitation possibly will 
increase in southern Sweden, especially during the winter season. For summer precipitation, the 
CIMP5 estimations show both increase and decrease for this part of the world, resulting in an uncertain 
output. Precipitation may be reduced by higher CO₂ levels since it leads to reduced radiative cooling 
of the troposphere. In this case, considering the longer time scale, increased CO₂ levels and the related 
temperature increase leads to higher evaporation, enhancing the radiative cooling and increasing 
precipitation. Also, despite a stabilization of the CO₂ levels, this process would be enhanced by the 

                                                           

5 Belyazid, Salim. Interview 2018-01-29 



Ljungberg, Stina 2018-06-25 
Stockholm University 

16 
 

continuing warming of the oceans. The main signs show an average increase in precipitation and 
hence, the average precipitation for 2071-2100 was prolonged until 2300 in the dataset for the 
ForSAFE model. For photosynthetically active radiation, the future scenarios in the AR5 used the same 
cycle as in 1986-2005 (Collins et al., 2013). The average radiation cycle from 2071-2100 was therefore 
prolonged until 2300 in this study. The future CO₂ projections, as presented in the AR5, were obtained 
from Meinshausen et al. (2011). 

4.3.2 FOREST MANAGEMENT 
To study how the carbon balance in the forest floor answer to different forest management strategies 
when trying to fill the fossil fuel gap in the district heating sector of Norrköping municipality, a couple 
of different scenarios were used. In Scenario 1, the forest was left without further management after 
the last action before 2018; thinning in 1989 and in 2014 or the last clear cut in 2016 for the three 
studied sites. No clear-cutting, harvesting or replanting was conducted for the rest of simulated period. 
Scenario 1 therefore worked as a reference scenario when comparing the future carbon balance in the 
soil to the other management strategies. In Scenario 2, the Swedish conventional forest management 
strategy with a stem-only harvest was applied. This means 60% of the standing biomass was harvested, 
leaving tops and branches at the logging site. Clear-cuts occurred at stand age 75, 78 and 100 years, 
along with replanting that same year. Thinnings were performed at stand age 41 and 52 years, 42 and 
54 years or 49 and 71 years at the studied sites. All the residue was here left on the ground after both 
final fellings and thinnings. In Scenario 3, the same clear-cut and thinning intervals were used as in 
Scenario 2, but a whole three harvest method was simulated, where 80% of the residue was being 
harvested at final fellings to be used as biofuel. In Scenario 4, the same management intervals were 
applied as in Scenario 2, although 80% of the residue was harvested during both final fellings and 
thinnings and used as biofuel. Hence, in Scenario 3 and 4, the recommendations from the Swedish 
Forest Agency was being applied, leaving 20% of the residue at the logging site (Claesson et al., 2015). 
The scenario properties are summarized in Table 4. 

Table 4 Scenario properties and combinations used in the ForSAFE model runs for each forest test site .  

Scenario Climate 
development 

Clear-cut, 
every 

Residue 
harvesting, 

clear-cut 

Thinning, 
at stand age 

Residue 
harvesting, 

thinning 

1 RCP8.5 No No No No 

2 RCP8.5 78 years No 42 & 54 years No 

3 RCP8.5 78 years 80% 42 & 54 years No 

4 RCP8.5 78 years 80% 42 & 54 years 80% 

4.4 Energy data 
4.4.1 ENERGY USE AND FUEL INPUT 
The district heating in the municipality of Norrköping was provided by both combined heat and power 
(CHP) plants and regular power plants. The energy sources in the district heating to be replaced with 
biofuels were liquid fossil fuels (heavy fuel oil type 2), solid fossil fuels (coal) and municipal solid waste 
(see Table 2). In the statistical record, waste was considered consisting of 50% fossil materials and 50% 
renewable materials. In the municipality of Norrköping, the waste used for district heating is 
considered consisting of 60% renewables (Norrköping municipality, 2017). In this study, all of the 
household waste was being replaced with biofuel. The data on energy demand and input of fossil fuels 
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and renewables to the district heating of the municipality of Norrköping was from 2015 and was 
provided through the database of the Official Statistics of Sweden (SCB, 2017a). 

Considering the future energy demand for the municipality of Norrköping, no specific number have 
been used. The future estimations implicate however that the demand for biofuel will become larger 
(Swedish Energy Agency, 2016; Börjesson et al., 2017). This development can hence be used as a 
reference of the future forest residue supply. 

4.4.2 ENERGY POTENTIAL IN FOREST RESIDUE 
The energy potential of forest residue depends on the dry level of the residue. The higher the dry level, 
the higher the energy potential. For every percentage that the dry level is increased, the energy 
potential increases with about 60 kWh/ton (Pettersson, 2007). When the residue is harvested, the dry 
and moist balance is around 50% each (Kunskap Direkt, 2016), resulting in an energy potential of about 
2,2 MWh/ton. Nilsson et al. (2012), estimated the moist level of raw residue chips to range between 
2,6-3,7 MWh/ton; lower numbers for the winter compared to the summer loads. For complete dry 
matter (DM) of slash and stumps, de Jong et al. (2017) considered it to be 17,6 GJ/ton (4,9 MWh/ton) 
while 5 MWh/ton (Kunskap Direkt, 2016) up to 5,3 MWh/ton (JTI, 2013) could also be possible numbers 
for dry tops and branches. The energy level of the forest residue has in this study been set to 4,9 
MWh/ton. 

4.4.3 ENERGY IN AVAILABLE FOREST RESIDUE 
To calculate the possible harvest of forest residue during the years from the first thinning after the 
latest management action before 2018, in 2058 until the last before 2300, in 2292, the ForSAFE model 
was used. The model itself calculated how much residue, in grams per m², that could be harvested per 
each clear-cut and each thinning. The average harvest of the three studied sites was then multiplied 
with the total area of productive forest in the municipality, and then divided by 1 000 000 to get tons 
of residue per total area. The total weight of the harvested residue per harvesting occasion was then 
divided over the years between each harvest to see how much forest residue was available to use as 
biofuel over those years. This assumes that the use of biomass for energy was evenly spread over the 
years until the next harvest, and not used all at once or according to the current demand. The harvest 
intervals were here the same as described in section 4.3.2. With help from a bar chart, the future 
harvest potential trend could be easily visualized. The yearly available residue biomass was then 
compared to the energy demand of the fossil fuels and the waste, as described in 4.4.2. 

1 m³f (solid volume) of tops and branches represents about 2,5 m³s (loose volume) and weighs around 
0,8 (Pettersson, 2007) to 0,9 tons (Kunskap Direkt, 2016). If 1 m³f of solid residue weighs 0,8 tons, then 
1 ton is equal to 1,25 m³f. The demand for bioenergy to replace fossil fuels is 631 479 MWh/year (631,5 
GWh). If the residue were to be chipped directly after harvesting and used in the CHP plant, the low 
energy potential of 2,2 MWh/ton and 50% dry level would require about 287 063 tons, or 358 795 m³f 
of forest residue. If the residue instead was left at the logging site to dry in piles, covered with a paper 
board for about a year, the moist level may become as low as 20% (Kunskap Direkt, 2016). The energy 
value would then be around 4,9 MWh/ton with a dry level of 80%, and only 128 873 tons, or 161 092 
m³f of residue would be required to supply for the fossil energy demand alone. This volume of residue 
would then at the harvesting time weigh 206 197 tons if it at that time consisted of 50% water. 

The tops and branches stand for about 16 (pine) – 27 (spruce) % of the total logged forest biomass. So, 
if a clear-cut in pine forest yields 0,09 tons of raw and moist (50%) residue per m³fub (solid volume 
under bark), 2 291 080 m³fub, or 1 901 597 m³sk forest would need to be harvested to yield the 
required amount of residue to replace the fossil fuels in Norrköping. If instead a spruce forest would 
provide all the residue needed, then 1 085 249 m³fub, or 900 756 m³sk would be required. If half the 
forest residue came from pine and half from spruce, then 1 688 164 m³fub, or 1 401 176 m³sk would 
be required to meet the fossil fuel energy demand. In Norrköping, 50% of the productive forest consists 
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of pine, and 17% of spruce. This means only 67% of the productive forest, or 47 638 hectares will yield 
the biomass wanted for this study. 

4.5 Carbon balance 
4.5.1 SOIL ORGANIC CARBON 
The carbon (C) level was presented in the output of the model run as grams (g) of soil organic carbon 
(SOC) per m² at a given time for each of the test sites and each of the scenarios. The SOC was first 
averaged for each year and every scenario. This resulted in average grams of the three sites’ SOC per 
m² for each year. This number was then multiplied by the total area of productive forest in the 
municipality of Norrköping, and then divided by 1 000 000 to go from grams to tons. This resulted in 
the total amount of carbon stored in the ground in the productive forest of Norrköping for each year 
(See Figure 5). The change in SOC in year 2300 between the reference Scenario, Scenario 1, and the 
scenario where the most forest residue was harvested, Scenario 4, was also compared. This was made 
to compare the results of this study to other alike studies. The change was divided over the total 
hectare of productive forest, and also with the number of years that the change occurred. 

To translate the amount of C in the soil of the productive forest into CO₂ equivalents, the mass of 1 
mole of CO₂ (44 g, including the weight and share of two oxygen atoms per C; 16 g/mole*2) was divided 
by the mass of C (12 grams/mole). 

44𝑔
𝑚𝑜𝑙𝑒
12𝑔

𝑚𝑜𝑙𝑒

=  3,66 (𝐸𝑞. 1) 

The number 3,66 explains the fraction of C in CO₂. The average C levels were then multiplied with this 
fraction to determine how many CO₂ equivalents that were or will be store in the ground each year for 
each scenario (See Figure 6). 

𝐶 𝑔 ∗ 3,66 = 𝐶𝑂2 𝑔 (𝐸𝑞. 2) 

The levels of CO₂ equivalents in the reference Scenario 1 was then compared with the other scenarios 
to see the CO₂ equivalents level in the ground each year between 1800-2300 (See Figure 7). The change 
of CO₂ in 2300 compared to 2017 was divided by the years since the change started to get the average 
change per year in CO₂ storage in the ground during this time period (See Table 6). 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑂2 𝑐ℎ𝑎𝑛𝑔𝑒 𝑦𝑒𝑎𝑟−1 =
(𝐶𝑂2 𝑙𝑒𝑣𝑒𝑙 𝑖𝑛 𝑠𝑜𝑖𝑙 𝑖𝑛 2300 − 𝐶𝑂2 𝑙𝑒𝑣𝑒𝑙 𝑖𝑛 𝑠𝑜𝑖𝑙 𝑖𝑛 2017)

(2300 − 2017)
(𝐸𝑞. 3) 

That number was then compared with how many CO₂ equivalents from the yearly burning of fossil fuel 
that would be replace with climate neutral biofuel. This resulted in the final balance of the replacement 
of fossil fuels to forest residue. 
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4.5.2 EMISSIONS FROM FOSSIL FUELS 
To calculate the CO₂ emissions from the non-renewable energy sources, each of their emission factors 
were used. The factors were found in a compilation table by the Swedish Energy Agency (2015). The 
emission factors, in kg CO₂ GJ⁻¹ per year (for the years 1996-2014), were for liquid fossil fuels 76.2 
(calculated on “residual fuel oil 2-5”), for solid fossil fuels 93 (calculated on “coking coal, other 
bituminous coal”) and for waste 25 (calculated on “municipal solid waste”). To translate these numbers 
into tons CO₂ MWh⁻¹, the emission factor was first divided by 1000 to translate kg into tons. Then, each 
of the emission factors were divided by the fraction of MWh/GJ (0.2778) (See Table 7, column 2). 

𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

0,2778
=

𝐶𝑂2

𝑀𝑊ℎ
(𝐸𝑞. 4) 

The demand for each of the fossil fuels for the year 2015 were then multiplied with each of their CO₂ 
MWh⁻¹ number. The emission levels were finally summed to determine the emissions from fossil fuels 
in the district heating sector in the municipality of Norrköping in 2015 (See Table 7). When replacing 
fossil fuels with biofuels, the emissions from the biofuels are not adding any extra CO₂ to the 
atmosphere, resulting in a reduction of CO₂ emissions of the summed amount of CO₂ that had been 
release when using fossil fuels previously. The amount of CO₂ equivalents change per year in the soil 
in Scenario 2-4 compared to Scenario 1 was then subtracted from the fossil emissions that would have 
been released without the exchange to forest residue. The difference between these two show the 
carbon balance if all the fossil fuels were replaced with forest residue (See result in section 0). 

𝑐𝑎𝑟𝑏𝑜𝑛 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 𝑦𝑒𝑎𝑟−1 = 
     𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝑓𝑜𝑠𝑠𝑖𝑙 𝑓𝑢𝑒𝑙𝑠 𝑦𝑒𝑎𝑟−1 − 𝐶𝑂2 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑠 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑠𝑜𝑖𝑙 𝑦𝑒𝑎𝑟−1    (𝐸𝑞. 5) 
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5 RESULTS 

5.1 Forest residue replacing fossil fuels 
Figure 3 describes and visualizes the weight of the forest residue harvest during the years from the 
first thinning in 2058 until the last in 2292, with the final fellings in between. This is the median forest 
management strategy used for the three forest study sites in the municipality of Norrköping. Results 
shows the highest harvest in year 2094, with decreasing harvests thereafter. Harvest from thinnings 
also show a negative trend over the three centuries. 

 

Figure 3 Average weight of the residue per each harvest in Scenario 3 and 4 for the whole productive forest 
area in the municipality of Norrköping form year 2058-2992. 

The annual demand of forest residue in 2015 to replace all fossil fuels in the district heating in the 
municipality of Norrköping, if the reside has an energy potential of 4,9 MWh/ton, was 128 873 tons 
dry weight (631,5 GWh). The available residue each year after harvest is demonstrated in Table 5 and 
in Figure 4, both in tons per year and in GWh per year. In Scenario 3, the most biomass was available 
for energy extraction after the first clear-cut, in 2094-2142; 52 809 tons/year (259 GWh), 34% of yearly 
demand, and the least in the last clear-cut in 2250-2300; 43 561 tons/year (213 GWh), 41% of yearly 
demand. In Scenario 4, the most biomass was available after the first clear-cut and the third thinning, 
in 2136-2147; 82 218 tons/year (403 GWh), 64% of yearly demand. The least was in this scenario 
harvested after the second thinning, in 2070-2093; 13 914 tons/year (68 GWh), 11% of yearly demand. 
On average, the annual residue supply was 49 908 tons/year (245 GWh) in Scenario 3 and 51 552 
tons/year (253 GWh) in Scenario 4. The supply then stood for about 40% of the annual demand in the 
municipality. 

Since the residue harvest stand in proportion to the total stem harvest, the development of the forest 
production can be studied. The difference in harvest from the first in 2094 and the second in 2172 was 
118 522 tons, meaning a 3% lower harvest in 2172. The difference between the two later harvests was 
569 572 tons, showing a 14% lower harvest in 2250 than in 2172. The loss from the first to the last 
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harvest was 688 094 tons, standing for a 17% production loss between 2094-2250. From a historical 
perspective, the harvests have decreased since year 1800 when studying the entire simulation. 

Table 5 Available harvested forest residue for each year during each time interval and scenario  in tons per 
year. In GWh per year in parenthesis. 

Years Scenario 3 
Final felling 
tons/year 
(GWh/year) 

Scenario 4 
Final felling 
tons/year 
(GWh/year) 

 Years Scenario 4 
Thinning 
tons/year 
(GWh/year) 

 
  

2058-2069 26 693 (131) 

 
  

2070-2093 13 914 (68) 

2094-2171 52 809 (259) 52 811 (259) 2136-2147 29 407 (144) 

 
  

2148-2171 15 294 (75) 

2172-2249 51 157 (251) 51 272 (251) 2214-2225 24 007 (118) 

 
  

2226-2249 12 202 (60) 

2250-2328 43 561 (213) 43 875 (215) 2292-2303 24 011 (118) 

 

 

Figure 4 Available harvested forest residue in tons its energy content in GWh, per year for each year and 
scenario.  
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5.2 Soil organic carbon 
Figure 5 shows the carbon level in the soil of the productive forest in the municipality of Norrköping 
for each of the simulated scenarios and each year. Scenario 1 shows the highest level of SOC over the 
simulated time period. In Scenario 1, SOC levels are increasing until year 2160 and then steadily 
decreasing. The most intensive residue harvesting scenario; Scenario 4, shows the lowest level of SOC 
in the soil at most times. 

 

Figure 5 Ton C in the forest soil per scenario per year averaged for the whole area of productive forest in 
the municipality of Norrköping. 

The change in SOC between Scenario 1 and Scenario 4 was -10,4 tons of SOC per hectare at year 2300. 
The loss per year was then 0,037 tons SOC per hectare. The change in SOC between Scenario 1 and 
Scenario 3 was -9,5 tons of SOC per hectare at year 2300, resulting in a loss per year of 0,037 tons SOC 
per hectare.  
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Figure 6 shows the CO₂ equivalent level in the soil of the productive forest in the municipality of 
Norrköping for each of the simulated scenarios and each year. Scenario 1 shows the highest level of 
CO₂ equivalents over the simulated time period. In Scenario 1, the CO₂ equivalent level is increasing 
until year 2157 and then steadily decreasing. The most intensive residue harvesting scenario; Scenario 
4, shows the lowest level of CO₂ equivalents in the soil at most times. 

 

Figure 6 Ton CO₂ equivalents in the forest soil per scenario per year  averaged for the whole area of 
productive forest in the municipality of Norrköping . 
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Figure 7 shows the difference, in CO₂ equivalents in the soil of the productive forest, between Scenario 
2, 3 and 4 compared to Scenario 1 for each year (2000-2300). The largest difference is between 
Scenario 1 and Scenario 4, comparing no logging in Scenario 1 versus clear-cutting and thinning at 
certain intervals, including residue harvesting in Scenario 4.  

 

Figure 7 CO₂ equivalents difference between Scenario 1 and Scenario 2 -4 in the forest soil per year for the 
whole area of productive forest in the municipality of Norrköping . There was no difference in CO₂ equivalents 
during the years 1800-2017 and hence here only showing 2000-2300. 

The difference at year 2300 between Scenario 4 and Scenario 1 was -2 700 976 ton CO₂ equivalents, 
resulting in an average loss per year since year 2017 of 9 578 ton CO₂ equivalents. Comparisons 
between Scenario 2, 3 and 4 and Scenario 1 are shown in Table 6. Scenario 4 can also be compared 
with Scenario 2, which is a somewhat good reflection of today’s forest management in Sweden, but 
here with no residue harvesting. The difference between 2 and 4 in SOC was then in 2300 190 316 tons 
of C, or 697 390 ton of CO₂ equivalents. The loss per hectare and year was 0,009 tons of C. 

Table 6 The number of years since the CO ₂ equivalents started to change (2017), the difference in CO ₂ 
equivalents in 2300 and the CO₂ equivalents loss per year. Comparisons are made between Scenario 2 , 3 
and 4 and Scenario 1. 

Compared 
scenarios 

Years CO₂ equivalents 
difference in 2300 

Loss per year 

2-1 283 -2 003 586 7 105 

3-1 283 -2 474 302 8 774 

4-1 283 -2 700 976 9 578 
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5.3 CO₂ balance 
The emissions from the fossil fuels and the waste used in the district heating in 2015 emitted in total 
90 509 ton CO₂ per year, in the municipality of Norrköping. Detailed emission levels per energy source 
are shown in Table 7. The total amount of gross emitted CO₂ in 2015 was subject to be compared with 
the average annual loss of SOC in the forest soil. The SOC was calculated in CO₂ equivalents to be 
compared with the emission level of the replaced fuels, and hence it can be called the CO₂ balance. 

Table 7 CO₂ emissions per MWh, energy demand per year in MWh and ton CO ₂ emissions per year for each 
of the fossil fuels used in the district heating in the municipality of Norrköping in 2015.  

Energy source ton CO₂/MWh Energy demand(MWh)/year ton CO₂/year 

Liquid fossil fuels 0.274 31 290 8 583 

Solid fossil fuels 0.335 114 036 38 176 

Municipal solid waste 0.090 486 153 43 750 

Total 
 

631 479 90 509 

If the forest residue could replace all the energy demand of the fossil fuels, 90 509 tons of CO₂ gross 
emissions could be replaced while the carbon storage loss in the soil would be around 9 578 tons CO₂ 
equivalents per year in Scenario 4. 

90 509 𝑡𝑜𝑛𝑠 𝐶𝑂₂ − 9 578 𝑡𝑜𝑛𝑠 𝐶𝑂₂ = 80 965 𝑡𝑜𝑛𝑠 𝐶𝑂₂ (𝐸𝑞. 5) 

Finally, 80 965 tons of CO₂ of gross emissions could be hindered from being released into the 
atmosphere per year, if all the fossil fuels in the municipality of Norrköping were to be replaced with 
forest residue. 

The available supply of forest residue in Norrköping was however not enough to reach the energy 
demand of 631,5 GWh per year. Instead only, on average, 40% (253 GWh) of the annual energy 
demand was met in Scenario 4. 631,5 over 253 gives 2,5, meaning that the area would have had to be 
2,5 times larger to, on average, meet the demand. The same quota could also be applied on the carbon 
storage of the ground. The carbon loss per hectare was here assumed to be the same as in the 
calculations above for Scenario 4 (10,4 tons/hectare), despite the larger forest area. Here though, it 
was calculated as CO₂ equivalents to be put in relation to the CO₂ emissions from fossil fuels. The CO₂ 
loss per hectare multiplied with the area needed to meet the demand gives the total CO₂ loss from 
2017-2300. The total loss divided by the interval of those years, results in an annual CO₂ loss from the 
forest soil of 23 859 tons for Scenario 4. This number in relation to the emissions from the replaced 
fossil fuels of 90 509 CO₂ per year gives a carbon dioxide balance of -66 650 tons annually. 
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6 DISCUSSION 

6.1 Replacing fossil fuels 
The results of this study show that the productive forest within the municipality of Norrköping, and 
the tops and branches available for harvest, is not enough to meet the annual energy demand provided 
by fossil fuels in 2015. The annual demand for forest residue with an energy potential of 4,9 MWh/ton 
was 128 873 tons DW (631,5 GWh). The energy content, the dryness, of the biomass is here of course 
a factor that affects the outcome of this estimation. The largest supply of forest residue could be 
harvested in Scenario 4, harvesting both during clear-cuts and during thinnings. The average annually 
available forest residue, if evenly distributed over the simulated years, ranged however only between 
13 914 ‒ 82 218 tons (68-403 GWh, average 253 GWh) per year in Scenario 4, as demonstrated in 
Figure 4. Scenario 3 showed of a more even supply distribution around 50 000 tons per year (240 GWh). 
The supply then stood for 11-64% of annual demand, being in line with the estimations both from the 
Swedish Forest Agency (2015), de Jong et al. (2017) and Börjesson et al. (2017) of 18-22 TWh/year, 
covering 30-55% of the biofuel energy demand in 2050. However, the trends show of decreasing 
harvests over time, both for residue harvest under final fellings and thinnings, when considering the 
entire time period of 2017-2300. The trend of decreasing harvest is confirmed through studies by 
Helmisaari et al. (2011), Egnell (2016) and de Jong et al. (2017) and has been argued to be due to 
nutrient loss. Other factors affecting tree growth in this study was the climatic changes. Precipitation 
was simulated as staying on a steady level after 2100, while the mean annual temperature was rising 
until 2300. A warmer climate enhances evapotranspiration, and with less precipitation to compensate, 
photosynthesis and tree growth will be reduced. Forest regrowth is of course of interest to the forest 
owners, but also for the environmental management and the industries depending on forest products 
and bi-products, making a study like this interesting to a number of organizations. 

The fact that all the municipal solid waste was considered subject to be changed for biofuels in this 
study made the energy demand large. The municipal waste does consist of about 50-60% renewable 
or organic products that, under these conditions, could not have been utilized in any other way. The 
behaviour of the people choosing not to recycle or compost their waste, or the fact that those options 
do not exist where they live, creates this load of energy available for the power plants. One could then 
say that taking waste for combustion is the best alternative instead of putting it on a landfill where 
leaching could be a problem. The demand for waste as an energy source may not decrease either when 
the energy sector, as in the CHPs in Norrköping, is phasing out fossil fuels. So, if using waste as a more 
sustainable solution for now, the energy demand for biofuels in Norrköping municipality would instead 
be 146 GWh, requiring only around 30 000 tons (145 GWh) of forest residue per year. In that case, the 
average available forest residue in the municipality of Norrköping would be enough, even in Scenario 
3, where residue is only harvested during clear-cuts. As of the current forest management, some 
residue is harvested during clear-cuts, and if more were to be, it would be more possible to meet the 
energy demand in Norrköping. However, even though the future energy demand is difficult to predict, 
a study like this can on a theoretical level demonstrate how much biomass that will be available in the 
future, so that planning can be adapted to estimated supplies. With higher energy efficiency and an 
increasing use of renewables such as solar and wind power, biofuels can work as an important part of 
the way towards a fossil free energy system. The goal of creating a circular economy with small climate 
and environmental impacts will then also be easier to reach (SEPA, 2017c; EC, 2018b). 

This study could also be revised to look for further feedbacks and outcomes. Here, 20% of the residue 
was left on the ground, as to not interfere with the EQOs and negatively affect forest regrowth. This 
number could be reduced, leaving even less or no tops and branches at all at the logging site. Such 
decision would result in a larger biomass supply but could have large negative effects on nutrient 
returns and soil acidity (Swedish Forest Agency, 2008). 
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Extracting all possible forest residue without putting too much pressure on the natural environments 
can of course come at a high economical cost, especially for owners of small forests. The infrastructure 
is not yet fully set in place, and with long transportation between logging and chipping sites to 
combustion plants, the energy return becomes lower. In southern Sweden it is more profitable to 
handle forest residue, and faster forest production due to a changed climate may make the industry 
more viable. One thing also to consider with a warmer climate in Sweden, is the increased risk of 
damage from insects. This might mean the trees will have to be harvested earlier than planned, but 
which could be in line with the shorter rotation periods that comes as a result of faster forest growth, 
expected by Eriksson et al. (2015a). Biofuels from the agricultural sector can also work as a 
complement to biofuels from the forest, adding more than enough energy to fill the gap from fossil 
fuels where forest products are not enough (Börjesson et al., 2017). But to be able to utilize all residue 
from both the forest and the agricultural sectors, more developed infrastructure and transportation 
routines around this energy source is needed (Enström, 2015). 

6.2 Soil carbon stock 
The results show that the SOC level is affected by the clear-cuts and the thinning procedures. SOC 
increases for all Scenarios until the year 2112 where it starts to decrease in Scenario 2, 3 and 4 (See 
Figure 5). These three scenarios include clear-cutting and thinning, with the first one happening at the 
time of the SOC peak before 2100. In 2112 another peak comes due to thinnings around that time, 
where residue is left on the ground; 100% of the residue in Scenario 2 and 3 and 20% of the residue in 
Scenario 4. Overall, Scenario 1, where no stem harvest or thinning is performed after 2017, shows the 
highest SOC during the simulation period. In this scenario, the natural return of nutrients with litterfall 
and natural deaths of trees contribute to keep the SOC in the ground before being decomposed. Still, 
even Scenario 1 shows of decreasing SOC after 2150 because of higher mean annual temperature and 
a steady precipitation level. This will lead to less photosynthesis, meaning less tree growth and less 
litter fall. The result of a SOC loss of 10,4 tons per hectare in Scenario 4 compared to Scenario 1 at 2300 
can be compared to the result of Eliasson et al. (2013) that also modelled a forest stand in southern 
Sweden harvested for residue. They showed a decrease of around 8 tons of C over a 300-year period, 
including three rotations. 

Figure 6, demonstrating the CO₂ equivalents in the soil shows the same pattern as Figure 5. In Figure 
7, the difference in CO₂ equivalents between Scenario 1, working as a reference scenario, and Scenario 
2-4 shows how many CO₂ equivalents that has been lost from the soil from 2017-2300. The difference 
of -2 700 976 ton CO₂ equivalents over the 283 years equals an average loss of 9 578 CO₂ equivalents 
per year. The result of decreasing SOC is in line with the results of Zanchi et al. (2014), studying a 100-
year period with different clear-cut and thinning intensities, and that of de Jong et al. (2014), also 
simulating a three-rotation period. When comparing the loss in soil carbon between Scenario 2, to 
some extent reflecting today’s forest management with Scenario 4, a loss of 8,7 tons, equal to -0,087 
tons of C per hectare and year for the first 100 years after the clear-cut in 2016, can be compared with 
the results of Ortiz et al. (2014). They also compared today’s forest management strategies, although 
comprising of some residue being harvested, with a scenario of large reside harvest. Their results show 
a change in SOC of around -7 tons per hectare after 100 years, meaning a decrease from +0,407 to -
0,387 tons per hectare and year in the same region of Sweden as simulated in this study. Overall, the 
SOC stock was decreasing over both a long and a short time scale. Lindholm et al. (2010) discusses 
however that the calculated result of the carbon level in the soil depends a lot on the calculation 
method. The result they got was 2,5-7 times higher when using a method comparing the average 
carbon storage change between two times instead of just the carbon storage change. 

When looking at the forest carbon balance, Zanchi et al. (2014) state that the higher amount of biomass 
harvested with more intensified thinnings does not compensate for the loss of SOC coming as a 
feedback. The positive climate impact of replacing fossil fuels with biofuels can however more than 
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balance this loss out on a global scale. If however the energy demand from waste had not been 
included in this study, Scenario 3 would have, on average, yielded enough to fulfil the energy demand. 
In that case, the loss of SOC would have been lower, and the climate benefit even higher when not 
having to harvest at thinnings, also considering C sequestration and emissions from residue handling. 

6.3 Carbon balance 
The final carbon balance was calculated by taking the total CO₂ emissions from all the fossil fuels that 
was subject to be replaced in the municipality of Norrköping’s district heating system and subtract the 
SOC loss in the forest soil. This resulted in a carbon balance of -80 965 tons CO₂ each year, meaning 
emissions from the burning of fossil fuels was higher than the loss of SOC when harvesting residue. 
This also meant that the 80 965 tons of CO₂ was hindered from being released into the atmosphere 
each year. This is the major benefit of using biofuel as energy source where large amounts of CO₂ 
emissions can be prevented from being emitted to the atmosphere, reducing net emissions. Such 
climate benefit has also been found by Lindholm et al. (2010) and Ortiz et al. (2014) and has been 
confirmed by the Swedish Forts Agency (Black-Samuelsson et al., 2017). 

The hypothesis to be tested here concerned if all the fossil fuels in the district heating system were to 
be replaced with biofuels from the forest industry within the municipality of Norrköping, the loss of 
soil carbon storage would not exceed the emissions from the replaced fossil fuels. It was here shown 
that the available area did not yield enough residue, but a productive forest area 2,5 times larger would 
be required. Despite then also a 2,5 times larger carbon loss, the climate benefit of substituting fossil 
fuels for biofuels was proofed. Thereby, the hypothesis could be confirmed. 

When considering the use of fossil fuels and the release of CO₂ during harvesting, treatment and 
transport of the forest residue, the input energy stood for 2% of the produced energy (Lindholm et al., 
2010). This can be compared to the release during the production and distribution of other fuels in the 
term primary energy factor as presented in Table 3. Forest residue requires the least input of primary 
energy compared to all other energy sources. Coal and heavy fuel oil requires the most primary energy, 
while waste is almost in line with forest residue. This gives the tops and branches an even larger 
advantage when looking at the total climate impact compared to fossil fuels. When comparing the 
biofuels with other renewable sources, forest residue is still the least energy demanding fuel. In 
addition, the other renewable energy sources cannot directly replace fossils in the CHP plants, giving 
the biofuels another advantage. 

6.4 EQO and resource distribution 
Looking at the effects on the environment and on the possibility to reach the Swedish EQOs, some 
changes will occur after intensified harvesting of forest residue. The whole logging process has the risk 
of conflicting with the objective A Rich Diversity of Plant and Animal Life because of its very direct 
effect of the removal of forest habitat. Removing slash from more than 50% of the landscape could 
create critical negative effects on biodiversity (de Jong et al., 2017), and leaves this as a guideline for 
managers when planning for residue harvest. The action of leaving some key trees on the site could 
however help some species from being negatively affected by a fragmented landscape (Lundqvist et 
al., 2014). The effects of removing more of the tops and branches from a logging site may also affect 
species dependent on or benefiting from dead wood (Claesson et al., 2015; SEPA, 2018). Taking these 
aspects into consideration and using a landscape perspective when planning for a harvest and during 
the actual procedures may reduce negative impacts. Today, 4%, more productive forest than ever, is 
protected as nature reserves or national parks in Sweden (SEPA, 2018). The objective Natural 
Acidification Only is on a national level mainly affected by silvicultural practices, which still need 
measures to reduce a negative development (SEPA, 2018). The measure to return ash to the forest 
floor can partly mitigate the acidification, although there is a fear that the available ash will not be 
enough to cover the entire country’s ash demand. Ongoing operations identifies areas sensitive to 
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acidification, so that ash can be placed where mostly needed, improving the state of the objective 
(SEPA, 2018). Other measures, such as nutrient return can also work as compensation for nutrient loss. 
But, an increased amount of especially N could then interfere with the objective Zero Eutrophication, 
if more N were to be leaching from forest logging sites. One could then be reminded of the results by 
Zanchi et al. (2014) showing the potential of decreasing nitrogen run-off after residue harvest. This is 
also confirmed as a positive effect by the Swedish Energy Agency (2018). This would mean that there 
are ways of managing the forest that will not stand in conflict with the EQOs. Still, with the strenuous 
actions of moving around in the forest when harvesting much more of the residue than what is done 
today, more pressure will be put on the forest floor. Damage from vehicles when driving over the 
landscape is the most common reason for damage on cultural values, also leading to leaching of heavy 
metals and nutrients (SEPA, 2018). Such consequences make the logistical planning of great 
importance. The switch from a society that is dependent on fossil fuels that releases gross emissions 
of greenhouse gases to one relying on renewable and climate neutral energy sources would however 
benefit the objective Reduced Climate Impact. Despite this, one has to consider the possible 
greenhouse gas losses from clear-cut harvesting sites before the new forest production has started 
again (Amiro et al., 2010). 

Despite de Jong et al.’s (2017) result, showing that more residue could be extracted from the forest 
without interfering with the EQO, this nutrient loss might stand in conflict with the EQO Sustainable 
Forests, if the production reaches unacceptably low levels. The follow-up of the EQO’s by SEPA shows 
that the direction in which the condition of the forest environment is taking is difficult to predict and 
that the objective Sustainable Forests will not be reached within the time frame (SEPA, 2018). A 
decrease in forest production could be compensated for by adding N as a fertilizer, as this can be one 
of the most limiting factors. The retuning of ash from burnt biomass is also an important measure to 
increase forest productivity and reduce acidity (Swedish Forest Agency, 2008). In addition, several of 
the ecosystem services provided by the forest does not show of sufficient status. Fish contamination 
level, prevention of damage from storms, the biochemical cycle and biodiversity are examples of 
functions with low condition are that need a high level of consideration (SEPA, 2018). 

In this study, the municipality of Norrköping works as an example to demonstrate to what extent a 
Swedish municipality could be self-sufficient when wanting to replace fossil fuels, including municipal 
solid waste, with biofuels from the forest within the municipal boundary. In reality, biomass could of 
course be taken from other municipalities of Sweden to fulfil the energy demand, and also be exported 
to other municipalities. This would require a different calculation on the distribution possibilities of 
the country. In this study, all the productive forest of Norrköping was assumed to consist of only spruce 
and pine being suitable for logging. No respect of especially sensitive areas within the productive forest 
was taken into consideration, meaning all available productive forest area was subject for harvesting 
of forest residue. In reality, and as recommended (de Jong et al., 2017), the landscape should be 
considered as a whole, and sensitive and vulnerable areas may not be suitable for residue harvesting. 

If the demand for biofuels in general and for forest residue in particular will increase, more jobs have 
the potential to be created within this sector, especially on the countryside (Black-Samuelsson et al., 
2017). This is also something that the municipality is hoping for with more local energy production and 
distribution (Municipality of Norrköping, 2016). The same could be true for other regions and 
municipalities in Sweden. The northern part of Sweden has a large amount of productive forest land, 
and if a more effective infrastructure around the handling of forest residue is created, the trading 
among the different regions might increase. In such a case, one could discuss how the resources should 
be distributed and who has the right to take advantage of those resources. This conflict might rise since 
the energy demand is higher in southern Sweden than in northern Sweden. Even though of different 
opinions, all interest groups need to understand everyone’s needs to create a resilient forest 
environment that can meet society’s expectations. 
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6.5 Uncertainties 
When making predictions about natural phenomena and human behaviour in such long perspectives 
as made in this thesis, many uncertainties also need consideration. At the end of this century, and 
beyond that, the energy use and efficiency will probably look a lot different than today. The use of 
forest biomass as an energy source might not even exist but have been replaced with other renewable 
sources. Forest biomass might instead be used for its’ properties as a material, such as for paper and 
as a fabric or even a chemical substance (Black-Samuelsson et al., 2017). Despite the future destiny of 
the tops and branches, to utilize residue from both the forest industry and other industries, such as 
the agricultural one, seems like an efficient way when turning from a fossil dependent society to a bio-
based one. 

Still, a study like this one, along with many other, could guide forest management with the increasing 
demand for forestry bioproducts. Also, that waste is here considered a fossil fuel that should be 
completely replaced with renewable energy sources could be discussed. Parts of the household waste 
is of organic source and could instead be composted, while another share could be recycled. The share 
of 40-50% of the waste that is made of fossil fuels will in the future possibly be replace with materials 
that instead can be composted. This would then result in no waste being combusted in the power 
plants, or at least a much lower share and other energy sources would have to replace it. With the 
estimations for waste only going as far as 2030 or 2050 as the longest, a prognosis for how long waste 
can work as an energy source is uncertain. But, since a lot of the waste used in the CHP plant in 
Norrköping municipality is imported, the supply will probably last for a long time ahead. Other 
uncertainties concern how policy and goals for the Swedish forests will change. Silvicultural practices 
may have to stand back for goals such as the EQOs or even international restrictions on forestry. 

What is required to reach the local, national and international goals of releasing no net greenhouse 
gases by the mid-century and limiting the global annual mean temperature increase of 1,5°C, is 
covering several aspects. Energy efficiency, transformation to run on electricity along with policies and 
political will shall play a large role in this transformation (Börjesson et al., 2017). The municipality has 
no possibility to affect what energy sources that is used in the district heating, but as a large costumer 
of the district heating, the pressure from the municipality in the form of consumer power could play 
an important role.  
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7 CONCLUSION 
When substituting fossil fuels for biofuels, it was in this study shown that there will be a net reduction 
in carbon dioxide emissions to the atmosphere. Despite the soil organic carbon loss that came as a 
result of forest residue harvesting, the emissions from the fossil fuels used to produce district heating 
for the municipality of Norrköping were higher than the soil organic carbon loss. This was true even 
for the hypothetical forest area calculated on to provide all the energy needed, since the available 
forest area in the municipality of Norrköping was not enough to fulfil the fossil fuel energy demand. 
The hypothesis could therefore be confirmed, meaning that a shift from fossil fuels to biofuels has a 
positive climatic effect with no net CO₂ emissions. Despite the reduced emissions, it is needed to take 
into consideration feedbacks and consequences from the different scenarios and strategies of forest 
management. Knowledge from a wide range of stakeholders along with extensive studies can help 
guide future forest governance. Meanwhile, despite the result of lack of biomass within the 
municipality for the district heating system in the municipality of Norrköping, a study like this can give 
projections on the future supply of forest residue available as energy source. With waste playing an 
important part in the district heating sector during the foreseeable future, the demand for forest 
biproducts might not be as large as mainly calculated on in this study. In the case of waste staying as a 
large share of the energy providers, a forestry industry focusing on residue harvest only during clear-
cut, at least in the municipality of Norrköping, could produce more than the energy demand from liquid 
and solid fossil fuels. This could also possibly be a cheaper alternative than to harvest also at thinnings. 
Another positive outcome of fewer harvesting occasions is the lower pressure to be put on the natural 
environment. Still, there are problems already today with threat to species and greenhouse gas, heavy 
metal and nutrient leaching as a result of forestry. Such feedbacks must be weighed against the climate 
benefit of replacing fossil fuels with forest residue. If environmental issues are well known, new 
routines could possibly make biofuels an even more attractive way towards a bio-based economy and 
a society releasing no net emissions.  
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