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Abstract 
 
Nilsson, Bengt (2016). Extraction of logging residues for bioenergy – effects of 
operational methods on fuel quality and biomass losses in the forest, Linnaeus 
University Dissertation No 270/2016, ISBN: 978-91-88357-50-2. Written in 
English with summary and conclusion in Swedish. 
Wood products play a key role in the transformation to a more sustainable society 
based on renewable bio-based resources, together with the positive effects on 
climate mitigation by replacing fossil fuels. However, to increase the use of forest 
fuel in practice it is important to understand the effects of handling and storage on 
its quality and removal of nutrients from the forest. This thesis addresses these 
effects with special focus on a comparative evaluation of the traditional dried-
stacked with “new” and to some extent more controversial fresh-stacked methods 
for extraction of logging residues from Norway spruce (Picea abies (L.) Karst).  

The results indicate that a normal extraction of logging residues will leave at 
least 20% of logging residues at the clear-felled area, in accordance with Swedish 
Forest Agency recommendations. However, the results also indicate that the 
ambition of the dried-stacked method to leave the majority of the needles well 
spread over the clear-felled area does not meet these recommendations. In fact, 
the harvesting operation is more important than the extraction method, with 
respect to how much logging residues (nutrients) being left in the forest. The 
results also show that the quality of fuel yielded by the two handling methods 
differs only to minor extent, indicating that other factors have stronger effects, 
where “dried-stacked” and “fresh-stacked” logging residues from different clear-
felling areas is often similar. Generally, logging residues stored over summer 
(regardless method), seem to provide sufficiently dry forest fuel, with a needle 
content of about 5–10%. There is a clear correlation between drying and effective 
loss of needles from twigs, but the loss does not necessarily mean that the needles 
will remain in the forest.  However, needle color (green or brown) is not a strong 
indicator for a reduction in needle content. 

Acceptance of the fresh-stacked method would provide opportunities for the 
development of new technologies, more efficient use of machinery throughout the 
whole year, reduced costs, shorter lead times and increased amounts of logging 
residues extracted from each clear-felled area. This is mainly because it would 
enable extraction at optimal times from a logistical, financial and/or forestry 
perspectives. 
 
Keywords: Forest fuel; Storage; Fraction composition; Needles; Defoliation; 
Moisture content; Nutrients; Nitrogen; Norway spruce, Picea abies 
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Sammanfattning 
 
Nilsson, Bengt. 2016. Uttag av skogsbränsle – hanteringens och lagringens inverkan 
på grotens bränslekvalitet samt biomassaförluster i skogen. Linnaeus University 
Dissertations, No. 270/2016. ISBN: 978-91-88357-50-2. Skriven på engelska, 
men med sammanfattning och slutsatser på svenska. 
 
Skogen och dess produkter har en nyckelroll i omställningen till ett framtida 
hållbart samhälle eftersom användande av träråvara har en positiv effekt på 
klimatet, t.ex. genom träbyggande eller att fossila bränslen ersätts med bioenergi. 
Men för att kunna ta tillvara mer skogsbränsle i form av grenar och toppar (grot) 
från bestånd dominerade av gran (Picea abies (L.) Karst) är det viktigt att förstå hur 
hanteringen påverkar såväl bränslekvalitet som bortförsel av näringsämnen från 
skogen. Denna avhandling belyser hanteringens effekter på bränslekvalitet och 
näringsförluster genom att jämföra den traditionella metoden (skotning av torkad 
grot, ”brunrisskotning”), med den ”nya” och till viss del ifrågasatta skotningen av 
färsk grot (”grönrisskotning”). 

Resultatet visar att ett normalt grot-uttag kommer att lämna minst 20 % av 
groten kvar på hygget, helt i linje med Skogsstyrelsens rekommendationer. 
Däremot uppfylls inte rekommendationerna med avseende på att lämna merparten 
av barren väl spridda på hygget, detta trots att det är ambitionen med den 
traditionella hyggestorkningen av grot. Hur mycket grot (och således 
näringsämne) som lämnas kvar på hygget påverkas i själva verket mer av hur 
avverkningen utförs, än när groten skotas ihop. Resultatet visar också en skillnad i 
bränslekvalitet mellan de båda beskrivna hanteringsmetoderna. Denna skillnad är 
dock så liten att andra faktorer sannolikt påverkar mer än hanteringsmetoden. 
Hyggestorkad grot från ett enskilt hygge i södra Sverige, kan i verkligheten ofta 
vara ganska likt färskskotad grot från ett annat hygge. Grot som har lagrats över 
sommaren kan alltså förväntas ha torkat tillräckligt, samt ha en barrandel på ca 5–
10 % oavsett hanteringsmetod. Det verkar också finnas ett klart samband mellan 
torkning och att barren släpper från kvisten, men det betyder inte nödvändigtvis 
att barren blir kvar i skogen. Hur som helst, barrens färg (gröna eller bruna) är inte 
en rättvisande indikator på avbarrning. 

Om skotning av färsk grot accepteras ger det möjligheter för utveckling av ny 
teknik, effektivare användning av maskinresurser över hela året, minskade 
kostnader, kortare ledtider, samt möjligt ökat grot-uttag från enskilda hyggen. 
Detta beror främst på att det skulle vara möjligt att utföra grot-uttaget när det 
passar bäst ur ett logistiskt, ekonomiskt och/eller skogligt perspektiv.  
 
Nyckelord: Skogsbränsle; Lagring; Fraktionsfördelning; Barr; Avbarrning; 
Fukthalt; Näringsämnen; Kväve; Gran, Picea abies 
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Sammanfattande slutsatser 
Som en utökad och mer förklarande del av den svenska sammanfattningen 
följer här författarens egna slutsatser och tolkningar baserat på tidigare känd 
kunskap samt vad resultatet som presenteras i avhandlingens visar, därmed 
inte sagt att framtida forskning inte kan förändra denna bild. 
 
 Mängden grot (och således näringsämnen) som lämnas kvar på 

hygget påverkas mer av hur avverkningen utförs än när groten 
skotas ihop. 

Det kan konstateras att ett normalt grot-uttag lämnar minst 20 % av 
groten kvar på hygget, helt i linje med Skogsstyrelsens 
rekommendationer. Resultatet som presenteras i denna avhandling 
visar nämligen att upp till 30 % av groten blir kvar mellan högarna, 
samt att 10–15 % återfinns under högarna efter skotning (Figur 14, 
sid. 52). Hur mycket grot som hamnar mellan högarna påverkas av 
hur avverkningen (och bränsleanpassningen) utförs, således verkar 
det alltså vara viktigare hur avverkningen utförs än när groten skotas 
ihop till större välta. Mycket tyder också på att skördarhögarnas 
storlek och placering också påverkar bränslekvaliteten (främst 
torkning och avbarrning). 

 Sluta använda försöken att lämna barren på hygget som en ursäkt för 
att slippa näringskompensation (askåterföring) till skogen. 
Skogsbruket bör i stället acceptera och ta konsekvenserna av att uttag 
av grot och stamved påverkar skogsmarken. 

Syftet med det traditionella sättet att lagra groten i små skördarhögar 
ute på hygget är att åstadkomma en effektiv torkning som också 
leder till att de näringsrika barren faller av och blir kvar på hygget. 
Det finns nämligen en vedertagen praxis i skogsbruket som innebär 
att ”om vi lämnar barren i skogen, lämnar vi också tillräckligt med 
näringsämne”. Detta har sitt ursprung i att Skogsstyrelsen i sina 
rekommendationer för uttag av grot bland annat slår fast att 
merparten av barren bör lämnas kvar väl spridda på hygget, detta för 
att undvika behov av annan näringskompensation (askåterföring). 
Men detta blir ganska urvattnat när Skogsstyrelsen i den finstilta 
delen av sina rekommendationer menar att ”Med dagens 
avverkningssystem är det mycket sällan som ett uttag av 
avverkningsrester kombineras med att barren lämnas väl spridda”. 
Detta kan inte tolkas på annat sätt än att den ansvariga myndigheten 
anser att den traditionella hanteringsmetoden inte är tillräckligt bra. 
Resultatet från denna avhandling visar att Skogsstyrelsen har rätt i 
sin farhåga om att barren inte lämnas kvar väl spridda på hygget i 
den utsträckning som avses när groten läggs i små skördarhögar för 
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att barra av. En stor del av barren följer nämligen med det flisade 
materialet även om groten lagras i små skördarhögar på hygget 
(Figur 15, sid. 53), vilket också påverkar hur mycket näringsämnen 
som förs bort från skogsmarken (Tabell 8, sid. 55). Visserligen 
hamnar en hel del barr också mellan skördarhögarna vilket givetvis 
är positivt för skogsmarken, men det påverkas inte av vilken 
hanteringsmetod som används. Det som istället påverkar är hur stor 
del av den totala mängden grot som koncentreras till skördarhögarna 
med avsikt att så småningom skotas ihop och flisas. Hur som helst, 
låt gärna grot torka i små skördarhögar, men det är dags att sluta tro 
att den lagringen lämnar merparten av barren väl spridda på hygget. 
Skogsbruket bör istället ta konsekvensen av att uttag av grot och 
stamved påverkar skogsmarken, och därmed besluta om att 
kompensera för näringsförluster när skogsmarkstypen kräver det.  

 Generella antaganden om andelen barr i färsk grot bör undvikas 
eftersom felaktiga antaganden påverkar både näringsbalans i skogen 
och förväntad bränslekvalitet. 

Sedan tidigare är det allmänt vedertaget att färsk grot från bestånd 
dominerade av gran (utförda i framförallt Mellansverige) innehåller 
20–30 % barr (baserat på total torrmassa) och ett medelvärde på 25 
% är ofta använt när avbarrning ska beskrivas. Resultatet i denna 
avhandling visar dock ett medelvärde som är något lägre (21 %), 
men det mest intressanta är den stora spridningen (14,5–32,8 %) 
som förekommer mellan olika hyggen (Tabell 6, sid. 47). Detta är 
givetvis något som påverkar möjligheten att beräkna hur mycket 
näringsrika barr som faktiskt lämnas kvar på hygget i samband med 
grot-uttag. Det är också tämligen självklart att den absoluta 
mängden barr i den färska groten också kommer påverka hur 
mycket barr som finns i den levererade groten. Därmed kan 
konstateras att det inte är rättvisande att göra generella antaganden 
vad det gäller andelen barr i färsk grot. 

 Det finns ett tydligt samband mellan låg fukthalt (ned till nivåer 
omkring 20–30 %) och att barren släpper från kvisten. Men extrem 
sommartorkning kräver också försiktighet eftersom det kan leda till 
ett mer bräckligt material med risk för att totala andelen finfraktion 
ökar.  

Genom att exponera groten för bra torkningsförhållanden 
åstadkommes en effektiv avbarrning. Resultatet i denna avhandling 
visar nämligen att det finns ett tydligt samband mellan torkning och 
att barren släpper från kvisten. Vid fukthalter över 40 % är 
avbarrningen obefintlig, men när fukthalten närmar sig 20–30 % tar 

avbarrningen fart (Figur 12, sid. 50). Det tyder på att totala 
torkningstiden är av sekundär betydelse för en lyckad avbarrning 
eftersom det är en sänkning av fukthalten som blir avgörande. 
Givetvis är det självklart att olika torkningsbetingelser gör att det tar 
olika lång tid att nå den fukthalt som krävs för att avbarrningen ska 
ta fart. Hur som helst, det finns också skäl att anta att torkning ner 
under fibermättnadspunkten påverkar avbarrningen. Det skulle 
kunna förklaras med det faktum att först när trä torkas ner under 
fibermättnadspunkten börjar det krympa, vilket orsakar rörelse och 
friktion inom materialet. Detta fenomen skulle i så fall också kunna 
vara orsaken till att det skapas större andel finfraktion i bränslet 
eftersom materialet bli mer bräckligt och därmed faller sönder. 
Sammantaget kan sägas att hantering och lagring snarare borde 
fokusera på att inte skapa finfraktion, än att försöka bli av med den. 
Det ska också påtalas att bara för att barren släpper från kvisten, 
behöver det inte betyda att de faller till marken och på så sätt sänker 
barrandelen i groten (Figur 13, sid. 51). Detta beror till stor del på 
att om materialet är fuktigt så kommer de små barren klibba fast vid 
större fraktioner i groten. Mycket tyder därför på att 
väderförhållande strax innan och i samband med skotning har stor 
inverkan på både fukthalt (och således också energiinnehåll) och 
den faktiska avbarrningen från materialet.  

 Bruna barr behöver inte betyda att andelen barr i groten har 
reducerats. Gröna barr är inte heller nödvändigtvis ett bevis på hög 
andel barr. 

Bränslespecifikationer kräver ibland att groten ska vara avbarrad, 
vilket är något som är mycket svårt att mäta. En tillämpning för att 
bedöma om groten är avbarrad är att göra en visuell bedömning av 
färgen på groten (eller egentligen färgen på barren). Eftersom den 
gröna färgen associeras med färsk grot som förväntas ha en stor 
andel barr, antas grot med en grön nyans inte vara avbarrad. Grot 
som istället bedöms vara brun blir associerad med god 
bränslehantering där groten lagrats länge och barren förväntas ha 
fallit av. Resultaten från denna avhandling visar dock att barrens 
färg är en otillfredsställande kvalitetsparameter, det finns nämligen 
ingen garanti för att barren trillar av bara för att de blivit bruna. 
Faktum är att endast de kvistar som utsätts för ett torkningsförlopp 
där det sker en återuppfuktning är de som blir bruna (Tabell 7, sid. 
49) samtidigt som det är dessa kvistar som håller kvar barren längst 
tid. Kvistar som däremot utsätts för extrem torka uppnår en snabb 
och effektiv avbarrning, men de återstående barren fortfarande är 
gröna. Ett mycket tydligt exempel på detta är en julgran som tyvärr 
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alltför snabbt slutar att dricka vatten. Barren på den vissnande 
julgranen sitter då mycket löst, men de är fortfarande gröna. Lagring 
av grot måste givetvis ske för att jämna ut behovet av skogsbränsle 
under året, men i vissa fall är lagringstiden utdragen för att 
säkerställa en tillräcklig torkning som en säkerhetsmarginal för att 
barren ska hinna bli bruna. Onödigt långa lagringstider ökar också 
risken för en generell försämring av bränslekvalitet genom att 
biomassan bryts ner och förmultnar. Det kan också innebära att 
strävan efter en specifik bränslekvalitet utvecklats på ett sådant sätt 
att en överdriven hantering och lagring i värsta fall till och med 
misshandlar bränslet, vilket resulterar i att fullt dugligt bränsle går 
till spillo samtidigt som onödiga kostnader tillkommer.  

 Låt skotningstidpunkten bli mer flexibel och styras av de logistiska, 
ekonomiska och/eller skogliga faktor som är mest optimal ur 
skogsbrukets och skogsägarnas perspektiv.  

Det verkar vara lätt att fastna i ett ifrågasättande av den ”nya” 
metoden med att skota färsk grot, men man kan också vända på 
argumentet och istället fråga sig om den traditionella 
hyggestorkningen i praktiken är så mycket bättre? Resultatet från 
denna avhandling visar att det finns en skillnad i fraktionsfördelning 
och barrandel beroende på om groten skotas när den är torkad eller 
färsk, men skillnaderna är så små att andra faktorer troligen har 
större påverkan på bränslekvaliteten. Grot från en avverkningstrakt 
som hanterats enligt den traditionella hyggestorkade metoden är i 
praktiken ofta ganska lik färskskotad grot från en annan 
avverkningstrakt (Tabell 4 och 5, sid. 45–46). Detta tyder på att 
tidpunkten för när skotningen genomförs inte är den mest avgörande 
faktorn för bränslekvaliteten. Faktorer som trädslagsfördelning, 
storlek på skördarhögar och kanske den specifika mängden barr i det 
avverkade beståndet verkar vara viktiga för den slutgiltiga 
kvaliteten. I verkligheten är det dessutom ofta svårt att skilja på om 
groten är skotad färsk eller när den har torkat eftersom skotningen 
ofta genomförs tidigare än optimalt. Detta kan bero på flera 
anledningar, t.ex. att skogsägaren vill ha en snabb återbeskogning 
och små skördarhögar på hygget då är i vägen för plantering. Men 
det kan också bero på logistiska skäl för förbättrad resursanvändning 
där skotarna används en större del av året, eller att det gäller att 
passa på att köra ut alla sortiment när skogsmark med låg bärighet är 
frusen. Hur som helst, idag ligger ofta val av både skotnings- och 
flisningstidpunkt helt utanför skogsägarens kontroll. Det är således 
omöjligt för skogsägaren att påverka skogsbränslets energiinnehåll 
och ekonomiska värde när det väl är avverkat. 

 Den energikonverterande industrin behöver identifiera och 
tydliggöra acceptabla nivåer av barr och övrig finfraktion, och/eller 
sålla bort finfraktion om ett mer homogent och grövre bränsle 
efterfrågas. 

Ur ett kvalitetsperspektiv finns det anledning att undersöka om det 
finns en acceptabel nivå av andel barr i groten, eller om det optimala 
alltid är att sträva efter lägre nivåer, eller kanske efter ett helt 
barrfritt bränsle. Att bara säga att bränslet ska vara avbarrat är en 
alldeles för vag beskrivning, eftersom det egentligen inte ställer 
några specifika krav. Detta visas klart genom att titta på barrandelen 
för hyggestorkad grot som i denna studie varierar mellan ca 2–10 %, 
medan det för grot som är färskskotad bara ökar barrandelen 
marginellt. Generellt kan sägas att all grot från en normal 
avverkning i södra Sverige, som lagrats över sommaren, kan 
förväntas torka tillräckligt bra (ibland för bra) (Tabell 3, sid. 44) 
samt ha en barrandel på ca 5–10 % (Tabell 4 och 5, sid. 45–46), 
detta oavsett när skotningen är genomförd. Om de nuvarande 
nivåerna av barrandel anses vara för höga finns det mycket kvar att 
göra, för så länge där finns en acceptans av en viss andel av barr 
kommer groten innehålla just så mycket barr. Om det istället finns 
ett behov av en än lägre andel barr återstår förmodligen bara att sålla 
bort barr och annan finfraktion från den flisade groten. Sållning är 
givetvis något som kostar pengar, men det gör också särskilda krav 
på hantering och lagring i skogen. Men dessa kostnader är inte lika 
självklara att reflektera över eller se konsekvenserna av. Att betala 
bäst för grot med den mest önskvärda kvaliteten skulle också ge 
incitament att försöka leverera just den kvaliteten. 

Skogsenergi – Framtiden och hoppet? 
Att ersätta fossila bränslen med grot ersätter inte bara utsläppen av fossil 
koldioxid, det kan samtidigt förhindra koldioxidutsläpp orsakat av att groten 
annars skulle ligga kvar och förmultna i skogen. Användandet av grot kan på 
så sätt anses bidra med dubbel klimatnytta (s.k. substitutionseffekt) och blir 
således en viktig del för Sveriges vision att bli koldioxidneutralt. Men uttag av 
grot medför också risker eftersom det kan ha negativ inverkan på biologisk 
mångfald, skogens näringsbalans samt övrig negativ påverkan på skogens 
mark och vatten. Samtidigt är det viktigt att hantera groten så effektivt som 
möjligt så att hanteringen inte skapar onödiga kostnader och/eller 
kvalitetsförluster. Därför är det viktigt att skapa en bättre förståelse för hur 
hantering och lagring av grot påverkar såväl bränslekvalitet som bortförsel av 
näringsämnen, en förståelse som denna avhandling bidrar till. Slutligen kan 
konstateras att Sveriges skogar har en stor potential att bidra till ett framtida 
hållbart samhälle genom att leverera mer förnyelsebar energi från skogen.  
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1 Introduction 

1.1 Background 
1.1.1 Bioenergy from forest as part of a sustainable society 
The need for renewable energy is increasing globally and, consequently, 
Sweden’s forests are becoming increasingly important sources of the country’s 
future energy supplies (Cintas et al. 2016). This is mainly because forest fuel 
are fully renewable components of the natural biospheric carbon cycle, in 
which CO2 in the atmosphere is photosynthetically fixed in biomass, then 
released back into the atmosphere when the biomass is combusted or 
decomposed. In contrast, combustion of fossil fuels results in a permanent 
transfer of carbon from geological stores to the biospheric cycle, thereby 
increasing atmospheric CO2 levels (Black 1971). 

A breakdown of global input energy for 2012 shows that more than 80% 
was derived from fossil fuels, nuclear power contributed about 5% and about 
15% was from renewable sources (Anon. 2016). Annual energy consumption 
in Sweden has increased by about 100 TWh during the last 40 years, while the 
use of biofuels has grown steadily, largely replacing fossil fuels in the system. 
According to the Swedish Energy Agency (Anon. 2015a), Sweden’s total 
energy consumption amounted to 565 TWh in 2013. Of this, nuclear power 
contributed 189 TWh (33%), fossil fuels 167 TWh (30%), bioenergy 
(including organic household waste) 129 TWh (23%), hydroelectric 
generation 61 TWh (11%), wind power 10 TWh (1.5%), and the remaining 9 
TWh (1.5%) came from other sources. According to Eriksson et al. (2002) 
extraction of bioenergy has an important role to play in attempts by many 
countries (including Sweden) to meet goals to increase energy self-
sufficiency. Most of the bioenergy generated in Sweden is currently used for 
district heating and various industrial processes. In the future, it will also 
probably be needed to meet official targets to eliminate use of fossil fuels in 
the transport sector (Anon. 2009a), in which about 90% of the fuel used now 
has fossil origins (Anon. 2015a). 



1 

1 Introduction 

1.1 Background 
1.1.1 Bioenergy from forest as part of a sustainable society 
The need for renewable energy is increasing globally and, consequently, 
Sweden’s forests are becoming increasingly important sources of the country’s 
future energy supplies (Cintas et al. 2016). This is mainly because forest fuel 
are fully renewable components of the natural biospheric carbon cycle, in 
which CO2 in the atmosphere is photosynthetically fixed in biomass, then 
released back into the atmosphere when the biomass is combusted or 
decomposed. In contrast, combustion of fossil fuels results in a permanent 
transfer of carbon from geological stores to the biospheric cycle, thereby 
increasing atmospheric CO2 levels (Black 1971). 

A breakdown of global input energy for 2012 shows that more than 80% 
was derived from fossil fuels, nuclear power contributed about 5% and about 
15% was from renewable sources (Anon. 2016). Annual energy consumption 
in Sweden has increased by about 100 TWh during the last 40 years, while the 
use of biofuels has grown steadily, largely replacing fossil fuels in the system. 
According to the Swedish Energy Agency (Anon. 2015a), Sweden’s total 
energy consumption amounted to 565 TWh in 2013. Of this, nuclear power 
contributed 189 TWh (33%), fossil fuels 167 TWh (30%), bioenergy 
(including organic household waste) 129 TWh (23%), hydroelectric 
generation 61 TWh (11%), wind power 10 TWh (1.5%), and the remaining 9 
TWh (1.5%) came from other sources. According to Eriksson et al. (2002) 
extraction of bioenergy has an important role to play in attempts by many 
countries (including Sweden) to meet goals to increase energy self-
sufficiency. Most of the bioenergy generated in Sweden is currently used for 
district heating and various industrial processes. In the future, it will also 
probably be needed to meet official targets to eliminate use of fossil fuels in 
the transport sector (Anon. 2009a), in which about 90% of the fuel used now 
has fossil origins (Anon. 2015a). 



2 

Wood products play a key role in the transformation to a future sustainable 
society based on the replacement of fossil fuels with renewable energy 
sources. The best uses of wood, from a climate change mitigation perspective, 
are for construction and manufacture, followed by combustion as a fuel 
(Sathre and Gustavsson 2006). Currently, leaving logging residues in the 
forest causes significant carbon emissions because of decomposition, while 
fossil fuels are still being used. Replacing fossil fuels with logging residues 
would clearly prevent the carbon emissions from such decomposition while 
eliminating those from the fossil fuels (Gan and Smith 2007, Eriksson 2008, 
Hammar et al. 2015, Kilpeläinen et al. 2016). Wood substitution, where 
woody material replaces fossil fuels, can be defined as “any use of wood that 
replaces other inputs of production in providing equivalent service or 
function” (Gustavsson et al. 2006). It is being increasingly recognized as a 
potentially important element in a long-term strategy for mitigating climate 
change (Sathre and O’Connor 2010), and use of logging residues would be 
highly beneficial for both the climate and Sweden’s aims to become carbon-
neutral in the near future.  

However, extracting forest fuel also carries risks, such as ground damage 
and threats to biodiversity, impact on forest water and nutrient balances in the 
soil (Anon. 2010a, Björheden 2010a, Levin and Eriksson 2010). Thus, if 
logging residues are to become major sources of sustainable, renewable 
energy it is essential to extract them in a manner that maintains forests’ 
environmental values (Raison 2002). Exploitation of forest fuel’s potential 
contribution to development of a durable bio-based society requires policy 
goals (Wide 2015). The Swedish Government has committed to a long-term 
effort to achieve zero net greenhouse gas emissions by the year 2050 (Anon. 
2014a). A transition to a bio-based economy is considered a critical step in 
this process, one that requires renewable raw materials to be produced through 
the sustainable use of ecosystem services (Anon. 2014b). Thus, there is an 
urgent need to evaluate alternative forest management strategies and future 
pathways for the use of forest products. Tree growth provides an efficient 
means of removing CO2 from the atmosphere and producing raw materials to 
replace fossil fuels. Forests in themselves are also large carbon stores and 
increased standing volume equates to less CO2 in the atmosphere (Beedlow 
2004). Similarly, wood products with a long lifetime contribute to climate 
change mitigation by storing carbon for a sufficiently long time in a carbon 
cycling perspective before combustion or decomposition. 

However, a steady flow of harvested wood is unachievable in sufficient 
volumes from an individual stand but is achievable from a landscape-level 
system. The same principle applies to the carbon balance: while the carbon 
balance in a forest stand switches dramatically from a net gain to a loss at final 
felling, the carbon stock in forest landscapes fluctuates around a trend line that 
can be increasing, decreasing or roughly stable, since carbon gains in some 
stands counteract carbon losses in others. This system level perspective is 
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crucial in understanding the full potential of forest management in a climate 
change context. Setting the system limits is also important for understanding 
forests’ socio-economic importance. For example, according to Lundmark et 
al. (2014), Swedish forestry has stronger climate change mitigation effects 
abroad than within the country, because of the large exported volumes of 
forest-based products. 

With the increased use of forest residues for energy purposes, fuel quality 
has become an important factor (Fridh et al. 2015). The efficiency of forest 
fuel extraction must be improved to manage the raw materials optimally, thus 
increasing both output and profitability. One reason for this is that forest fuels 
are local sources of energy in a global energy market (Asikainen et al. 2002). 
Thus, if logging residues and other fuels from Sweden’s forests are to realize 
their potential importance in climate change mitigation strategies and 
Sweden’s efforts to become carbon-neutral it is important to develop and 
apply robust, well-defined quality parameters. To increase the extraction in 
practice, it is also important to understand how these quality parameters are 
affected by handling and storage.  
  



2 

Wood products play a key role in the transformation to a future sustainable 
society based on the replacement of fossil fuels with renewable energy 
sources. The best uses of wood, from a climate change mitigation perspective, 
are for construction and manufacture, followed by combustion as a fuel 
(Sathre and Gustavsson 2006). Currently, leaving logging residues in the 
forest causes significant carbon emissions because of decomposition, while 
fossil fuels are still being used. Replacing fossil fuels with logging residues 
would clearly prevent the carbon emissions from such decomposition while 
eliminating those from the fossil fuels (Gan and Smith 2007, Eriksson 2008, 
Hammar et al. 2015, Kilpeläinen et al. 2016). Wood substitution, where 
woody material replaces fossil fuels, can be defined as “any use of wood that 
replaces other inputs of production in providing equivalent service or 
function” (Gustavsson et al. 2006). It is being increasingly recognized as a 
potentially important element in a long-term strategy for mitigating climate 
change (Sathre and O’Connor 2010), and use of logging residues would be 
highly beneficial for both the climate and Sweden’s aims to become carbon-
neutral in the near future.  

However, extracting forest fuel also carries risks, such as ground damage 
and threats to biodiversity, impact on forest water and nutrient balances in the 
soil (Anon. 2010a, Björheden 2010a, Levin and Eriksson 2010). Thus, if 
logging residues are to become major sources of sustainable, renewable 
energy it is essential to extract them in a manner that maintains forests’ 
environmental values (Raison 2002). Exploitation of forest fuel’s potential 
contribution to development of a durable bio-based society requires policy 
goals (Wide 2015). The Swedish Government has committed to a long-term 
effort to achieve zero net greenhouse gas emissions by the year 2050 (Anon. 
2014a). A transition to a bio-based economy is considered a critical step in 
this process, one that requires renewable raw materials to be produced through 
the sustainable use of ecosystem services (Anon. 2014b). Thus, there is an 
urgent need to evaluate alternative forest management strategies and future 
pathways for the use of forest products. Tree growth provides an efficient 
means of removing CO2 from the atmosphere and producing raw materials to 
replace fossil fuels. Forests in themselves are also large carbon stores and 
increased standing volume equates to less CO2 in the atmosphere (Beedlow 
2004). Similarly, wood products with a long lifetime contribute to climate 
change mitigation by storing carbon for a sufficiently long time in a carbon 
cycling perspective before combustion or decomposition. 

However, a steady flow of harvested wood is unachievable in sufficient 
volumes from an individual stand but is achievable from a landscape-level 
system. The same principle applies to the carbon balance: while the carbon 
balance in a forest stand switches dramatically from a net gain to a loss at final 
felling, the carbon stock in forest landscapes fluctuates around a trend line that 
can be increasing, decreasing or roughly stable, since carbon gains in some 
stands counteract carbon losses in others. This system level perspective is 

3 

crucial in understanding the full potential of forest management in a climate 
change context. Setting the system limits is also important for understanding 
forests’ socio-economic importance. For example, according to Lundmark et 
al. (2014), Swedish forestry has stronger climate change mitigation effects 
abroad than within the country, because of the large exported volumes of 
forest-based products. 

With the increased use of forest residues for energy purposes, fuel quality 
has become an important factor (Fridh et al. 2015). The efficiency of forest 
fuel extraction must be improved to manage the raw materials optimally, thus 
increasing both output and profitability. One reason for this is that forest fuels 
are local sources of energy in a global energy market (Asikainen et al. 2002). 
Thus, if logging residues and other fuels from Sweden’s forests are to realize 
their potential importance in climate change mitigation strategies and 
Sweden’s efforts to become carbon-neutral it is important to develop and 
apply robust, well-defined quality parameters. To increase the extraction in 
practice, it is also important to understand how these quality parameters are 
affected by handling and storage.  
  



4 

1.1.2 Definitions of logging residues 
Logging residues is an important assortment of forest fuel, but if the logging 
residues are left in the forest, nothing but just residues that decompose in the 
forest will remain. However, if the logging residues are handled in a particular 
way, with the intention of using them (e.g. they are stored in heaps for easier 
treatment in the future), they are instead judged to be an assortment for forest 
fuel. Logging residues are thus a specific assortment subordinated biofuels 
from forest sources, described as forest fuel (Figure 1). Logging residues can 
be defined as the aboveground biomass that is left after harvesting of round-
wood (Thörnqvist 1984a, Hakkila 1989, Ringman 1996), so branches, tops 
and small trees that end up on the ground during felling. However, logging 
residues are also considered as a third assortment next to timber and 
pulpwood. According to TNC 81 (1984), forest fuel in Sweden is defined as: 
“fuel with a forestry origin, which has not been adapted to another usage, is 
comprised of wood and bark as well as needles and leaves”. 
 

Figure 1. Illustration of how the term “biofuels” is defined by the Swedish 
Standard Institute (SS 18 71 06), with the logging residues assortment circled. 
This figure is based on a figure in the Swedish Statistical Yearbook of Forestry 
2014 (Anon. 2015b) and definitions in Energy in Sweden 2015 (Anon. 2015a).  
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1.1.3 Current and potential use of logging residues 
Extraction of logging residues at current levels is sustainable, since it does not 
affect threatened species (Dahlberg et al. 2011), biodiversity or nutrient 
balances, provided the Swedish Forest Agency recommendations are followed 
(Anon. 2008). Their extraction does not have negative effects on energy inputs 
either, as it uses less than 5% of the final energy yield according to estimates 
by Börjesson (1996) and Lindholm et al. (2010). 

As already noted, there is an increasing need for renewable energy in 
Sweden. Since secondary forest fuel (residues from the pulp and paper 
industries, as well as sawmill industries), are fully utilized, fuel directly 
extracted from the forest (primary forest fuels) has the greatest potential as a 
reserve of renewable energy from forestry. Logging residues currently provide 
approximately 8 TWh of energy annually for Sweden (de Jong et al. 2012, 
Anon. 2015b) (Figure 2). In recent years amounts of forest fuel have declined, 
partly due to mild winters and consequently lower than usual fuel demands 
from heating plants. However, increases in combustion of imported household 
waste and amounts of bark and sawdust forest industry by-products have also 
contributed (Björheden and Wide 2015). During 2013 household waste 
equivalent to approximately 9 TWh was combusted (Anon. 2015a), making 
household waste a greater contributor of energy than logging residues in the 
Swedish energy system. Since household waste is combusted for district 
heating, imported household waste may displace use of native forest fuel, 
which should be noted when considering the scope for replacing fossil fuel 
with wood-derived products. However, at current extraction rates logging 
residues still account for roughly 6% of the total amount of biofuels used in 
Sweden. Moreover, the net supply of logging residues and other primary forest 
fuels is an important issue, because most of the bioenergy consumed in 
Sweden is used for energy recovery in the forest industry. 
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Figure 1. Illustration of how the term “biofuels” is defined by the Swedish 
Standard Institute (SS 18 71 06), with the logging residues assortment circled. 
This figure is based on a figure in the Swedish Statistical Yearbook of Forestry 
2014 (Anon. 2015b) and definitions in Energy in Sweden 2015 (Anon. 2015a).  
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Figure 2. Amounts of logging residues extracted in association with thinning 
and final felling operations in Sweden, 2007 – 2014, according to official 
statistics (Anon. 2015b), based on a conversion ratio of 1 ton dry mass = 4.9 
MWh (Fridh and Christiansen 2015). 

 
According to the official forest fuel balance presented by the Swedish 

Forest Agency (Fridh and Christiansen 2015), the total potential energy output 
from logging residues, based on current forestry practices, will be 
approximately 60 TWh annual in the 2020s. With ecological constraints 
recommended by the Swedish Forest Agency, this potential is reduced by at 
least 25%, to approximately 45 TWh (with 30 TWh generated from clear-
felling). The greatest potential output is from northern Sweden, but energy 
outputs from logging residues in southern Sweden are also still currently 
below the potential level. It should be noted that technical and economic 
constraints further reduce the potential energy output quoted above. 
Nevertheless, the amounts of logging residues extracted could potentially be 
doubled, under current conditions, without exceeding the technological limits 
and following the law and relevant recommendations (Routa 2013, Helmisaari 
2014). 

Similarly, the Swedish Commission on Oil Independence (Anon. 2006) 
predicted that by 2050 Sweden will be using 228 TWh of bioenergy annually. 
The Commission stated that in 2005, primary forest fuel (logging residues, 
fuel wood and stumps) contributed with approximately 20 TWh, including 5–6 
TWh of logging residues. The Commission also expected the energy output 
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from primary forest fuel to have doubled by 2020, with logging residues being 
a major contributor, and increase to 52 TWh by 2050 through improvements 
in silviculture and the efficiency of forestry. 

Egnell and Björheden (2013) argue that the most effective way to increase 
the extraction of logging residues in the future is to rationalize the handling 
and thus reduce production costs. This would allow profitable extraction in 
clear-felled areas previously considered unprofitable, thus increasing the 
supply. This will clearly contribute strongly to Swedish efforts to increase the 
country’s exploitation of renewable energy sources. 
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1.2 Extraction of logging residues 
According to Routa (2013), logging residues to be used as sources of 
bioenergy in Sweden are mostly extracted from clear-felling areas dominated 
by Norway spruce (Picea abies (L.) Karst) and, to some extent, Scots pine 
(Pinus sylvestris L.) and birch (Betula spp.). Smaller amounts are also 
extracted from thinning areas. In this thesis (unless otherwise indicated), 
logging residues are derived from clear-felling areas dominated by Norway 
spruce. 

The handling system for extracting logging residues in Sweden has a long 
history and is based on experience. Although mechanical resources have not 
always been used, throughout history the extraction logistics have largely been 
very similar. Collection of logging residues has always started with gathering 
them into heaps, in one way or another. In the past this was largely done by 
manual labor. According to Ekman et al. (1922), heaps of “pinnved” (an old 
Swedish word for thin fuel wood from branches or small trees used for 
household heating) were often left behind in the forest over summer to dry, 
thus reducing their weight for transport. Times of crisis during the First World 
War led to a lack of coal for heating and industrial use in Sweden, along with 
a shortage of wood from forests. This need for fuel wood led to a first 
tentative step towards what is currently recognized as extraction of logging 
residues. According to Ekman et al. (1922), technological development and 
mechanization made it possible to comminute branches and thus exploit the 
thinnest parts of branches such as twigs and needles (Figure 3).  
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Figure 3. Comminution of logging residues in the early 1900s. The logging 
residues have been collected in a heap. An "Ursus" chipping machine is being 
operated by three gentlemen in hats. One man is bundling the logging 
residues, another is pushing the logging residues into the chipper, while the 
third is using a shovel to load the fuel chips into some kind of wagon. Photo 
from Thomas Thörnqvist’s collection (photographer unknown). 
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In the 1970s, forest machines, some resembling those used currently, were 
introduced. Looking at pictures showing how logging residues have been 
handled over time (Figure 3–5), one quickly realizes that, from a long-term 
perspective, the technology has evolved tremendously. However, from another 
angle, the technology appears to have changed very little in recent decades. 

 

Figure 4. Chip harvester for logging residues around 1970, the picture 
published in the book "En smedjas förvandling – ÖSAs historia” (Östberg 
1990). 
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Figure 5. A modern chip harvester for logging residues. Photo by Thomas 
Thörnqvist. 

 
Since storage and handling affects the quality of fuel, there are possibilities 

of large efficiency to be done if improve the planning and extraction of forest 
fuels (Björheden and Eriksson 1990). Björheden (1999) also explains that 
technological developments and efficiency improvements have been limited 
since forest fuel has low economic value. Thus, Björheden (1997) stresses the 
importance of integrating the extraction of logging residues with ordinary 
round-wood harvesting systems, which could also lead to possibilities to 
develop entirely new harvesting systems. Junginger et al. (2005) have also 
evaluated possible ways to reduce costs of handling forest fuel, and obtained 
the greatest efficiency gains by improving forwarding and comminution, 
largely through learning by doing, improving the equipment and 
organizational changes. This is consistent with previous findings that 
comminution and transport are the major contributors to costs when producing 
logging residues (Eriksson and Björheden 1989, Andersson et al. 2002, 
Björheden 2010b). 
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For bioenergy extraction purposes, logging residues from clear-felling can 
be gathered using several systems, as described by Thorsén et al. (2010). The 
most commonly used method is comminution at landing (Figure 6). 
Thereafter, the comminuted forest fuel is transported by a truck for almost 
immediate combustion, although sometimes there is intermediate storage at a 
terminal before combustion. This accounts for roughly 90% of all logging 
residues harvested in Sweden (Routa et al. 2013). Other possible options 
include comminution on the clear-felling site without initial forwarding to a 
landing, and in some cases the logging residues are delivered to a terminal or 
directly to the energy-conversion plant before comminution at the terminal or 
plant.  

 

Figure 6. Comminution of logging residues at a landing. Photo by Thomas 
Thörnqvist. 
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1.2.1 Traditional dried-stacked extraction method  
Although comminution at the landing is the most common method for 
handling logging residues in Sweden, various processes may occur before 
comminution. Extraction of logging residues always starts with a fuel-adapted 
logging operation, in which logging residues are placed in small harvester 
heaps, next to timber and pulpwood piles (Figure 7). These harvester heaps 
generally cover approximately 10–15% of the clear-felled area (Rosén and 
Lundmark-Thelin 1987, Glöde 2000). 

 

Figure 7. Fuel-adapted logging operation, where the logging residues are 
placed in small harvester heaps next to timber and pulpwood piles. Photo by 
Daniel Nilsson. 

 
To facilitate effective drying and needle fall-off (defoliation), the logging 

residues should be left to dry at the clear-felled area over the summer. The 
aims of this are to create a good quality, energy-dense fuel, and leave nutrients 
in the forest by promoting needle fall-off. Therefore, forwarding should not be 
carried out too early in the season, when the needles have little opportunity to 
fall off. Conversely, forwarding should not take place too late in the autumn, 
because it increases risks of re-moistening and biological degradation of the 
logging residues. However, when the logging residues have dried and the 
needles have fallen off, they are forwarded to a landing (a larger windrow), 
preferably by a road. The windrows are often covered with cardboard to 
prevent precipitation making them wetter (Figure 8).  
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Figure 8. Dry-stacking of logging residues, and covering the windrow with 
cardboard. Photo by Daniel Nilsson. 

 
The logging residues are then stored in windrows at the landing for up to a 

year (sometimes longer) before they are comminuted, often when fuel demand 
peaks in Sweden, between October and March (Andersson et al. 2002) due to 
the cold autumns and winters.  At this stage, the comminuted logging residues 
are loaded into a container and then transported by truck to an energy-
conversion plant. This handling method is known as dry-stacking (“dried-
stacked” logging residues) and provides dry forest fuel containing a small 
quantity of needles, as requested by the energy-conversion industry.  

This handling method has several disadvantages. For example, it prevents 
use of the round-wood forwarder for logging residues, so a separate forwarder 
must return to the area sometime later, which is less cost-effective than using 
the same forwarder for both round-wood and stacking fresh logging residues, 
particularly in small clear-felling areas, due to the costs of moving machinery 
(Hofsten and Eliasson 2016). Harvesting operations in Sweden are also often 
scheduled to occur during winter, when the ground is frozen, to avoid 
machinery damaging the ground, so it seems unreasonable to delay extraction 
until summer simply because it is desirable for logging residues to lose 
needles (Eliasson and Nilsson 2015). Another apparent disadvantage is that 
drying logging residues in small heaps during the summer delays regeneration 
of the clear-felled area. Most importantly, perhaps, it results in the forwarder 
being required for a small but intensive part of the year, and thus there is a risk 
for an inefficient use of machinery. 

15 

1.2.2 Fresh-stacked extraction method  
New technology has often been developed to improve efficiency, not only 
with respect to the actual machinery but also with respect to the logistics 
chain. An alternative method, known as fresh-stacking (fresh-stacked logging 
residues), is a variant of the traditional dry-stacking method that has been 
developed with an attempt to improve the efficiency of the logistics chains.  
Basically, it involves the same operations, but their timing differs.  In this 
method, the logging residues are forwarded almost immediately after 
harvesting to a landing, where they are dried and defoliated in windrows 
instead of small harvester heaps (Figure 9). Eliasson and Lundström (2011) 
found that forwarding slightly dried logging residues is slightly more efficient 
than fresh-stacking, but this advantage may be countered by reductions in the 
amounts of residues extracted per hectare. However, it should be noted that 
the timing of operations in the handling chain influences the final fuel quality 
(Pettersson and Nordfjell 2007). 

Concern has also been expressed that the fresh-stacking of logging residues 
can reduce easily accessible sources of food for wildlife. This is because of the 
fact that suitable food in form of logging residues will be unavailable if it is 
concentrated to large windrows. This is generally important in forestry, so that 
forest operation (including extraction of logging residues) increases the risks 
for browsing damage by, for example, a hungry moose (Alces alces). 
However, if the logging residues consist mainly of Norway spruce this should 
be a minor problem as Norway spruce is not a preferred food source for moose 
(Månsson et al. 2007). 
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Figure 9. A forwarder collecting fresh logging residues to build a windrow at 
a landing (fresh-stacking). Picture by Daniel Nilsson. 

 
In practice, it is difficult to distinguish fresh-stacked logging residues from 

dried-stacked logging residues, as the later are often forwarded to a roadside 
windrow earlier than optimum time. This is often because forest owners want 
to accelerate regeneration, so the harvester heaps needs to be moved earlier. 
Alternatively it may be done for logistical reasons, to improve the efficiency 
of forwarders use, if they are passing close to clear-felled areas before logging 
residues are dry, for instance.  

17 

1.3 Laws and recommendations by the Swedish 
Forest Agency   

The Swedish Forest Agency is the supervisory agency for forest issues in 
Sweden, and thus also for the extraction of logging residues. Basically, 
extraction does not need to be more complicated than as stated in The Swedish 
forest Act §1 (Anon. 1979): “The forest is a National resource. It shall be 
managed in such a way as to provide a valuable yield and at the same time 
preserve biodiversity. Forest management shall also take into account other 
public interests”. This law lays the foundations for the management, handling 
and uses of both Swedish forests and Swedish forest fuels. The most relevant 
part for extraction of forest fuel is the clause stating that the forest must be 
managed so that it continually provides a good yield. In the regulations and 
general advice stemming from the Forestry Act, the Swedish forest Agency 
(Anon. 2011a) more specifically states that when parts of trees, in addition to 
the round-wood, are removed from the forest, action should be taken to avoid 
long-term damage to the forest land’s nutrient balance and buffering capacity 
to resist acidification. There are also other laws and regulations that affect the 
extraction of forest fuel, for example, the Environmental Code and the 
Cultural Heritage Act (Anon. 2008). 

Based on the law, research and proven experience, the Agency has issued a 
document entitled “Recommendations for extraction of logging residues and 
ash recycling”. This document clarifies the Agency’s recommendations 
regarding optimal ways to extract logging residues and recycle ash in order to 
prevent negative impacts, especially in terms of biodiversity, soil nutrient 
balances and acidification (Anon. 2008). However, in the preface the Agency 
states that “the forest has a significant role as a renewable resource in an 
ecologically sustainable society with low environmental impact” and, hence 
welcomes increased use of forest fuels. 
  



16 

Figure 9. A forwarder collecting fresh logging residues to build a windrow at 
a landing (fresh-stacking). Picture by Daniel Nilsson. 

 
In practice, it is difficult to distinguish fresh-stacked logging residues from 

dried-stacked logging residues, as the later are often forwarded to a roadside 
windrow earlier than optimum time. This is often because forest owners want 
to accelerate regeneration, so the harvester heaps needs to be moved earlier. 
Alternatively it may be done for logistical reasons, to improve the efficiency 
of forwarders use, if they are passing close to clear-felled areas before logging 
residues are dry, for instance.  

17 

1.3 Laws and recommendations by the Swedish 
Forest Agency   

The Swedish Forest Agency is the supervisory agency for forest issues in 
Sweden, and thus also for the extraction of logging residues. Basically, 
extraction does not need to be more complicated than as stated in The Swedish 
forest Act §1 (Anon. 1979): “The forest is a National resource. It shall be 
managed in such a way as to provide a valuable yield and at the same time 
preserve biodiversity. Forest management shall also take into account other 
public interests”. This law lays the foundations for the management, handling 
and uses of both Swedish forests and Swedish forest fuels. The most relevant 
part for extraction of forest fuel is the clause stating that the forest must be 
managed so that it continually provides a good yield. In the regulations and 
general advice stemming from the Forestry Act, the Swedish forest Agency 
(Anon. 2011a) more specifically states that when parts of trees, in addition to 
the round-wood, are removed from the forest, action should be taken to avoid 
long-term damage to the forest land’s nutrient balance and buffering capacity 
to resist acidification. There are also other laws and regulations that affect the 
extraction of forest fuel, for example, the Environmental Code and the 
Cultural Heritage Act (Anon. 2008). 

Based on the law, research and proven experience, the Agency has issued a 
document entitled “Recommendations for extraction of logging residues and 
ash recycling”. This document clarifies the Agency’s recommendations 
regarding optimal ways to extract logging residues and recycle ash in order to 
prevent negative impacts, especially in terms of biodiversity, soil nutrient 
balances and acidification (Anon. 2008). However, in the preface the Agency 
states that “the forest has a significant role as a renewable resource in an 
ecologically sustainable society with low environmental impact” and, hence 
welcomes increased use of forest fuels. 
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The recommendations (Anon. 2008) include a detailed description of what 
must be taken into account when extracting logging residues, including 
appropriate soil types, tree species and general considerations. The 
recommendations that specifically concern the handling method for extracting 
logging residues from a typical stand dominated by Norway spruce are: 

 
 at least 20% of the logging residues should be left at every 

clear-felled area, preferably in sun-exposed locations, to 
promote biodiversity and rare wood-inhabiting species. 
The logging residues left behind should preferably be tops, 
thick branches and thick (preferably dead) wood from 
broadleaf trees and Scots pine. 

 ash recycling should compensate for the removal of 
nutrients if:  
- the total extraction of logging residues throughout the 

rotation period (one forest generation) is equivalent to 
more than 0.5 ton dry mass of ash per hectare  
and 

- most of the needles are not left well spread at the 
clear-felled area 

 
In practice, this means that some areas will never be considered for 

extraction of logging residues, and a clear-felled area will never be completely 
cleared of biomass. To facilitate defoliation, the logging residues are often 
stored in harvester heaps over the summer before forwarding to larger 
windrows (Anon. 2008). 
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1.4 Impact on forest land 
It has long been known that extracting logging residues, in addition to round-
wood, increases removal of nutrients (Egnell et al. 1998, Akselsson and 
Westling 2005, Akselsson et al. 2007, Egnell 2011, Kaarakka et al. 2014). 
Indeed, branches and tops may contain approximately two thirds of the main 
nutrients in aboveground biomass from Norway spruce (Egnell et al. 1998). 
Nutrient concentrations are highest in the needles (Linder 1995, Stockfors et 
al. 1997, Tamm et al. 1999), but the needles only account for 8–10% of the 
total dry mass (including the stump) of a Norway spruce tree (Marklund 
1988). According to Hyvönen et al. (2000) the needles and twigs are more 
important sources of nutrients in the forest than coarser material such as 
branches. However, even the coarser material contains useful nutrients and 
provides other environmentally-valuable functions (Anon. 2008). 

A substantial body of research has also addressed the effects of extraction 
of entire trees (stem wood and logging residues) on future generations of trees. 
If logging residues are left on a clear-felled area harvesting seems to have 
small effects on the soil’s nutrient balance (Wall 2008). However, whole tree 
harvesting (removal of all above-stump biomass) in Norway spruce stands is 
considered to reduce the productivity of the next generation of trees because 
of nutrient deficiencies in the soil (Jacobson et al. 2000, Akselsson et al. 2007, 
Egnell 2011, Wall and Hytönen 2011, Tamminen et al. 2012, Kaarakka et al. 
2014). 

A complication is that it can be difficult to determine the quantity of 
logging residues remaining on a clear-felled area. It is important to note 
methodological differences among studies of the consequences of nutrient 
removal, which may substantially affect the results. For example, researchers 
often apply unrealistic assumptions, e.g. that 100% of the biomass is extracted 
when estimating effects of whole tree harvesting, or that control surface areas 
have been prepared with uniformly-spread biomass (Egnell 2011, 2013). In 
practical forestry complete trees are never extracted, and true percentages of 
extracted logging residues vary between 50% and 80%, depending on diverse 
factors, both known and unknown (Hakkila 1989, 2002, Eriksson 1994, Nurmi 
2007, Nilsson and Thörnqvist 2008, Peltola et al. 2011, Thiffault et al. 2015). 

Losses of nutrients (excluding nitrogen) caused by extracting logging 
residues can be compensated for by recycling the ashes after combustion (Proe 
et al. 1996, Egnell and Leijon 1997, Jacobson et al. 2000, Saarsalmi 2010, 
Helmisaari et al. 2011). Significant removal of base cations (Ca, Mg, K, Na) 
also increases acidification risks (Akselsson et al. 2007, Anon. 2008). 
However, the most growth-limiting nutrient is nitrogen (Mahendrappa et 
al.1986, Tamm 1991, Emilsson 2006). Thus, according to Egnell (2011) it is 
important to consider supply nitrogen as a fertilizer to compensate for 
extraction of logging residues, which will have greater impact than recycling 
wood ash. However, when extraction of forest fuel is increased ash-recycling 
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become more important for the forest ecosystem (Hakkila and Parikka 2002). 
According to Eriksson (2008), ash-recycling is a good investment, because it 
only accounts for 0.25‰ of the primary energy use if forest fuel extraction is 
maximized throughout the rotation period (by extracting logging residues, 
stumps and small round-wood from thinnings and clear-felling). Overall, 
growth losses in a stand caused by the extraction of logging residues seem to 
be temporary rather than permanent (Egnell 2011, 2016).   
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1.5 Quality parameters of logging residues 
Good quality can be defined as meeting customer requirements. With regards 
to forest fuel quality, good quality is synonymous with uniformity, within 
certain defined limits. The differences in characteristics between different 
assortments of comminuted forest fuel can be substantial. The definition of 
forest fuel allows for wood chips from forest fuel to range from the by-
products of sawmills consisting of pure wood, to logging residues containing 
large quantities of fine fractions (small pieces of wood, bark, twigs, needles 
and even so-called “dust”). The fuel quality is also affected of different 
characteristics of tree species.  However, the pure wood chips from sawmill 
by-products (softwood) have become, in some way, the target of forest fuel 
quality. This may be because they have a uniform composition and moisture 
content (variables that are highly valued by the energy-conversion industries), 
so their quality is easy to define. It is much more difficult to define the quality 
of logging residues because their characteristics can vary widely due to their 
heterogeneous substances.  

It is up to each energy-conversion company to establish its own fuel 
specifications (Andersson et al. 2002), usually based on information provided 
by the manufacturer of the boiler being used. The fuel specifications also take 
into account the proven experience of the operating technicians at the plant. 
These fuel specifications can be very detailed and broken down into different 
types of assortment and tree species. There may also be specifications for 
acceptable ranges of parameters such as moisture content, different fractions, 
ash content, amount of needles, and color of the fuel (primarily relating to the 
color of needles). According to Lindblad and Verkasalo (2007), measurement 
of forest fuel quality is complex because it is often based on supplier-specific 
agreements. Other problems include generally poor accuracy of the 
measurement methods. 

Mineral substances, and hence natural ash contents, are concentrated in the 
living parts of trees, for example, the inner bark and needles (Lehtikangas 
1999). Thus, large quantities of needles in logging residues are often 
highlighted as problematic for combustion, so fuel specifications often state 
that logging residues must be defoliated. Based on the dry mass of the 
biomass, Hakkila (1986, 1989) found that needles have about 5% ash 
(mineral) contents, much more than wood in branches (about 1.5–2%), and 
roughly 10 times more than stem-wood (about 0.5%). The ash content can also 
be increased by bad handling, due to contamination by soil and stones. In 
addition, contamination can increase costs, for example, through stones and 
metal damaging the chipper (Asikainen et al. 2002).  

Needles also generally have high concentrations of nitrogen, which is 
problematic because its oxidation in combustion leads to NOx emissions, 
which aggravate human health problems and cause long-term acidification of 
soil and water (Hakkila and Parikka 2002). Thus, fuels with high nitrogen 
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contents are undesirable for the energy-conversion industry. Increases in 
proportions of needles and fine fraction in comminuted logging residues also 
result in more rapid self-heating of piles during storage (Thörnqvist 1984a, 
Gadd 2006). Other small particles in the fine fraction can also cause problems 
due to their relatively low weight, which often leads to them remaining 
unburned and accompanying the flue gases from the boiler, thereby impairing 
the reliability and efficiency of the combustion process (Thörnqvist 1985a, 
Thörnqvist 1985b, Bäfver and Renström 2013). For the logging residues from 
Norway spruce, these requirements go partly hand-in-hand with the intention 
of the Swedish Forest Agency’s recommendations (Anon. 2008) for extraction 
of logging residues, which ask for a dry fuel, with as few needles and fines as 
possible. The Forest Agency's recommendations also require needles to be left 
in the forest (Anon. 2008).  

Although forest fuel specifications are detailed, the current payment 
system is solely based on its energy content, calculated from measurements of 
its moisture content and total weight. The underlying principle is that dry 
forest fuel has higher energy content than moist material, and hence higher 
value. Other variables included in the fuel specification are not usually 
empirically measured, and thus do not affect the payment. Generally, the only 
assessment apart from the moisture measurement is a visual inspection of the 
chipped forest fuel to identify other deviations from the fuel specifications. If 
such deviations are identified during a visual assessment, or afterwards, they 
can affect the payment, or in the worst case, lead to a delivery being rejected 
without payment. In conjunction with the frequently poor definition of forest 
fuel products, the lack of rigorous measuring complicates their trade. Thus, it 
would be highly desirable to improve definitions of forest fuels’ 
characteristics, based on requirements of the energy conversion industries 
(Fridh et al. 2015). Clearly, knowledge of how the fuel quality is affected by 
handling and storage methods is essential for developing efficient new 
machinery or logistic systems for producing and processing logging residues. 
Fridh et al. (2015) conclude that the most important quality parameters are ash 
content (which is highly dependent on amounts of needle, bark and other fines 
in logging residues), moisture content and fraction composition.  

Several of the quality parameters affect each other, both directly and 
indirectly. For example, the moisture content and fraction composition directly 
affect the energy content, and thus the amount of energy that can be utilized. 
Moreover, the fraction composition affects the moisture content as fine 
fractions more readily absorb water. However, the moisture content also 
indirectly influences the fraction composition under different storage 
conditions, while the fraction composition affects the ash content, and the ash 
content affects the energy content, and so on. This thesis focuses mainly on 
forest fuels’ moisture content and fraction composition (particularly needles’ 
effects on fuel quality). 
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1.5.1 Moisture content 
Moisture content in this thesis is defined as the percentage of water in the 
material’s green mass. Moisture content is, in one way, the most important of 
the quality parameters since it influences the net calorific value and thus also 
the energy content (Thörnqvist 1984a, Nurmi 1992). From a transport 
perspective, moisture content is also of great importance as wet fuels increase 
the weight, which leads to increased transport costs and thus CO2 emissions 
per unit of energy. As logging residues are composed of wood, they are 
hygroscopic, i.e. they can absorb and release water from/to the surrounding air 
(Skaar 1972).  During the drying process, the free water in cell lumens moves 
into the air via capillary streaming from the lumens through the pores of the 
wood, which occurs as readily as water evaporates from the surface of the 
wood. When the free water leaves the lumens in the wood cells (at the fiber 
saturation point), drying continues via vapor diffusion. This drying process is 
slower because the water must pass through cell walls as vapor (Skaar 1972) 
and is a crucial determinant of forest fuels’ final moisture content.  

The moisture content also affects other quality parameters and how well 
the logging residues can be stored (Thörnqvist 1985c, Nylinder and 
Törnmarck 1986, Jirjis 1995, Suadicani and Gamborg 1999, Andersson et al. 
2002, Pettersson and Nordfjell 2007, Stupak et al. 2008, Filbakk et al. 2011, 
Nilsson et al. 2016). Newly-harvested logging residues have moisture contents 
of approximately 50–55% (Thörnqvist 1985c, Hakkila 1989, Lehtikangas 
1999) and are usually too wet for direct use as fuel. Immediately after 
harvesting, the weather starts to affect how the logging residues dry.  

Relative humidity, temperature and precipitation all strongly affect the 
moisture content, along with the sizes and locations of heaps (Hakkila 1989, 
Lehtikangas 1991, Jirjis 1995, Andersson et al. 2002, Filbakk et al. 2011). If 
logging residues are left to dry over the summer the moisture content can fall 
to 20–30% (Thörnqvist 1985c, Pettersson and Nordfjell 2007, Nilsson et al. 
2012, Nilsson et al. 2016), but variations can occur that are highly dependent 
on the weather at the time of measurement. Significantly lower moisture 
levels, for example, lower than 15% have been observed (Nilsson et al. 2012). 
Thus, material has often been drier than when measured at the end of the 
storage period, but has become wetter over autumn and winter (Thörnqvist 
1984b, Pettersson and Nordfjell 2007). Therefore, when storing the residues 
before comminuting them it is important to maximize the drying and minimize 
re-moisturizing, within practical constraints. However, storage can also cause 
biomass losses which reduce drying’s general effect of increasing fuels’ 
calorific value (Asikainen et al. 2002). 

If either fresh-stacked or dried-stacked logging residues are placed in large 
windrows on a clear-felled area they continue to dry if the weather allows. 
After initially drying in the summer, the moisture content during late autumn 
or winter has been measured at about 35–45% (Thörnqvist 1985c, Nurmi and 
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Hillenbrand 2001, Jirjis and Lehtikangas 1993, Nilsson et al. 2016). 
Furthermore, cardboard-covered windrows generally have about 10% lower 
moisture contents than uncovered windrows (Jirjis et al. 1989, Lehtikangas 
and Jirjis 1995, Björheden et al. 2013). In addition, higher proportions of fine 
fractions in logging residues are associated with higher moisture contents, 
because they absorb more moisture than coarse fractions (Gärdenäs 1989, 
Lehtikangas and Jirjis 1993, Jirjis 1995).  

An increasing trend is to move windrows of logging residues closer to the 
roadside in order to comminute them by a truck with a mounted chipper 
(Egnell 2011, Eliasson and Nilsson 2015). However, this may not provide 
optimal drying conditions, and changing drying and storage routines like this 
can lead to changes in the logging residues’ final fuel quality.  

1.5.2 Fraction composition and importance of needles  
When fraction composition in percentage is described in this thesis, it is based 
on the total dry mass of logging residues (unless otherwise specified). After 
comminution, fresh spruce logging residues consist of approximately 60–75% 
coarse fraction, 20–30% needles and 5–10% other fine fractions (< 3 mm) 
(Thörnqvist 1984a, Flinkman et al. 1986, Hakkila 1989). An average for 
needle content of 25% is often used. The majority of the studies that observed 
this fraction composition were carried out in northern Sweden and 
geographical differences can be expected. Another factor that affects the 
quantity of needles is, of course, distribution of the tree species. For example, 
residues with contributions from either Scots pine or broadleaf trees will have 
lower total needle content than residues solely from Norway spruce trees, 
because Scots pine trees have lower amounts of needles and broadleaf trees 
have no needles (Marklund 1988). 

There is a need to store logging residues in the forest because of seasonal 
variations in energy demands. Generally, they should be comminuted as late 
as possible during the storage period to avoid biomass losses, because 
comminuted logging residues generally lose more biomass through 
decomposition than uncomminuted logging residues (Thörnqvist 1984a, 
Lehtikangas 1999). This is due to comminuted forest fuel having higher 
exposed surface areas per unit volume and other unfavorable characteristics of 
fine fractions that promote decomposition (Thörnqvist 1984a, Jirjis and 
Lehtikangas 1993, Andersson et al. 2002). 

Storage is also used to refine the quality of fuel, thus it should always be 
done in a drying season (spring and summer). In principle, losses of material 
start as soon as the drying period begins. During the first part of the drying 
period, the material lost consists almost entirely of needles and other fine 
fractions that fall off (Thörnqvist 1984a, Flinkman et al. 1986, Lehtikangas 
1991 Andersson et al. 2002). The size of the harvester heaps is important, as 
smaller heaps seem to contain lower proportions of fine fractions and needles, 
probably because the needles in larger heaps get stuck instead of falling to the 
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ground (Thörnqvist 1984b, Lehtikangas 1991). Later in the storage period, 
during the autumn and beginning of winter, dry matter losses are mainly 
caused by microbial activity (Thörnqvist 1985c). Over the winter very little 
material is lost, and there are very few discernible changes in the material until 
spring arrives (Thörnqvist 1984b). 

The handling also strongly influences biomass losses, with much of the 
fine fraction being lost during handling and comminution (Liss 1991, 
Lehtikangas and Jirjis 1993). In terms of nutritional balance it is important to 
leave the needles in the forest, which can be promoted by shaking the dried 
logging residues when forwarding. For example, Lehtikangas and Jirjis (1993) 
found that the quantity of fine fractions and needles in logging residues can be 
halved by shaking them when loading the forwarder. However, this result does 
not match those reported by Filipsson and Nordén (2001), who showed that 
approximately three quarters of the needles end up in the roadside windrows. 
This is because, in humid conditions because the needles stick to the coarser 
branches and then shaking the dried logging residues when forwarding has 
little or no effect. A modification that can reportedly improve defoliation at 
clear-felled areas, relative to merely shaking residues, is to use some sort of 
separating equipment (e.g. vibrators or fitting rolls) mounted on forwarders’ 
grapples (Eriksson et al. 2013). 

 Quantities of needles reportedly detected in comminuted logging residues 
have varied substantially. For example, Nurmi and Hillebrand (2001) found 
that needle contents of both fresh-stacked and dried-stacked logging residues 
were just over 2%, while Nurmi (1999) found 19% in fresh-stacked logging 
residues stored for one year. These variations can be explained by various 
factors, such as original composition of the forest, precipitation, temperature, 
and the chippers used, all of which affect the composition of the biomass. 

The color of logging residues is a quality parameter that is included in the 
system for assessing logging residues based on how they are handled and 
stored, as green and brown needles are generally associated with fresh (newly-
harvested) and dried logging residues, respectively. Dependent of the color of 
logging residues it is classified as different assortment (Anon. 2016). Thus, 
due to the reluctance to combust logging residues with high amounts of 
needles and fine fractions, some energy-conversion companies regard green 
coloration of the needles as a serious quality defect in the belief that the 
logging residues are still fresh and not defoliated (although needle color is 
rarely mentioned in agreements with fuel suppliers). Nevertheless, the 
presence of green needles in logging residues has become synonymous with 
large quantities of needles, because of beliefs that little or no storage results in 
the retention of green needles that do not fall off during handling, while brown 
needles are equated with satisfactory handling and storage that has resulted in 
most of the needles falling off. Anon. (2014c) also means that the moisture 
content correlates with needle fall-off and needles turning brown. The needles 
color thus become an application to determine whether the logging residues 
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have been stored with the intent to get rid of the needles or not. However, the 
accuracy of needle color as an indicator of needle quantities and (thus) fuel 
quality is debatable, as shown by reported cases where logging residues have 
been managed according to current recommendations, but the needles were 
still green at comminution after prolonged storage over the summer. 
Furthermore, long storage times always lead to brown needles, but also high 
losses of biomass and poor fuel quality (Thörnqvist 1984a). 
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1.6 Aim and objectives 
The aim of this thesis, and the studies it is based upon, was to provide to a 
better understanding of the effects of handling and storing of logging residues 
on their fuel quality and amounts of nutrients removed from forest land. Such 
knowledge can be used to improve the efficiency of extracting logging 
residues and thus aid forest owners’ attempts to obtain more sustainable and 
profitable bioenergy from their forests. A novel feature of the studies is a 
detailed comparison of the fuel quality and biomass losses of logging residues 
treated using the traditional dried-stacking method and the “new”, but in some 
ways controversial, fresh-stacking method.  
 
The following research questions were addressed: 
 

 What are the differences between dried-stacked and fresh-stacked 
logging residues, with respect to both fuel quality and losses of 
biomass (thus, even nutrients) during handling and storage? 

 What factors other than the extraction method affect the fuel 
quality and biomass losses?  

 Is there a need for developing new methods to do extraction of 
logging residues more efficiently, as well as, with less effects on 
forest land? 
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1.7 Limitations 
Extraction of logging residues is a part of a complex system of issues 
concerning for example Silviculture, Forest Operation and Forest Products, 
and forest sustainability is also important. However, this thesis focuses mainly 
on material characteristics of logging residues (from clear-felled stands 
dominated of Norway spruce), and thus pays relatively little attention to the 
other important aspects (for example; handling costs, nutrient balances and 
silviculture methods). Detailed limitations are presented in each appended 
paper, but some general limitations are mentioned here: 

 
 The studies this thesis is based upon have been carried out in 

(adequate comparability) stands located in southern Sweden and 
dominated by Norway spruce, which may affect handling and storage 
conditions.  

 The experiments including storage of logging residues were carried 
out over one season in which the weather conditions were recorded, 
but there were no repetitions. Thus, no conclusions can be drawn 
about the effects of variations in weather on the results.  

 The studies did not examine general effects of extracting logging 
residues on the soil’s nutrient balance. It only investigated differences 
in nutrient levels resulting from extraction of fresh-stacked and dried-
stacked logging residues. 
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2 Overview of and connections between 
appended papers 

The work this thesis is based upon started as a rather open project with the 
working title “Bioenergy from forests in southern Sweden”. During the work, a 
clearer focus emerged, and Figure 10 illustrates how the studies reported in the 
appended papers (and additional data from hitherto unpublished result) relate 
to each other. Results from all of these studies have been used to draw more 
comprehensive conclusions about the overall aim and objective of the project.  
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Figure 10. Schematic diagram showing how the studies reported in the 
appended papers (Paper I-IV) and previously unpublished result relate to 
each other, and collectively relate to the overall results and conclusions 
presented in the thesis. 
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Paper I 
Nilsson, B., Blom, Å., Thörnqvist, T. 2013. The influence of two different handling 
methods on the moisture content and composition of logging residues. Biomass and 
Bioenergy, 52, 34–42. 

 
The most frequently used method in Sweden for extracting forest fuels 
involves piling logging residues in heaps to dry in a clear-felled area before 
stacking into larger windrows. The aim of this study was to assess and 
compare the fraction composition and moisture content of logging residues 
when they were handled and stacked in two different ways in stands 
dominated by Norway spruce, namely the traditional dried-stacked and fresh-
stacked methods. This was done in a quantitative study with six repetitions 
(six different locations) in southern Sweden. The fraction composition and 
moisture content of the biomass provided to the energy-conversion industry 
were determined shortly after comminution.  

The results showed that the dried-stacked and fresh-stacked handling 
methods provided forest fuel of similar quality, with needle contents of 4% 
and 8% (of total dry mass), respectively. However, the quantity of needles 
yielded by both methods was low in relation to previously reported values. 
Both methods also proved to provide adequate drying, resulting in moisture 
contents of approximately 36% and 31%, respectively.   

In conclusion, there were clear differences in the fractional composition 
and moisture content of material subjected to the two handling methods at a 
single clear-felling area.  However, what are currently referred to as traditional 
dried-stacked logging residues from one clear-felling area are, in reality, often 
quite similar to fresh-stacked logging residues from another clear-felling area. 
It seems that this similarity depends on forest and weather conditions and how 
long the logging residues actually stay in small harvester heaps. Generally, all 
logging residues stored over summer appear to have 5–10% needle contents 
and about 30–40% moisture contents, regardless of the stacking method. 
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Paper II 
Nilsson, B., Nilsson, D., Thörnqvist, T. 2015. Distributions and losses of logging 
residues at clear-felled areas during extraction for bioenergy: Comparing dried- and 
fresh-stacked method. Forests, 6, 4212–4227. 
 
It is well known that a large proportion of available logging residues intended 
for extraction will not reach energy-conversion plants, because some are lost 
during transportation or left on the clear-felled area. However, there is little 
understanding of where logging residue losses occur in the supply chain. 
Paper I raised further questions about the efficiency of the extraction and the 
distribution of the logging residues left in the forest.  

One aim of this study was to investigate and compare, quantitatively, the 
traditional dried-stacked and fresh-stacking methods from clear-felling until 
comminution at a landing, in terms of biomass losses, moisture content, and 
fraction composition of the handled material. Another aim was to provide 
detailed information about the distribution of logging residues left in the clear-
felled area and amounts of unusable logging residues that end up beneath the 
roadside windrow with the two systems. 

The fresh-stacking and dry-stacking extraction methods resulted in the 
delivery of very similar proportions (56% and 52%, respectively) of the 
logging residues to the energy-conversion plant in November, with nearly 
identical moisture contents (37% and 36%, respectively). The final product 
that was delivered to the energy-conversion plant was very similar, regardless 
of the extraction method used. In both cases, the needle content of the 
processed logging residues was approximately 10%. However, the total 
quantity of fine fractions (needles and fines) was slightly higher after dried-
stacking. Although the fresh-stacked method left somewhat more logging 
residues at the clear-felled area, the differences between the methods were 
small. Approximately 30% of the total amount of logging residues was left 
between the harvester heaps, 10–15% under these heaps and approximately 2–
3% beneath the windrows.  

Both methods met recommendations of the Swedish Forest Agency to 
leave 20% of the logging residues spread on clear-felled areas, to promote 
biodiversity and avoid excessive nutrient losses from the system. When using 
both methods a substantial proportion of needles reached the energy-
conversion plant, confirming that attempts to shed needles on the clear-felling 
area using the dried-stacked method often do not have the desired effect. 

Repeated studies at more clear-felled areas are needed to assess the results’ 
generalizability to other areas, and effects of the operator’s skill and technique 
during logging and forwarding operations on the distribution and extraction of 
logging residues.   
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Paper III 
Nilsson, D., Nilsson, B., Thörnqvist, T., Bergh, J. 2016. Amount of nutrients extracted 
and left behind at the clear-felled area using the fresh- and dried-stacked method of 
logging residue extraction. Submitted to Scandinavian Journal of Forest Research 
(2016-11-01). 

 
Nutrient removal has been one of the key issues since harvesting of logging 
residues started in Sweden. As an extension of the study presented in Paper II, 
the removal of nutrients of both timber and logging residues was examined by 
measuring amounts of biomass extracted from a clear-felled area using the 
dried-stacked and fresh-stacked methods, and its nutrient (N, P, Ca, K, Mg) 
concentrations. Thus, the presented results only indicate what was removed 
and provide no information about effects on the soil nutrient pools.  

The most important finding is that the two methods resulted in very similar 
amounts of nutrient removals and thus amounts that remained at the clear-
felled area. The results also showed that amounts removed with the round-
wood were similar to amounts removed with the logging residues. Regardless 
of which stacking method was used, roughly half of the nutrients in the 
logging residues were left behind at the clear-felled area. A sensitivity analysis 
showed that even if the dried-stacked method left more needles, or the fresh-
stacked method extracted more logging residues, there would only be small 
effects on the levels of nutrients removed. The remaining nutrients are left at 
the clear-felled area, with most being well-spread, but with small amounts 
concentrated beneath the roadside windrows and harvester heaps. However, 
both methods easily met requirements of the Swedish Forest Agency to leave 
20% of the logging residues at the clear-felled area to promote biodiversity. 
Thus, it is highly probable that the extraction of logging residues can be 
improved, without increasing nutrient removal.  

Detailed knowledge of nutrient extraction associated with possible 
handling methods is essential for assessing their long-term effects on forests, 
and hence their potential use in sustainable forestry strategies. Thus, further 
studies are needed to extend this knowledge. For example, there are needs to 
compare the economic differences between the two methods, analyze changes 
in nutrient contents during storage of untreated logging residues, and quantify 
the variation among stands with different productivities and thinning histories. 
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Paper IV 
Nilsson, B., Lerman, P. 2016. Experimental study of relations between defoliation, 
moisture content and color change in logging residues. Department of Forestry and 
Wood Technology, Linnaeus University, Växjö, Sweden. Manuscript. 

 
According to the energy conversion companies, logging residues used as 
sources of renewable fuel should ideally be dry, brown and have low needle 
contents. This partly go hand-in-hand with the recommendations by The 
Swedish Forest Agency that points out that the needles should be left in the 
forest, for maintaining the nutritional balance and mitigate acidification. So 
long everything seems to be fine, but this consensus is limited by practical 
considerations in handling of the logging residues that affect both fuel quality 
and nutrient removal from forest.  

An experimental study of the relationship between needle release, moisture 
content and color change in twigs from Norway spruce during drying were 
conducted. Three different drying conditions representing different climates 
were simulated in a climate-controlled chamber; Climate 1 (drying in a 
climate-controlled chamber providing a constant temperature of 20 °C and 
relative humidity of 65%), Climate 2 (drying in a climate-controlled chamber 
with the same temperature and relative humidity settings, but with periodic 
watering), and Climate 3 (drying in a climate-controlled chamber providing a 
temperature of 4–8 °C, and relative humidity of 35–65%). The twigs were 
examined during 90 days. 

Twigs exposed to Climate 1 lost approximately 80% of their needles, while 
those exposed to Climates 2 and 3, lost less than 20% within the first 30 days. 
However, the results show that moisture content is the key factor for 
defoliation of Norway spruce twigs; drying to a moisture content of around 
20–30% is essential. The optimal duration of drying is thus highly dependent 
on environmental conditions.  All twigs exposed to Climate 2 became clearly 
brown after approximately 40–50 days, while all others remained some shade 
of green during the whole experimental period. Thus, needles may fall off 
despite remaining green if residues have been effectively and rapidly dried, or 
remain brown and attached under poorer drying conditions. Thus, needle color 
is a poor indicator of logging residues’ needle contents and quality. The term 
“defoliated logging residues” is thus very vague and difficult to interpret what 
is actually required.  

Result from this work may be used to increase the fuel quality, improve 
new handling methods and develop new forecasting tools. In addition, if 
defoliation can be predicted, shorter storage time in the field and more 
effective extraction of logging residues can be realized.  
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Additional data 
This thesis presents also hitherto unpublished results, materials and methods 
for these additional studies are presented in chapter 3.1.2 and 3.2.2. 

In addition, to evaluate the main effect of leaving the needles at the clear-
felled area the work described in Papers I and II showed it was important to 
know the quantity of needles originally harvested. Thus, a complementary 
study was carried out to obtain an idea of whether the proportion of needles in 
logging residues varies between different locations when they are newly 
harvested (the result presented in chapter 4.2.3). 

Results presented in this thesis also include information (gathered in 
parallel with the study reported in Paper I) that has not been previously 
published about the distribution of needles in windrows during storage (the 
result presented in chapter 4.3.3).  
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Paper IV 
Nilsson, B., Lerman, P. 2016. Experimental study of relations between defoliation, 
moisture content and color change in logging residues. Department of Forestry and 
Wood Technology, Linnaeus University, Växjö, Sweden. Manuscript. 
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3 Materials and methods 

3.1 Material 
3.1.1 Summary of material used in the studies 
The logging residues used in the studies were gathered from 17 clear-felling 
areas (stands) in southern Sweden. The stands presented in the included papers 
are shown in Table 1 (locations 1–8). 

 
Table 1. Locations of the clear-felling areas used to extract material 
described in the indicated papers, and dates of harvesting, forwarding and 
comminution of the logging residues.   
   Municipality 

(Village) 
Harvested  Forwarded 

Fresh‐
stacked 

Forwarded 
Dried‐
stacked 

Comminuted  Reference 

Loc. 1   Kungsbacka 
(Roppe) 

Feb. 2009  Mar. 2009  July 2009  Dec. 2009  Paper I 

Loc. 2  Ulricehamn 
(Skogen) 

Jan. 2009  Mar. 2009  July 2009  Jan. 2010  Paper I 

Loc. 3  Ödeshög  
(Åby) 

Feb. 2009  Apr. 2009  July 2009  Dec. 2009  Paper I 

Loc. 4  Mjölby 
(Mjärdevi) 

Jan. 2009  Mar. 2009  July 2009  Dec. 2009  Paper I 

Loc. 5  Torsås 
(Torhult) 

Sept. 2008  Mar. 2009  July 2009  Nov. 2009  Paper I 

Loc. 6  Kalmar 
(Tokebo) 

Feb. 2009  Apr. 2009  July 2009  Oct. 2009  Paper I 

Loc. 7  Emmaboda 
(Tomeshult) 

Mar. 2013  Apr. 2013  Sept. 2013  Nov. 2013  Paper II & 
III 

Loc. 8  Ljungby 
(Lammakulla) 

x  x  x  x  Paper IV 
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Locations 1–6 were all areas dominated by Norway spruce trees between 
65 and 115 years old at the time of logging. The tree species’ distribution and 
other location-specific details of the stands are described in the papers. 
Location 7 hosted a 88-year-old Norway spruce stand with a harvested volume 
of 210 m3 per hectare and site index of 26 (dominant height in m of the 100 
thickest Norway spruce trees at 100-years of age). The twigs from Location 8 
were cut with scissors from a 25-year-old Norway spruce stand with a site 
index of 28. 

3.1.2 Additional data 
In order to evaluate the quantities of needles that are delivered from (or leaved 
at) a clear-felled area, it is essential to know the original amounts of needles. 
To obtain information on this variable, material was collected from nine 
locations (9–17), all of which were managed with ordinary fuel-adapted 
harvesting, and were between 80 and 105 years old at the time of harvesting 
(Table 2). The logging residues collected from harvester heaps at locations 
10–17 came solely from Norway spruce trees, although tree species mixtures 
in the stands varied. The standing volume and site index data were gathered by 
asking the harvester operators or forest owner. All stands in the clear-felled 
areas were dominated by Norway spruce except for the one at location 15, 
which was dominated by Scots pine trees that were preserved during felling, 
while all the Norway spruces were harvested.  

 
Table 2. Locations, harvesting times, standing volumes before harvesting (m3 
solid round-wood per hectare), site index (dominant height in m of the 100 
thickest Norway spruce trees at 100-years of age) and age (year) of the stands 
used to assess original amounts of needles. 
* Site index for Norway spruce are shown for all locations except location 15 
(Scots pine).  

Municipality  Village  Harvested  Volume  Site index  Age 

            (m3) ha−1     (year) 

Loc. 9  Ljungby  Unkown  June 2010  280  28  80 

Loc. 10  Osby  Kylen  Apr. 2015  270  34  102 

Loc. 11  Tingsryd  Mien  Apr. 2015  370  32  91 

Loc. 12  Tingsryd  Högahult  Apr. 2015  310  28  84 

Loc. 13  Tingsryd  Kalvsnäs  Mar. 2015  300  26  105 

Loc. 14  Uppvidinge  Rosenholm  Mar. 2015  310  32  99 

Loc. 15  Uppvidinge  Karskruv  Apr. 2015  380    24*  95 

Loc. 16  Uppvidinge  Ideboås  Mar. 2015  260  26  80 

Loc. 17  Hultsfred  Österarp  Apr. 2015  280  26  105 
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3.2 Methods 
3.2.1 Summary of methods used in the studies 
The materials for the studies were collected from the forest during harvesting 
and comminution of logging residues. At locations 1–7, each clear-felled area 
was divided into two equal areas before harvesting, from one of which 
(randomly chosen) logging residues were extracted using the fresh-stacked 
method, while residues in the other were extracted using the dried-stacked 
method. In the studies presented in Paper I–III, samples for determining 
quality were taken from the comminuted logging residues. To discover how 
much biomass was lost at various sites across the clear-felled area, random 
sample plots were established in areas where the biomass had been gathered 
and measured. 

The moisture contents and dry mass of the logging residues in all the 
experiments described in the papers were determined by weighing before and 
after oven drying at 105 ± 2 °C until the material was absolutely dry, as 
defined by Anon. (2009b). 

Comminuted logging residues were used for fraction composition and 
moisture content determinations. A Muototerä OY MT 110 chip classifier 
equipped with screen boxes with mesh sizes of 45, 13, 7 and 3 mm and a 
bottom plate was used for the fractionations described in Papers I and II. From 
the screen boxes and fines pan the following three fractions were manually 
separated: (i) coarse material (wood, branches, and bark) over 3 mm in 
diameter, (ii) needles, and (iii) fines less than 3 mm in diameter.  

In order to determine nutrient contents of various components an additional 
fractionation was carried out. The following five fractions were used for the 
study reported in Paper III: (i) wood from tops, branches and twigs over 3 mm 
in diameter (excluding bark), (ii) small branches under 3 mm in diameter 
(including bark), (iii) bark, (iv) fines less than 3 mm in diameter, and (v) 
needles. The nutrients analyzed were nitrogen (N), phosphorus (P), calcium 
(Ca), potassium (K) and magnesium (Mg). Samples of each fraction were sent 
for analysis to the Eurofins Environment Sweden AB accredited laboratory.  

To determine the color changes reported in Paper IV, the dominant color of 
twigs (more strictly, the color of the needles) was compared by visual 
inspection using a predefined color scale. Such assessment should not be 
regarded as a rigorous judgment of a twig’s color, but rather an estimate of the 
color change. Color scales have been previously used to describe the color of 
needles, often in order to describe living trees’ vigor and nutritional status 
(Cram 1984, Bergquist and Örlander 1998, Heiskanen 2006). However, this 
differs from the colors that occur during the drying process, which progress 
from “dark green” to paler shades of green, and then to brown. The color scale 
used in Paper IV (Figure 11) was determined by starting from the definition of 
“green” (NCS 4050-G20Y) presented by Bergquist and Örlander (1998) and 
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then following color changes with time as fresh needles dried. There is a clear 
distinction in the color scale between color 6 (brown) and the other five, 
ranging from dark green (color 1) to green-brown (color 5), which appears 
green relative to other more or less brown components of the logging residues. 
This scale was used to monitor color changes during storage in three climates: 
Climate 1 (drying in a climate-controlled chamber providing a constant 
temperature of 20 °C and relative humidity of 65%), Climate 2 (drying in a 
climate-controlled chamber with the same temperature and relative humidity 
settings, but with periodic watering), and Climate 3 (drying in a climate-
controlled chamber providing a temperature of 4–8 °C, and relative humidity 
of 35–65%). The twigs’ color (or actually the needles’ color), and both the 
moisture content of the twigs and defoliation, were recorded every 10–14 
days. To measure the defoliation, the twigs were clamped in a specially-
constructed experimental rig and hit with a pendulum that provided the same 
force in each swing. The experiment was repeated three times.  

 
Figure 11. The color scale used to visually assess the color of twigs, 
consisting of five shades of green and a brown reference color (Paper IV). 
Note that the shade of color is media-dependent and thus difficult to 
reproduce. For a more accurate color representation, please compare to the 
NCS index. 
 
  

Green 1 Green 2 Green 3 Green 4 Green 5 Brown Ref.
S 4050‐G10Y S 4050‐G30Y S 4050‐G50Y S 4050‐G70Y S 4050‐G90Y S 5040‐Y20R
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3.2.2 Additional data 
During the study reported in Paper I previously unpublished data were also 
collected regarding the needle distribution in 12 windrows during 
comminution. The windrows were divided into three equal horizontal layers, 
from top to bottom: (i) Top layer, (ii) Middle layer, and (iii) Bottom layer. 
Each layer was separately comminuted into separate containers from which a 
sample was collected to determine fraction composition (detailed method that 
was used is described in Paper I). 

In order to determine characteristics of newly-harvested (fresh) logging 
residues an additional field experiment was carried out at nine locations 
(locations 9–17), harvested in southern Sweden in the spring of 2015 (Table 
2). The material at location 9 was gathered in connection with studies in Paper 
1 (detailed method that was used is described in Paper I). The material at 
location 10–17 was gathered for a bachelor degree project conducted at 
Linnaeus University by Tanja Keisu that Bengt Nilsson supervised, and thus 
was also involved in designing the experiments. The bachelor’s degree project 
has presented results that partially correspond with the results presented in this 
thesis. However, for the result presented in this thesis, the number of samples 
used was greater than in the degree project, in order to achieve more 
significant results. Two stands presented in the degree project have also been 
excluded in this thesis because of missing information about volume, site 
index and age. The method used for gathering material is described in detail in 
Keisu (2015), but since it is only written in Swedish, an English version is 
presented here. Material was collected at the same time as the forwarding of 
timber, within approximately a week after harvesting. On each clear-felling 
area 10 heaps of harvested logging residues were identified, each containing 
residues from about 3–6 trees, all Norway spruce, and one of these 10 heaps 
was randomly selected (thus, probable variations within the areas were not 
investigated). The entire selected heap was loaded by a forwarder onto a car 
trailer. The logging residues were then transported to and comminuted by a 
Bruks 806STC chip harvester, mounted on a John Deere 1910 Air Commodity 
Cart, for comminution. One sample of approximately 50 liters of comminuted 
logging residues from different parts of the heap was collected using a shovel. 
In the laboratory, the sample was placed on a glossy plywood board. It was 
well mixed and then formed into a string (400 cm long and 20 cm wide) in 
accordance with SS-EN 14780:2011, part 8.3, for sampling solid biofuels 
(Anon. 2011b). The string was divided into 20 equal parts, and seven samples 
were randomly chosen from them. The moisture content and dry mass of these 
samples were then determined by weighing before and after oven drying at 
105 ± 2 °C until the material was absolutely dry (Anon. 2009b). The seven 
samples were also fractionated with a Muototerä OY MT 110 chip classifier 
equipped with screen boxes with mesh sizes of 45, 13, 7 and 3 mm and a 
bottom plate. From the screen boxes and fines pan, the following three 
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fractions were manually separated: (i) coarse material (wood, branches, and 
bark) over 3 mm in diameter, (ii) needles, and (iii) fines less than 3 mm in 
diameter. To determine the quantity of needles, the material stuck to the 3 mm 
screen boxes was formed into a string 60 cm long and 1.5 cm wide, in 
accordance with SS-EN 14780:2011, part 8.3 (Anon. 2011b). This procedure 
was then repeated to determine the needle content of the material that ended 
up on the bottom plate of the screen boxes. Both strings were divided into 20 
equal parts, from which three were randomly selected for determination of 
needle content by manual sorting. To simplify the process, large samples were 
halved before being formed into a string. Only samples larger than 150 g from 
the 3 mm screen boxes, and larger than 75 g from the bottom plate, were 
halved in this manner. This halving followed the process described in SS-EN 
14780: 2011, part 8.6, for sampling solid biofuels (Anon. 2011b). Finally, the 
various fractions were weighed and the quantity of needles (dry mass) in each 
of the seven main samples was determined.  

 

3.2.3 Statistical analysis 
For the study in Paper I an analysis of variance with nested and cross factors 
were implemented using IBM-SPSS software and the UNIANOVA command. 
Analysis of variance for tests between subjects; effects with nested and cross 
factor design with the variable location (clear-cutting areas) nested into the 
variable region (climate region). The variables method (fresh- and dried-
stacked methods) and region are cross factors. The dependent variables were 
the quality factors (coarse fraction, needles, fines and moisture content). The 
studies in Papers II and III were performed on a single clear-felled area and 
repetitions were missing, therefore comparison with other locations could not 
be made. Even if statistical analysis didn´t apply to the experimental setup, 
samples were taken from different sample plots across the clear-felled area 
and from comminuted logging residues. The descriptive and more practical 
oriented experiments were designed to evaluate the actual biomass losses, 
removal of nutrients, as well as the fuel quality logging in residues from 
individual clear-felled area. The results are presented with arithmetic mean 
values and standard deviations. When it comes to nutritional analysis the 
statistical analysis was done within the analysis conducted by an accredited 
laboratory. In Paper IV, the results of defoliation are presented with arithmetic 
mean values for the three repetitions.  

For further information i.e. the number of samples and statistical methods, 
see the method and result section of respective studies. 
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4 Results 

4.1 Moisture content 
At comminution, the moisture content of both fresh-stacked and dried-stacked 
logging residues was generally 30–40% (Table 3). However, it was sometimes 
much lower, and the wettest windrow had a measured moisture content of 
48%. Mean moisture contents of the six fresh-stacked and six dried-stacked 
windrows examined in Paper I were 36% and 31%, respectively. The 
statistical analysis shows that moisture content is affected by method, but also 
by location (Paper I). Similarly, mean moisture contents of fresh-stacked and 
dried-stacked logging residues examined in Paper II were 36.9% and 36.4%, 
respectively. The measured moisture contents of newly-harvested logging 
residues harvested in March and April (at locations 10–17) were relatively 
low, around 30–45%, but those from one area harvested in June (location 9) 
had a moisture content of 56%.  
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fractions were manually separated: (i) coarse material (wood, branches, and 
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diameter. To determine the quantity of needles, the material stuck to the 3 mm 
screen boxes was formed into a string 60 cm long and 1.5 cm wide, in 
accordance with SS-EN 14780:2011, part 8.3 (Anon. 2011b). This procedure 
was then repeated to determine the needle content of the material that ended 
up on the bottom plate of the screen boxes. Both strings were divided into 20 
equal parts, from which three were randomly selected for determination of 
needle content by manual sorting. To simplify the process, large samples were 
halved before being formed into a string. Only samples larger than 150 g from 
the 3 mm screen boxes, and larger than 75 g from the bottom plate, were 
halved in this manner. This halving followed the process described in SS-EN 
14780: 2011, part 8.6, for sampling solid biofuels (Anon. 2011b). Finally, the 
various fractions were weighed and the quantity of needles (dry mass) in each 
of the seven main samples was determined.  

 

3.2.3 Statistical analysis 
For the study in Paper I an analysis of variance with nested and cross factors 
were implemented using IBM-SPSS software and the UNIANOVA command. 
Analysis of variance for tests between subjects; effects with nested and cross 
factor design with the variable location (clear-cutting areas) nested into the 
variable region (climate region). The variables method (fresh- and dried-
stacked methods) and region are cross factors. The dependent variables were 
the quality factors (coarse fraction, needles, fines and moisture content). The 
studies in Papers II and III were performed on a single clear-felled area and 
repetitions were missing, therefore comparison with other locations could not 
be made. Even if statistical analysis didn´t apply to the experimental setup, 
samples were taken from different sample plots across the clear-felled area 
and from comminuted logging residues. The descriptive and more practical 
oriented experiments were designed to evaluate the actual biomass losses, 
removal of nutrients, as well as the fuel quality logging in residues from 
individual clear-felled area. The results are presented with arithmetic mean 
values and standard deviations. When it comes to nutritional analysis the 
statistical analysis was done within the analysis conducted by an accredited 
laboratory. In Paper IV, the results of defoliation are presented with arithmetic 
mean values for the three repetitions.  

For further information i.e. the number of samples and statistical methods, 
see the method and result section of respective studies. 

  

43 

4 Results 

4.1 Moisture content 
At comminution, the moisture content of both fresh-stacked and dried-stacked 
logging residues was generally 30–40% (Table 3). However, it was sometimes 
much lower, and the wettest windrow had a measured moisture content of 
48%. Mean moisture contents of the six fresh-stacked and six dried-stacked 
windrows examined in Paper I were 36% and 31%, respectively. The 
statistical analysis shows that moisture content is affected by method, but also 
by location (Paper I). Similarly, mean moisture contents of fresh-stacked and 
dried-stacked logging residues examined in Paper II were 36.9% and 36.4%, 
respectively. The measured moisture contents of newly-harvested logging 
residues harvested in March and April (at locations 10–17) were relatively 
low, around 30–45%, but those from one area harvested in June (location 9) 
had a moisture content of 56%.  



44 

Table 3. Mean moisture contents, and standard deviations, of newly- 
harvested, fresh-stacked and dried-stacked logging residues from all 
investigated clear-felled areas. 

  Newly harvested  Fresh‐stacked  Dried‐stacked  Reference 

   Mean (%)  Std.  Mean (%)  Std.  Mean (%)  Std.    

Loc. 1  x  x  40.5  4.3  34.1  5.4  Paper I 

Loc. 2  x  x  38.1  6.2  35.7  6.9  Paper I 

Loc. 3  x  x  39.9  4.0  26.2  4.5  Paper I 

Loc. 4  x  x  48.1  6.0  32.2  4.9  Paper I 

Loc. 5  x  x  23.5  2.3  30.6  7.5  Paper I 

Loc. 6  x  x  27.7  4.9  22.4  2.8  Paper I 

Loc. 7  40.2  0.6  36.9  3.7  36.4  2.0  Paper II & III 

Loc. 8  x  x  X  x  x  x  Paper IV 

Loc. 9  56.3  1.6  X  x  x  x  Unpublished 

Loc. 10  44.5  2.9  X  x  x  x  Unpublished 

Loc. 11  42.4  0.5  X  x  x  x  Unpublished 

Loc. 12  42.2  1.1  X  x  x  x  Unpublished 

Loc. 13  31.0  1.6  X  x  x  x  Unpublished 

Loc. 14  35.9  1.5  X  x  x  x  Unpublished 

Loc. 15  43.3  0.6  X  x  x  x  Unpublished 

Loc. 16  32.7  7.1  X  x  x  x  Unpublished 

Loc. 17  33.7  0.8  X  x  x  x  Unpublished 
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4.2 Fraction composition 
4.2.1 Fresh-stacked logging residues 
As shown in Table 4, when comminuting fresh-stacked logging residues, the 
mean coarse fraction (>3 mm) content ranged from 60.2 to 85.8%, averaging 
about 75%. The proportion of needles ranged from 5.3 to 10.9%, except at 
location 5 where it was slightly higher (14.4%), and averaged 8.5%. Contents 
of other fines ranged from 8.8 to 29.1%, with a mean of about 16%. 

 
Table 4. Means and standard deviations of contents of indicated fractions of 
fresh-stacked logging residues from all clear-felled areas used to investigate 
their fraction composition.  

Coarse >3 mm  Needles  Fines  Reference 

   Mean (%)  Std.  Mean (%)  Std.  Mean (%)  Std.    

Loc. 1  80.3  8.8  6.8  4.3  12.8  5.3  Paper I 

Loc. 2  85.8  3.3  5.4  1.2  8.8  2.3  Paper I 

Loc. 3  79.4  4.7  5.3  1.3  15.4  3.9  Paper I 

Loc. 4  62.4  7.1  6.7  1.9  29.1  5.5  Paper I 

Loc. 5  60.2  4.9  14.4  2.2  25.3  5.4  Paper I 

Loc. 6  78.5  5.1  10.9  3.4  10.5  3.2  Paper I 

Loc. 7  77.7  10.2  10.1  9.2  12.2  8.4  Paper II & III 
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4.2 Fraction composition 
4.2.1 Fresh-stacked logging residues 
As shown in Table 4, when comminuting fresh-stacked logging residues, the 
mean coarse fraction (>3 mm) content ranged from 60.2 to 85.8%, averaging 
about 75%. The proportion of needles ranged from 5.3 to 10.9%, except at 
location 5 where it was slightly higher (14.4%), and averaged 8.5%. Contents 
of other fines ranged from 8.8 to 29.1%, with a mean of about 16%. 

 
Table 4. Means and standard deviations of contents of indicated fractions of 
fresh-stacked logging residues from all clear-felled areas used to investigate 
their fraction composition.  

Coarse >3 mm  Needles  Fines  Reference 

   Mean (%)  Std.  Mean (%)  Std.  Mean (%)  Std.    
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4.2.2 Dried-stacked logging residues 
When comminuting dried-stacked logging residues, the mean proportion of 
the coarse fraction (>3 mm) ranged from 70.4 to 91.9%, with an average of 
about 79% (Table 5). The mean proportion of needles was low (2.1 to 6.5%), 
apart from a peak at 9.2%, and averaged 4.6%. Contents of other fines ranged 
from 6.0 to 25.8%, with an average of about 16%. 

 
Table 5. Means and standard deviations of contents of indicated fractions of 
dried-stacked logging residues from all clear-felled areas used to investigate 
their fraction composition.  

 Coarse >3 mm  Needles  Fines  Reference 

   Mean (%)  Std.  Mean (%)  Std.  Mean (%)  Std.    

Loc. 1  84.8  9.6  2.8  1.7  12.4  8.0  Paper I 

Loc. 2  91.9  3.2  2.1  0.9  6.0  2.4  Paper I 

Loc. 3  78.4  11.4  2.9  1.2  18.8  10.3  Paper I 

Loc. 4  70.4  10.3  3.7  0.9  25.8  9.7  Paper I 

Loc. 5  68.6  5.5  6.5  1.6  24.9  5.1  Paper I 

Loc. 6  84.9  6.1  5.2  2.0  9.9  4.6  Paper I 

Loc. 7  75.2  8.3  9.2  1.6  15.6  6.7  Paper II & III 
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4.2.3 Newly-harvested logging residues 
As shown in Table 6, the proportion of the coarse fraction (>3 mm) in 
comminuted newly-harvested logging residues, can vary widely, ranging from 
approximately 58.8 to 78.6% at 10 clear-felled areas (locations 7 and 9–17). 
The mean value needle content of these logging residues was approximately 
21%. Most importantly, there were large variations in needle content between 
residues from different clear-felling areas, ranging from 14.5 to 32.8%. 
However, the newly-harvested logging residues from all locations had 
relatively low percentages of other fines, at about 5–10% of the total dry mass. 
As the material from locations 10–17 came from stands consisting solely of 
Norway spruce trees, whereas the others were mostly Norway spruce, but 
contained some Scots pine and broadleaf trees, they are not directly 
comparable, with variations due to differences in handling. 
 
Table 6. Means and standard deviations of contents of indicated fractions of 
newly-harvested logging residues from all clear-felled areas used to 
investigate their fraction composition.  

Coarse >3mm  Needles  Fines  Reference 

   Mean (%)  Std.  Mean (%)  Std.  Mean (%)  Std.    
Loc. 7  78.0  9.1  14.5  5.2  7.5  4.1  Paper II & III 

Loc. 9  77.8  3.3  17.5  2.8  4.7  0.8  Unpublished 

Loc. 10  58.8  2.5  32.8  2.2  8.4  2.2  Unpublished 

Loc. 11  75.0  1.9  18.2  1.2  6.8  1.3  Unpublished 

Loc. 12  71.7  2.3  22.9  1.6  5.4  1.5  Unpublished 

Loc. 13  78.6  4.3  14.9  3.2  6.5  1.8  Unpublished 

Loc. 14  70.0  9.1  22.3  6.1  7.7  4.3  Unpublished 

Loc. 15  67.9  4.0  24.0  2.7  8.1  1.7  Unpublished 

Loc. 16  67.3  4.2  22.4  2.3  10.3  3.8  Unpublished 

Loc. 17  76.2  4.9  18.3  3.3  5.5  2.3  Unpublished 
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4.2.2 Dried-stacked logging residues 
When comminuting dried-stacked logging residues, the mean proportion of 
the coarse fraction (>3 mm) ranged from 70.4 to 91.9%, with an average of 
about 79% (Table 5). The mean proportion of needles was low (2.1 to 6.5%), 
apart from a peak at 9.2%, and averaged 4.6%. Contents of other fines ranged 
from 6.0 to 25.8%, with an average of about 16%. 

 
Table 5. Means and standard deviations of contents of indicated fractions of 
dried-stacked logging residues from all clear-felled areas used to investigate 
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Loc. 4  70.4  10.3  3.7  0.9  25.8  9.7  Paper I 

Loc. 5  68.6  5.5  6.5  1.6  24.9  5.1  Paper I 

Loc. 6  84.9  6.1  5.2  2.0  9.9  4.6  Paper I 

Loc. 7  75.2  8.3  9.2  1.6  15.6  6.7  Paper II & III 
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4.3 Reasons for needle fall-off 
4.3.1 Needle color 
Sometimes, in order to assess the degree of defoliation, a visual and subjective 
assessment of the color of the delivered fuel is accomplished. As described in 
experimental study presented in Paper IV, the color of fresh needles is defined 
as ranging from colors 1 to 3 on the predefined color scale (Figure 11). Only 
branches that were dried and periodically re-wetted (Climate 2) became 
clearly brown, after approximately 40 to 50 days (Table 7). The twigs that 
were only dried (Climate 1) and twigs placed in the low temperature (Climate 
3) remained largely green, ending up being color 3 to 5, even after 90 days. It 
should also be noted that all logging residues from the seven clear-felled areas 
described in Papers I and II became brown during storage, regardless of 
whether they were dried-stacked or fresh-stacked.  
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Table 7. Change in dominant color (based on the color scale in Figure 11) of 
needles on twigs of sets of five Norway spruces (T1–T5) exposed, in three 
repetitions, to: Climate 1 (drying in a climate-controlled chamber), Climate 2 
(drying in a climate-controlled chamber with periodic watering), and Climate 
3 (drying in low temperature). Note that the shades of color shown are media-
dependent. For a more accurate color representation, please compare to the 
NCS index. (Paper IV) 
 

 

 

  

Repetition 1
Occasion Days T1 T2 T3 T4 T5 T1 T2 T3 T4 T5 T1 T2 T3 T4 T5

Fresh 0 2 2 3 2 2 2 2 3 2 2 2 2 3 2 2
1 10 2 4 4 2 2 2 2 3 2 2 2 2 3 2 2
2 20 2 4 4 4 3 4 4 3 4 2 3 2 3 3 2
3 30 4 5 5 5 5 4 4 3 4 4 3 3 3 3 3
4 42 4 5 5 5 5 6 6 6 4 4 3 3 3 3 3
5 54 5 5 5 5 5 6 6 6 4 4 3 3 3 3 3
6 64 5 5 5 5 5 6 6 6 6 6 3 3 3 3 3
7 78 5 5 5 5 5 6 6 6 6 6 4 4 3 4 3
8 92 5 5 5 5 5 6 6 6 6 6 4 4 4 4 4

Climate 1 Climate 2 Climate 3

Repetition 2
Occasion Days T1 T2 T3 T4 T5 T1 T2 T3 T4 T5 T1 T2 T3 T4 T5

Fresh 0 3 2 2 2 2 3 2 2 2 2 3 2 2 2 2
1 10 3 2 2 5 3 3 2 2 2 2 3 2 2 2 2
2 20 4 4 4 5 3 3 2 2 2 2 3 3 2 2 4
3 30 4 4 4 5 5 3 2 2 2 2 3 3 3 3 4
4 41 4 4 4 5 5 3 3 3 2 2 3 3 3 3 4
5 51 4 4 4 5 5 6 6 3 2 2 3 3 3 3 4
6 62 4 4 4 5 5 6 6 6 6 6 3 3 3 3 4
7 76 4 4 4 5 5 6 6 6 6 6 3 3 3 3 4
8 90 4 5 4 5 5 6 6 6 6 6 3 3 3 3 4

Climate 1 Climate 2 Climate 3

Repetition 3
Occasion Days T1 T2 T3 T4 T5 T1 T2 T3 T4 T5 T1 T2 T3 T4 T5

Fresh 0 3 2 3 2 3 3 2 3 2 3 3 2 3 2 3
1 11 3 2 3 2 3 3 2 3 2 3 3 2 3 2 3
2 25 4 4 4 5 4 3 3 3 3 3 3 2 3 3 3
3 39 4 4 5 5 5 3 4 3 3 3 3 3 3 3 3
4 49 4 4 5 5 5 3 6 3 3 4 3 3 3 3 3
5 60 4 4 5 5 5 6 6 6 3 5 3 3 3 3 4
6 74 4 4 5 5 5 6 6 6 6 6 3 3 3 3 4
7 84 4 4 5 5 5 6 6 6 6 6 3 3 3 3 4
8 95 4 4 5 5 5 6 6 6 6 6 3 3 3 3 4

Climate 1 Climate 2 Climate 3
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4.3.2 Defoliation 
In reported in Paper IV, defoliation from twigs was also determined in an 
experimental study. The twigs in the climate-controlled chamber that were 
kept dry throughout the experiment (Climate 1) dropped their needles most 
quickly. After 20–30 days, 80% of their needles had fallen off. The twigs in 
the climate-controlled chamber that were also watered (Climate 2) retained 
their needles much longer, and those kept in low temperature (Climate 3) 
retained their needles the longest. The twigs exposed to Climates 2 and 3 still 
had a small number of needles left when the experiment ended after 90 days, 
while those that were kept dry (Climate 1) had lost all theirs. The results also 
show clear dependence between defoliation and the moisture content (Figure 
12). Defoliation seems to start at a moisture content of about 40%, but 
becomes much more pronounced when the twigs reach a moisture content 
between 20 and 30%. When the twigs dried to a moisture content below 15% 
the vast majority of the needles had fallen off. 

 

 
Figure 12. Needle losses from the twigs during the experiment, as a function 
of moisture content, in the three repetitions of exposure to the three climates. 
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4.3.3 Needle distribution in windrows 
Means and standard deviations of proportions of the needles found in the top, 
middle and bottom layers of the windrows of fresh-stacked logging residues 
were 29.4% (std. 5.7), 32.8% (std.6.5) and 37.8% (std. 5.8), respectively. 
Corresponding values for the dried-stacked logging residues were 31.7% (std. 
9.1), 29.7% (std. 6.5) and 38.6% (std. 10.5), respectively (Figure 13). 

Figure 13. Distributions at comminution of needles in the windrows of fresh-
stacked (FS) and dried-stacked (DS) logging residues in locations 1–6 (see 
Table 1). Blue, red and green bars indicate proportions of needles in the top, 
middle and bottom layers of the windrows, respectively. 
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kept dry throughout the experiment (Climate 1) dropped their needles most 
quickly. After 20–30 days, 80% of their needles had fallen off. The twigs in 
the climate-controlled chamber that were also watered (Climate 2) retained 
their needles much longer, and those kept in low temperature (Climate 3) 
retained their needles the longest. The twigs exposed to Climates 2 and 3 still 
had a small number of needles left when the experiment ended after 90 days, 
while those that were kept dry (Climate 1) had lost all theirs. The results also 
show clear dependence between defoliation and the moisture content (Figure 
12). Defoliation seems to start at a moisture content of about 40%, but 
becomes much more pronounced when the twigs reach a moisture content 
between 20 and 30%. When the twigs dried to a moisture content below 15% 
the vast majority of the needles had fallen off. 

 

 
Figure 12. Needle losses from the twigs during the experiment, as a function 
of moisture content, in the three repetitions of exposure to the three climates. 
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4.3.3 Needle distribution in windrows 
Means and standard deviations of proportions of the needles found in the top, 
middle and bottom layers of the windrows of fresh-stacked logging residues 
were 29.4% (std. 5.7), 32.8% (std.6.5) and 37.8% (std. 5.8), respectively. 
Corresponding values for the dried-stacked logging residues were 31.7% (std. 
9.1), 29.7% (std. 6.5) and 38.6% (std. 10.5), respectively (Figure 13). 

Figure 13. Distributions at comminution of needles in the windrows of fresh-
stacked (FS) and dried-stacked (DS) logging residues in locations 1–6 (see 
Table 1). Blue, red and green bars indicate proportions of needles in the top, 
middle and bottom layers of the windrows, respectively. 
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4.4 Impact of handling method on biomass losses 
4.4.1 Distribution of logging residues 
In the study reported in Paper II, the potential dry masses of logging residues 
using the fresh-stacked and dried-stacked methods were 39 and 38 ton dry 
mass ha-1, respectively, and the proportions of these amounts delivered to the 
energy-conversion plant were about 56% and 52%, respectively. Analyses of 
the distributions of logging residues left at the clear-felled area show that most 
of them were between the harvester heaps (Figure 14).  

 

Figure 14. Percentages of the total dry mass of logging residues collected at 
the clear-felling area and the landing when using the fresh-stacked method 
(blue bars) and dried-stacked method (red bars). 
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4.4.2 Distribution of needles 
In the study reported in Paper II, the distribution of needles was also 
estimated. The results showed that about 33% of the needles in the dry-stacked 
logging residues and 39% of those in the fresh-stacked residues ended up in 
the comminuted material. Roughly 30% of the needles were distributed 
between the harvester heaps, regardless of extraction method. The main 
differences between the two methods were in the quantities of needles found 
beneath the harvester heaps and beneath the roadside windrows (Figure 15).  

Figure 15. Percentages of needles in logging residues collected at the clear-
felling area and the landing when using the fresh-stacked method (blue bars) 
and dried-stacked method (red bars). 
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4.5 Distribution of nutrients 
In the study presented in Paper III, using either method approximately a third 
of the nutrients were removed with the round-wood, a third were removed 
with the extracted logging residues and a third were left behind at the clear-
felled area and roadside (Table 8). However, there are small differences, such 
as dried-stacked method leaves consistently about two percentage points more 
of each nutrient on the clear-felled area, but note that parts of the nutrients left 
behind are concentrated beneath the harvester heaps and the windrows.  

Furthermore, the sensitivity analysis in this study indicated that differences 
in nutrient removal associated with the choice of fresh-stacking or dry-
stacking would be minor. For example, if the fresh-stacked method enabled 
extraction of an additional 50% of the logging residues found beneath the 
harvester heaps, the total percentage of nutrients left at the clear-felled area 
would decrease by approximately 10%. Similarly, if the dried-stacked method 
left 50% of the delivered needles at the clear-felled area, the total percentage 
of nutrients left there would increase by approximately 10%. If the harvesting 
method was more efficient, e.g. if an additional 50% of the logging residues 
left between the harvester heaps were extracted, amounts of nutrients left at 
the clear-felled area would decrease by approximately 35–40%. 
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Table 8. Delivered amounts and distributions of nutrients at the clear-felled 
area and the landing when using the two handling methods. The results for the 
nutrients are shown in kg dry mass ha-1 of clear-felled area (considering the 
clear-felled area’s actual topography regarding surface area of harvester 
heaps etc.) and in ton dry mass ha-1 for the biomass (Paper III). 
   Dry mass  N  P  Ca  K  Mg 

   ton 
ha‐1  %  kg 

ha‐1  %  kg 
ha‐1  %  kg 

ha‐1  %  kg 
ha‐1  %  kg 

ha‐1  % 

Fresh‐stacked, 
total  134.2     307.0     28.1     306.4     108.7     38.3    

Delivered  
Logging 
residues  22.1  16.5  103.5  33.7  11.8  42.1  102.5  33.4  37.6  34.6  13.2  34.4 

Round‐wood  94.4  70.3  117.5  38.3  6.4  22.7  116.0  37.8  39.9  36.6  14.1  36.8 

Delivered, total  116.5  86.8  221.0  72.0  18.2  64.8  218.5  71.2  77.5  71.2  27.3  71.2 

Left at clear‐felled area 
Between 
harvester 
heaps 

13.0  9.7  63.1  20.6  7.2  25.9  64.5  21.1  22.9  21.1  8.1  21.1 

Beneath 
harvester 
heaps  

3.7  2.8  17.9  5.8  2.1  7.3  18.3  6.0  6.5  6.0  2.3  6.0 

Roadside 
windrow  1.0  0.7  5.0  1.6  0.6  2.0  5.1  1.7  1.8  1.7  0.6  1.7 

Left at clear‐
felled area, 

total 
17.7  13.2  86.0  28.0  9.9  35.2  87.9  28.8  31.2  28.8  11.0  28.8 

                                      
Dried‐stacked, 
total  131.4     304.5     27.9     301.5     106.8     37.9    

Delivered  
Logging 
residues  20.0  15.2  98.1  32.3  11.2  40.2  99.0  32.8  35.3  33.1  12.4  32.7 

Round‐wood  92.9  70.7  114.9  37.7  6.2  22.1  109.9  35.5  38.4  36.0  13.9  36.7 

Delivered total  112.9  85.9  213.0  70.0  17.4  62.3  208.9  68.3  73.7  69.1  26.3  69.4 

Left at clear‐felled area                   
Between 
harvester 
heaps 

11.7  8.9  57.5  18.9  6.6  23.7  58.5  19.4  20.8  19.5  7.3  19.3 

Beneath 
harvester 
heaps  

5.0  3.8  24.5  8.0  2.8  10.1  25.0  8.3  8.9  8.3  3.1  8.2 

Roadside 
windrow  1.8  1.4  9.5  3.1  1.1  3.9  9.1  3.0  3.4  3.1  1.2  3.1 

Left at clear‐
felled area 

total 
18.5  14.1  91.5  30.0  10.5  37.7  92.6  30.9  33.1  30.9  11.6  30.6 
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5 Discussion 

5.1 Moisture content 
In one sense, the most important quality characteristic of logging residues is 
moisture content because it is measured at the point of delivery and thus 
determines the economic value of the delivered logging residues. Being able 
to deliver logging residues with a moisture content which is within the range 
of what the energy-conversion industries demand is important. Even more 
important is to understand how the handling and storage can reduce the 
moisture content to a level that allows the forest owner to receive a reasonable 
payment.  

In order to evaluate the drying efficiency, it is important to know the 
moisture content of the material at harvesting. As previously described, it is 
generally agreed that newly-harvested logging residues from spruce-
dominated stands have a moisture content of approximately 50–55%. 
However, significantly lower moisture contents in fresh logging residues have 
been measured (Table 3). It is also important to know (and highlight) how 
moisture content varies over the year, because logging residues harvested with 
a low moisture content probably require less drying than residues with higher 
initial moisture contents. According to Hakkila (1989), the moisture content of 
growing trees can also be dependent on the season when the trees are at 
different stages of their growth, because the amount of water depending on 
tree species and whether the tree is in hibernation or in full photosynthesis. 
The moisture content in logging residues from Norway spruce is lowest during 
early spring, due to transpiration starting often when the ground is still frozen 
(Hakkila 1989, Lehtikangas 1999). Filbakk et al. (2011) stated that the 
moisture content of the fresh logging residues is higher in autumn than spring, 
which also strengthens the argument that moisture content varies over the 
year. The studies listed in Table 3 also reported a significantly lower moisture 
content of logging residues harvested in March and April, while the one 
harvested in June had moisture contents more in agreement with generally 
acknowledged levels. 
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Drying under Nordic conditions is also easiest during spring and early 

summer, thanks to the low relative humidity and high temperature (Pettersson 
and Nordfjell 2007, Filbakk 2011, Wern 2013). Thus, the moisture content in 
logging residues drops quickly in the spring (Thörnqvist 1984b, Nurmi and 
Hillebrand 2007, Hautamäki et al. 2010). The drying conditions then remain 
relatively good until August, when the moisture content of logging residues 
often increases again (Thörnqvist 1984a, Nurmi 1999 Andersson et al. 2002). 
Very good drying weather in the spring can also quickly reduce the moisture 
content. Furthermore, during the vegetative growth period of the year 
transpiration in the needles will also contribute to loss of water in the branches 
after felling, as the harvested material continues to photosynthesize and 
consume water, but receives no new water from the roots (Liss 1979, Hakkila 
1989, Andersson et al. 2002, Jonsson 2007). Thus, the tree’s vitality helps to 
dry the material initially after felling (this is an old technique for drying wood 
called transpiration drying, “syrfällning” in Swedish). Such knowledge should 
be highly relevant for evaluations of the drying process and attempts to 
optimize it. 

An essential requirement for any forest fuel storage and handling method is 
to produce material with acceptable moisture contents when it is time for 
delivery to the energy-conversion industry. Reported measurements from the 
Swedish forest company Södra (Anon. 2010b) show that the average moisture 
content of all their delivered logging residues in southern Sweden was about 
35% in 2010. This may be regarded as an average value for the quality of 
forest fuel demanded in southern Sweden, and a reasonable assumption is that 
moisture contents in the range of 30–45% are fully acceptable. The results 
presented here show that logging residues from the clear-felled areas ended up 
within this range of moisture content in almost all cases (Table 3). With 
respect to just moisture content, newly-harvested logging residues with low 
moisture contents in the spring could be ready for delivery to the energy-
conversion industry after only a few weeks of storage (Table 3).  

In each clear-felled area the dry-stacked logging residues almost always 
had lower final moisture contents than fresh-stacked residues. However, in 
some clear-felling areas the fresh-stacked logging residues had almost 
identical moisture contents, and were sometimes even drier than dried-stacked 
logging residues from other clear-felled areas (Table 3). The results presented 
in Paper I also showed that dried-stacked logging residues (especially dried-
stacked) on the west part of southern Sweden generally had higher moisture 
contents. This is consistent with expectations as annual precipitation is highest 
and temperatures lowest in this region. However, there are also individual 
examples that differ from this. For example, the fresh-stacked logging residues 
in location 4 had much higher moisture content. Another example is from 
location 5, where dried-stacked logging residues has higher moisture content 
than those fresh-stacked. Overall, the results suggest that other factors affect 
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logging residues’ moisture content more than the handling method. For 
example, the weather conditions, as well as heap size and heap placement, are 
all important factors for drying, as highlighted by various authors including 
Lehtikangas (1991), Jirjis (1995) and Filbakk et al. (2011), among others.  

Jirjis and Lehtikangas (1993) found that after storage for a year fresh-
stacked logging residues in covered windrows (forwarded in May) were even 
drier than dried-stacked logging residues (forwarded in September). They also 
concluded that small harvester heaps are very sensitive to moisture variations, 
as also noted by Pettersson and Nordfjell (2007). Therefore, the weather 
conditions before and during forwarding to windrows strongly influence the 
moisture content of logging residues. The time of both forwarding and 
comminuting are beyond the forest owner’s control. Instead, the logistical 
route planning and demand for forest fuel govern the timings of forwarding 
and comminution, thus affecting the moisture content of residues at 
comminution. Thus, it is impossible for forest owners to influence the energy 
content of their logging residues, which is what determines its economic 
value.  

The main conclusion from Papers I and II is that logging residues dry 
adequately if stored over a summer, regardless of whether they are fresh-
stacked or dried-stacked. This is also consistent with findings of Nurmi and 
Hillenbrand (2001) and Wilhelmsson et al. (2015) that the moisture content of 
fresh-stacked logging residues was 35–40% after about half a year of storage, 
when they were comminuted in winter. Clearly, there is no need for concern 
that fresh-stacked logging residues will be insufficiently dry to meet demands 
of energy-conversion companies (there are even fairly frequent comments that 
logging residues are too dry when delivered). However, placement of 
windrows and local weather conditions in the period before and during 
comminuting are probably important for the moisture content. The finding that 
both fresh-stacking and dried-stacking provide adequate drying conditions for 
logging residues shows that it is worth and essential to continue comparing 
other quality characteristics of logging residues handled in these (and 
potentially other) ways. 
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5.2 Fraction composition 
The coarse fraction is the most desirable component of logging residues. 
Simplified, the target quality for forest fuel is material comprising just the 
coarse fraction, where storage and handling methods that aims to removing as 
much of the needles and fines as possible. The proportion of needles however, 
also affects the storage characteristics of logging residues, especially after 
comminuting. A larger proportion of needles and bark increases microbial 
activity, which in turn leads to a temperature rise with an increased loss of 
material (Thörnqvist 1984a, Gadd 2006).  

When comminuting newly-harvested logging residues the proportion of 
coarse fraction varied from stand to stand (Table 6). Generally, the fines 
percentage of total dry mass was consistently low (5–10%) in the comminuted 
fresh logging residues, indicating that they did not fall apart during 
comminution when fresh. It is therefore worth noting that much of the fines do 
not exist as such until they come loose from the coarser fraction, even if the 
material has not physically changed. Thus, the handling should focus more on 
avoiding the creation of fines than getting rid of them. 

The component that varies most widely, and hence most strongly affects 
the total fractional composition of fresh logging residues, seems to be the 
proportion of needles. According to biomass functions presented by Marklund 
(1988), logging residues (including all needles, all branches and 5% of stem-
wood and stem bark) from typical Norway spruce and Scots pine trees (with 
25 cm diameter at breast height) have 31% and 19% needle contents, 
respectively. This is higher than the generally accepted and frequently used 
figure of approximately 25% for Norway spruce. However, higher proportions 
of needles in logging residues have been reported, e.g. 37% by Alakangas et 
al. (1999). The results in Table 6 indicate that needle content can be both 
substantially lower (14.5%) and higher (32.8%) than the generally accepted 
figure for fresh logging residues. Thus, it is not always valid to assume that 
the generally accepted figure is correct, at least not for logging residues 
gathered in southern Sweden because there may be geographical differences.  

Silviculture factors, including different thinning programs, can also 
influence proportions of needles in harvested biomass (Hakkila 1989). At 
location 7, the needle content was as low as 14.5% when comminuted, 
although the needle content may have been reduced by the presence of hoisted 
crowns (resulting in fewer and smaller branches). Few thinnings can create 
dense stands and hoisted crowns, while more frequent and heavy thinning can 
give more open stands with higher amounts of living branches and needles. 
Also, the mixture of 15–20% Scots pine will reduce the needle content, but 
14.5% must still be regarded as very low (Paper II). The needle content is 
likely to be correlated to variables, such as the site index and/or standing 
volume per hectare, that reflect nutrient availability and the space available for 
individual trees to spread their branches (Stupak et al. 2008). Thus, it is not 
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surprising that stands with high proportions of needles tend to have low or 
medium standing volumes, since they could be effects of thinnings (and in 
terms of absolute numbers the amount of needles might be the same as in 
more dense stands). However, the results do not show a clear correlation 
between quantities of needles in stands and round-wood volumes (Tables 2 
and 6). Thus, more investigation of possible correlations is required. 
Nevertheless, available evidence indicates that input material affects amounts 
of needles in deliveries more than the handling method. This implies that if 
stands with extremely high needle contents can be identified they could be 
classified as unsuitable sources of logging residues or requiring special 
treatment. 

Knowing that there is such a wide range of proportions of needle content in 
newly-harvested logging residues is extremely important for understanding 
how needle content affects the quality of the delivered material. It is also 
crucial to know the needle content in newly-harvested logging residues in 
order to calculate the quantities of needles that are successfully left in the 
forest during storage and handling, which can be important for long-term 
productivity. This can be illustrated by calculations based on absolute amounts 
of needles in a stand. At the dried-stacked part of the clear-felled area at 
location 7 the total dry mass of logging residues was approximately 38.5 ton 
ha-1, including 14.5% needles (Paper II). If the absolute amount of other 
components remained constant, but the proportion of needles increased to 
32.8% (as recorded at location 10), the total amount of needles would increase 
from 5.6 ton to 12.6 ton ha-1. Clearly, this substantial increase would affect 
amounts of needles both in delivered fuel but also how much needles that 
remains in the forest. 

One purpose of the traditional dried-stacked method for extracting logging 
residues has been to reduce the quantity of needles. Notably, the final product 
delivered to the energy-conversion industry was very similar in terms of 
needle content, regardless of whether it was obtained using the dried-stacked 
or fresh-stacked method. Nevertheless, the results presented in Paper I showed 
that logging residues subjected to the fresh-stacked method had nearly twice 
as many needles as those subjected to the dried-stacked method. Although this 
is a difference, the needle contents in both cases were low compared to those 
of fresh, newly-harvested residues. However, traditional dried-stacked logging 
residues from one clear-cutting area may often be quite similar to fresh-
stacked logging residues from another clear-cutting area, as also is confirmed 
by the statistical analysis. Therefore, Papers I and II conclude that logging 
residues stored over one summer generally have 5–10% needle contents, 
regardless of whether they are fresh-stacked or dried-stacked. Despite the 
similarities of results of the methods, a conflict between the results in Papers I 
and II is worth noting. The conclusion of Paper I stated that the needle losses 
were substantial may have been inaccurate, since it was based on the generally 
accepted needle content of fresh logging residues (approximately 25%), which 
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5.2 Fraction composition 
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is not always valid. The possibility that newly-harvested logging residues’ 
needle contents could be significantly lower than previously accepted was 
highlighted by the contents (as low as 14.5%) recorded in the study presented 
in Paper II. When the needle content was found to be relatively high 
(approximately 9–10%) in comminuted logging residues, this seemed to prove 
the point. Although the proportions of needles in comminuted logging residues 
are acceptable, it does not necessarily mean that most of the needles are left at 
the clear-felled area. However, it has been confirmed that fresh-stacked 
logging residues have acceptable needle contents in practice, as those with the 
highest needle contents were delivered and accepted by the energy-conversion 
industries without any comment about quality (Paper I). 

It is also relevant to mention the results of a bachelor degree project carried 
out at Linnaeus University, which involved sampling logging residues from 
numerous deliveries to the Ryaverket heating plant in Borås. The handling 
method and storage time were unknown but could be expected to have 
followed the standard procedures used by the contractors, i.e. dry-stacked 
(defoliated) logging residues. Thus, the experiment was conducted in the 
winter, so the expected storage time was at least six months because logging 
residues should be stored over the summer to enable possibilities to lose 
needles. The results showed that the material had high needle content, with a 
mean value of 12.4% (Ljungberg 2015). This is higher than proportions of 
needles found in material examined and reported in Papers I and II, but clearly 
shows that the quality expectations of low quantities of needles in dried-
stacked logging residues are difficult to achieve.  

Unpublished results from the analysis (by the Eurofins accredited 
laboratory) of the material examined in Paper II also show that the fresh-
stacked and dried-stacked logging residues had ash contents of 2.6% and 
2.2%, respectively. This would place them both in the same “middle class” of 
ash content in the classification system proposed by Fridh et al. (2015), which 
also suggests that the choice of stacking method is less important than 
expected. Of course, a major difference in needle content should also affect 
the material’s ash content (Thörnqvist 1984b). 

In addition to the quantity of needles available in the growing stand, the 
needle content in logging residues is also affected by the harvesting method, 
for example, which assortment of round-wood was extracted. Harvesting 
specifications, such as whether or not long tops can be mixed with logging 
residues rather than wood pulp, or fuel wood is sorted into a separate 
assortment or mixed with logging residues, may all strongly influence needle 
contents. Needle fall-off depends (inter alia) on how the material is handled 
during different operations, heap size and the weather during storage. The 
study reported in Paper II showed that the usual attempts to shed needles at the 
clear-felling area by using the dried-stacking method were unsuccessful, as 
also confirmed by Filipsson and Nordén (2001).  
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The difficulty in defoliation is demonstrated by the analysis of distributions 
of needles in windrows, which clearly showed that needles do not readily fall 
through a windrow during storage (Figure 13). The mean needle contents 
show that their proportions in horizontal layers of windrows were very similar. 
About a third of the needles were found in each of the three layers, although 
there tended to be somewhat more at the bottom than at the top of the 
windrows. However, in some windrows (mainly dry-stacked), almost half the 
needles were found in the bottom layer. This corresponds with the findings in 
Paper II, that there were more fines and needles beneath windrows of dried-
stacked windrows than under fresh-stacked windrows. Moreover, in the fresh-
stacked logging residues many needles were attached to small parts of the 
twigs, which hinders needle fall-off (Eriksson et al. 2013). The fines are also 
more likely to fall off than the coarser fractions. Thus, brittle material will not 
necessarily always be found in the comminuted logging residues when fines 
have fallen to the ground. 

The total dry mass of coarse fraction (>3 mm) in stored logging residues 
can vary widely. Analyses of material from the six clear-felled areas described 
in Paper I show that proportions of the total dry mass of this fraction ranged 
from 60 to 86% in fresh-stacked logging residues, and were slightly higher (69 
to 92%) in dried-stacked residues. Generally, dried-stacked logging residues 
have a slightly higher total dry mass of coarse fraction than the fresh-stacked 
ones. When trying to understand the results, the handling method in practice 
seems to have a subordinate impact on the quantity of coarse fraction. This 
conclusion can be drawn because, within each clear-felled area, the 
differences were quite small regardless of whether the fresh-stacked or dried-
stacked method was used. There are instead wide variations found among 
different clear-felled areas (Table 4 and 5), and so the mass of coarse fraction 
seems to depend on other factors, rather than the time when forwarding took 
place. The small differences that were found in each single clear-felled area 
can be ascribed to the different defoliation for each of the handling methods. 
However, the conclusion of Paper II contradicts this, reporting a larger mass 
of coarse fraction in fresh-stacked (78%) than in the dried-stacked (75%) 
logging residues (Table 4 and 5). As the quantities of needles in the logging 
residues examined in this study were very similar, regardless of handling 
method, the difference must have been due to the higher proportion of fines in 
the dried-stacked heaps. Although the results presented in Paper I and Paper II 
give partly conflicting indications of the cause of the differences within a 
single clear-felled area it can be concluded that differences in fuel quality 
between clear-felled areas often will be substantially greater. Another factor 
that may have affected the fraction composition is the sharpness of the blades 
in the chipper used to cut the material (Nati and Spinelli 2010, Grönlund and 
Eliasson 2013).This complicates comparison of proportions of fines that are 
comminuted with different machinery or at different times. 
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A possible explanation for the increase in proportion of fines during 
storage, especially in dried-stacked logging residues is that the summer 
drought and re-humidification that occurred in the harvester heaps at the clear-
felling area made the logging residues more brittle, resulting in more needles, 
bark and small branches breaking off during handling operations. The fresh-
stacked logging residues stored in large windrows retained more moisture over 
the whole storage period, and thus were less brittle. There are reasons to 
assume that the presence of this brittle material could be derived to drying 
below the fiber saturation point. The fiber saturation point varies largely for 
different types of wood and parts of the tree (Thörnqvist 1984a). However, the 
explanation is in that wood material starts to shrink when drying reaches the 
fiber saturation point, for stem-wood corresponding to a moisture content of 
about 20–25% on a green weight basis (Skaar 1972). If logging residues are 
allowed to become that dry (equal to fiber saturation point for the specific 
wood material), the wood material starts to shrink, resulting (inter alia) in 
cracks between the wood and bark. Shrinkage and swelling of the material 
thus likely produce even more brittle material. Even if the material is re-
wetted, movement during handling will cause the logging residues to fall 
apart, forming a fine fraction. Problematic shrinkage is a well-known 
phenomenon in wood drying, but is rarely mentioned in connection with 
quality of forest fuel.  

It has also been shown that comminuting frozen logging residues results in 
larger quantities of fine fraction (Liss 1991, Lehtikangas and Jirjis 1993). This 
may also have affected the results presented in Paper I, as the residues were all 
comminuted during the winter, but in varying temperatures. This study also 
raised the possibility that alternating high temperatures and heavy 
precipitation may accelerate needle loss, which seems plausible as shrinkage 
and swelling of the material could also affect defoliation. However, the result 
presented in Paper IV shows that twigs which is watered has the best 
precondition to keep the needles longest time.  

As the needles and fines seems to be a generally problematics for energy-
conversion companies, it would be interesting to try to separate out the fine 
fraction by sieving, as well as sieving out pieces that are too large. As noted 
by Eriksson et al. (2013), the fairly uniform size and shape of needles would 
facilitate sieving. Therefore, sieving could have a significantly greater effect 
on fuel quality than trying to leave the needles in the forest by storing the 
material for long time in small harvester heaps in an uncontrolled drying 
climate (which could cause extreme drying, formation of more brittle material, 
and thus more fines). In addition, a use must be found for the fine fraction 
after sieving. Is it possible to combust such material in specially designed 
boilers? Is it possible to mix it with ashes and return it to the forest? Can 
another product be made using the fine fraction? 

Knowledge of the large variations in needle content in newly-harvested 
logging residues will be important for evaluating various storage and handling 
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methods in terms of meeting requirements to leave needles at the clear-felling 
area. To make general assumptions about defoliation, therefore, not 
appropriate when the needle content of stored logging residues is compared 
with newly-harvested logging residues. In practice, logging residues delivered 
to the energy-conversion plant are often neither fresh-stacked nor dried-
stacked, but intermediate, due to the variations in routines for forwarding 
logging residues used by contractors and forest companies. 
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5.3 Reasons for needle fall-off 
Clearly, fresh logging residues with high moisture contents and high 
proportions of needles are not wanted by the energy-conversion companies, 
and their freshness is usually evaluated by visual assessment of their color. 
This raises an obvious question, is the color of the needles really a robust 
indicator of how well the material has been handled and stored in terms of 
drying and defoliation? 

Needle content is difficult to measure. However, the total quantity of 
needles reveals considerably more about the fuel quality than just their color 
(Paper IV), as the experimental study show there is a clear correlation between 
moisture content and defoliation (Figure 12). As long as the twigs are 
relatively fresh (with moisture content >40%) little defoliation occurs. 
Regardless of climate, it seems that the moisture content must decrease to 20–
30% before substantial numbers of needles start to release from the twigs. 
Thus, the moisture content is a more important variable for defoliation, while 
the storage time is of secondary importance. However, the time required for 
twigs to reach moisture contents that apparently cause defoliation depends on 
climatic factors and storage time. Needles dried in a climate-controlled 
chamber (Climate 1) lost their needles very quickly, after about 20–30 days, 
when most of the needles were loose. However, it is exclusively the twigs 
exposed to drying, interspersed with re-humidification (Climate 2) that clearly 
turns brown (Table 7), but retained their needles much longer. Twigs stored in 
low temperature (Climate 3) retained their needles roughly as long as those 
that received water (Climate 2), but retained their green color. 

The experimental study show that needles do not necessarily turn brown as 
logging residues dry out and lose their needles. The results also show that 
water plays an active role in losses of needles’ green color, but not the 
mechanisms involved. However, during storage in practice other factors also 
probably affect the needles, such as sunlight and microbial activity. These 
parameters were not studied, so it is not possible to deduce their effects on the 
color of needles. However, sunlight clearly does not reach the central parts of 
the windrows. Considering the needle color in both dry-stacked and fresh-
stacked logging residues from all seven clear-felled areas described in Papers I 
and II, it can be stated that the needles became brown during storage. If the 
color is regarded as an important quality parameter there are reasons to 
assume that if the total storage time is long enough the handling method does 
not appear to affect the likelihood of needles turning from green to brown 
naturally in a varied climate (drying interspersed with re-humidification). 
However, if the storage time is short but effective, the needles could fall off, 
but remaining needles retain a green color. 

Another factor that can influence needle color is the size of windrows, as 
central sections of large windrows may not be affected by rapid changes in 
temperature and humidity (Lehtikangas 1991, Jirjis 1995, Filbakk et al. 2011). 
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In the worst cases, attainment of a target needle color will require an 
unnecessarily long storage time, leading to production of poor quality fuel 
from logging residues, without leaving sufficient needles in the forest. The 
results presented in Paper II showed that even long storage does not 
necessarily lead to the needles falling to the ground as desired. It also becomes 
strange to imagine a delivery being rejected by the energy-conversion industry 
just because it contains green needles. In practice, it is reasonable to assume 
that a truck would, instead, offload the comminuted logging residues at a 
terminal where they would be left to rot, and consequently the needles would 
turn brown. The same material could then be redelivered, but be of poorer 
quality and lower energy content. 

Thus, needle color is not a good quality indicator of needle content because 
(for instance) logging residues exposed to extreme drought might have lost 
most of their needles, but the remaining ones might still be green. A very clear 
example of this is a Christmas tree (Norway spruce), that unfortunately, all too 
rapidly wilts. The needles on the dry Christmas tree are then very loose and 
easily fall off, but they are still green. Thus, dry conditions alone are clearly 
sufficient to enable needles to fall off easily, yet remain green, and needle 
color is unsatisfactory as a quality parameter. There is also reason to assume 
that a specific threshold moisture content (about 20–30%) may be required for 
effective defoliation. It would not be surprising if future research showed that 
this threshold coincides with the fiber saturation point (for twigs and/or 
needles), where all wood material starts to shrink, thereby causing tension in 
the material. 
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5.3 Reasons for needle fall-off 
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5.4 The impact of handling method on biomass 
losses 

When fuel quality is described, it only focuses on a specific mass of logging 
residues. The concept of quality is not as easy to understand before logging 
residues are comminuted. The fractional composition and moisture content of 
material in a loaded container describe some aspects of that particular load’s 
fuel quality, but not how much potential energy has been lost during handling 
and storage. If the forest is to contribute to a sustainable energy system, we 
have responsibility to exploit the material in a sustainable and efficient 
manner. Minimizing biomass losses, without compromising fuel quality, is 
therefore a major challenge. The differences in quality between fresh-stacked 
and dried-stacked logging residues described in Paper II were almost non-
existent, and their extraction levels were 56% and 52%, respectively. From an 
annual Swedish national perspective for all extracted logging residues, this 
small difference equates to more than 0.5 TWh, which would be sufficient in 
practice to provide heating and hot water for 25 000 single-family houses. 

The Swedish Forest Agency’s recommendations provide foundations for 
both describing the extraction of logging residues and designing processes for 
their extraction. All extraction of biomass from the forest results in removal of 
nutrients. Furthermore, results presented in Paper III showed that extraction of 
round-wood and logging residues results in removal of similar quantities of 
nutrients (Table 8). Thus, extracting logging residues will clearly have more 
impact (for nutrient balance and acidification) on forest land than only 
harvesting round-wood. From a general perspective, there is no reason to 
question that. However, it may be worth examining how various handling and 
storage methods affect the removal of nutrients. For example, use of general 
assumptions about quantities of needles in fresh logging residues carries risks 
of overestimating amounts of biomass left in the forest. 

However, results presented in Papers II and III showed that both fresh-
stacked and dried-stacked methods met the recommendation of the Swedish 
Forest Agency to leave 20% of the logging residues spread on clear-felled 
areas to promote biodiversity and prevent nutrient losses from the system. 
This is because approximately 30% of the total logging residues were found 
between the harvester heaps, and approximately 10–15% beneath the harvester 
heaps (Figure 14). The sensitivity analysis described in Paper III also showed 
that even if the mass of logging residues between the harvester heaps was 
halved this recommendation would still be fulfilled.  

The Swedish forest Agency also recommends that most of the needles 
should be left well spread over the clear-felled area, for the benefit of the 
nutritional status of the forest land. The forestry sector meets that 
recommendation by placing logging residues in small harvester heaps at clear-
felled area. These small heaps are then left over a number of summer months 
to dry, with the intention to allow the needles to fall to the ground. It has 
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previously been thought that the traditional dried-stacked method leaves more 
needles at the clear-felling area than the fresh-stacked method. However, 
results presented in Papers I and II showed that many of the needles will be 
removed when forwarding the logging residues (Figure 15). Although weather 
conditions during the experiment (Paper II) were favorable for needles to fall 
off, a substantial proportion reached the energy-conversion plant regardless of 
whether the material had been fresh-stacked or dried-stacked. The quantity of 
needles found between the harvester heaps was only marginally affected by 
the handling method used, but roughly half of the needles gathered into the 
heaps were delivered to the energy-conversion industries. It is also notable 
that of all the needles gathered with the logging residues into the harvester 
heaps (using dry-stacking), only about a third was found under the heaps, the 
rest could be found beneath the large windrows. This confirms that the 
attempts to shed the needles onto the clear-felling area using the dried-stacked 
method often do not have the desired effect. Instead, the remaining nutrients 
left at the clear-felled area were well-spread, but mainly left between the 
harvester heaps (Paper III), regardless of when forwarding was performed. 
Thus, the logging residues left between the harvester heaps are the most 
important consideration, but are dependent on the harvesting methods used, 
not on the extraction method. In fact, there is also a requirement for additional 
amounts of logging residues to be used as a road base to protect wet and 
sensitive parts of the clear-felled area from the ground damage caused by 
heavy forest machinery. This also contributes to additional amounts of 
biomass and associated nutrients left in the forest. 

There is a created truth in the forestry sector that “if the needles are left in 
the forest we are leaving enough nutrients” – this is a beautiful theory. 
However, it clearly conflicts with the following note in the Swedish Forest 
Agency’s recommendations: “with current handling methods, it is very rare 
that extraction of logging successfully leaves the needles well spread” (Anon. 
2008; p. 9). A previous version of the recommendations (Anon. 2001) also 
included discussion about a new machine system that would improve the 
distribution of needles. This cannot be interpreted in any other way than the 
responsible agency did not approve of the most common handling method. 
The results presented here confirm that its misgivings were well-founded, 
because it seems very difficult to leave the needles well spread in the forest. 
This should also be arguments that strengthen implementation of the findings 
by Björheden (1997) that new technologies are required to improve the 
efficiency of extracting logging residues. 

Moreover, it is not uncommon to see windrows of green (fresh-stacked) 
logging residues along the road when driving through southern Sweden. In 
terms of the notion that fresh-stacking leads to bad fuel quality, it should be 
difficult to have these windrows accepted by the energy-conversion industries. 
Yet this common phenomenon clearly implies that energy-conversion 
industries do not object to the quality they provide. Is this possibly evidence 



68 

5.4 The impact of handling method on biomass 
losses 

When fuel quality is described, it only focuses on a specific mass of logging 
residues. The concept of quality is not as easy to understand before logging 
residues are comminuted. The fractional composition and moisture content of 
material in a loaded container describe some aspects of that particular load’s 
fuel quality, but not how much potential energy has been lost during handling 
and storage. If the forest is to contribute to a sustainable energy system, we 
have responsibility to exploit the material in a sustainable and efficient 
manner. Minimizing biomass losses, without compromising fuel quality, is 
therefore a major challenge. The differences in quality between fresh-stacked 
and dried-stacked logging residues described in Paper II were almost non-
existent, and their extraction levels were 56% and 52%, respectively. From an 
annual Swedish national perspective for all extracted logging residues, this 
small difference equates to more than 0.5 TWh, which would be sufficient in 
practice to provide heating and hot water for 25 000 single-family houses. 

The Swedish Forest Agency’s recommendations provide foundations for 
both describing the extraction of logging residues and designing processes for 
their extraction. All extraction of biomass from the forest results in removal of 
nutrients. Furthermore, results presented in Paper III showed that extraction of 
round-wood and logging residues results in removal of similar quantities of 
nutrients (Table 8). Thus, extracting logging residues will clearly have more 
impact (for nutrient balance and acidification) on forest land than only 
harvesting round-wood. From a general perspective, there is no reason to 
question that. However, it may be worth examining how various handling and 
storage methods affect the removal of nutrients. For example, use of general 
assumptions about quantities of needles in fresh logging residues carries risks 
of overestimating amounts of biomass left in the forest. 

However, results presented in Papers II and III showed that both fresh-
stacked and dried-stacked methods met the recommendation of the Swedish 
Forest Agency to leave 20% of the logging residues spread on clear-felled 
areas to promote biodiversity and prevent nutrient losses from the system. 
This is because approximately 30% of the total logging residues were found 
between the harvester heaps, and approximately 10–15% beneath the harvester 
heaps (Figure 14). The sensitivity analysis described in Paper III also showed 
that even if the mass of logging residues between the harvester heaps was 
halved this recommendation would still be fulfilled.  

The Swedish forest Agency also recommends that most of the needles 
should be left well spread over the clear-felled area, for the benefit of the 
nutritional status of the forest land. The forestry sector meets that 
recommendation by placing logging residues in small harvester heaps at clear-
felled area. These small heaps are then left over a number of summer months 
to dry, with the intention to allow the needles to fall to the ground. It has 

69 

previously been thought that the traditional dried-stacked method leaves more 
needles at the clear-felling area than the fresh-stacked method. However, 
results presented in Papers I and II showed that many of the needles will be 
removed when forwarding the logging residues (Figure 15). Although weather 
conditions during the experiment (Paper II) were favorable for needles to fall 
off, a substantial proportion reached the energy-conversion plant regardless of 
whether the material had been fresh-stacked or dried-stacked. The quantity of 
needles found between the harvester heaps was only marginally affected by 
the handling method used, but roughly half of the needles gathered into the 
heaps were delivered to the energy-conversion industries. It is also notable 
that of all the needles gathered with the logging residues into the harvester 
heaps (using dry-stacking), only about a third was found under the heaps, the 
rest could be found beneath the large windrows. This confirms that the 
attempts to shed the needles onto the clear-felling area using the dried-stacked 
method often do not have the desired effect. Instead, the remaining nutrients 
left at the clear-felled area were well-spread, but mainly left between the 
harvester heaps (Paper III), regardless of when forwarding was performed. 
Thus, the logging residues left between the harvester heaps are the most 
important consideration, but are dependent on the harvesting methods used, 
not on the extraction method. In fact, there is also a requirement for additional 
amounts of logging residues to be used as a road base to protect wet and 
sensitive parts of the clear-felled area from the ground damage caused by 
heavy forest machinery. This also contributes to additional amounts of 
biomass and associated nutrients left in the forest. 

There is a created truth in the forestry sector that “if the needles are left in 
the forest we are leaving enough nutrients” – this is a beautiful theory. 
However, it clearly conflicts with the following note in the Swedish Forest 
Agency’s recommendations: “with current handling methods, it is very rare 
that extraction of logging successfully leaves the needles well spread” (Anon. 
2008; p. 9). A previous version of the recommendations (Anon. 2001) also 
included discussion about a new machine system that would improve the 
distribution of needles. This cannot be interpreted in any other way than the 
responsible agency did not approve of the most common handling method. 
The results presented here confirm that its misgivings were well-founded, 
because it seems very difficult to leave the needles well spread in the forest. 
This should also be arguments that strengthen implementation of the findings 
by Björheden (1997) that new technologies are required to improve the 
efficiency of extracting logging residues. 

Moreover, it is not uncommon to see windrows of green (fresh-stacked) 
logging residues along the road when driving through southern Sweden. In 
terms of the notion that fresh-stacking leads to bad fuel quality, it should be 
difficult to have these windrows accepted by the energy-conversion industries. 
Yet this common phenomenon clearly implies that energy-conversion 
industries do not object to the quality they provide. Is this possibly evidence 



70 

that fresh-stacked logging residues are good enough as forest fuel? Or does it 
show that forestry pushes the quality limits of acceptable forest fuel?  

As it is difficult to leave the needles well spread over clear-felled areas, 
would it not be better to actively focus on something that could be done to 
ensure sustainable use of the forest? Ash recycling is one possibility, while 
another could be to compensate for nutrient removal by actively leaving larger 
quantities of logging residues between the harvester heaps. What quantity of 
logging residues do we need to leave to compensate for the loss of nitrogen in 
the removed needles?  

Imagine, for example, a clear-felled area with 50 tons total dry mass of 
logging residues. As a starting point, 20% of the logging residues should be 
left at the clear-felled area, in strict accordance with the Swedish Forest 
Agency recommendations. Thus, 40 tons will be extracted, and let us further 
assume that needles account for 20% of this amount. The recommendations 
say that most of the needles should be left behind (we also assume that “most 
of” means 75%, even if some needles have been left between the heaps). This 
means that 6 tons of needles should remain at the clear-felled area according 
to the recommendations. Using the estimated nitrogen concentrations 
described in Paper II, 6 tons of needles contain about 70 kg of nitrogen. Since 
needles have higher proportions of nitrogen than the other components in the 
logging residues, this means that more logging residues must be left to 
compensate for the removal of needles. Calculations show that we need to 
leave an additional 25% approximately of the logging residues to compensate 
for the removal of nitrogen with the needles. In total, this means that about 
45% of the total amount of logging residues should be left. If we focus solely 
on the amount of nitrogen left behind, this means that, in practice, fresh-
stacking of logging residues (Paper II), without specifically leaving needles, 
meets the Swedish Forest Agency recommendations. By leaving other 
fractions, we can also boost amounts of other tree parts that the 
recommendations mention as being beneficial for biodiversity (and food for 
wildlife), for example coarse wood or rare tree species. 

However, leaving more material between the heaps can also hinder 
replanting. Replanting without hinder are since ancients one of the key 
motives for extracting logging residues. In addition, in countries with high 
risks of wildfires in the forest, leaving logging residues behind has been 
identified as a problem as it increases the amount of combustible materials on 
the ground (Evans and Finkral 2009, Kizha and Han 2016). 

The most important finding described in Paper III is that there are no 
substantial differences between the fresh-stacked and dried-stacked methods 
in terms of amounts of nutrients left at the clear-felled area. Roughly half of 
the nutrients in the logging residues are left behind at the clear-felled area, 
regardless of which stacking method is used. The sensitivity analysis also 
showed that if the dried-stacked method left additional needles at the clear-
felled area, this would only have a minor impact on the total amount of 
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nutrients remaining at the clear-felled area. The decisive factor is instead the 
amount of logging residues left well-spread between the harvester heaps. The 
finding that the traditional handling method with storage in small harvester 
heaps (dry-stacking) does not affect the spread of needles was confirmed by 
the results of Paper II, which showed that the small heaps, where needles are 
expected to fall, covered just 7–8% of the total clear-felled area. The needles 
and, thus, the remaining nutrients are consequently concentrated on a small 
part of the clear-felled area. A better spread of nutrients might be partly 
achieved through site preparation for the next generation forest, when a soil 
scarifier moves around the top layer of soil to improve growing conditions for 
the new plants. However, Hellsten et al. (2008) conclude that sustainable long-
term utilization of logging residues requires measures to compensate for 
removed nutrients, regardless of whether or not the needles are removed. In 
addition, the studies of biomass losses reported in Papers II and III were 
restricted to a single location and repetitions would have been useful to 
enhance the results. 
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6 Conclusions 

The results indicate that a normal extraction of logging residues will always 
leave at least 20% of logging residues at clear-felled areas, in accordance with 
the Swedish Forest Agency recommendations. The recommendations also 
state that most of the needles should be left at the clear-felled area to avoid 
needs for nutrient compensation. The aim of the traditional dried-stacked 
method (to leave the needles) is therefore sound, but the comparison with the 
fresh-stacked method reported here raises doubts about whether it fulfills its 
purpose. It is easy to become caught up in questioning the “new” fresh-stacked 
method when the intention is to avoid depleting nutrient levels of the forest. 
One can also turn the argument around and say that, in practice, the dried-
stacked method is not much better than the fresh-stacked one. In any case, the 
investment in attempting to leave the needles in the forest rarely results in the 
desired effect. The logging residues remaining between the harvester heaps 
during felling seem to be much more important. Thus, the harvesting operation 
is more important for nutrients left behind in the forest than the extraction 
method. However, preferably let logging residues to dry in small harvester 
heaps, but it is time to stop believing this will leave most of the needles at the 
clear-felled area. The forestry sector should, instead, accept that extracting 
logging residues and round-wood affects forest land, and that nutrient losses 
should be compensated for, if and when the soil requires it.  

There is no reason to doubt that the energy-conversion industries demand 
and prefer logging residues that contain as much coarse material as possible. 
Fine fractions, especially needles, are not wanted because they cause problems 
during combustion. The results show a difference in quality between handling 
methods, but the difference is so small that other factors probably have greater 
effects. Traditional dried-stacked logging residues from one clear-felling area 
are, in reality, often very similar to fresh-stacked logging residues from 
another clear-felling area. However, the results indicate that the forwarding 
time is not the most crucial factor for the fuel quality of delivered logging 
residues. The distribution of tree species, size of harvester heaps and the 
absolute amounts of needles in the fresh stand seem to be more important for 



72 

  

73 

6 Conclusions 

The results indicate that a normal extraction of logging residues will always 
leave at least 20% of logging residues at clear-felled areas, in accordance with 
the Swedish Forest Agency recommendations. The recommendations also 
state that most of the needles should be left at the clear-felled area to avoid 
needs for nutrient compensation. The aim of the traditional dried-stacked 
method (to leave the needles) is therefore sound, but the comparison with the 
fresh-stacked method reported here raises doubts about whether it fulfills its 
purpose. It is easy to become caught up in questioning the “new” fresh-stacked 
method when the intention is to avoid depleting nutrient levels of the forest. 
One can also turn the argument around and say that, in practice, the dried-
stacked method is not much better than the fresh-stacked one. In any case, the 
investment in attempting to leave the needles in the forest rarely results in the 
desired effect. The logging residues remaining between the harvester heaps 
during felling seem to be much more important. Thus, the harvesting operation 
is more important for nutrients left behind in the forest than the extraction 
method. However, preferably let logging residues to dry in small harvester 
heaps, but it is time to stop believing this will leave most of the needles at the 
clear-felled area. The forestry sector should, instead, accept that extracting 
logging residues and round-wood affects forest land, and that nutrient losses 
should be compensated for, if and when the soil requires it.  

There is no reason to doubt that the energy-conversion industries demand 
and prefer logging residues that contain as much coarse material as possible. 
Fine fractions, especially needles, are not wanted because they cause problems 
during combustion. The results show a difference in quality between handling 
methods, but the difference is so small that other factors probably have greater 
effects. Traditional dried-stacked logging residues from one clear-felling area 
are, in reality, often very similar to fresh-stacked logging residues from 
another clear-felling area. However, the results indicate that the forwarding 
time is not the most crucial factor for the fuel quality of delivered logging 
residues. The distribution of tree species, size of harvester heaps and the 
absolute amounts of needles in the fresh stand seem to be more important for 



74 

the final product than the handling method. A general conclusion is that 
logging residues from a typical stand in southern Sweden, stored over 
summer, will provide sufficiently dry forest fuel (sometimes too dry) with a 
needle content of about 5–10% of the logging residues’ total dry mass, 
regardless of the stacking method. 

Logging residues are stored partly to meet variations in demand for the fuel 
over the year, but in some cases the storage time is also prolonged to ensure 
sufficient drying, manifested by needles turning brown and preferably falling 
off the branches before forwarding. However, presented results show that 
needle color is an unsatisfactory quality parameter because needles may fall 
off during drying when they are green, or remain attached to coarser material 
after they have turned brown. Thus, our quest for a straightforward indicator 
of fuel quality may have promoted excessive handling and storage, which in 
the worst cases may lead to perfectly usable fuel from logging residues being 
wasted and create unnecessary costs. For example, exposing logging residues 
to extreme drying conditions might increase the defoliation, but may also 
create more brittle material and thus increase total amounts of fines. 
Unnecessarily long total storage times also increase risks of biomass loss and 
overall reductions in fuel quality through decomposition when the intention is, 
contrarily, to improve quality by leaving the needles. 

However, there is reason to investigate whether, from the energy-
conversion industries’ perspective, there is an acceptable level of needle 
content, or if the optimum is always to strive for an almost needle-free fuel. 
Simply to say that logging residues should be defoliated is much too vague, 
because it sets no specific requirements for acceptable needle content. If 
current levels of needle content are considered too high, much more must be 
done. A first step is to identify a robust and fair way to determine the needle 
content, because as long as certain predefined needle content is deemed 
acceptable, logging residues will always contain needles up to that level. If 
there is a demand for a very low and stable proportion of needles, probably the 
only remaining solution is to sieve out the needles and other fines. Sieving 
obviously costs money, but so does meeting specific requirements for 
handling and storage in the forest, even if these costs and their consequences 
are not obvious. If the best payment would be given for logging residues with 
the characteristics that is most desirable would give incentives to delivery 
precisely those qualities. 

Acceptance of the fresh-stacked method should open opportunities to 
introduce new technologies, improve the efficiency of machinery uses over the 
year, reduce costs and, shorter lead times, and increase extraction of logging 
residues from each clear-felled area. This is mainly because it would be 
possible to extract logging residues whenever it suits organizations from a 
logistical, financial and/or forestry perspective. Sweden’s forests have thereby 
a great potential to contribute to a future sustainable society by delivering 
more bioenergy from logging residues. 
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7 Implications and recommendations 

The following implications and recommendations constitute the author's own 
interpretation based on what the results indicate. Clearly, since more 
repetitions would be desirable, and more parameters could be studied, these 
interpretations could be changed by further research and investigations. 

 
 The harvesting operation has stronger effects than the extraction 

method on amounts of logging residues (and thus also nutrients) 
being left at clear-felled areas.  

 Stop use the “attempt” to leave needles on clear-felled areas as an 
excuse to avoid returning ashes for nutrient compensation. Instead 
accept the fact that extraction of round-wood and logging residues 
affects forest land. 

 General assumptions about quantities of needles in fresh logging 
residues should be avoided, as wrong assumptions affect both nutrient 
balances in the forest and expected needle contents in the delivered 
fuel. 

 There is a clear correlation between low moisture content (down to 
about 20–30%) and effective loss of needles from twigs, but extreme 
summer drying requires caution, as it could also lead to more brittle 
material with risks of increasing proportions of fines. 

 Brown needles alone do not provide sufficient evidence that the 
needle content of logging residues has been substantially reduced, and 
green needles do not provide conclusive evidence that needle contents 
are high, because dried but still green needles may fall off twigs. 

 Forwarding times of logging residues should be more flexible, and 
governed by optimal permutations of logistical, financial and/or 
forestry factors from the perspective of the forestry organization and 
forest owner involved.  

 Energy-conversion industries need to identify (and highlight) 
acceptable levels of needles and fines, and/or sieve out the fine 
fractions if a more homogeneous and coarse fraction is required. 
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8 Future research 

Despite the reported advances, much research remains to be done to realize the 
potential use of logging residues. There are ongoing efforts for improving 
product characteristics classification and methods for measuring quality of 
forest fuel. However, if this should be useful it must also be known how 
characteristics are influenced by the operational methods during handling and 
storage. A vision would be to develop a system for predicting moisture 
contents and fuel quality based on various predefined factors. Correctly used, 
such a (computer-based) system could be used to certify the fuel and thus 
replace the diverse and difficult current procedures for assessing the quality of 
the fuel. For sustainable extraction of logging residues, it is also important to 
continue to investigate effects of their storage and handling on nutrient 
removal. Finally, remembering that the ultimate objective is to enable more 
profitable and sustainable utilization of logging residues, there are needs to:  
 

 Investigate how climatic conditions together with time of operations 
(felling, forwarding and comminution) and other factors affect 
moisture content and fraction composition. 

 Clarify how the moisture content of fresh logging residues varies over 
the year and how drying is affected by climatic conditions in order to 
optimize storage times.  

 Identify characteristics of growing stands (with different 
productivities and thinning histories) that cause high needle contents 
in logging residues.  

 Investigate if drying of logging residues below the fiber saturation 
point affects both defoliation and decay into fines. 

 Analyze the changes in nutrient contents during storage of logging 
residues. 

 Identify ways to utilize fine fractions (including needles) if sieved out 
from comminuted logging residues in order to create a coarser and 
more homogenous forest fuel. 

 Explore new uses (in addition to energy conversion) of virgin fibers 
from logging residues. 
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