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Abstract 

Cascading use of biomass is a recognized strategy contributing to the development of the 
bioeconomy and for mitigating climate change. This study aims at assessing the potential of 
cascading use of woody biomass for reducing GHG (greenhouse gas) emissions and increasing 
the overall wood flow efficiency in the European Union’s forest and bioeconomy sectors. A 
scenario and life cycle approach was followed to quantify the potential benefits of cascading 
use of woody biomass. We started from a reference scenario in which (post-consumer) waste 
wood and paper are re-utilized for energy only (S0). Then we compared the reference scenario 
with two alternative scenarios, the current waste wood and paper recycling practices (S1) and 
the technical potential to increase recycling of waste wood and paper flows (S2). Following a 
supply chain perspective, different stages of production were analysed, including forgone 
fossil-fuels substitution, optimization at manufacturing level and forest regrowth. Through 
cascading use, the wood use efficiency ratio (cascade factor) in the European wood sector 
would be increased by 23% (S0 vs S1) and 31% (S0 vs S2) and GHG emissions (cradle-to-gate 
energy use) would be reduced by 42% (28 MtCO2-eq/year) and 52% (35 MtCO2-eq/year) in 
scenarios S1 and S2, respectively. However, increased product cascading is counter effected in 
the short term by reduced savings in the energy sector by 49% and 48% (-43 and -42 MtCO2-
eq/year) in scenarios S1 and S2. This explorative study highlights the potential of cascading use 
of woody biomass in the wood production chains to contribute to a reduction of environmental 
impacts related to wood resource and energy use, but it also reveals trade-offs in terms of GHG 
emissions reduction, relevant especially in meeting short-term (2020-2030) renewable energy 
targets.  

Key words: cascading use; woody biomass; forest bioenergy; wood use efficiency; GHG 
emissions reduction; bioeconomy 

 

 

 

 

 

 

 

 

 

 

 

 



 

1. Introduction 
In recent years, energy from renewable sources has regained importance, due to concerns on 
aggravating human-induced climate change, mainly caused by the combustion of fossil fuels. 
The consumption of wood fuels (or forest bioenergy) increased significantly especially in 
Europe in the past years (Bais et al., 2015; Heinimö and Junginger, 2009), and this trend is 
expected to increase further in the next decades. A major driver is the new target for renewable 
energy (at least 27%) and a 30% GHG emissions reduction compared to 1990 level set by the 
EU for 2030 (European Commission, 2015). Wood and also agricultural biomass for energy 
play a significant role in the National Renewable Energy Action Plans (NREAPs) of the EU 
Member States and their future strategies to expand the use of bioenergy (Scarlat et al., 2015; 
Proskurina et al., 2016; European Commission, 2013) as well as in meeting Paris agreement on 
1.5º C limit and Sustainable Development goals (Müller et al., 2015).  

Woody biomass is also increasingly used as feedstock for biomaterials due to the growing 
interest in what is sometimes referred as “bioeconomy”, an economy in which biomass 
displaces petroleum and other conventional materials (Keegan et al., 2013). Bioeconomy is 
seen as a key mechanism to shift towards a low carbon economy because products made from 
biomass are typically considered to have lower environmental impacts with regard to GHG 
emissions than equivalent products made out of non-renewable sources (Petersen and Solberg, 
2005). However, there are a number of unwanted environmental effects related to the 
bioeconomy transition. For instance, the bioeconomy will increase the demand of biomass in 
general, and competition for scarce wood resources (Hagemann et al. 2016) and trade-offs 
might occur. Thus, increased demand for forest bioenergy – in line with the growing interest in 
national bioeconomy strategies – might lead to increased pressures on wood resources and 
forest ecosystems. Wood harvest is associated with removal of standing trees from vulnerable 
forest ecosystems which can lead to disturbances of biogeochemical cycles (Schulze et al., 
2012; Haberl and Geissler, 2000). Moreover, the increasing intensification of harvesting for 
industrial processes to support the bioeconomy may threaten other ecosystem services such as 
carbon storage, fresh water resourcing and nutrient reservoirs (Laudon et al., 2011).  

Therefore, it is important to find ways to monitor bioeconomy activities and their related 
environmental impacts. In this context, increasing the efficiency of wood biomass conversions 
along the life cycle of wood products has a high potential to alleviate this increased pressure. A 
more efficient use of woody biomass can be realised by cascading use, i.e. the use of woody 
biomass first for higher-added value products, encouraging material recycling afterwards (i.e. 
increasing wood waste material input) and using discarded wood products for energy recovery 
at their end-of-life (Dornburg and Faaij, 2005). Following the waste hierarchy (European 
Commission 2008), fresh wood fibres could have a cascaded use via a prioritized order: durable 
wood product manufacturing, extending service life times, re-use, recycling, bioenergy and 
disposal (Sikkema et al., 2016; European Commission, 2013).  

“The principle of cascading use of biomass originates from the forestry sector and has been 
proposed to maximize resource use efficiency and GHG emissions reduction”, as discussed by 
Keegan et al. (2013). The role of cascading use of wood biomass in a future bioeconomy is 
increasingly being highlighted in current European discussions, for instance, the Circular 
Economy (European Commission, 2014) and the European Union Forest Strategy (European 
Commission, 2013). In some EU member States, there have been efforts to incorporate the 
cascading concept into national regulation, for instance, it has been included in the (voluntary) 
sustainability criteria for solid biomass used for bioenergy production in the Netherlands, 



 

Belgium and Hungary (Brinkmann, 2013; Richter, 2016), and it has also been brought up in the 
German forest strategy 2020 (Federal Ministry of Food, Agriculture and Consumer Protection, 
2011).  Also, the use of (woody) biomass for energy (including feedstock for production of 
wood pellets) should be evaluated for its merits versus any other raw material use (OVAM 
2015; Richter, 2016).  Raw material uses are, for example, the use of wood for the production 
of wood based panels, wood pulp or new products within the bioeconomy. 

Cascading use of wood is well implemented in Europe’s paper industry (CEPI, 2014), because 
paper products have already been using largely recyclable and reusable materials. Only a small 
fraction of paper products (20-22%) cannot be recycled or recovered directly (e.g. cigarettes 
paper, sanitary paper, archived printed materials, etc.; CEPI, 2014). The use of recycled paper 
in paper production increased significantly during the past decade (CEPI, 2015). On the other 
hand, cascading use of wood has not yet been widely implemented in Europe. For example, in 
the construction sectors, most European post-consumer wood waste (e.g. construction and 
demolition wood) is combusted or disposed of in landfill (Mantau, 2012; Alakangas et al., 2015; 
Erlandsson and Sundquist, 2014). The use of post-consumer wood waste in particleboard is one 
of the few practices for recycling post-consumer wood (EPF, 2010). A number of European 
countries have already been utilizing post-consumer wood waste for particleboard production. 
The share of recovered (post-consumer) wood in an average particleboard is ranging from 1% 
in Estonia to 95% in Italy (Vis et al., 2016; Weimar et al., 2015). In other European countries 
like Switzerland and Sweden, the material use of post-consumer wood in particleboard on 
industrial scales has been insignificant (Vis et al., 2016). The production  processes of other 
wood panels such as medium density fibreboard (MDF) and Oriented Strand Board (OSB) have 
not been utilizing recovered (post-consumer) wood, mainly due to minor cost benefits, for 
reasons of product image (Höglmeier et al., 2016) and technical challenges (Vis et al., 2016).  

While cascading use has been proposed for improving the resource efficiency of biomass 
systems and GHG emissions reduction efficiencies via replacing fossil fuels,  few studies exist 
that assessed integrated wood biomass material and energy systems in their overall efficiency 
with respect to resource and energy use (Dornburg and Faaij, 2005; Sikkema et al., 2013). The 
CO2 emissions reduction of poplar wood cascading has been assessed by Dornburg and Faaij 
(2005). However, transportation of biomass materials, as well as the collection of waste 
materials were not considered in their study. Wood flows in Europe have mainly been analysed 
from resource use perspectives (Mantau, 2012) and few studies have investigated the GHG 
emissions reduction potential of recycled material utilization of the paper and particleboard 
sector. So far, studies have focused only on gate-to-gate life cycle analysis of manufactories 
(Saravia-Cortez et al., 2013; Laurijssen et al., 2010; Merrild and Christensen, 2009). The 
recycling efficiency within re-manufactories as well as the forest carbon sequestration potential 
have not yet been addressed. The latter is particularly important as increased cascading use of 
wood could theoretically reduce harvest pressures of forested ecosystems. Consequently forest 
biomass carbon stocks remain intact. The bioeconomy is expected to give a boost to extending 
high-value biomass uses in the coming decades, and fostering cascading use of woody biomass.  

This study aims at comprehensively assessing the potential of cascading use of woody biomass 
for reducing GHG emissions and increasing overall wood flow (or wood use) efficiency in 
Europe’s forest and bioeconomy sectors from the harvesting stage until end-of-life of a wood 
or paper product. Social impacts and a cost-benefit analysis are outside the scope of our 
inventory. We focus on 28 Member States of the European Union and employ a scenario and 
life cycle approach to quantify the effects of fostered cascading use in wood processing chains 



 

in terms of input-output efficiency and GHG emissions reduction. The focus is on the following 
aspects: virgin wood material input substitution in the wood sector (i.e. paper and particleboard 
industries), fossil fuel substitution in the energy sector, and prevention of post-consumer wood 
wastes from landfill disposal. At the end, the GHG effects of maximizing product cascading 
and the wood use efficiency from forest harvest until the product end-of-life are discussed.  

2. Materials and methods 
In this study, the potential benefits of cascading use of wood biomass in the wood sector in 
terms of GHG emissions reduction and wood use efficiency gain has been assessed by applying 
Life Cycle Assessment (LCA) and Material- and Energy Flow Accounting (MEFA). The 
analysis are built on a conceptual framework shown in Figure 1, combining a single or short 
wood utilization chain with multi-stage or long wood utilization chains (Essel et al. 2014). The 
wood utilization chains either consider post-consumer wood flows (e.g. construction and 
demolition wood) or post-consumer waste paper recycling.  

2.1. Description of the scenarios under study 
In this study, the global wood C flows approach, as developed by Bais et al. (2015), has been 
used. For this approach, we take wood flow data for all 28 EU Member States (EU-28) into 
account. In our most theoretical reference scenario (S0), we did not assume recycling of paper 
waste and waste wood flows for manufacturing new products. The particleboard and different 
paper grades are produced from 100% virgin fibre and the recovered post-consumer fibres 
directly combusted for energy generation (Table 1). In a next step, we defined two scenarios 
of wood cascading use: (S1) state-of-the-art waste wood and paper recycling, and (S2) 
optimized future product cascading through maximum recovery and re-utilization of (post-
consumer) waste wood and paper (Table 1). S1 is based on the actual wood flows data for EU-
28 (Bais et al., 2015); the collection rate (i.e. the amount of waste wood and paper collected in 
a country divided by the product consumption in a country; CEPI, 2015) and re-utilization rate 
(i.e. the amount of waste wood and paper used in a production process divided by the total 
production of paper and particleboard; CEPI, 2015) are taken from CEPI (2015) and Mantau 
(2012) (Table A.1). In S2, the potential benefits of cascading use of woody biomass was 
assumed to maximize by optimizing the current cascading wood use via an integration of an 
intensified mobilization of post-consumer wood resources (i.e. increased collection and re-
utilization rates) and zero waste (or prevention of landfill disposal) strategy. 

S0 follows a short wood utilization chain (or single-stage use) where the discarded wood 
products (e.g. lumber and paper) are directly combusted for energy generation (Figure 1a). S1 
and S2 follow a long wood utilization chain (or multi-stage use) where the wood products are 
used at least once, but usually more often, as a material (e.g particleboard and paper) before 
utilizing it for energy purposes (Figure 1b).  

The assessment is mainly focused on particleboard and different paper grades such as 
newsprint, sanitary paper and packaging paperboard (e.g. corrugated board, grey board and 
folding boxboard) because these products can be produced from both virgin and recovered 
fibres. We assumed the same volume of wood and paper production in all scenarios. The share 
of recovered fibre in total paper and particleboard production is presented in Table A.1 

 

 



 

Table 1. Description of scenarios and related industries assessed in this study. 
Scenario Description 

Post-consumer wood pathways Post-consumer paper pathways* 
Wood sector  
(Particleboard 
industry) 

Energy sector 
(combustion 
for energy 
generation) 

Waste 
sector 
(landfill 
disposal)  

Wood sector 
(Paper industry) 

Energy sector 
(combustion 
for energy 
generation) 

Waste 
sector 
(landfill 
disposal) 

S0. No product 
cascading 
(direct 
incineration of 
recovered paper 
and wood) 

0% collection rate 
with 0% re-
utilization rate; 
100% utilization 
of virgin wood 

70% (8.5 
MtC/year) of 
the potential 
post-consumer 
wood waste 

30% (3.5 
MtC/year) 
of the 
potential 
post-
consumer 
wood waste 

0% collection 
rate with 0% re-
utilization rate; 
100% utilization 
of virgin wood 

All recovered 
post-consumer 
paper waste 
(76%; (38 
MtC/year) go 
to energy 

12% (6 
MtC/year) of 
the potential 
post-
consumer 
paper waste 

S1. State of the 
art  wood and 
paper recycling 

30%(1) (3.5 
MtC/year) of the 
post-consumer 
wood with a re-
utilization rate of 
27% recovered 
fibres and the 
remaining 73% 
consists of virgin 
fibres based on 
100% fibre 
fraction  

40%(1) (5 
MtC/year) of 
the potential 
post-consumer 
wood waste 

30%(1) (3.5 
MtC/year) 
of the 
potential 
post-
consumer 
wood waste 

66% (33 
MtC/year) of the 
potential post-
consumer paper 
with a re-
utilization rate of 
51%(2) and the 
remaining 49% 
consists of virgin 
fibres  

10% (5 
MtC/year) of 
the potential 
post-consumer 
paper waste  

12%(1) (6 
MtC/year) of 
the potential 
post-
consumer 
paper waste 

S2. Optimized 
future product 
cascading 
(maximized 
product 
recovery and 
zero-waste 
strategy) 

45%(3) (5.4 
MtC/year) of the 
potential post-
consumer wood 
with re-utilization 
rate of 41% 
recovered fibres 
and the remaining 
59% consists of 
virgin fibres based 
on 100% fibre 
fraction 

55% (6.6 
MtC/year) of 
the potential 
post-consumer 
wood waste  

0% of the 
potential 
post-
consumer 
wood waste 

78%(4) (39 
MtC/year) of the 
potential post-
consumer paper 
with re-
utilization of 
61% recovered 
fibre and the 
remaining 39% 
consists of virgin 
fibre  

10% (5 
MtC/year) of 
the potential 
post-consumer 
paper waste 

0% of the 
potential 
post-
consumer 
paper waste 

* including 12% (6 MtC) export, assuming net trade remains the same in all scenarios; (1)  Mantau (2012); (2) re-utilization rate in 2010 taken from CEPI (2015); (3) 

The technically maximum recovery of wood waste from deconstruction suitable for particleboard production is 45% which belongs to wood wastes’ class AI (i.e. 
untreated wood) and class AII (i.e. glued or painted wood without halogen organic compound or preservatives) that could be used for material use without prior 
processing,  according to Höglmeier et al. (2013); (4) About 6 MtC/year of post-consumer paper waste is assumed to be diverted from landfill disposal to paper 
industry.  

 

 

 

 

 

 

 

 

 

 

Figure 1. The following cascading use stages (or wood utilization chains) are applied: (a) single-
stage use (or short wood utilization chain), direct incineration of discarded wood products for 
energy generation; (b) multi-stage use (or long wood utilization chain), product recycling of 
discarded wood products before utilizing it for energy generation.  

 



 

2.2. System boundaries and functional unit 
Both cradle-to-gate and cradle-to-grave models were developed to enable a more 
comprehensive assessment of the GHG impacts of cascading use of wood. The cradle-to-gate 
model includes the roundwood (i.e. sawlogs and pulpwood logs) production and extraction (i.e. 
forest operations), the sawmill process, the post-consumer wastes recovery process, pulp and 
particleboard manufacturing processes and transport (Figure 2). In contrast, the cradle-to-grave 
model includes post-consumer wastes collection and transport and two end-of-life (EoL) 
pathways: incineration with energy recovery and landfill disposal (Figure 2).  

To assess the cradle-to-gate GHG emissions reduction, we compared the particleboard and 
wood pulp production processes using virgin fibre material (i.e. wood which had no chemical 
treatments or finishes applied, e.g. industrial roundwood and sawmill co-products) with 
recovered fibre material (i.e. post-consumer wood and paper) (Figure 2). The moisture content 
of recovered and virgin fibres can vary extensively (Merrild and Christensen, 2009; Sathre and 
Gustavsson, 2006). The moisture content of recovered and virgin fibres is here assumed to be 
15-25% (average 20% used in this study) and 40-60% (average 50% used in this study), 
respectively. Recovered post-consumer wood mainly comprises demolition and construction 
wood and wood packaging materials. Recovered post-consumer paper includes used paper of 
different grades (e.g. writing paper, newsprint, packaging, etc. from residential, industrial and 
commercial activities). We limited our inventory of GHG emissions in the manufacturing 
processes up to the point of wood drying (for particleboard production) and pulping (for wood 
pulp production). We assume the succeeding processes in the paper and particleboard 
manufacturing to be the same (with regards to processing energy use) whether the fibres are 
recovered or virgin.  

The components added in the cradle-to-grave assessment include GHG emissions savings from 
fossil fuel substitution (i.e. electricity EU mix from the grid) and from prevention of landfill 
disposal (see section 2.3.5 for details).   

The functional unit used during the assessment is presented in Table A.2 (in the Appendix). 
This functional unit has been converted to tCO2-eq/year by multiplying the amount of wood 
material (i.e. waste wood and virgin wood) consumed (in tonnes, wet weight) per product (i.e. 
particleboard, paper) or energy (i.e. electricity) to estimate the total annual GHG emissions 
reduction in the wood-, energy-, and waste sectors.   

2.3. Life cycle stages & data elaboration 
LC stages included in this study are roundwood production and harvest (including forest 
operations), sawnwood production process, collection and recovery processes of post-consumer 
wood and paper, manufacturing process of paper and particleboard, transport and end-of-life 
alternatives. The amount of greenhouse gases (i.e. CO2, CH4 and N2O) released for a specific 
process in the LC stage is calculated by multiplying the amount of energy used (by fuel type) 
for that process (Table A.3) with the emission factor for each energy carrier (Tables A.4). A 
full overview of the energy requirements per process in each LC stage is given in Table A.3.  

2.3.1. Roundwood production and harvest  
The emissions associated with roundwood (virgin fibre) production and harvest, including 
forest operations, were taken from Dias and Arroja (2012) and Gonzalez-Garcia et al. 
(2009a,b). Both studies focused on the production of eucalyptus (Eucalyptus sp), maritime pine 
(Pinus pinaster), Norway spruce (Picea abies) and Scots pine (Pinus sylvestris). These species 



 

are commonly used as raw materials for the forest and paper industries in Europe. According 
to the report of CEPI (2015), about 71 % of the wood consumed in EU’s paper industries is 
coniferous (or softwood) species, mainly pine (36%) and spruce (35%). Only 29% of wood 
consumed is non-coniferous or hardwood species: 14% birch (Betula species), 9% eucalyptus, 
3% beech (Fagus sylvatica), 2% aspen (Poplar sp.) and 2% other hardwood. For the production 
of sawnwood, the coniferous species fir (Abies alba), spruce (together 64%), pine (23%), and 
the hardwood species oak (Quercus sp; 7.5%), beech (2.5%), birch (2%), aspen (1%) and ash 
(Fraxinus excelcior; 1%) are frequently used. This division is based on European import data 
in 2014, thus without domestic species (UNECE, 2015). A detailed overview of wood species 
for wood based panels, including veneer, is not reported to our knowledge.  

Data on energy use for sawing logs for lumber production and mass allocation factor were taken 
from Puettmann et al. (2013). The energy requirements provided by these studies has been 
presented in MJ/solid m3 roundwood, without bark. The average bark percentage applied in this 
study is 12% (Dias and Arroja, 2012). The energy requirement for forest operations has been 
converted to MJ/t product by multiplying with conversion factors for 1 tonne paper product 
produced per solid m3 of round wood equivalent (rwe) needed (see Table A.4) taken from 
UNECE/FAO (2010). 

2.3.2. Post-consumer wood and paper collection and recovery process 
Post-consumer waste (recovered fibres) are assumed to be collected and transferred to the 
material recovery facility (MRF) for sorting and then transported to re-manufacturing mills. We 
here assumed that post-consumer wood is collected by truck (or lorry), and by forklift (Merrild 
and Christensen, 2009), and that post-consumer paper is collected by a combination of different 
collection spchemes such as co-mingled, full service (door-to-door), kerbside and/or drop-off 
containers (WRAP, 2009, 2011; Eisted et al., 2009; Larsen et al., 2009).  

Transfer activities involve reloading, compaction, or even segregation of the waste which 
normally take place at transfer stations or MRF. Energy use for loading and unloading of 
recovered wood and paper by forklift was taken from Merrild and Christensen (2009). In MRF, 
the recovered paper is compacted by baling (0.10 – 0.162 kg CO2-eq/tonne of baled waste; 
Eisted et al., 2009). The energy use provided by these studies is presented in MJ/t waste (wet 
weight). This has been converted to MJ/t product by multiplying with a conversion factor taken 
from Merrild and Christensen (2009). 



 

 

 

Figure 2. System boundary of the paper and particleboard life cycle model followed in this study, showing the life cycle stages of wood pulp and 
particleboard manufacture by utilization of a) virgin fibre and b) recovered fibre as raw material input and the two end-of-life alternatives. 



 

 



 

2.3.3. Paper and particleboard production processes 
The activities included in this life cycle stage are debarking, chipping, drying (only for 
particleboard production), pulping and de-inking (only for paper production). The energy 
required for debarking, chipping, and drying was taken from Saravia-Cortez et al., (2013) and 
Merrild and Christensen (2009). It was assumed that less chipping and drying energy is needed 
for recovered wood compared to virgin wood due to smaller size and lower moisture content of 
recovered wood compared with virgin wood (Merrild and Christensen, 2009).  

The energy required for pulping of virgin and recovered fibres was taken from Laurijssen et al. 
(2010). Black liquor and paper sludge are by-products of pulping and de-inking processes of 
virgin and recovered fibres, respectively, which are combusted to produce energy. We assumed 
that the energy generated from combustion of black liquor (kraft chemical pulping), bark from 
virgin fibre and recovered paper sludge (i.e. by-product of de-inking and re-pulping process) 
replaces electricity EU mix (from the grid) and steam (produced from natural gas) required in 
the pulping process. According to Laurijssen et al. (2010), the amount of generated heat through 
the black liquor recovery process in the kraft chemical pulping exceeds the heat demand of the 
process. The energy used to re-pulp recovered paper depends on the type of paper product and 
quality (e.g. de-inking, refining and dispersing steps). The amount of residue produced for each 
grade of paper depends on the source of raw material. The amount of paper sludge on a dry 
mass basis may vary from 7% to 40%, depending on paper grade (Bajpai, 2015, 2014; Scott et 
al., 1995). One tonne of waste paper sludge (dry basis) will generate 4.2 GJ steam (89% 
efficiency; Sikkema et al., 2013; Laurijssen et al., 2010) replacing natural gas fired in a 
combined heat and power (CHP) plant with 90% conversion efficiency (Laurijssen et al., 2010).  

2.3.4.  Transport 
There are three main long-distance wood transport strategies to supply virgin roundwood to 
forest industries in Europe: road, railway and waterway. Road transport is the most important 
mode used for wood and represents 80-95% of the total tonnage of timber transported annually 
in the UK, France, Germany, Sweden and Finland (Le Net et al., 2011; Schwaiger and Zimmer, 
2001). Rail transport (or train transport) is the second most important means of transport (Le 
Net et al., 2011; Gonzalez-Garcia et al., 2009b). Transport by ship is mainly used for long-
distance domestic transport and imported wood (Gonzalez-Garcia et al., 2009b). We assumed 
that 80% of sawlogs and pulpwood logs are transported by road, 18% by rail and 2% by 
waterway: the allocation is based on the EU transport study of Le Net et al. (2011). The 
parameters used for secondary hauling (i.e. transport of wood from forest landing to mill gate) 
are taken from case studies in Spain, Sweden, Baltic countries and Germany (Gonzalez-Garcia 
et al., 2009a,b; Schweinle, 1996; see Table A.3).   

Recovered post-consumer wood and paper are assumed to be transported by lorry (16t weight 
capacity) from collection site to the MRF for sorting and finally transported by lorry (32t) to 
re-manufacturing mills, incineration power plants and landfills. The parameters for transporting 
post-consumer wood and paper is presented in Table A.3.  

2.3.5. End-of-life alternatives: incineration and landfill disposal 
The post-consumer waste (i.e. used wood and paper) is directly transported to the incineration 
plant in order to recover electricity through combustion which replaces electricity EU mix from 
the grid (fossil fuel substitution effect). The parameters for collection and transport of waste 
wood and paper is presented in Table A.3 and the share of post-consumer waste combusted for 



 

energy recovery in three wood utilization scenarios is shown in Table 1. The incineration of a 
tonne of mixed paper waste generates about 4.32 GJe of electricity (1200 kWh), assuming an 
electrical combustion efficiency of 24% for mixed municipal waste from paper industry 
(Laurijssen et al., 2010). The incineration of 1 tonne of post-consumer waste paper avoids 
emissions of 551 kgCO2-eq (469 kgCO2-eq/t waste paper, including emissions from waste paper 
collection and transport). The combustion of 1 tonne of mixed wood waste (i.e. wood based 
panel and lumber) generates about 6.48 GJe (1800 kWh) of electricity (using a 36% electrical 
combustion efficiency rate; Mann and Spath, 1997; Dornburg et al., 2006). Therefore, the 
combustion of 1 tonne of waste wood avoids emissions of about 827 kgCO2-eq (737 kgCO2-

eq/t waste wood, including emissions from waste wood collection and transport).  

In 2010, about 30% (3.5 MtC) of the potential post-consumer wood (Mantau, 2012) and 12% 
(6 MtC ) of paper consumption has been disposed of in landfill. We assumed that landfill gas 
is not extracted for energy use in S0 and extracted for electricity generation in S1. The collection 
efficiency of landfill gas is assumed 50% with gas energy recovery efficiency at the power plant 
of 25% (Manfredi et al., 2009). The electricity generated is assumed to substitute for the same 
electricity mix used as input to the landfill. In S2, we assumed that post-consumer wood and 
paper wastes are diverted from landfill disposal (zero waste strategy) to material and energy 
production. The amount of GHG emitted from landfill disposal in S0 is the same amount of 
GHG emissions saved from preventing landfill disposal in S2. The GHG emissions in the 
landfill disposal process are taken from Manfredi et al., (2009) which includes: (1) direct 
emissions linked to activities at the landfill site and the degradation of the waste; (2) Indirect 
emissions associated with the landfill but actually taking place outside the landfill site such as 
production of materials and electricity used, provision of fuels used and the construction of the 
facilities (upstream emissions) and the offset of energy production substituted by the energy 
recovered at the site, e.g. electricity (downstream emissions). The parameters in the landfill 
disposal stage are shown in Table A.3. 

2.4. Calculation of wood use efficiency gains (cascade factor) 
A MEFA approach (Fischer-Kowalski et al., 2011) has been applied to estimate the flow of 
wood carbon from forest ecosystems, along the different stages of industrial processing to final 
(end) uses, i.e. a wood resource balance. The schematic representation of woody biomass flows 
in and between countries is shown in Bais et al. (2015). Industrial processing of woody biomass 
includes sawmills, panels industry, pulp industry, paper industry and energy industry. Final 
(end) uses of woody biomass include wood energy (or forest bioenergy) and harvest wood 
products (HWPs) such as paper (e.g. newsprint and sanitary paper) and paperboards (e.g. 
greyboard, corrugated board and folding boxboard), semi-finished wood products (e.g. 
sawnwood, veneer, plywood and wood panels), and other industrial wood (e.g. poles). The 
cascade factor of the wood resource balance quantifies how often (cascading use) the wood 
biomass is utilized in a wood-based product value chain, which represents an indicator of wood 
use efficiency (Mantau, 2012). The cascade factor is 1.00 in the case that only virgin wood 
resources from trees are used, and gets higher when more industrial residues and recovered 
post-consumer wood are utilized. The cascading factor is calculated using the following 
equations (1, 2) taken from Mantau (2012, 2015): 

    𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑅𝑅𝑅𝑅 + 𝐼𝐼𝐼𝐼       (Equation 1) 

𝐶𝐶𝐶𝐶 = 1 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑊𝑊𝑊𝑊𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

        (Equation 2) 



 

where RW is recovered post-consumer wood or paper and IR is industrial residues (e.g. sawmill 
co-products) utilized for wood products or energy production. CF is the overall cascading factor 
or total utilization ratio for woody biomass per scenario; WRforest is wood resources from forest 
(i.e. domestic used extraction and net import). Wood resources from forest, industrial residues 
and recovered wood fibres are presented in MtC/year.  

2.5. Calculation of GHG emissions reduction 
2.5.1. Wood sector (virgin wood material substitution) 

The cradle-to-gate GHG emissions reduction in the wood sector in S1 and S2 has been 
calculated using the following equation (3): 

       𝐸𝐸𝐸𝐸𝑊𝑊𝑊𝑊 = � %𝛥𝛥𝛥𝛥𝛥𝛥𝑝𝑝  ∗  𝑃𝑃𝑃𝑃𝑝𝑝  ∗  𝐸𝐸𝐸𝐸𝑝𝑝
𝑛𝑛
𝑝𝑝=1      (Equation 3) 

where ERWS is the GHG emissions reduction in the wood sector, % ΔRRp is the percent change 
of product’s re-utilization rate between scenarios, PRp is the production of product in tonne 
(wet weight) and ERp is the GHG emission reductions per 1% increase use of recovered fiber 
input in the production of product presented in kgCO2-eq/t product.  

5.1.2. Energy sector (fossil fuel “electricity EU mix” substitution) 

The reduction on GHG emission savings in the energy sector in S1 and S2 has been estimated 
using the equation (4) below: 

                    𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = (𝛥𝛥𝛥𝛥𝛥𝛥𝑒𝑒𝑒𝑒𝑒𝑒  ∗  𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒)               (Equation 4) 

where ERES is the reduction on GHG emission savings in the energy sector from substituting 
electricity EU mix (in 2010) by electricity produced from combusted wood resources (i.e. post-
consumer wastes and industrial residues), ΔPReWR is the change in the production of electricity 
produced from combusted wood resources between scenarios and EFeMX is the GHG emission 
factor of the electricity EU mix (in 2010) in kgCO2-eq/kWh. 

5.1.3. Waste sector (prevention of landfill disposal) 

The GHG emissions reduction from landfill disposal in S1 and S2 has been estimated using the 
following equation (5):  

                    𝐸𝐸𝐸𝐸𝐿𝐿𝐿𝐿 =  𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝐸𝐸𝐸𝐸𝐸𝐸  ∗  𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃               (Equation 5) 

where ERLF is the GHG emissions reduction from landfill disposal by extracting landfill gas 
(LFG) for energy use in S1 or preventing landfill disposal in S2,  ΔLFGEMI is the change in the 
landfill gas emissions per tonne post-consumer waste disposal (kgCO2-eq/tonne), LFDPCW is 
the amount of post-consumer waste disposed of in landfills. The methods for calculating landfill 
gas emissions per tonne post-consumer waste disposed of in landfill is discussed in section 
2.3.5.  

2.6. Estimation of avoided GHG emissions in the forest and harvested wood products 
through cascading use of wood 

Forest carbon sequestration benefits from wood cascading use result from the avoided 
emissions associated with woody biomass that would have been harvested or used in the 
absence of re-use or recycling in the paper and particleboard industries. The IPCC default 
(immediate emissions; IPCC, 2006) has been applied to calculate avoided GHG emissions in 



 

the forest. We have compared the amount of wood harvest (or used extraction) in the reference 
scenario with two wood cascading use alternatives. Wood used extraction (UE) is the amount 
of extracted wood entering the socio-economic system (e.g. industrial wood and firewood). We 
also estimated the total (wood) biomass appropriated (TBA). It is the sum of used extraction 
(UE) and unused extraction (UnE), i.e. the amount of wood that is felled through harvest but 
not recovered by forest industries from the forest (e.g. logging residues and roots), which 
provide ecosystem services such as soil organic carbon (SOC) and nutrient cycling. The method 
for calculating UE, UnE and TBA has been adopted from Bais et al. (2015) study. 

The GHG effects of increasing product cascading on harvested wood products (HWPs) is 
calculated by comparing the average annual carbon uptake (from fresh fibres) in HWPs over a 
period of 100 years in S0 with S1 and S2. The GHG calculations started with zero HWPs stock 
of wood products (e.g. sawnwood, wood based panels, paper) in the first year and end up with 
a certain carbon stocks for HWPs over 100 years. To account for the average annual effect, the 
carbon uptake in HWPs over 100 years is divided by 100 years (in MtCO2-eq/year).  

The stock over time in a first decay system, assuming constant annual inflow, can be written as 
(European Commission, 2012): 

              𝐶𝐶(𝑖𝑖 + 1) = 𝑒𝑒−𝑘𝑘  × 𝐶𝐶(𝑖𝑖) + �� (1−𝑒𝑒
−𝑘𝑘

𝑘𝑘
�� × 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑖𝑖)    (Equation 6) 

where i is the year, C(i) is the carbon stock of the harvested wood products pool in the beginning 
of the year i in MtC, k is decay constant of first-order decay given in units of year -1 (k = 
ln(2)/HL, where HL is half-life of the harvested wood products pool in years), Inflow(i) is the 
inflow of the harvested wood products pool during year i in MtC/year. Default half-life values 
(HL): 2 years for paper; 25 years for wood panels; 35 years for sawnwood (UNFCCC, 2011). 

The build-up of product stock (HWPs) in a given year is the difference between the stock in the 
next year and the stock in a given year: 

                     𝛥𝛥𝛥𝛥(𝑖𝑖) = 𝐶𝐶(𝑖𝑖 + 1) − 𝐶𝐶(𝑖𝑖)       (Equation 7) 

The change in stock in a given year is the difference between the inflow and the outflow in 
that year. The outflow in year i can thus be written as: 

                    𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑖𝑖) = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑖𝑖) − 𝛥𝛥𝛥𝛥(𝑖𝑖)      (Equation 8) 

2.7. Uncertainty estimation 
In order to meet concerns about the accuracy of FAO data on wood harvest in the EU, we 
estimated the minimum and maximum wood fuel removals estimates which was based on an 
extensive literature survey (UN, 2014, 2011; FAO, 2014, 2011). To estimate the uncertainties 
in industrial wood removals, the volume of HWPs taken from FAO statistics (FAO, 2014) were 
converted to roundwood equivalent (rwe) volume using forest products conversion factors 
(UNECE/FAO, 2010). This allows for the estimation of the primary raw materials required for 
HWPs production. The discrepancies between data on volumes of industrial roundwood 
removals from FAO statistics and calculated raw materials required (in rwe) for HWPs 
production allowed us to estimate the “unrecorded” industrial wood removals. In order to assess 
the uncertainty in the paper and particleboard production process as well as in the incineration 
and landfill disposal stages, we estimated high and low GHG emissions estimates by applying 
the scenarios in Table 2: 



 

Table 2. Description of the scenarios for the assessment of the uncertainty in the paper and 
particleboard production processes, combustion/incineration plant and landfill. 

Process High emissions estimate Low emissions estimate 
Particleboard production 
process 
 

Moisture content of woodchips (drying 
process): virgin wood chips (60%) vs 
recovered wood chips (15%) 

Moisture content of woodchips 
(drying process): virgin wood chips (40%) vs 
recovered wood chips (25%) 

Paper production process 
 

Energy used in pulping process: 
- steam: natural gas 
- electricity: EU mix 

Energy used in pulping process: 
- generated energy from combustion of 
industrial residues assumed substitute natural 
gas and electricity EU mix 

Combustion/ 
incineration plant 
 

Incineration power plant with electrical 
combustion efficiency of 24% (1)  for mixed 
wood waste incineration 

Biomass integrated gasification  combined 
cycle (BIG-CC) power plant (wood 
combustion) with electrical combustion 
efficiency of 48%(1) for waste wood  

Landfill disposal 
-applied to: 
S0 (emissions);  
S2 (avoided emissions) 
 
 
 
 
-applied to S1  
 
 

Conventional landfill without energy 
recovery 
-0% collection efficiency (2)  
 
 
 
 
Engineered landfill with energy recovery:  
-50% average collection efficiency over 100 
years 
- no conversion of CH4 to biogenic CO2 in 
flare 
-25% gas recovery efficiency at the power 
plant (EU electricity mixed input 
substitution)(2) 

Conventional landfill (with flare) without 
energy recovery:  
-80% average collection 
efficiency over 100 years 
-collected gas converted to biogenic CO2 in 
flare with 99% conversion efficiency (2) 

 
Engineered landfill with energy recovery:  
-80% average collection efficiency over 100 
years 
- with conversion of CH4 to biogenic CO2 in 
flare with 99% conversion efficiency 
- 35% gas recovery efficiency at the power 
plant (EU electricity mixed input 
substitution)(2) 

(1) Laurijssen et al., 2010; (2) Manfredi et al., 2009 

3. Results  

3.1. Wood use efficiency gains  
The overall wood use efficiency (cascade factor) in the reference scenario (S0) is 1.65 (total 
wood utilization in Table 3). It decreased to 1.60 in the state-of-the-art wood and paper 
recycling scenario (S1) while increased to 1.71 in the optimized future wood product cascading 
scenario (S2). The increase product cascading or recycling in wood products resulted to an 
increased wood use efficiency ratio in the wood sector by 23% and 31% in S1 and S2. However, 
this resulted to a decreased wood use efficiency ratio in the energy sector by 20% and 18%, in 
the scenarios S1 and S2, respectively.   
 
Table 3. Wood Carbon stocks and cascade factor of the EU wood resource balance for a 
reference case and two wood cascading use scenarios.  

 
Item 

Total wood resource balance 
Reference use, 

without product 
cascading (S0) 

State of the art wood 
and paper recycling  

(S1) 

Optimized future wood 
product cascading 

(S2) 
MtC Factor* MtC Factor* MtC Factor* 

Wood resources from forestsѰ 

(domestic used extraction + net import) 
140±14 

 
 140±14 

 
 130±14 

 
 

B. Industrial residues in wood products 
C. Industrial residues in energy 

12 
33 

 12 
27 

 12 
25 

 

D. Recycling in wood products 0  36  44*  
E. Recovery in energy  46  10  12*  
F. Cascades in wood products*) 12 1.09 48 1.34 56 1.43 

G. Residues+recovered wood in energy 79 1.56 37 1.26 37  1.28 

Total cascade factor (CF)  1.65  1.60  1.71 

*) Cascades = industrial wood residues + recovered wood fibres; CF = 1 + (cascades/wood resources from forests) 
Ѱ Domestic used extraction includes industrial roundwood removals and additional wood fuel removals (see Figure 4); *diversion of wood 
waste from landfill disposal to energy recovery (zero waste strategy) has taken into account.  
 



 

3.2. GHG emissions reduction through cascading use of wood 
The GHG emissions reduction per 1% increase of recovered material input ranges from 0.82 to 
6.21 kgCO2-eq per tonne paper (depending on paper grade) and 3.01 kgCO2-eq per tonne 
particleboard (Table A.6.). Depending on the paper grade, GHG emissions savings are higher 
in packaging and wrapping papers (i.e. corrugated board, folding boxboard and greyboard) and 
lower in sanitary papers (Table A.6; Figure A.1). Packaging papers like corrugated and grey 
boards made from recovered fibre use less energy in the processing stage because it does not 
require a deinking process. Sanitary paper resulted in lower GHG emission savings because this 
type of paper commonly use pulp produced from chemical pulping, a pulping process that is 
self sufficient in terms of energy (Laurijssen et al., 2010). It uses energy from black liquor 
combustion that replaces fossil fuels (energy generated exceeds the heat demand of the pulping 
process). However, chemical pulping biomass input (or embodied biogenic C) is about twice 
as high compared to mechanical pulping. The impact of the extraction of virgin woody biomass 
material, collection of waste material and transportation on overall energy balances tends to be 
minor compared to the production processing (Figure A.1a-d). 

The total GHG emissions (cradle-to-gate energy use) in the wood sector are reduced by 28 
MtCO2-eq/year (42% reduction) and 35 MtCO2-eq/year (52% reduction) when comparing the 
reference scenario (S0) with alternative scenarios, S1 and S2, respectively (Table 4). This is 
mainly due to the effect of reduced virgin wood fibre input in harvested wood products (HWPs) 
in the scenarios S1 and S2 (Figure 3). In contrast, the increased product cascading would result 
in a reduction of GHG emissions savings in the energy sector by 43 and 42 MtCO2-eq/year (-
49% and -48%) in scenarios S1 and S2 (Table 4) due to reduction of feedstocks from recovered 
post-consumer wood, post-consumer paper and industrial residues (Figure 4a-c). This 
reduction is compensated by increased utilization of virgin wood (i.e. additional wood fuel 
removals) for energy production (Figures 3 and 4).  

Since cascaded wood products (i.e. particleboard produced from recovered material input) will 
eventually be recovered for energy generation, the future supply of material for energy in S2 
would be increased by 21% with additional future GHG emission savings in the energy sector 
by 2.05 MtCO2-eq/year, assuming incineration or combustion technology (36% electrical 
combustion efficiency) and electricity EU mix (451 gCO2-eq/kWh)  remain the same. 
Assuming future electrical combustion efficiency increased to 48% (BIG-CC power plant 
efficiency ranging from 48% to 59%; Laurijssen et al., 2010) and future GHG emissions/kWh 
electricity EU mix decreased to 392 gCO2-eq/kWh (estimated in 2030; see Figure A.2), the 
additional future GHG emission savings in the energy sector in S2 would be 2.23 MtCO2-
eq/year. 

The average annual avoided GHG emissions from landfill gas extraction for energy generation 
(electricity EU mix substitution) in S1 is 7 MtCO2-eq and from prevention of landfill disposal 
in S2 is 13 MtCO2-eq (Table 4).   

 
 



 

 
Figure 3. Total wood resources (i.e. domestic use extraction and net import) in Mega tonne 

Carbon per year showing different wood uses in three wood utilization scenarios: no product 
cascading (S0), state-of-the-art wood and paper recycling (S1) and optimized product cascading 
(S2). (Wood harvest includes “unrecorded” industrial roundwood removals (31 MtC) for HWPs 

production; error bar indicates high and low wood fuel removal estimates in 2010). 
 
 

Table 4. GHG emissions reduction through virgin wood material substitution, fossil fuel 
substitution and prevention of landfill disposal in two wood cascading use scenarios: state-of-
the-art wood and paper recycling (S1) and optimized future product cascading (S2) as compared 
with no product cascading scenario (S0). 

 
 

Sector/Item 

GHG emissions reduction/savings 
(S0 vs S1) 

 GHG emissions reduction/savings 
(S0 vs S2) 

MtCO2-eq/year % MtCO2-eq/year % 
1. Wood sector (virgin wood material substitution) 
Cradle-to-gate energy use     
-particleboard production 
-wood pulp production 

 3±3 
25±19 

14% 
56% 

5±4 
30±25 

 

21% 
68% 

GHG emissions reduction 
in the wood sector 

 28±22  42% 35±29 52% 
 

2. Energy sector (fossil fuel “electricity EU mix” substitution) 
Incineration with energy 
recovery (i.e. electricity) 
-post-consumer wood/paper 
-sawmill residues & bark 

 
 

-36±2 
-7±2 

 
 

-75% 
-18% 

 
 

-33±1 
-9±3 

 
 

-69% 
-23% 

Reduction on GHG 
savings in the energy 
sector 

 
-43±4 

 
-49% 

 
-42±4 

 
-48% 

3. Waste sector (landfill gas extraction for electricity generation in S1 and prevention from landfill disposal in S2) 
Landfill gas emissions  
-post-consumer wood 
-post-consumer paper 
 

 
3±7* 

4±10* 

 
48% 
47% 

 
5±6Ѱ 

8±9Ѱ 

 
100% 
100% 

Avoided GHG emissions in 
the waste sector 

7±17* 48% 13±15Ѱ 100% 

*avoided GHG emissions from extraction of landfill gas for electricity generation (replacing electricity EU mix within the process); Ѱ avoided 
GHG emissions from the prevention of landfill disposal 



 

 
Figure 4. Wood C flows in the EU in three wood utilization scenarios: (a) S0 no product 

cascading; (b) S1 state-of-the-art wood and paper recycling; (c) S2 optimized product cascading. 
TBA – total biomass appropriated; SOC - soil organic carbon; HWPs – harvested wood 
products. (“Unrecorded” industrial roundwood removals (6 MtC) is already included) 



 

3.3. Avoided GHG emissions in the forest and harvested wood products through cascading 
use of wood 

The total wood C savings in the forest (or avoided emissions in the forest) is estimated to be 10 
MtC/year (or 37 MtCO2/year) when the used extraction of the reference scenario (S0; Figure 
4a) has been compared with the optimized product cascading scenario (S2; Figure 4c). This is 
about 8% reduction on wood used extraction and total wood biomass appropriated (Figure 4).  

The increased product cascading in the wood sector resulted in the reduction of industrial 
roundwood removals by 42 MtC/year (154 MtCO2/year; 30% reduction) and 53 MtC/year (194 
MtCO2/year; 38% reduction) in scenarios S1 and S2, respectively. This is the effect of reduced 
harvest volumes and thus trees left standing in the forest (if wood C savings will not be used 
for other purposes like energy use). Additionally, increase product cascading in the wood sector 
resulted to a reduction of average annual carbon uptake (from fresh fibres) in HWPs by 14% 
(675 MtCO2-eq/year) and 17% (834 MtCO2-eq/year) in scenarios S1 and S2 (compared with 
S0), respectively (Figure A.3). 

4. Discussion 
4.1. Potential benefits of cascading use of wood biomass 

Optimized product cascading has potential to increase the overall wood use efficiency by 4% 
(cascade factor from 1.65 in S0 to 1.71 in S2) and reduce GHG emissions in the European wood 
sector by 52%, compared with no product cascading scenario (S0). Optimized cascading use in 
the wood sector brings not only important benefits in terms of material and energy savings but 
also avoidance of GHG emissions in the forest and landfill (Figures 3, 4, 5; Tables 3, 4). 
However, the reduction of feedstock of the energy sector due to increased material recycling 
may be compensated by either utilization of fossil fuel or virgin wood. As showed in Figures 
3 and 4, the increased utilization of recovered wood for paper and particleboard production 
resulted in increased use of virgin wood for energy use due to reduction of recovered fibre in 
the energy sector in the scenarios S1 and S2 (Figure 4). Wood harvested for energy is regarded 
as an immediate emission while wood products will release CO2 over time (UNFCCC, 2011). 
The environmental impacts of increased harvest for energy use has been heavily debated; some 
sources state even that regrowth of harvested forest stand can take several decades, i.e. the long 
term carbon debt discussion (Mitchell et al., 2012).  

The exact impact and time required to compensate for forest carbon changes depend on many 
different factors, such as growing conditions, forest age, tree species harvested, forest 
management and practices and frequency of disturbances (i.e. fire and insect infestation; Ter-
Mikaelian et al., 2013; Kaipainen et al., 2004; Liski et al., 2001). Length of the rotation period 
is also a decisive variable (Kaipainen et al., 2004; Liski et al., 2001), however the mean annual 
carbon uptake eventually will decline with increasing rotation time as trees become less 
productive especially when stands reach a mature development stage, thus reducing the annual 
carbon uptake by the forest ecosystems in the course of time (Jandl et al., 2007). The complex 
interplay of these factors results in an intricate relationship between current wood harvest and 
carbon stocks lost in forests. However, due to product cascading, the negative environmental 
effects of wood harvesting is counterbalanced by the prolonged carbon storage in the harvested 
wood products, thereby contributing to the mitigation of climate change.   



 

Though a reduction of recovered wood utilized in the energy sector might ensue?? increased 
product recycling (optimized wood product cascading), one can assume that cascaded products 
will eventually be utilized for energy use in later stages (with the product end-of-life). This may 
eventually result in an increased future supply of wood in the energy sector in later stages. In 
consequence, this time-lag dynamic renders wood cascading not an adequate short term 
renewable energy strategy. Rather it results in a postponement of avoided CO2 emissions 
achieved by energy sector which renders it a strategy suitable for long-term goals.  

Actually, increased cascading use in the wood sector decreased the new carbon uptake from 
fresh fibres in HWPs in our analysis (Figures 3, A.3). Harvested wood products that remain in 
use for many years are a significant pool of existing carbon, and the release of that carbon is 
delayed due to a second life. There will be a reduction of wood harvest for wood products 
production when product cascading has been increased, assuming the demand for wood 
resource remain the same (Figures 3 and 4).  

4.2. Challenges of optimizing the cascading use of wood biomass  
Paper and particleboard production from recovered fibres is a promising option for reducing 
energy consumption and GHG emissions (Figure 3), however the availability of recovered 
fibres is sometimes limited. Increasing the re-utilization rates beyond certain limits also requires 
the exploitation of resources. Certain factors do have in limiting influence on the possibility of 
an extended use of recovered fibre, such as the low quality of recovered fibres, poor sorting, 
price for the recovered fibre, etc. (Miranda et al., 2010; Vis et al., 2016).   

Improved efficiency allows consumers to save money, enabling them to consume more 
products or bioenergy, which could lead to the so-called “rebound effect”. The rebound effect 
is defined as the increase in consumption due to environmental efficiency interventions that can 
occur through a price reduction (i.e. efficient products being cheaper or subsidized by the 
government and hence more is consumed) or other behavioural responses (Maxwell et al., 
2011). The further increase on wood products and bioenergy demand to support bioeconomy 
may affect wood use efficiency gains and GHG emissions savings due to the reduction of the 
share of recovered fibre in total wood products production. However with optimized cascading 
use, the wood saved could be utilized for additional wood products or bioenergy without 
increasing harvest pressures in forests. 

4.3. Cascading use factor: the theory behind 
We have based our cascade factor on the Mantau (2012, 2015) study (see Section 2.4). 
Consequently, the use of industrial by-products (industrial wood residues) in the production 
process in the wood resource balance is interpreted as cascade use. This does not correspond to 
the usual interpretation of cascade use: woody biomass should be used as material in more than 
one utilization phase, and burned (or landfilled) at the-end-of-life after the final phase (for 
example, see Höglmeier et al., 2013). The use of industrial wood residues is actually the 
combined use of (fresh) woody biomass and not cascaded use of old products after end-of-life 
(Iffland et al., 2015). Only post-consumer wood should be included in cascade use, because it 
does have passed through one material use phase.  
 
The wood market balance (Knauf, 2015) is only listing of primary woody biomass (roundwood) 
and post-consumer wood, and leaves by-products and other industrial residues out of the 
balance. Also, it takes the consumption of wood products (both material and energy) into 



 

account, rather than wood input in industry and semi-finished products. On the one hand, this 
approach is quite sophisticated to evaluate the cascading of both wood and paper fibres: it 
counts only the product stages and not intermediate residue stages, as a cascading stage. On the 
other hand, it is a quite challenging approach, as at least the consumption and trade data for 
further processed products, like construction wood, furniture, finished paper products, are less 
complete and not readily available, in comparison with data for semi-finished wood products 
like sawnwood, wood based panels, wood pulp in the wood resource balance of Mantau. The 
wood market balance approach (Knauf, 2015) can also be used for carbon management, when 
the carbon stored in final products is aimed for. As such, the carbon management studies could 
help exploring additional data sources for further processed products. 

4.4. Uncertainties and limitations 
In our study, we followed simple approaches and assumptions and thus many uncertainties 
remain. We assumed a linear relationship between the share of recovered fibre input and the 
GHG emission savings but this assumption is uncertain because as more energy might be 
needed for 1% extra recycling. However, in the absence of specific data we applied the same 
assumption, as made by Sikkema et al. (2013). In consequence, our result of GHG savings 
might be over-estimated. Another particular source of uncertainty is the lack of reliable data on 
post-consumer wood concerning its quality and use. Furthermore, there is a large variability in 
the transport distance and modes of use especially for the transport of recovered fibres (Eisted 
et al., 2009), and so transportation emission estimates given here are somewhat uncertain.  
 
External effects (e.g. transport distance and technology development) do play a major role in 
the GHG impact on the production process of paper and particleboard. For instances, the GHG 
emission reduction per 1% increase of recovered fibre input per tonne of newsprint in this study 
(within EU-28; 5.59 kgCO2-eq/tonne newsprint) is lower compared to the study in the 
Netherlands (14.9 kgCO2-eq/tonne newsprint; from Norske Skog Parenco database in 1991-
2010 cited by Sikkema et al., 2013) and higher compared to the study in Canada (between 0.15 
and 4.90 kg CO2-eq/tonne newsprint; Sikkema et al., 2013) (Table A.6).  The cradle-to-gate 
GHG emissions reduction per 1% increase of recovered fibre input per tonne of particleboard 
(within EU-28; 3.01 kgCO2-eq/tonne particleboard) is lower compared to a Belgian study (4.00 
kg CO2-eq/tonne particleboard; Fedustria database in 2011 cited by Sikkema et al., 2013) and 
Canada (1.69-6.77 CO2-eq/tonne particleboard; Sikkema et al., 2013) (Table A.6). The 
differences is mainly due to the differences in the transport distances for fresh and waste fibres, 
processing technology, GHG emissions factor used, or other possible external factors.  
 
This analysis is mainly focused on the domestic (within EU-28) supply of recovered fibre. 
Increased imports therefore may influence the GHG emissions reduction of cascading use in 
the wood sector due to increase transport distances and also the differences on collection and 
sorting technology and efficiencies. Perhaps the greatest uncertainty is in regard to assumptions 
regarding the forest, i.e. the fate of forest stands left to longer rotation ages and the reaction of 
private forest owners to potential decreases in demand for wood, while acknowledge, but not 
included in this analysis, the potential impacts on C balances due to these two factors alone are 
large. Furthermore, market structures and prices (and price differences, e.g. between biomass 
and fossil fuels) will play a decisive role in the establishment of efficient pathways. These and 
similar drivers have not been included in this analysis but require rigorous interdisciplinary 
research efforts that encompass forest- and biophysical expertise as well as (micro- and macro) 
economic perspectives.  



 

5. Conclusions 
In general, cascading use of woody biomass has the potential to reduce the environmental 
impacts related to GHG emissions and the use of wood resources. The effect of an increased 
wood use efficiency in the wood sector allows to enhance the availability of wood biomass for 
other uses and so to reduce the pressure on virgin (industrial) wood, or in reduced harvest 
pressure in forest ecosystems (avoided emissions from industrial wood harvest) by one-third. 
However, it reduces the average annual carbon uptake in HWPs by one-sixth, according to this 
study. Optimized product cascading (S1, S2) also leads to more GHG emissions reduction: 
42%-52% extra compared with no product cascading scenario (SO). The use of recovered fibes 
in a recycled product saves energy in comparison with fresh roundwood (or industrial residues) 
for the production of the same type of product in the forest industries. Due to smaller size and 
lower moisture content of the recycled fibers, there is less chipping and drying energy needed. 
These gains, however, are partly counterbalanced in short term by lower GHG emissions 
savings in energy sector by one half (-48% to -49%) due to delayed availability of waste wood 
and waste paper fibers. Therefore, optimized wood product cascading (S1, S2) increases the 
efficiency of the resource use in general. But it can be less favourable in terms of GHG 
emissions reduction in the energy sector especially on meeting short-term (2020-2030) 
renewable energy targets compared with no product cascading (reference scenario S0) of wood 
biomass. However, the optimized wood product cascading may lead to a long-term sustainable 
supply of wood for energy generation. In order to further maximize the potential benefits of 
cascading use of wood biomass, it is important to improve the collection efficiency by focusing 
on the key preconditions, being eco-design and traceability of materials with better collection 
and sorting strategies. At the end, in order to achieve environmental policy targets as well as a 
reduction of GHG emissions – measures that abate or limit rebound effects will be important, 
in terms of forest ecosystem protection. Otherwise, wood use efficiency gains will be offset by 
increased demand.  
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