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1 Introduction 12 

The current UK bioenergy sector is dominated by large imports of biomass feedstocks and the UK is the biggest 13 

importer of wood pellets globally (FAO, 2016) to produce bioelectricity. Research by others showed that the 14 

UK could provide large amounts of bioenergy feedstocks nationally when utilising wastes and residues (Welfle 15 

et al., 2014). Waste wood, especially lower grades are one of these untapped resources. Considering the 16 

urgent need to shift to low carbon energy carriers, lower grade waste wood could provide an alternative 17 

energy feedstock and at the same time reduce emissions from landfill and support waste management in 18 

general. It would also be a feedstock with an existing infrastructure, which fits existing technologies and could 19 

possibly contribute to UK climate change targets in a timely manner.   20 

While there has been various research on the thermochemical and conversion characteristics of treated waste 21 

wood (Edo et al., 2016; Enestam et al., 2013; Gori et al., 2013; Hwang et al., 2014; Yorulmaz and Atimtay, 22 

2009), not much work has been done on the emission reduction potential of treated waste wood. Studies 23 

assessing the climate mitigation potential of waste wood usually focus on untreated feedstocks that do not fall 24 

under the Waste Incineration Directive (WDI) (Gomez-Barea et al., 2010; McManus, 2010; Sheth and Babu, 25 

2010; Vanneste et al., 2011) and have therefore very similar properties to virgin wood or residues from 26 

sawmills.  With this climate change impacts related to contaminates and chemicals from wood treatment are 27 

often not taken into account when investigating bioenergy feedstocks and the emission reduction potential of 28 

lower grade feedstocks. Therefore, this research assesses feedstocks that might be considered for energy 29 

generation as part of energy from waste systems but not necessarily as bioenergy options to reduce emissions 30 

to support climate change targets. 31 

According to latest estimates about 4.3 million tonnes of waste wood are produced in the UK annually (Defra, 32 

2012b). These estimates are vague and over the last ten years they varied between 4.1 to 10.5 million tonnes 33 

(Defra, 2008, 2012a, b; Pöyry, 2009; Tolvik, 2011). This is due to waste wood being sometimes difficult to 34 

recycle, collect and separate from mixed waste. Moreover, wood processing and wood using sectors such as 35 

construction, furniture and joinery are sensitive to economic changes and the amounts of arising waste wood 36 

can therefore vary from year to year (Defra, 2008, 2012b; Greenhalf and Brown, 2012; Letsrecycle, 2015; 37 

Pöyry, 2009; WRAP, 2011). Statistics on waste wood in the UK are therefore often based on estimates and the 38 
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fate of the waste wood is not always clear. Estimates from the industry suggest that 1 to 2 million tonnes of 39 

waste wood per year are available for bioenergy applications.  40 

In the UK waste wood is categorised into four different grades; grade A, B, C and D, according to the level of 41 

contamination and treatment (WRAP, 2012). The detailed categorisation is provided in Table 1. Grade A and B 42 

waste wood is currently used by wood processing industries for panel-, chip- and fibreboards, livestock 43 

bedding or garden mulches and its potential as bioenergy feedstock has been investigated in detail by others 44 

(Defra, 2012a; Mitchell and Stevens, 2008), while grade C and D waste wood is usually landfilled or incinerated 45 

(Defra, 2012a). In case of energy generation, grade A waste wood can be used as any other untreated wood. 46 

Compared to this, grades B, C and D require a WDI compliant facilities (WRAP, 2012). Grade B fuel mixes, 47 

consisting mainly of grade A products and a maximum of 10% panel products, are compliant  with renewable 48 

energy support and facilities do not require to be WID compliant (WRAP, 2012). The utilisation of large rations 49 

of grade C and D in the fuel mix would not be considered as renewable bioenergy option; nevertheless, these 50 

feedstocks were included in the analysis as they can be considered as waste-to-energy option in WDI 51 

compliant facilities. 52 

Table 1 Waste wood grades  in the UK (WRAP, 2012) 53 

Grade A: clean untreated waste wood (hardwood and softwood) in form of, e.g., process off-cuts, 

packaging, pallets or cable drums, 

Grade B: mixed grade (hardwood and softwood), up to 60% grade A wood mixed with wood 

containing contaminants like paint and screws at a low proportion. Can contain up to 5% to 10% 

panel products but no lower grade material; WID compliant if operator cannot demonstrate that no 

grade C is included, 

Grade C: fuel grade, treated wood, e.g., coated, painted and impregnated products, high content 

panel products, chipboards, MDF, plywood, fibreboard; WID compliant, 

Grade D: low grade and hazardous waste wood, chipboard, processed and treated wood containing 

contaminants such as melamine, arsenic, chromium and creosote, e.g., railway sleepers, 

transmission poles; hazardous waste incinerator. 

 54 

The following research presents the result of a lifecycle assessment (LCA) of energy generation from different 55 

waste wood grades at different scale and applications, with existing technologies, infrastructures and 56 



4 

 

regulations in the UK. While the type of combustion system has an impact on the operational and 57 

environmental performance, the focus was on the most common systems used in the UK.  58 

The objective was to evaluate the climate change impacts and related emission uncertainties of waste wood 59 

based energy in the UK and discuss its potential, barriers and opportunities as a valid bioenergy feedstock.   60 

2 Methods  61 

2.1 Lifecycle assessment 62 

As methodology attributional lifecycle assessment (LCA) has been applied according to ISO Standard 63 

14040:2006 and 14044:2006 (BSI, 2006a, b). The goal of this LCA was to investigate climate change impacts 64 

and emission uncertainties of different options to generate energy from different grades of waste wood. This 65 

allowed identifying the supply chain processes and feedstock properties making major emission contributions. 66 

The impact category presented in this paper is global warming potential (GWP). The calculations were done 67 

with the LCA software SimaPro 8.3 using the Ecoinvent database and the ILCD 2011 Midpoint+V1.09 method 68 

(PRé, 2016). Additional calculations and the system modelling identifying feedstock demands and analysing 69 

key factors were done in Excel and in BEAT2 V2.1 (Defra, 2010). BEAT2 V2.1 is a tool providing information on 70 

environmental impacts of UK bioenergy systems. The results account for greenhouse gases expressed as CO2eq 71 

with a 100-year time horizon with emission factors used in the selected methods in SimaPro and BEAT2 V2.1. 72 

Biogenic carbon has not been included in the assessment due to lacking data about the lifetime and origin of 73 

the waste wood and in accordance  with current accounting frameworks in the UK and the EU. 74 

The reference scenarios include a variety of different fuels (including landfill gas and waste incineration with 75 

energy recovery) that reflect the current UK energy system at commensurate scales. The details for the 76 

different waste wood systems and their reference scenarios are presented in Table 1. The supply chains 77 

selected include mature and existing technologies in accordance with specifications and regulations for 78 

handling, processing and recycling waste in the United Kingdom (Defra, 2008, 2011; EA, 2013; WRAP, 2012). 79 

Less mature technologies such as gasification and pyrolysis may be possible in future but the research aims to 80 

investigate existing technologies, which are readily available to support the UK’s climate change targets in a 81 

timely manner, and the alternatives are not yet adequately proven.  82 
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The scope of analysis is energy from waste wood supply chains within the UK, including all transportation, 83 

handling and processing steps of the supply chain starting with the collection and delivery of the waste wood 84 

to the waste or processing yard, handling, processing of the waste wood, transport of the feedstock to the 85 

bioenergy facility and energy conversion in different configurations as presented in Figure 1 and Table 2Table 86 

1. The functional unit (FU) was 1 MWh of generated energy in form of electricity, heat and combined heat and 87 

power (CHP). The final unit of measurement was kg CO2 equivalent (eq) MWh
-1

. As this research investigated 88 

waste products, the energy demand and emissions included in the calculation start with the end of life of the 89 

original product, hence the collection of the product for disposal or recycling. Any upstream inputs and 90 

emissions related to the production of the original product were excluded from the analysis. The investigated 91 

options included different grades of waste wood, which are used in different applications with different supply 92 

chain processes in accordance with existing legislation for waste handling and processing (Defra, 2011; WRAP, 93 

2012).  94 

The following waste wood grades, from industrial and post-consumer use, are considered as feedstocks in this 95 

research were:  96 

 Grade A as clean waste wood not falling under the WID regulations and suitable for domestic 97 

application and compliant with renewable energy support schemes. Feedstock is considered as pellets 98 

and chips for domestic and commercial applications;  99 

 Grade B with a maximum of 10% panel products in the fuel mix, with adequate control of the fuel mix 100 

no WID compliance required and compliant with renewable energy support schemes. Feedstock is 101 

considered as chips for commercial applications;  102 

 Lower grade mix of grades C and D, containing grade C feedstocks and higher contaminated waste 103 

wood such as melamine containing panelboard, CCA (chromated copper arsenate) treated wood, 104 

requires WID compliance and not compliant with renewable energy support schemes. Feedstock is 105 

considered as chips for commercial applications. Grade C and D are considered as mixed fuel as a 106 

separation into the different grades is often difficult and not cost-effective. 107 
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The feedstock demand is based on the unit of energy produced, the efficiency of the furnace/boiler, the 108 

calorific value of the feedstock. As there are changes in feedstocks characteristics and material losses along the 109 

supply chain, the demand of unprocessed biomass has also been considered. The values are provided in SubT1. 110 

The sectoral competition for resource can influence environmental impacts of waste wood as bioenergy 111 

feedstock if other sectors have to divert supply chains. Especially,  grade A and B are currently also used in the 112 

wood processing industry and using this feedstock for energy could lead to a shift to using more virgin wood in 113 

the wood processing industry (Defra, 2012a; Mitchell and Stevens, 2008). Evaluating the emission impact of 114 

using grade A for energy instead of the wood processing industry has been done by others (Defra, 2012a; 115 

Mitchell and Stevens, 2008) and was not within the scope of the here presented analysis. Compared to this 116 

grades C and D are resources available for energy generation without shifting resources away from other 117 

sectors apart from landfill or energy recovery (Defra, 2012a, b; Greenhalf and Brown, 2012; Jambeck et al., 118 

2007). Nevertheless, grade A and B are also feedstocks in bioenergy facilities, which do not fall under the WID.. 119 

Figure 1 Energy recovery options from different waste wood feedstocks 120 

 121 

Table 2 Investigated waste wood-to-energy options 122 

  
Feedstock 

type 
Application  

Scale and 

technology 

Reference 

scenario 
Rationale for selection 

1 
Grade A, 

Chips 
CHP 

Medium scale 

(fluidised  

bed) 

Oil, natural 

gas 

Community CHP facility (for district 

heating and electricity provision) 

common in European countries 

2 
Grade A, 

Pellets 
CHP 

Medium scale 

(fluidised  

bed) 

Oil, natural 

gas 
Similar to CHP facility in Chilton, UK 

3 
Grade B, 

Chips 
CHP 

Large scale 

(fluidised  

bed) 

Oil, natural 

gas 

Commercial CHP facility for 

generating heating and electricity 
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4 
Grade C-D, 

Chips 
CHP 

Large scale 

(fluidised  

bed) 

Oil, natural 

gas 

Incineration of waste wood and 

potentially other wastes providing 

heat and electricity (WID compliant)  

5 
Grade A, 

Chips 
Electricity 

Medium scale 

(fluidised  

bed) 

Coal, natural 

gas 
Similar to CHP facility in Chilton, UK 

6 
Grade A, 

Pellets 
Electricity 

Large scale 

(pulverised fuel 

combustion) 

Coal, natural 

gas 

Similar to planned facilities in 

Rotherham and Port Clarence, UK 

7 
Grade B, 

Chips 
Electricity 

Large scale 

(fluidised bed) 

Coal, natural 

gas 

Similar to planned facilities in 

Rotherham and Port Clarence, UK 

8 
Grade C-D, 

Chips 
Electricity 

Large scale (moving  

grate  

technology) 

Coal, natural 

gas, landfill 

gas and waste 

incineration 

with energy 

recovery 

Incineration facility providing 

electricity (WID compliant) 

9 
Grade A, 

Chips 
Heat 

Domestic scale 

(biomass boiler) 

Oil, natural 

gas 
Domestic chip boiler 

10 
Grade A, 

Pellets 
Heat 

Domestic scale 

(biomass boiler) 

Oil, natural 

gas 
Domestic pellet boiler 

11 
Grade B, 

Chips 
Heat 

Medium scale (step 

grate) 

Oil, natural 

gas 

Commercial facility  providing heat 

(WID compliant) 

12 
Grade C-D, 

Chips 
Heat 

Large scale (moving  

grate  

technology) 

Oil, natural 

gas 

Incineration facility  providing heat 

(WID compliant) 

 123 

2.2 Sensitivity analysis 124 
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One of the goals of this research was to identify emission uncertainties of the different waste wood options. 125 

For this, the parameters with the most significant emission impact were varied to establish to which extent the 126 

different options deliver emission reductions.  For each waste wood option, a baseline case was evaluated and 127 

then variations to different supply chain factors applied. 128 

Transport fuel use 129 

Transport was identified as one of the three main contributors to the emissions from energy from waste wood 130 

(Figure 2).  Data for fuel consumption varies widely between data provided by vehicle manufacturers, real life 131 

fuel use and values given and used in research. Truck engines, loads, driving behaviour and conditions can all 132 

have an impact on the real life fuel use and lead to variations (ICCT, 2015; Muncrief, 2015). Provided values for 133 

average  roundtrip fuel use per 100 km of articulated haulage vehicles vary between 25 litres (Volvo, 2015) and 134 

43 litres (DfT, 2014). For the European Union it is expected that a 40% to 50% fuel use reduction to 19 to 22 135 

litres per 100 km is possible by 2026 due to efficiency achievements (Delgado and Lutsey, 2015).  136 

Considering the range of values and variations in fuel use (Cristea et al., 2013; Delgado and Lutsey, 2015; DfT, 137 

2014; Ecoinvent, 2016; EEA, 2013; Hamelinck et al., 2005; ICCT, 2015; Jonker et al., 2013; Muncrief and Sharp, 138 

2015; Volvo, 2015; VTT, 2013), a default value of 36 litres per 100 km as roundtrip with empty return has been 139 

assumed. To test the sensitivity of transport emissions, fuel use has been increased to 43 litres per 100 km and 140 

reduced to 22 litres per 100 km to test changes to the overall supply chain emissions. 141 

Wood processing 142 

It is common practice that the waste wood is processed in outdoor processing facilities by diesel-powered 143 

machinery. Processing waste wood in buildings or covered facilities could reduce noise and dust pollution for 144 

the neighbourhood. This would require processing facilities powered by electricity. To compare the 145 

environmental impact of the different fuel uses, outdoor processing with diesel and indoor processing with 146 

electricity has been compared. 147 

Pelletizing electricity demand 148 
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In the case of pelletized feedstocks, the pelletizing process contributes significantly to the overall emission 149 

profile (Figure 2). Data on the electricity requirement for the pelletizing process varies in the literature from 63 150 

to 250 kWh for 1 tonne of pellets (Damen and Faaij, 2006; EUBIA, 2016; Fantozzi and Buratti, 2010; Jonker et 151 

al., 2013; McKechnie et al., 2010; Thek and Obernberger, 2004). This includes processes like reception, 152 

crushing, grinding, cooling, packing and storing the feedstock, but does not include the heat required for 153 

drying. In case of waste wood, pellet mills reported that drying is not necessarily required as the feedstock has 154 

usually a moisture content of less than 20% and through the heat developed during processing no further 155 

drying is required. As a default 160 kWh have been assumed to produce 1 tonne of pellets, as this appeared 156 

closest to the most commonly used values. The full range of reported literature values (from 63 kWh to 250 157 

kWh) has been tested to evaluate sensitivity to the uncertainty in available data.  158 

Urea formaldehyde and urea melamine resin fraction in feedstock 159 

Wood is considered to offer advantages over fossil fuels in terms of emissions savings as the timeframe of CO2 160 

sequestration and release is much shorter (Röder and Thornley, 2016) and with a lower sulphur and nitrogen 161 

content compared to coal, SOx and NOx emissions will also be lower as discussed by others (Lavric et al., 2004; 162 

Mitchell et al., 2016). The focus of this analysis will be on the nitrogen content of some waste wood that is 163 

much higher due to the presence of urea formaldehyde and urea melamine resins, which can lead to the 164 

formation of N2O when the waste wood is burned (Khalfi et al., 2000; Liu et al., 2013; Skoglund et al., 2016; 165 

Wilen et al., 2007). The fraction of urea resin (UR) in MDF and  chipboard varies between 2% to 13.5% (WPIF, 166 

2014b) and 6% to 8% (WPIF, 2014a) respectively.  167 

As the formation of N2O can have a major impact on the overall emission profile, illustrated as the conversion 168 

category in Figure 2, sensitivities to the UR fraction were tested. 169 

For the grade B fuel mix a panelboard content of 5% to 10% is possible to still be considered under renewable 170 

energy support schemes, but to determine the exact composition of the mix is difficult and not always 171 

consistent. A fuel mix with 10% panelboard has been considered as baseline. For the sensitivity analysis, the 172 

overall content of panelboard in the fuel mix has been reduced to 5%.  173 
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Reported scientific results on the N2O formation during combustion are lacking. The BEAT2 model (Defra, 174 

2010) assumes as a default that 10% of the UR converts to N2O, which has been considered for the here 175 

presented calculations. To test the sensitivity of this factor the value for N2O formation during combustion has 176 

been decreased and increased to 5% and 15% for the grade B baseline option. 177 

For the sensitivity analysis of the grade C-D waste wood option the UR fraction in panelboard was varied by 178 

10% to evaluate how variations in the feedstock characteristics impact on the supply chain emission profile. 179 

Table 3 Sensitivity analysis; Parameter variations for tested factors  180 

Factor Default Variation 1 Variation 2 

Transport fuel 0.36 l/km 0.43 l/km 0.22 l/km 

Wood processing diesel electricity n/a 

Pelletizing electricity demand 160 kWh/t 250 kWh/t 63 kWh/t 

N2O formation 10% 15% 5% 

Grade B panelboard content 10% 5% n/a 
 181 

3 Inventory  182 

The inventory data for the supply chain processes within the system boundaries was converted to the 183 

functional unit of 1 MWh to generate heat and/or electricity. The relevant data for the characteristics of the 184 

feedstocks, fuel use for transport, handling and processing and specifications for the energy conversion facility 185 

is provided in SubT 1.  These have been gathered from appropriate literature sources and reviewed with 186 

industrial partners to verify their applicability to practical bioenergy systems. 187 

The feedstock demand was calculated from the feedstock required for generating the functional unit of energy 188 

and takes into account losses and moisture content along the supply chain. The demand varies from one waste 189 

wood option to the other because of different feedstock characteristics, applied technology and conversion 190 

unit specifications (see SubT 1). 191 

The transport demand is based on a fully loaded articulated vehicle transporting feedstock to the processing 192 

and the energy conversion facility and returning empty at each trip (since the vehicle is assumed to be a 193 

specialist haulage vehicle used only for biomass transport). 194 
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Many bioenergy supply chains include some form of drying. This was not considered for waste wood  as the 195 

feedstock is sourced from processed and dry products with moisture contents of 20% at maximum (Defra, 196 

2012a). 197 

The emissions factors for energy and fuels used for transport and all machine operations for processing were 198 

taken from Defra (Defra, 2010, 2016) and Ecoinvent (Ecoinvent, 2016).  199 

In CHP applications either heat or power will usually be the main product but in the absence of more specific 200 

information and to facilitate comparison to the other application it has been considered that the heat to 201 

power ratio is 4 to 1 with a load factor of 55%. This figure is low for an industrially led heat demand, but is 202 

reasonable for provision of space heating and other applications outside the process industries.  Previous work 203 

has shown that this load factor has a significant impact on life cycle emissions (Thornley et al., 2009), but is 204 

largely dictated by local commercial conditions. 205 

4 Results 206 

4.1 Emission profiles of baseline options for energy from waste wood  207 

The emission profiles of the different energy from waste wood options are presented in Figure 2. This presents 208 

the different baseline options based on the numbers provided in SubT 1.  209 

In all options the main share of emissions is related to mainly three categories: transport, feedstock processing 210 

and handling and conversion (combustion). Emissions from energy conversion are a major contributor to 211 

emissions in all options but in particular for grade B and C-D option. As described in the methods the 212 

conversion emissions presented in the graph are gaseous emissions generated during the combustion process 213 

and do not relate to the carbon stored in the wood and released as carbon dioxide during combustion. In the 214 

options using pellets, emissions related to processing and handling, hence, the electricity used during 215 

pelletizing becomes more prominent. 216 

The total emissions of the different investigated energy options range between a CO2eq mass of 53.8 kg MWh
-217 

1
 and 814.2 kg MWh

-1
. The wide range of the results is mainly related to a) the type of feedstock and b) the 218 

different energy conversion configurations. For example, heat from grade A chips has the lowest emission level 219 
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as it is used in a highly efficient small-scale application (see SubT 1 and SubT 3). The total emissions from grade 220 

D feedstocks are significantly higher not only because of the higher share of emissions from flue gas but also 221 

because of the low efficiency of the applications this type of feedstock can be used in. While grade A 222 

feedstocks can be used in highly efficient small and medium scale applications, grade C and D feedstocks can 223 

only be used in facilities compliant with the WID (Defra, 2012a), where gas produced during the combustion 224 

process must be raised to a temperature of 850 to 1100 C for two seconds (Defra, 2011).  225 

Figure 2 Baseline emissions by process contribution from waste wood grade A, B, C-D at different 226 

applications (kg CO2e MWh
-1

) 227 

 228 

4.2 Uncertainties of supply chain emissions 229 

Figure 3 summarises the supply chain emissions of the different waste wood options and the variations based 230 

on the results from the sensitivity analysis.  The variations (vertical error bars) present the best and the worst 231 

case for each energy option. While variations are relatively low for grade A and B chips options, the emission 232 

uncertainties are much higher for grade A pellets and grade C-D options. The results of the sensitivity analysis 233 

showed that the lowest variations are from changes in transport fuel use. Compared to this, emission 234 

variations from using different fuels for wood processing, changing the amount of electricity for pelletizing, 235 

varying the amount of panel products in the fuel mix and varying the UR fractions  and rate of N2O formation 236 

in the grade C-D options are more distinct. The single point indicators present the emission level of fossil-237 

based reference scenarios. In cases of larger uncertainties this shows that the emission saving could be 238 

significantly diminished if emissions where at the higher end of the uncertainty.  Addressing the larger 239 

uncertainties would help to understand better at which real emission savings could be achieved. SubT 3 240 

summarises the total emissions of the investigated waste wood options including the results from the 241 

sensitivity analysis. The parameters which most significantly reduce or increase the net GHG emission of the 242 

system are highlighted and in most cases refers to the parameters that are most prominent in the overall 243 

supply chain emissions, e.g., processing emissions for grade A feedstocks, energy conversion emission related 244 

to the UR fraction and N2O formation for grade B and C-D feedstocks. The detailed results of the sensitivity 245 

analysis are presented in the following sections. 246 
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Figure 3 Supply chain emission as kg CO2eq MWh
-1 

 of different waste wood energy options compared to 247 

fossil fuel reference 248 

 249 

Transport 250 

For all options the same transport distance of 160 km along the whole supply chain has been considered to 251 

make emissions more comparable. The contribution of transport to the total supply chain emission ranges 252 

between a CO2eq mass of 5.5 kg MWh
-1 

and 22.2 kg MWh
-1

, depending on the energy option (see Figure 4). 253 

The variations between the different options refer to the different amounts of feedstock required depending 254 

on the form of the feedstock (chips or pellets) and the final application as efficiency and load factor differ 255 

between the investigated conversion configuration options (see SubT 1). Fuel efficiency was tested in the 256 

sensitivity analysis and the results for an increased fuel use of 43.5 litres per 100 km and increased fuel use 257 

efficiency with 22 litres per 100 km are presented in the error bars in Figure 4. Changing the transport distance 258 

instead of the fuel efficiency would result in similar results. 259 

Considering just the transport related emissions they changed by 3.5% in both ways for all options. This means 260 

that variations in fuel efficiency have a very low impact on the supply chain and relatively change the total 261 

supply chain emissions by a maximum of 1% (detailed results provided in supplementary material SubT 3). 262 

The results show that transport makes a relatively small contribution to the supply chain emission and fuel use 263 

efficiency and similar reduced transport distance would make only minor changes to the overall supply chain 264 

emissions. 265 

Figure 4 Transport emissions as kg CO2eq MWh
-1 

with vertical error bars presenting icreased and 266 

improved fuel use  267 

 268 

Wood processing 269 

Figure 5 shows the results from comparing outdoor diesel-powered and indoor electricity powered wood 270 

processing facilities. The grey columns represent the emissions related to the processing with diesel, while the 271 
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vertical error bars show the reduced emission level when processed with electricity. Using electricity-powered 272 

processing facilities can reduce the processing and handling emissions by 15% for pellets and by 27% for chip 273 

feedstock of all grades. The lower emission reductions for pellets are caused by the increased energy demand 274 

for the pelletizing process resulting in additional processing emissions compared to the processing of chips. In 275 

regards to all energy options, the relative reductions are lowest for grade C-D feedstocks (less than 2%) due to 276 

the large contribution of other emission categories to the total emission profile. For the other feedstock, also 277 

depending on characteristics of the overall emissions relative reductions of 6% to 11% can be achieved 278 

(detailed results provided in supplementary material SubT 3). 279 

Figure 5 Processing emissions as kg CO2eq MWh
-1 

with vertical error bars presenting emission reductions 280 

when feedstock is processed with electricity-powered equipment 281 

 282 

Pelletizing electricity demand 283 

The emission impact of varying the electricity demand for the pelletizing process is presented in the first 284 

column of Figure 6, showing the emissions from producing 1 tonne of grade A pellets. For the baseline energy 285 

requirement a CO2eq mass of about 169.1 kg t
-1

 is released. With the variations of high and low electricity 286 

requirements for the pelletizing processes described in the methods and data presented in SubT 1, the 287 

emission increase by 32% to 223.5 kg CO2eq t
-1 

and decrease by 38% to 104.5 kg CO2eq t
-1

 respectively.  288 

Figure 6 Emissions as as kg CO2eq producing 1 tonne of grade A pellets and total supply chain emissions 289 

as kg CO2eq MWh
-1

. Variations in relation to increased and decreased electricity demand for pelletizing 290 

presented as error bars 291 

 292 

The higher electricity demand for pelletisation processes increases the supply chain emissions for energy from 293 

grade A pellets for CHP by 19%, for electricity by 23% and for heat by 17%. Considering lower electricity 294 

requirement for pelletizing these supply chain emissions decrease, compared to the baselines, for CHP by 23%, 295 

for electricity only by 27% and for heat only by 20% (Figure 6 column 2-5, detailed results provided in 296 

supplementary material SubT 3). 297 
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Urea formaldehyde and urea melamine resin fraction in feedstock 298 

As shown in Figure 2, emissions related to conversion make a major contribution to grade B and C-D energy 299 

options. These emissions are mainly related to the UR fraction and its impacts as described in the methods 300 

section. The total amount of emissions related to the conversion process varies between the investigated 301 

options due to the different applications and scale. For grade B, 10% panelboard in the fuel mix was evaluated 302 

as the baseline option. Reducing this amount to 5% lowered the conversion emissions by about 16% for the 303 

CHP options, 25% for the electricity and 8% for the heat option (Figure 7).  304 

Considering lower and higher N2O formation rates for the grade B options led to a similar range of variations of 305 

the emission level as reducing the amount of panel products in the fuel mix. Assuming that the N2O formation 306 

rate is 5% and 15% (compared to 10% in the baseline) led to lower and vice versa higher emissions of 13% for 307 

the CHP options, 20% for the electricity option and 7% for the heat option (vertical error bars in Figure 7). 308 

In all grade C-D options the conversion emissions are extremely dominant. While reduction of the panelboard 309 

content in the fuel mix and changes in the N2O formation during combustion have been tested for grade B, for 310 

the grade C-D options a variation in relation to the UR fraction in the panelboard was analysed. For this, the UR 311 

fraction was increased and decreased by 10% leading to relative variations in the total supply chain emissions 312 

of 8% to 9% (Figure 8) 313 

With its high global warming potential, N2O formed during combustion becomes the most prominent emission 314 

component for grade B and C-D options compared to untreated wood and showed the highest sensitivity for 315 

grade b and C-D feedstocks. 316 

Figure 7 Conversion emissions as kg CO2eq MWh
-1 

for grade B options with a fuel mix of 10% and 5% 317 

panelboard and variations of the N2O formation rate by 50% (vertical error bars) 318 

 319 

Figure 8 Conversion emissions as kg CO2eq MWh
-1 

for grade C-D options with variations of the UR farction 320 

by 10% (vertical error bars) 321 

 322 
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4.3 GHG emission reduction potential 323 

Considering the urgency to shift from a fossil fuel based energy system to renewables, the untapped waste 324 

wood resources could be a viable bioenergy feedstock. To evaluate the emission reduction potential of each 325 

examined waste wood option, each emission profile was compared to different fossil fuels and landfill gas with 326 

energy recovery that reflect best the current UK energy system at the appropriate scale. The single point 327 

markers in Figure 3 show the typical emission intensity of the fossil fuel, landfill gas and incineration 328 

references on an equivalent lifecycle basis. Figure 9 represents the relative emission reductions for the 329 

investigated energy options and sensitivities compared to the reference cases.  330 

Considering the baseline emission profile of the different waste wood options, grade A and B feedstocks can 331 

deliver the largest emission reductions compared to the reference cases. These reductions vary slightly when 332 

applying the above presented sensitivities but overall emission reductions are still achieved. Grade A chips 333 

achieve the highest reductions in a range between 68% and 91%. The highest relative emission reductions of 334 

about 91% are achieved by generating electricity from grade A chips compared to coal based electricity. 335 

Emission savings are lower when considering gas as reference energy option due to the lower emission 336 

intensity of natural gas, but 68% reductions are still achieved in the case CHP.  337 

Emission reductions from grade A pellets and grade B chips are lower compared to grade A chips, mainly due 338 

to the additional energy required to produce pellets (grade A pellets) and to the formation of N2O during the 339 

combustion of panelboard (grade B chips). Although reductions of up to 83% for electricity from grade A 340 

pellets and 81% for electricity from grade B chips can be achieved. Overall grade B feedstocks provide emission 341 

reductions between 50% and 81% and grade A pellets between 48% and 83% for the different application 342 

options.  343 

In case of the grade C-D (options), emission reductions are relatively low and in some cases exceed the 344 

emission of the energy reference significantly. Emission reductions from grade C-D are only achieved when 345 

large scale electricity from coal (28% reduction) or landfill gas with energy recovery (26% reduction) are 346 

replaced. In all other cases grade C-D based energy exceeds the emission of the reference options by 17% to 347 

126%. For the waste incineration reference case of energy from waste (EfW) it has to be kept in mind that the 348 
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emission factor of waste incineration refers to a very heterogeneous fuel mix that can also contain various 349 

levels of treated waste wood. 350 

Figure 9 Relative emissions reductions compared to fossil fuel reference in % 351 

 352 

5 Discussion 353 

The results show that grade A and B feedstocks achieve significant emission reductions with relatively small 354 

variations. Grade A pellets and grade B chips emission reductions are slightly less due to a higher processing 355 

energy penalty from pelletizing and for UR fraction related N2O formation respectively. The emissions from 356 

both feedstocks (grade A pellets and grade B chips) are relatively similar, which means that a feedstock with 357 

some degree of contamination can provide similar emission reductions as untreated wood pellets.  The 358 

emission savings from grade C-D are relatively limited and only achieved when to electricity generation from 359 

coal and landfill gas. For all other options grade C-D feedstocks exceeds the emissions compared to the fossil 360 

fuel reference. In terms of decarbonising the energy sector UR containing waste woods therefore offer some 361 

potential when replacing coal and landfill gas and additionally this would reduce landfill and related emissions 362 

(Brown and Kearley, 2012; Defra, 2012a, b; Mitchell and Stevens, 2008). 363 

Transport is the smallest of the three main emission categories of the evaluated options and the sensitivity 364 

analysis showed that variations in fuel use do not have a significant emission impact, consistent with findings 365 

of comparable research (Mitchell and Stevens, 2008). However, only regional supply chains and relatively short 366 

distances have been considered. Other research showed that bioenergy operators consider longer distance 367 

transport of feedstocks not feasible as this would increase the cost (Forsberg, 2000; Goh and Junginger, 2013; 368 

Röder, 2016) and the emission burden (Bows-Larkin et al., 2015; Röder et al., 2015; Walsh and Bows, 2012). 369 

The UK is a major global importer of woody biomass and the largest importer of wood pellet (FAO, 2016); at 370 

the same time large amounts of organic residues and wastes are currently not used or exported (Defra, 2012b; 371 

Greenhalf and Brown, 2012). More local and regional bioenergy and waste management supply chains could 372 

therefore potentially improve the emission savings (Welfle et al., 2014). 373 
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It is common practice to process waste wood in outdoor yards using mobile diesel-powered machinery. The 374 

here presented analysis showed that indoor processing with electricity-powered equipment can reduce the 375 

emissions of all investigated options. In particular, for grade A chips indoor processing offered the highest 376 

mitigation potential of the evaluated sensitivities. Considering renewable energy support schemes with set 377 

emission thresholds, a shift to indoor electricity-powered processing could offer benefits in terms of achieving 378 

these targets and providing further reductions. With the outlook of a continuous reduction of the carbon 379 

intensity of the electricity mix, emission benefits from indoor processing would increase even further. 380 

Moreover the waste wood processing industry has to comply to various  environmental regulations (WRAP, 381 

2012). Indoor processing would provide a better control of health, safety and environmental issues such as 382 

dust, fines and noise. 383 

There is a large body of literature showing that pelletizing reduces the emission savings from bioenergy 384 

feedstocks and the rationales and impacts for the use of pellets have been discussed widely (Adams et al., 385 

2015; Alakoski et al., 2016; Cocchi et al., 2011; Lamers et al., 2012; Sikkema et al., 2011). Nonetheless, so far 386 

previous research considers a single numbers for the electricity required for the pelleting process. The here 387 

presented evaluation showed there is quite some variation in the data leading to possible changes in the total 388 

supply chain emissions by up to 23% higher and up to 27% lower emissions compared to the baseline. This is 389 

quite significant when considering the mitigation potential of pellet feedstocks. Higher transparency in 390 

reporting of the processing fuel demand and optimising fuel use could reduce this uncertainty and benefit the 391 

understanding of the emission reduction potential of pellet feedstocks. 392 

The UR fraction in grade B, C and D that partly forms into N2O was identified as the key emission parameter, 393 

which also causes the strongest variations to the emission profile of these options. It is unlikely that grade B, C 394 

and D waste wood always have the same UR fraction due to inconsistencies in the waste mix and the 395 

sensitivity analysis showed how significantly this could vary the actual emission. Moreover, up-to-date 396 

knowledge about N2O formation during combustion is limited and therefore another source of high 397 

uncertainty. The assumed value for this research was the best available number and taken from the BEAT2 398 

V2.1 model which is widely used but also criticised by many experts for being highly uncertain. Selective 399 

catalytic reduction and high temperatures during incineration could potentially reduce the formation of NOx 400 
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and therefore N2O but there is still limited understanding of the NO-to- N2O chemistry. Additionally there is a 401 

risk of the release of N2O from the catalytic converters (Defra, 2013; Eric and David, 2014; Harris et al., 2015; 402 

Møller et al., 2011; Nixon et al., 2013; Van Caneghem et al., 2016). Reducing and increasing the formation rate 403 

in the sensitivity analysis showed the related variations. It also showed that N2O formation from UR during 404 

energy conversion is a major concern even with lower UR fractions and low N2O formation rates. To achieve 405 

higher emission reductions from grade B, C and D feedstock a pre-treatment to reduce or even remove the UR 406 

could be a way to improve the emission profile of theses feedstocks. Resins are soluble in water and therefore 407 

washing could be a valid and low cost pre-treatment to remove resins (Kaczala et al., 2010). Research by 408 

others has shown that there are not only environmental benefits but that washing of the feedstock also 409 

improves the properties for combustion (Gudka et al., 2016). 410 

Washing might not remove all UR but the calculation showed that a reduction of UR fraction could lead to 411 

significant emission reductions and improve the climate change mitigation potential of these feedstocks. If the 412 

feedstock is pre-treated and UR removed, not just the potential of N2O formation during energy conversion is 413 

significantly reduced but these feedstocks could then also be used in more efficient facilities, further reducing 414 

the overall emissions. However, there is a need to better understand the release and conversion of N2O under 415 

different conditions. In case of grade D waste wood, UR could be removed through washing but other 416 

contaminations such as melamine, arsenic, chromium, copper, halogens, halides or volatile organic 417 

compounds would still be an environmental issue (Defra, 2012a; Jambeck et al., 2007; Mercer and Frostick, 418 

2012, 2014). 419 

Thorough waste wood separation practices would help to efficiently pre-treat UR containing material and 420 

support an optimised use of the different feedstocks, possibly not just for energy generation but also for other 421 

cascading uses which are discussed by others (Defra, 2012a; Mitchell and Stevens, 2008).  422 

Overall the results show that waste wood-based energy in particular from grade B feedstocks can provide high 423 

emission reductions throughout all analysed applications and compared reference scenarios. Emission 424 

reductions from grade B can be maximised when generating large-scale electricity and commercial scale heat, 425 

with emission levels similar to untreated wood pellets. From this, it appears viable to use grade B feedstock for 426 

large-scale applications compliant with WID replacing untreated feedstocks in particular pelletized feedstocks, 427 
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while using untreated feedstocks preferably in small-scale applications. Emission reductions from grade C-D 428 

feedstocks are limited but still, over 25% emission reductions can be achieve when generating large-scale 429 

electricity replacing coal and landfill gas with energy recovery. As discussed in detail by Thornley et. al 430 

(Thornley et al., 2015), optimising feedstock use and maximising emission reductions of various feedstock-431 

application systems can support  the urgent need to reduce emissions from the energy sector in a timely 432 

manner. It is important to consider that biogenic carbon was not included in the analysis. Current accounting 433 

frameworks consider woody biomass as carbon neutral. This can be misleading as in case of timber and wood 434 

products the point in time of carbon sequestration and carbon release, e.g., when generating energy from 435 

waste wood these units of CO2 are not compensated for by contemporaneous sequestration (Röder and 436 

Thornley, 2016). Especially within a cumulative carbon budget it is important to assess when emissions are 437 

release and when sequestered. Currently no standardised approach exists integrating a system’s carbon 438 

balance and lifecycle emissions. However, the LCA approach provides the GHG performance of each specific 439 

lifecycle step, allowing identifying the key impacts and the emission variability and comparing emissions of 440 

different systems at a specific point in time.  441 

6 Conclusions 442 

The objective of this research was to evaluate the climate change impacts and related emission uncertainties 443 

of waste wood based energy.  Grades A, B and C-D waste woods with CHP, electricity generation and heat 444 

generation have been investigated.  The results show that the emissions from energy generated from different 445 

waste wood grades vary largely. While grade A waste wood achieves reductions of up to 91% compared to the 446 

fossil fuel reference cases, emission levels from grade B feedstocks are similar to untreated waste wood pellets 447 

with savings up to 81% and emissions from grades C-D can exceed the reference cases in some options by up 448 

to 135% and only achieve limited emission reductions when replacing highly carbon intense energies. However 449 

the reference cases were related to the energy system and a comparison to waste management alternatives 450 

could present a different perspective. The evaluation of untreated waste wood showed clearly that bioenergy 451 

can contribute significantly to reducing emissions. It also showed that feedstocks with a low level of 452 

contamination achieve significant emission reductions similar to untreated waste wood pellets.  To use higher 453 
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contaminated feedstocks more sustainably pre-treatment to remove some of the emission causing 454 

components including UR would be required.  455 

It should be noted that one of the most significant drivers in determining the scope of systems evaluated in 456 

this study is the legislative framework determining how waste wood is managed and disposed of.  The 457 

classification of (often physically and chemically very similar) material can significantly impact on the resulting 458 

environmental impact and achievable greenhouse gas reductions. Where pre-treatment changes these 459 

characteristics or where compositional analysis shows absence of key contaminants it may be appropriate to 460 

reconsider the classification of waste based solely on its origin rather than its properties and associated 461 

potential to cause harm. 462 
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