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ABSTRACT 

Several recent life cycle assessments (LCA) of biomass densification have been carried out. 

This paper reviews data from 19 sources with 48 case scenarios to assess the current status of 

LCA of biomass densification. It describes the specific units in a reference “gate-to-gate” LCA 

in relation to the existing studies, and summarises key differences between them. Finally, it 

provides a qualitative analysis of the associated sources of uncertainty. 

Existing LCA studies of biomass densification were found to provide insufficient and 

inconsistent information for full transparency and comparability, due to different choices in 

system boundary, functional unit, allocation procedure, densification technology and biomass 

residues. Most of the reviewed studies attributed most of the energy use and greenhouse gas 

(GHG) emissions to transportation, drying and densification. The energy and GHG emissions 

of the gate-to-gate densification system were highly sensitive to the technology, feed material 

used in densification and scale of production. 

Apart from one study with zero energy consumption as a result of the use of manual operations, 

the normalised values of energy consumption for the reviewed studies ranged from 20 to 900 

kJ MJ-1. Neglecting three outlier values, GHG emissions as mass of CO2-eq for the reviewed 

studies ranged from 600 t MJ-1 to 50 g MJ-1. Similar variations in result and outlier cases have 
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been reported for other bioenergy processes, by other authors. Assuming that the biggest impact 

of densification processes is on transport fuel use, and based on 5 studies that reported 

densification ratios, the net energy and GHG emissions savings resulting from densification 

ranged from 200 to 1000 kJ MJ-1 and 9 to 50 CO2-eq (g MJ-1), respectively.  On this basis, it 

can be concluded that biomass densification is a worthwhile addition to the biomass energy 

conversion system. 

There is a need for more transparent reporting and analysis of uncertainty in the modelling, to 

better understand the wide variation in outcomes. 

Keywords: Densification; LCA; Biomass; Energy; GHG 

1. Introduction 

Briquetting and pelleting are the two main and most common forms of biomass densification.  

They have similar process components and production stages but vary in product (densified 

biomass) sizes, with larger diameter products (e.g., 40 mm) generally called briquettes and 

smaller diameter (e.g., 10 mm) products called pellets [e.g.,1,2]. 

The aim of densification of loose biomass into briquettes or pellets is to increase the energy 

density, resulting in several benefits, such as reduced transportation costs and storage space 

requirements, as well as more uniform feeding into conversion equipment [1]. However, the 

sustainability of biomass densification also depends on the energy consumption, emissions and 

cost associated with densification itself, and application of the densified biomass, e.g., in 

combustion or gasification [e.g., 3]. One way to examine the overall sustainability of 

densification is by LCA. LCA is an environmental management tool that examines the 

environmental impact of a product, process or service over its entire life cycle, “from cradle to 

grave” [4,5]. The use of LCA in the field of bioenergy has rapidly increased in recent years due 

to concerns about environmental impacts associated with bioenergy systems, e.g., biodiesel, 

ethanol and bio-oil [e.g., 6]. 

Unlike other bioenergy carriers such as ethanol [e.g.,7,8], biodiesel [e.g., 8,9], and heat and 

electricity generation [10,11], assessment of life cycle environmental impacts associated with 

biomass fuel briquettes or pellets is still relatively rare. 
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This paper reviews the current status of LCA of biomass densification. It describes the specific 

operations involved in a reference “gate-to-gate” LCA of biomass densification, summarises 

previous work, and provides a qualitative analysis of the sources of variation and uncertainty 

associated with the LCA of biomass fuel densification, to guide other future studies. 

2. Life cycle components for biomass densification 

2.1.   Biomass densification system boundary 

A full cradle-to-grave LCA of biomass densification starts from biomass cultivation and ends 

with disposal of the waste (ash and plant facilities) from briquette/pellet conversion to energy 

(Figure 1), including environmental impacts that are embodied in the capital equipment, as well 

as operational environmental impacts. Since densified biomass is mostly produced from 

agricultural residues such as straws, husks, stalks, leaves and wood wastes, some LCA’s define 

a system boundary that starts at the farm gate, i.e., omitting the processes that result in residue 

production [e.g., 12]. A reference “gate-to-gate” system boundary for the biomass densification 

by itself can be defined as from the densification plant entry gate (B in Figure 1), through the 

densification plant, to its shipping gate (C in Figure 1). In some cases, the start gate is defined 

as the farm or biomass source gate (A) which includes transportation of loose biomass from 

source to the densification plant entry gate (B), while the end gate can include distribution of 

densified biomass from the shipping gate (C) to the consumer’s or conversion site’s gate (D) 

(Figure 1). Arguably, biomass densification has impacts on conversion of biomass to fuel or 

energy, which is therefore part of the full life cycle of densified biomass, but the complexities 

are such that this aspect has not been included in LCA of biomass densification in the literature, 

and biomass conversion has been simplified as a single box outside the system boundary in 

Figure 1.  The reference “gate-to-gate” biomass densification system (indicated by the red line 

in Figure 1) thus consists of subsystems including raw biomass storage, drying, size reduction, 

mixing (in the case of binders or multiple feed biomass), conveying, densification, 

curing/cooling, screening, packaging, and storage prior to shipping from the briquetting plant 

gate. The specific components of a biomass densification system affect its life cycle 

environmental impacts, yet only a few studies provided information on the contributions of 

specific components to the LCA results. The available information is shown in Table 1, and is 

discussed in the following sections, including all the components of the reference “gate-to-

gate” system as well as transportation.  
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2.2.  Specific units in a gate-to-gate LCA of biomass densification system 

2.2.1. Feed biomass and/or densified biomass storage 

The loose biomass to be densified and/or the densified biomass may be stored in an open area 

or buildings (such as silos, warehouses and storage rooms), where the latter prevent losses due 

to weather and/or animals but are associated with embodied environmental impacts. Some 

literature studies on LCA of biomass densification showed that the storage unit contributes less 

than 3% of the total energy and 2% of the GHG emissions (Table 1). However, Rousset et al, 

[21] showed that the storage unit contributes 14% of the total GHG emissions of the 

densification system, as a result of additional energy requirement for onsite storage of starch 

binder. Densified biomass fuel takes less space than loose biomass, with the improvement in 

storage efficiency depending on the increase in bulk density achieved. 

2.2.2. Drying 

Biomass residues can sometimes be collected with a suitable moisture range for densification 

[22], as a result of air drying and exposure to sunshine at farm sites. However, some biomass 

has as high as 70% moisture content on a wet basis [18] and must be dried to 8 to 10% for 

densification [23]. Drying is energy intensive and could make a significant contribution to the 

overall energy use [e.g., 17,18] and GHG emissions [e.g., 13] (Table 1), depending on the 

amount of moisture to be removed. The type of dryer (e.g., hot air or superheated steam), 

capacity, temperature and residence time of the biomass will also affect the environmental 

impacts of drying [e.g., 24]. For example, a rapid increase in temperature can result in higher 

emissions of volatile organic carbon during the drying process [25].  

2.2.3. Size reduction 

Most densification systems include a size reduction stage where biomass is chopped, crushed, 

or ground using equipment such as a crusher or hammer mill [e.g.,26,27]. Size reduction 

enables more rapid drying of loose feed biomass to be densified [28], and improves 

compaction. The energy and emissions associated with size reduction depend on the extent of 

size reduction required, which is greatly influenced by the type of feed biomass and its 

morphology [e.g., 22,29]. 
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2.2.4. Conveying systems 

In most biomass fuel densification systems, loose biomass and densified biomass are mainly 

transported through conveying systems, including screw and belt conveyors. The density, 

particle size and abrasiveness of the biomass to be conveyed affect the design of the conveyor 

and the quantity of biomass residues conveyed in a given time, which influences the operational 

hours required, the number of conveyors needed, and the life cycle environmental impacts [e.g., 

30, Muazu et al, manuscript in review]. However, the environmental impacts of the conveying 

system on its own are not very well understood, as most LCA studies count the impact of the 

conveyor unit as part of the unit to which the feed is conveyed. For example, some densification 

machines have built-in conveyors. As such, only one of the few studies reported in Table 1 

showed the impact of conveying systems. 

2.2.5. Blending 

Most fuel densification systems do not use a separate mixing unit; some [e.g., 21] used the 

screw conveyor for mixing. In multiple biomass densification, or where binders are added, a 

separate mixer (e.g., tumble, double cone, or screw) may be required for production of a 

homogenous feed to the densification unit, which will have an additional energy requirement, 

dependent on the type and proportion of different materials in the feed mixture.  

2.2.6. Densification (briquetting/pelleting) 

Biomass densification into pellets and briquettes involves the use of equipment such as a pellet 

mill or briquette press (screw and piston). Pellets, being smaller, are commonly produced by 

extrusion, whereas larger briquettes are produced by compaction. Pellet mills consist of a 

perforated die plate with one or two attached rollers. The loose biomass is discharged onto the 

surface of the plate and forced through the perforations by rotating the die and rollers, to form 

densified pellets [e.g., 1,28]. Pellet mills are characterised by an ease of operation that permits 

a high production capacity, but have a high energy requirement. Pellets have a wider industrial 

application (e.g., co-firing with coal) as a result of their smaller particle size. 

Briquette presses include hydraulic or mechanical piston and screw presses, using either an 

oscillating piston or tapered screw to compact and then release, or extrude, briquettes, 

respectively [e.g., 1,23]. The screw press was found to consume more energy than the piston 
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press [23], which can be attributed to the high energy required for extrusion compared with 

only compaction [e.g.,1].  

In addition to the use of conventional equipment in densification, manual operations, including 

hand-moulding and shaping are sometimes employed to make briquettes, such as charcoal dust 

mixed with binder [31], as well as low pressure densification machines. 

In most cases, the composition of biomass and its morphological characteristics determine the 

level of pressure required in densification processes.  

2.2.7. Curing/Cooling 

The densified biomass leaving the densification unit is usually hot due to incidental or 

deliberate heating during densification, so a curing unit may be required to cool and dry it 

before packaging and storage. Densified biomass curing may take place at room temperature, 

or using equipment such as a box dryer and/or counter-flow cooler, which blows air through 

the fresh briquettes/pellets. Operational energy is required to supply air for drying or cooling, 

and curing at room temperature requires space with embodied energy [Muazu et al, manuscript 

in review]. 

2.2.8. Screening 

The produced briquettes/pellets may be screened to remove fines and shattered 

briquettes/pellets before packaging or storage [12]. However, the specific impact of densified 

biomass screening is not available in the literature. 

2.2.9. Packaging 

Densified biomass may be packaged to make it easier to load, transport and distribute, as well 

as protecting it from weathering. Packaging is mostly important when the densified biomass is 

being distributed for domestic applications or small-scale thermal sites, whereas packaging is 

usually avoided for large-scale thermal conversion sites, which may use specialised transport. 

Packaging can be carried out manually or using equipment such as thermal shrink packaging 

[32]. The packaging unit can be considered as a moderate energy consumption unit relative to 

high energy units such as drying, and low energy units such as storage. 
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2.2.10. Feed biomass/densified biomass transportation 

The transportation requirement of loose biomass from source to densification site varies with 

the type of biomass residue to be densified, particularly its density, and the distance between 

the biomass production and densification sites [e.g., 12,13,14]. The associated environmental 

impacts also depend on the type of vehicle used in both cases.  Transportation is excluded from 

the reference “gate-to-gate” system boundary, but in a typical “A-to-D” gate-to-gate LCA of 

biomass densification systems found in the literature, the transportation stage consumed up to 

23% of the total energy of densified biomass production [e.g., 15] (Table 1). Nguyen et al [16] 

found that greenhouse gas (GHG) emissions associated with the biomass logistics in ethanol 

production chain, are most sensitive to the transportation of densified biomass with emissions 

of 0.2 to 13 CO2-eq (g MJ-1). One of the possible ways to reduce the impact of transportation 

is densification of the loose biomass at source (onsite) [e.g., 17,18]. 

3. Previous work on LCA of biomass densification systems 

Studies selected for this study were found by searching scientific and technical databases 

including, Web of Science, Science Direct, FAO, and Google Scholar. Combining keywords 

such as “biomass”, densification”, “briquetting” and “LCA”, the authors found a total of 87 

publications. 19 out of these studies reported environmental impacts specifically for biomass 

densification, while other studies embedded densification within the energy production system, 

which made it difficult to extract quantitative information specific to the densification unit from 

those studies. 

The 19 LCA studies with accessible information about biomass densification are summarised 

in Table 2, including the types of biomass densified, the densification technologies, the system 

boundaries, and the environmental impacts. Environmental impacts are summarised as 

reported, and also normalised to uniform units, including a uniform functional unit (1 MJ 

densified biomass energy content) in the denominator, to enable comparison of the results from 

different studies.  

Figure 2 and Figure 3 show the information in Table 2, after conversion to the reference 

densification plant entry gate-to- exit gate (B to C in Figure 1) system boundary, i.e., including 

all capital and operating components of the densification system, again with normalisation of 

the units. 
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For the 19 reviewed studies, five different system boundaries were used, and none reported a 

complete "cradle-to-grave" LCA of the densification process (Figure 1). Three [13,17,26] 

already had the reference “B-to-C” gate–to-gate system boundary. Four other studies [12,33; 

29,18] used a “gate-to-grid” system boundary. Eight studies [15,16,21,34,35,36,37,38] 

considered a "cradle–to-gate" system boundary. Njenga et al. [32], Kabir & Kumar [39], 

Sultana & Kumar [19], Fantozzi & Buratti [20] considered a "cradle–to-grid" system boundary, 

whereby the definition of cradle, gate and grid varied for the different studies, as indicated in 

Table 2. These studies also used different functional units, for example, the functional unit was 

defined as the annual mass of fuel pellets by Bergman et al [34], whereas Chiew & Shimada 

[17] defined the functional unit in terms of the mass of processed feed biomass residues.  

The indicators used to assess the environmental impacts of the fuel densification varied across 

the studies, and included energy consumed in briquette production per unit of energy produced 

by the densified biomass, GHG emissions, as well as a variety of others.   
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A detailed LCA of biomass densification, with reporting of a variety of impacts, was conducted 

in 13 of the reviewed studies [13,15,17,19,20,26,33,34,35,36,37,38,39] using impact 

assessment methodologies such as CML 2 baseline 2000, EDIP 2003, Eco-indicator 99, and 

Recipe methodologies. The remaining 6 studies used energy and greenhouse gas (GHG) 

emissions to assess the sustainability of the biomass densification systems. 

As is the case with other LCA studies of bioenergy systems, variations can be observed among 

and within different scenarios of the reported outcomes of the LCAs (Table 2, Figure 2 and 

Figure 3). For all the reviewed studies, the life cycle energy consumption of the gate-to-gate 

densification systems ranged between 20 to 900 kJ MJ-1. The lower the total energy 

consumption, the more sustainable the biofuel. For example, Kabir & Kumar [39] showed that 

a densification energy of 290 kJ MJ-1 and above is unsustainable. 

The GHG emissions of the gate-to-gate densification systems from the reviewed studies ranged 

from 0.6 to 50 CO2-eq (g MJ-1), of densified biomass energy content, while a range of 190 to 

230 CO2-eq (g MJ-1), of electricity generation with densified biomass was estimated on a 

cradle-to-grid basis. To give an indication of the sustainability of this range of GHG emission 

it can be compared, for example, to the total CO2 emissions of 230 CO2-eq (g MJ-1) from 

electricity generation with loose biomass (rice straw) [45], or 350 g CO2-eq (g MJ-1) with coal, 

for a cradle-to-grid system boundary [45].  

The most obvious impacts of densification are on energy consumption and GHG emissions 

associated with transportation, where we might roughly assume that any increase in bulk 

density is associated with proportional reductions in fuel use and transport emissions reduction. 

Given that the bulk density increase factors reported in 5 of the reviewed studies ranged from 

2.3 to 5.5 [12,15,19,34,39], and assuming transport energy use of 2.5 MJ t-1 km-1 and transport 

emissions of 126 CO2-eq (g t-1 km-1) [46], this suggests that densification reduces net energy 

consumption in these studies by 200 to 1000 kJ MJ-1 and GHG emissions by 9 to 50 CO2-eq (g 

MJ-1) for a hypothetical maximum transport distance of 500 km and target transport load of 20 

t d-1. 

The compiled LCA outcomes varied over a wide range and normal probability plots (not 

shown) of the LCA outcomes in Figure 2 and Figure 3 suggest that the variations are not 

attributable to random error, which further indicates the significant effects of the various 

methodological choices employed on the LCA outcome. More extreme outlier values were also 

observed, e.g., outlier values of 0, 0.01, and 700 were excluded from the summary of GHG 
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emissions in Figure 3. The studies by Njenga et al [31] and Rousset et al [21] were not included 

in the plot but are further discussed below. The reliability of the outlier case reported by 

Fantozzi & Buratti [20] was very low due to high weight allocated to equipment during 

characterisation and weighting phases of the LCA, and was thus excluded from the analysis. 

Wide variations in LCA outcomes are also common in the literature. Most existing LCA studies 

of bioenergy (and other) systems have different specific goals and have therefore adopted 

different approaches, leading to different results. Even for studies with similar goals and input 

and output flows, variations in LCA outcomes may be observed, e.g., with a range of 4.4 to 

100 CO2-eq (g MJ-1) J-1 in a review of hundreds of LCA studies on biopower technologies 

carried out between 1980 to 2010 [47], -1.3 x 103 to 80 CO2-eq (g km-1) travelled in a review 

of 53 LCA studies using ethanol E100 [7], and 0.3 to 193 CO2-eq (g MJ-1) electricity, and 1.6 

to 21 CO2-eq (g MJ-1) in a review of 58 LCA studies of various biomass fuels [11]. For the 

latter review, outlier GHG emission values widened the range to -113 to 301 CO2-eq (g MJ-1) 

electricity and 1.6 to 67 CO2-eq (g MJ-1) heat generated. Such wide variations have been 

attributed to factors such as: data source [7], data age [48], methodological issues including 

definition of the functional unit and system boundary [49], and allocation procedures [50,51].  

For example, in the present review, the reporting of results on the basis of biomass energy 

content implies that the variations in heating values of different types of densified biomass (15 

to 26 MJ kg-1) among the reviewed studies influence the LCA results. The GHG emissions and 

overall LCA results can be sensitive to the scale of production [e.g., 16,29], but a clear 

correlation between scale of production and life cycle energy or GHG emissions was not 

observed for the reviewed studies. 

The common sources of variation between the LCAs are discussed further in the following 

sections. However, it should be noted that the literature sources do not report all of the details 

of their analyses, which makes the cause of the very wide variation in results from different 

studies difficult to determine. 

4.   Sources of uncertainty in LCA of biomass densification systems 

4.1. System boundary 

Definition of different system boundaries is a significant source of variation in LCA results 

among the reviewed studies. For example, a study by Rousset et al [21] showed that for each 
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kg of briquettes produced from wood charcoal fines and starch, an estimated 100 g of CO2-eq 

was sequestered per MJ of briquette energy content in a cradle-to-gate system boundary, while 

emission of 700 CO2-eq (g MJ-1) was associated with the gate-to-gate system boundary. The 

inclusion of the agricultural stage in the cradle-to-gate system boundary, reduced the net GHG 

emission of the densification system. However, it seems more appropriate to use CO2 capture 

in the agricultural stage to offset the dependent CO2 emissions in biomass conversion, rather 

than to include them in the biomass densification subsystem, which is independent of the 

agricultural stage. 

This source of variation was eliminated by separating out the components of the reference 

“gate-to-gate” boundary system for each of the literature sources in Figure 2 and Figure 3. 

However, significant variations can still be observed between some of the studies, especially 

for the GHG emissions. For example, a study by Reed et al, [37] showed that a gate-to-gate 

LCA of wood residue pelleting emitted 10 CO2-eq (g MJ-1), while, for the same gate-to-gate 

system boundary, 2 and 7 CO2-eq (g) were associated with corn stalk briquetting by Hu et al, 

[12] and EFB briquetting by Chiew & Shimada [17] respectively. Hu et al [12] used an 

integrated briquetting system and did not include the burden of conveying and packaging unit. 

The conveying and packaging units can respectively contribute up to 22% and 7% of the total 

life cycle GHG emissions of the gate-to-gate densification system (Table 1). Likewise, the EFB 

briquetting had only four production stages including conveying, size reduction, drying and 

briquetting (pressing of the EFB into cylindrical moulds) [17], whereas pelleting of the wood 

residue by Reed et al, [37] included all the other units of the densification system (including 

conveying, size reduction, drying and densification) and additional energy used for pellet 

lubrication. 

This indicates that even for the same nominal system boundary, the LCA outcome is highly 

dependent on the specific components and activities included in the system. 

4.2. Densification variables 

The type of densification technology employed in the production of briquettes or pellets can 

influence the properties of densified fuels [e.g., 1,23] as well as the results of an LCA. For 

example, the use of manual operations in briquetting of charcoal dust resulted in total GHG 

emissions of 0 CO2-eq (g MJ-1) of briquette energy content [31], while use of conventional 

densification equipment (e.g., briquette press and pellet mill) resulted in GHG emissions of 0.6 
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to 50 CO2-eq (g MJ-1) briquette energy from charcoal fines. The manual collection of binding 

agent as spoil gathered from pit digging by roadsides and riversides, and the transportation of 

these materials by foot from sources to the briquetting point, and the use of water from natural 

shallow wells, in the study by Njenga et al, [31], avoided the net energy input into the system 

that would be required by electrical machinery. However, other work has shown that the 

durability and energy density of manually densified biomass may be less than that of densified 

biomass produced using high pressure compaction equipment [e.g.,22]. Therefore, a balance 

between lower environmental impacts and quality of densified biomass should be considered. 

It is also important to look into the social impact of employing manual operations in biomass 

densification. 

The high outlier values for GHG emissions were associated with charcoal briquetting.  

Charcoal biomass has poor plasticity and normally requires high energy for densification using 

conventional equipment, as well as the need for a binder, which further increases the storage 

space requirement for raw binder (Table 1) and energy requirement of curing the densified 

biomass. However, the charcoal dust used by Njenga et al [31] and charcoal fines used by 

Rousset et al [21] had different characteristics (e.g., particles size and source of charcoal), 

which also influence the densification processes and LCA results. 

In another example, the life cycle energy of densification with a pellet mill by Kabir & Kumar 

[39] was 22 times higher than the life cycle energy of densification with an integrated flat die 

briquette machine by Hu et al [12].  

In addition to the densification technology, the biomass material properties such as moisture, 

particle size, species and density, affect the energy requirement of the densification system 

[e.g., 19]. From Figure 2, densification of biomass from whole trees had the highest life cycle 

energy consumption, while agricultural residues such as wheat straw had lower life cycle 

energy consumptions. This can be attributed to less energy required for drying and size 

reduction of wheat straw compared with wood biomass, as these two units contribute 

significantly to the total densification life cycle energy and GHG emissions (Table 1). 

4.3. Functional unit 

The functional unit is critical in LCA as it forms the basis for comparison between different 

systems [e.g., 7,11].  
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The functional unit definition was inconsistent among the reviewed studies, which makes it 

difficult to compare and evaluate results between these studies. The functional unit may be 

defined in terms of system input (e.g., mass of biomass residues), output (mass of densified 

biomass, or unit of energy delivered), or annual production or unit land area. The great majority 

of biomass densification LCAs used an output-related functional unit [e.g., 31,39]. Cherubini 

& Stromman [8] also reported that 73% of 90 LCAs of different bioenergy technologies defined 

an output-related functional unit. Normalising the functional unit of the LCA studies to a 

uniform unit of 1 MJ densified biomass energy (Table 2, Figure 2 and Figure 3) eliminated this 

source of variation. 

4.4. Data source and age 

LCA requires data on material and energy flows, and processes/infrastructure such as 

equipment and buildings. The quality of data used in the LCA strongly affects the reliability of 

the LCA results. 

Availability of full-scale data for LCA of biomass densification systems is limited, as 

highlighted by Fantozzi & Buratti [20]. This can be attributed to the fact that biomass 

densification is still gaining popularity in the bioenergy system, and some of the equipment 

currently in the market is either made locally from local materials, or by a few established 

manufacturers who do not report detailed information. This often results in the use of numerous 

assumptions and/or use of mixed data in LCA studies [e.g.,15,40], which limits the reliability 

of the outcome [20] and increases variations among existing studies [e.g.,52]. 

The results of an LCA based on data from the literature can be expected to be different from 

LCA results based on data collected directly from an existing briquetting plant. For example, 

for the reference gate-to-gate system, the GHG emissions of 1.3 CO2-eq (g t-1) determined by 

Tabata et al. [29;  15 in Figure 2] based on literature data differed from the 4.8 g CO2-eq (g t-

1) determined by Hu et al, [12; 5 in Figure 2] with real data for an existing plant; both differed 

substantially from the 46 CO2-eq (g t-1) determined by Waewsak et al [33; 9 in Figure 2] which 

had a mixture of data sources (i.e., reports and an existing plant). On the other hand, Fantozzi 

& Buratti [20] reported a relatively minor difference (a factor of 1.3) between LCA results 

based on an existing plant as compared with literature data. Some of the studies provided 

limited information on the data and sources used in the LCA studies, and it is difficult to be 

certain of the reasons for the very wide variation in results. 
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4.5. Allocation 

In LCA, the environmental impacts may be allocated to different products in a system based 

on their share of mass, energy, economic market price; in some cases, allocation is avoided 

[53], for example, through system expansion [4]. According to Ekvall & Finnveden [53], a 

methodological allocation problem arises when a multifunctional process fulfils one or more 

functions for the product life cycle that is investigated, and a different function, or set of 

functions for other products.  

The effect of allocation and expansion methodologies on LCA results of bioenergy systems 

(e.g., heat, electricity and liquid fuels) has been discussed by a number of authors [e.g., 8,54] 

indicating the strong need for standard allocation procedures between different products in 

multifunctional bioenergy systems. However, only a few authors [e.g., 11] have developed and 

suggested a robust approach for dealing with allocation in LCAs. Some recognised standards 

including EU [55] and PAS 2050 [55] also recommend specific procedures for handling 

allocation problems in LCA.  

Unlike other bioenergy systems, or a cradle-to-grave LCA of biomass densification, gate-to-

gate biomass densification is associated with a single product (the fuel briquette/pellet), which 

implies that all energy use and emissions are allocated to the product “densified biomass”. The 

need for allocation is avoided as it arises only in the case of a multi- input densification process 

[e.g., 21,33]. 

For the pre-gate activities, some of the reviewed studies used economic market price, and 

energy to allocate environmental burden to co-products [e.g., 12,17], while some studies used 

allocation on a mass basis [e.g.,19,36] and some did not clearly indicate the allocation approach 

used in the study [e.g.,29]. The impact of allocation methodology on LCA results was 

demonstrated by Reed et al, [37], where the environmental impact of wood residue production 

reduced by 97.5% when economic rather than mass allocation was employed between the wood 

residue and a wood flooring product. Some key points on the principles of different allocation 

methodologies, their applications and limitations, were reported by Borrion et al [7]. 

5. Uncertainty analysis in LCA of biomass densification systems 

Nearly all LCA studies are associated with uncertainties which can result in over- or under-

estimation of the environmental impacts [57], thereby affecting the quality and usefulness of 
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the LCA outcome. Uncertainty analysis aims to provide additional information for decision-

making on the basis of a presented LCA outcome. Some LCA studies [e.g.,58,59] include a 

quantitative analysis of uncertainty, which is usually expressed as a probability distribution of 

the resulting outcome, while other studies adopt a qualitative approach to express uncertainties 

[60]. 

In treating uncertainties in LCA, appropriate classification of the various sources of 

uncertainties is useful. Different typologies have been used to classify uncertainty in LCA, for 

example; Lloyd & Ries [58] and Huijbregts et al, [61] described uncertainty in input data as 

“parameter uncertainty”, in normative choices as “scenario uncertainty” and uncertainty 

associated with mathematical relationships as “model uncertainty”. In many biomass 

densification LCAs, uncertainty mainly comes from the input parameters (inaccurate data, lack 

of knowledge), and sometimes from various assumptions and simplifications of the 

densification system structure (2.2.4 and 4.4), also referred to as methodological choices /case 

scenarios. Loucks [62] classified uncertainty into “knowledge uncertainty”, “decision 

uncertainty” and “natural variability”. Arguably the latter includes “Temporal variability” and 

“Spatial variability” [59]. 

Classification and ranking of the possible sources of uncertainties in LCA of biomass 

densification would provide better understanding for future LCAs, as well as information for 

interpretation of LCA results in decision-making. 

Therefore, the possible sources of uncertainty within the reference gate-to-gate biomass 

densification LCA (including transportation) have been summarised and classified into 

parameter, methodological and embodied impact uncertainties in Figure 4 and Figure 5, where:  

• Parameter uncertainty (as also defined by Huijbregts [61]) in biomass densification LCA 

can arise from errors in densification process inputs, various characteristics of densification 

technologies, and their specific emission factors, such as discussed above in 4.2 and 4.4.  It 

includes knowledge uncertainty and natural variability (as defined by Loucks [62]).  

• Methodological uncertainty concerns the procedures and assumptions employed to assess 

the densification process, including scenario and modelling uncertainties [61], and decision 

uncertainty [62], e.g., data collection procedures and the aspects discussed above in 4.1, 4.3 

and 4.5. 
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• Embodied impact uncertainty is associated with embodied environmental impacts in the 

biomass densification system, such as steel production and electricity generation. 

The listed sources of uncertainty were qualitatively categorized as high, medium or low 

depending on effect of the uncertainty source on reliability of the LCA outcome. These 

categories of uncertainty were also reported by Salway & Shaddick [57], which also describes 

these categories as context specific, i.e., the categorization might be different for processes 

other than biomass densification. 

Figure 4 and Figure 5 showed that limited, highly variable and inconsistent data results in more 

high parametric and methodological uncertainties, compared with the embodied impact 

uncertainty. These are further described in the following section. 

Parameter uncertainty is often ignored in LCA of biomass densification. Some studies did 

include an analysis of the sensitivity of LCA outcomes to variations in selected LCA 

parameters, though without further analysis of uncertainty in the LCA studies [e.g., 15,39].  In 

dealing with uncertainty in process inputs, Adams et al, [15] accounted for variance associated 

with the energy required for biomass drying, by using low, medium and high values to evaluate 

the sensitivity of the LCA outcomes to possible changes in the drying energy. Kabir and Kumar 

[39] explored 4 case scenarios to evaluate the sensitivity of the LCA outcomes to possible 

changes in LCA components including farming operations (case 1), silviculture and road 

construction (case 2), impact of grid emissions (case 3), and variable transportation distance 

(case 4). Nguyen et al [16] also reported uncertainties in advanced biomass feedstock logistics 

supply chains. However, more than 80% of the reviewed studies did not provide information 

about uncertainties in the LCA parameters, which suggests a limited appreciation of their 

effects on the reliability of the LCA outcome.   

Methodological choices employed in LCA studies are also associated with uncertainties, which 

can be associated with insufficient standard methods [e.g., 8] (4.5). This often results in 

different assumptions in different LCA studies, which increases the uncertainty in the LCA 

outcome. For example, data collection methods and impact allocation procedures in 

transportation of biomass/briquettes are inconsistent between some LCA studies of biomass 

densification [e.g.,13,36].  
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In the case of embodied impact uncertainty, standard databases, such as ecoinvent, provide 

embodied impact data for most product life cycle components such as materials, energy, and 

transport, which has reduced the level of uncertainty arising from this source. As such, the 

embodied impact sources of uncertainty had only a medium potential effect on the reliability 

of the LCA outcome (Figure 4 and Figure 5). 

An understanding of the relationship between research objectives and selected LCA 

parameters, is expected to improve understanding of the possible sources of uncertainty in the 

LCA studies of biomass densification system. For example, Rousset et al [21] assessed the 

environmental impacts of an existing briquette production system, a large part of the data 

required were mainly collected from the existing densification plant. In this case, uncertainty 

may arise from the mode in which these data were obtained, the age of the plant, and the nature 

of operations. Adams et al [15] assessed the impacts of integrating a torrefaction process in 

wood pellet production, by comparing two different scenarios, using simulated pellet 

production system. Data required for the assessment were mainly collected from literature, 

while series of assumptions were also employed. In this case, uncertainty may arise from the 

various assumptions used in the study, variations in properties of the pelleting feeds, and 

variations in the quality of data collected for the different scenarios. For all the reviewed 

studies, parameters selected were highly dependent on the objectives, indicating a close 

relationship between objective of LCA study and selected LCA parameters. However, even 

studies with similar objectives employed different parameters, this can be attributed to other 

specific goals and assumptions employed in the LCA (section 3). 

6. Conclusions and Recommendations 

This study has reviewed previous work on LCA of biomass densification into briquettes and 

pellets. It has assessed the current status and identified gaps in understanding in the LCA of 

biomass densification. 

The existing studies on LCA of biomass densification provide insufficient and inconsistent 

information, due to different choices in system boundary, functional unit, allocation procedure, 

densification technology and biomass residues. Most of the reviewed studies attributed most 

of the energy use and greenhouse gas (GHG) emissions to transportation, drying, size reduction 

and densification. The energy and GHG emissions of the gate-to-gate densification system 
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were highly sensitive to the technology and feed material used in densification, and scale of 

production. 

One of the reviewed studies reported zero energy and GHG emissions as a result of the use of 

manual operations, and there were three other outliers.  The remaining studies had normalised 

values of energy and GHG emissions in the range of 20 to 900 kJ MJ-1, and 0.6 to 50 CO2-eq 

(g MJ-1) densified biomass energy content respectively. Assuming that the biggest impact of 

densification is on transport fuel use, densification could reduce net energy consumption by 

200 to 1000 kJ MJ-1, and GHG emissions by 9 to 50 CO2-eq (g MJ-1).  On this basis, it can be 

concluded that biomass densification is a worthwhile addition to the biomass energy 

conversion system. 

A qualitative uncertainty analysis showed that parametric and methodological uncertainty 

sources in biomass densification can substantially reduce the reliability of the LCA outcome 

(Figure 4 and Figure 5).  

The following recommendations can be adopted in future LCA studies of biomass 

densification, to improve consistency and reliability of LCA studies. 

➢ Studies should expand their analysis to cover a detailed and wider range of potential 

environmental impacts of biomass densification, as only few of the studies reported 

detailed environmental impacts [e.g., 15,33] 

➢ Since biomass properties are highly variable, and contributes to the variation in LCA 

outcomes of biomass densification systems (e.g., Rousset et al [21] and Njenga et al 

[31]), an understanding of how these properties affect the environmental impacts of 

biomass densification systems needs to be developed. 

➢ Studies would benefit from a database specific to biomass densification systems, to 

provide more flexibility during LCA and reduce inconsistency in LCA studies as well 

as uncertainty in the LCA outcome, as only 2 [34,37] out of the 19 reviewed studies 

focused on inventory development for pelleting of switchgrass and wood biomass, 

respectively. 

➢ LCA results should be reported with the associated uncertainties to improve clarity and 

usefulness of the resulting outcomes, as most of the reviewed studies did not report 

uncertainty associated with the LCA outcomes. 
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Table 1: Proportional contributions of specific biomass densification system components to energy consumption and greenhouse gas emissions (%) 

Indicator Storage Drying Conveying 
Size 

reduction 
Densification Blending 

Curing/ 

Cooling 
Screening Packaging Transport Reference 

E
n

er
g

y
 

3 24 NA 19 32 NA NA NA NA 22 (5.5 km)d  [15]a,b 

2 30 NA 36 9 NA NA NA NA 23 (4.6 km)d  [15]a,c 

NA 6 NA 26 63 NA 5 NA NA NA   [12] 

NA 26 NA NA 74 NA NA NA NA NA [19] 

NA      65    NA    11      24 NA NA NA NA NA [18] 

1 29 2 60 7 NA 1 NA NA NA [20]a 

G
H

G
 e

m
is

si
o

n
s 

NA 33 NA 21 34 NA 2 NA NA 10 (356 km)  [13]a 

2 23 NA 20 33 NA 1 NA NA 21 (5.5 km)d   [15]a,b 

1 27 NA 38 11 NA 1 NA NA 22 (4.6 km)d   [15]a,c 

14 24 NA NA NA 48 NA NA 0.0002 NA [21] 

NA 8 NA NA 92 NA NA NA NA NA [20] 

a: Some values were approximated from plots provided in source 

b: Torrefied pellets 

c: Wood pellets 

d: Distance only covers loose biomass transportation 

 

 

 

 

 

 

 



33 
 

Table 2: Summary of previous work on life cycle assessment of biomass densification (listed in reverse order of publication date) 

Code in 

Figures 

2 & 3 

Type of 

biomass 
Technology 

Annual 

Densified 

biomass 

output 

(t y
-1

) 

System boundary 

(gates as shown in 

Figure 1) 

  Results for different environmental impact indicators 
 

Scenario 

Energy consumption GHG emissions   

Reported 

(per functional unit) 

Normalised 

(GJ t
-1

) 

Reported 

(per functional unit) 

Normalised  

CO2-eq  

(g MJ
-1

) h 

Others Reference 

1A 

Olive husks Pelletizer NA gate A -to-gate D 

Centralised management 4.8 (MJ kg-1) pellet 4.8 240 kg t-1 (CO2-eq from pellets) 11 

NA [13]  

1B Decentralised management 3.4 (MJ kg-1) pellet 3.4 167 kg t-1 (CO2-eq from pellets) 7.5 

1C 
Centralised management/ 

renewable energy  
9.4 (MJ kg-1) pellet 9.4 35 kg t-1 (CO2-eq from pellets) 1.6 

1D 
Decentralised management/  

renewable energy 
6.6 (MJ kg-1) pellet 6.6 16 kg t-1 (CO2-eq from pellets) 0.72 

2A 

Wood chips Pelletizer 60,000 t cradle A -to-gate C 

3.0 MJ/kg water removed  

5.7 oil-eq (g MJ-1) TP 5.3a,e 17.50 g MJ-1 (CO2-eq from TP) 18 
47.1 km2/y 

land use 

[15] 

2B 9.8 oil-eq (g MJ-1) WP 6.4a,e 27.60 g MJ-1 (CO2-eq from WP) 28 
45.9 km2/y 

land use 

2C 

6.0 MJ/kg water removed  

9.5 oil-eq (g MJ-1) TP 8.8a,e 28 g MJ-1 (CO2-eq from TP) 28 
47.1 km2/y 

land use 

2D 12 oil-eq (g MJ-1) WP 7.8a,e 34 g MJ-1 (CO2-eq from WP) 34 
45.9 km2/y 

land use 

2E 

9.0 MJ/kg water removed  

14.3 oil-eq (g MJ-1) TP 13.2a,e 40.02 g MJ-1 (CO2-eq from TP) 40 
47.1 km2/y 

land use 

2F 
14.7 oil-eq (g MJ-1) 

WP 
9.5a,e 41.05 g MJ-1 (CO2-eq from WP) 41 

45.9 km2/y 

land use 

3 Switchgrass Pelletizer NA cradle A -to-gate C NA 4.1 (GJ t-1) 4.1 0.012 kg MJ-1 (CO2-eq) 12 NA [34] 

4A 

Wood waste Pelletizer 

60,000 t 

cradle B -to-gate C 

Torrefied pellets 

NA NA 

0.814 kg kWh-1 (CO2-eq from 

pellets) 
230 

NA 
 

[35] 
4B 70,000 t Wood pellets 

0.81 kg kWh-1 (CO2-eq from 

pellets) 
230 

5 Corn stalks 

Flat die 

briquette 

machine 

20,000 t gate A -to-grid NA 15325.9 (GJ y-1) 

 

0.77h 

 

323.00 t yr-1 (CO2-eq) 1.6 

0.0016 g 

SO2-eq/MJ 

pellets  

 

0.0150 g 

PM10/MJ 

pellets 

[12] 

6A 

Corn stover Pelletizer 900,000 t cradle B -to-gate D 

Pelleting plants located near 

source 
NA NA 

41f g MJ-1 (CO2-eq from 

ethanol) 
41e,g 

NA [16] 

6B 
Pelleting plants located near 

biorefinery 

33f g MJ-1 (CO2-eq from 

ethanol) 
33e,g 

7 Charcoal dust 
Manual 

operation 
4.6 tb cradle A -to-grid NA NA NA 1.6 kg 1000 g meal-1 (CO2-eq) 65 NA [31] 

8A 
Empty fruit 

bunch (EFB) 
NA 5940  gate B-to-gate C 

Without allocation of avoided 

products 
166 (MJ t-1) EFB  

 
43.7 kg t-1 (CO2-eq from EFB) 7.4i 

0.17 kg SO2-

eq/t EFB 
[17] 
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Code in 

Figures 

2 & 3 

Type of 

biomass 
Technology 

Annual 

Densified 

biomass 

output 

(t y
-1

) 

System boundary 

(gates as shown in 

Figure 1) 

  Results for different environmental impact indicators 
 

Scenario 

Energy consumption GHG emissions   

Reported 

(per functional unit) 

Normalised 

(GJ t
-1

) 

Reported 

(per functional unit) 

Normalised  

CO2-eq  

(g MJ
-1

) h 

Others Reference 

8B 
With allocation of avoided 

products 

0.5i 

 

25 kg t-1 (CO2-eq from EFB) 4.2i 
0.1 kg SO2-

eq/t EFB 

9A 
Rice husks & 

glycerol 
NA 700  

gate B-to-grid biomass transportation excluded 

NA NA 

0.28 kg kWh-1 (CO2- eq from 

briquettes) 
80 

NA [33] 

9B gate A -to-grid biomass transportation included 
4.95 kg kWh-1 (CO2- eq from 

briquettes) 
1400 

10A 

Forest residue 

Pelletizer 150,000 cradle A -to-grid 

Torrefied pellets 2.2 (GJ MWh-1) pellets 13e 
169 kg MWh-1 (CO2-eq from 

pellets 
47e 

NA [39] 

10B  pellets 3.4 (GJ MWh-1) pellets 15e 
244 kg MWh-1 (CO2-eq from 

pellets 
68e 

10C 
Unspecified 

agricultural 

residue pellets 

Torrefied pellets 1.5 (GJ MWh-1) pellets 9.2e 
137 kg MWh-1 (CO2-eq from 

pellets 
38e 

10D pellets 1.9 (GJ MWh-1) pellets 8.2e 
165 kg MWh-1 (CO2-eq from 

pellets 
46e 

10E 

Whole tree 

Torrefied pellets 2.7 (GJ MWh-1) pellets 16e 
215 kg MWh-1 (CO2-eq from 

pellets 
51e 

10F 
 

pellets 
4.1 (GJ MWh-1) pellets 18e 

302 kg MWh-1 (CO2-eq from 

pellets 
84e 

11A 

Wheat straw Pelletizer 
31,000 – 

62,000b 
cradle A -to-gate C 

 

Mass-based allocation 

NA NA 

 

326.30 g kg-1 (CO2--eq from 

pellets) 

20e 

NA [36] 

11B Value-based allocation 
299.02 g kg-1 (CO2--eq from 

pellets) 
18e 

12A Hardwood 

flooring 

residue 

Pelletizer 
6,000 – 

125,000b 
cradle B -to-gate C 

Mass-based allocation  13.4 (GJ t-1) pellets 13.4 0.0198 kg MJ-1 (CO2-eq) 20 NA 

[37] 

12B Value-based allocation  3.0 (GJ t-1) pellets 3 -0.0183 kg MJ-1 (CO2-eq) -18  

13A 

Rice straw Pelletizer 64,000  gate B -to-grid 

Radio frequency plasma 

gasification system 
1800 (MJ t-1) rice straw 1.4i 

NA NA NA [18] 

13B 
Microwave induced gasification 

system 
1770 (MJ t-1) rice straw 1.42i 

13C Downdraft gasifier system 1790 (MJ t-1) rice straw 1.43i 

13D Plasma touch gasification system 1800 (MJ t-1) rice straw 1.4i 

14 Charcoal fines Screw press 1000b cradle A -to-gate D NA NA NA 
4 CO2-eq kg kg-1 (CO2-eq from 

briquettes) 
200e NA [21] 
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Code in 

Figures 

2 & 3 

Type of 

biomass 
Technology 

Annual 

Densified 

biomass 

output 

(t y
-1

) 

System boundary 

(gates as shown in 

Figure 1) 

  Results for different environmental impact indicators 
 

Scenario 

Energy consumption GHG emissions   

Reported 

(per functional unit) 

Normalised 

(GJ t
-1

) 

Reported 

(per functional unit) 

Normalised  

CO2-eq  

(g MJ
-1

) h 

Others Reference 

15 Wood chips NA NA gate B -to-grid NA 5000 (MJ t-1) briquettes 5  
35.7 CO2-eq kg kg-1 (CO2-eq 

from briquettes) 
1.3 NA [29] 

16A 

Wheat straw Pelletizer 150,000  cradle A -to-grid 

Mass-based allocation (base case) 0.29 (MJ MJ-1) pellets 4.7e 
0.031 kg MJ-1 (CO2-eq from 

pellets) 
31e 

NA [19] 

16B 
no allocation of upstream farming 

activities to straw 
0.15 (MJ MJ-1) pellets 2.5e 

0.02 kg MJ-1 (CO2-eq from 

pellets) 
20e 

16C Use of organic fertilizer  0.12 (MJ MJ-1) pellets 1.9e 
0.01 kg MJ-1 (CO2-eq from 

pellets) 
10e 

16D Zero tillage system  0.27 (MJ MJ-1) pellets 4.4e 
0.027 kg MJ-1 (CO2-eq from 

pellets) 
27e 

16E Drying with biomass energy 0.284 (MJ MJ-1) pellets 4.6e 
0.028 kg MJ-1 (CO2-eq from 

pellets) 
28e 

16F Drying with natural gas NA NA 
0.028 kg MJ-1 (CO2-eq from 

pellets) 
28e 

16G No drying  0.281 (MJ MJ-1) pellets 4.6e 
0.027 kg MJ-1 (CO2-eq from 

pellets) 
27e 

16H 100% truck transportation  0.29 (MJ MJ-1) pellets 4.7e 
0.027 kg MJ-1 (CO2-eq from 

pellets) 
27e 

16I 
Mixed truck and rail 

transportation 
0.283 (MJ MJ-1) pellets 4.6e 

0.027 kg MJ-1 (CO2-eq from 

pellets)  
27e 

17A 

Wood  Pelletizer 12,400b cradle A -to-grid 

EDIP 

NA NA 

2.42 (µPt MJ-1) pellets 0.3c,e 3.78 µPt AP 

[20] 
17B Eco-indicator 99 64.4 (µPt MJ-1) pellets 5.7c,e 

209.9 µPt 

AP and EP 

18A 
Sawdust Pelletizer 670, 000d cradle B -to-gate D 

Drying with sawdust 7.2 (GJ t-1) pellets 7.2e 
532 kg t-1 (CO2-eq from pellets) 

 
28g NA 

[38] 

18B Drying with natural gas 6.4 (GJ t-1) pellets 6.4e 723 kg t-1 (CO2-eq from pellets) 39g NA 

19A 

Sawdust Pelletizer 31,000b gate B-to-gate C 

Drying with wood pellet 3382.8 (MJ t-1) pellets 3.4e,h 
50 kg t-1 (CO2-eq from pellets) 

 
2.6 

NA [40] 

19B Drying with wet sawdust 3777.5 (MJ t-1) pellets 3.8e,h 
45 kg t-1 (CO2-eq from pellets) 

 
2.4 

19C Drying with dry sawdust 3689.2 (MJ t-1) pellets 3.7e,h 
43 kg t-1 (CO2-eq from pellets) 

 
2.3 

19D Drying with coal 3422.5 (MJ t-1) pellets 3.4e,h 
300 kg t-1 (CO2-eq from pellets) 

 
20 

19E Drying with natural gas 2973.3 (MJ t-1) pellets 29e,h 
230 kg t-1 (CO2-eq from pellets) 

 
12 

NA: Not available/applicable 

AP: Acidification potential 

EP: Eutrophication potential 

a: 1 kg of oil equivalent = 42 MJ [67] was used in conversion. 

b: 20h/d operating time and 85% plant availability were used to convert hourly/daily to annual densified biomass production. 

c: Eco scores (µPt) were converted to CO2-eq (g) using normalisation values of 1.29 E-4 and 8.9 E-5 for the EDIP and Eco-indicator respectively [67]. 

d: Densified biomass output was calculated assuming that the Canadian West Coast production capacity is ~ 2/3 of the 1,000,000 t total annual Canadian pellet production [38]. 

e: Heating values of densified biomass from reviewed studies were used in normalisation; where data were not available, equivalent values for densified or loose biomass were adapted from the literature [e.g., 41-44]. 
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f: Upper boundary values provided in the study were used, lower boundary values resulted from the assumption of extreme low values for process components employed in model.  

g: Recovery of 100 % densified biomass energy content following thermal conversion was assumed. 

h: Values were rounded to 2 significant figures. 

i: 1 t of EFB = 0.33 t briquettes, and 1 t of rice straw residue = 0.8 t briquettes 

 

 

 


