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INTRODUCTION

Since the mid-1980s, perennial crops have received

increased attention for energy production in the

United States and Europe. Low agronomic inputs,

high yields, high water use efficiency (WEU), and

good GHG balance are some of the motives behind

developing these crops into commercial viable

solutions (Elbersen et al. 2010). In Europe, four

perennial crops have been subject to extensive study:

miscanthus (Miscanthus spp.), reed canary grass

(Phalaris arundinacea), giant reed (Arundo donax)

and switchgrass (Panicum virgatum) (I.

Lewandowski et al. 2003).

Besides the capacity to grow more efficiently than

annual crops, perennials can reduce nutrient leaching

and soil erosion, accumulate carbon, improve soil

fertility, remove pollutants and provide habitats for

biodiversity (IPCC 2008). On the other hand all

agricultural projects raise questions regarding conflict

with food production, direct and indirect land use

change, hydrological stress and land emissions from

agricultural inputs. As the third largest source of

renewable electricity in the EU, and primary source

of renewable heat and transport, the question of

energy crops sustainability should be carefully

assessed.

An interesting fact to consider is that 75% of the

biofuels for transport in the EU come from biodiesel

of which main source is rapeseed. While the

minimum GHG savings threshold in the Renewable

Energy Directive (RED) is set at 35%, estimates from

the same methodology place a typical GHG saving of

38-45% for rapeseed biodiesel, barely above

standard. In fact, these estimates do not account for

indirect land-use change (effects which are being

discussed at the time of writing), and if considered

could lower savings below the minimum threshold

established by the directive. Nonetheless, such

biofuels have served the purpose of opening up

markets and develop value added chain, but as new

technologies develop, standards of sustainability

must be raised in order to guarantee the efficient and

responsible use of our limited land resources.

METHODOLOGY

The aim of this study is to establish and describe

promising conversion pathways for perennial crops to

bio based products such as heat, power, CHP, bio-oil,

biofuel and biochar. To define the extent of

variability of energy crops, properties of miscanthus

(Miscanthus x giganteus), giant reed (Arundo donax)

and sugar cane (Saccharum officinarum) were

compared to beech wood as reference values. Four

thermochemical conversion technologies were

considered: combustion, gasification, fast-pyrolysis

and torrefaction. In total six different applications

were reviewed: heat, power, CHP, fast-pyrolysis bio-

oil, upgraded bio-oil and biochar.

The paper is divided into three parts:

Part one involves the characterization of the three

perennial species first from a literature point of view,

and then by comparing laboratory results of 8 field

samples harvested from experimental fields and

analyzed at BTG. For the literature review two main

sources were used: ECN’s database for biomass and

waste (ECN Phyllis2 2013) and IEA

Bioenergy Task 32 biomass database (IEA BIOS

2013). The information found on these sources was

compiled into a single database in order to establish

minimum and maximum values for the characteristics
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relevant to thermochemical conversion of biomass

and so determine the quality of the biomass in

question.

Part two begins with an overview of thermo-chemical

conversion technologies. The thermal treatments

were described in terms of temperature, equivalence

ratio, residence time, main products and waste

streams. The state of development of each technology

was summarized and experience with perennial crops

or grassy biomass was revised. Next, an overview of

the biomass production chain is defined, including

harvest, storage, pre-processing and transportation to

conversion facilities. In this way, six conversion

pathways were defined taking into consideration the

characteristics studied in part one, the stage of

development in each technology and the

compatibility and outlook of the different pathways.

In part three, greenhouse gas balances were

calculated for the different pathways in accordance

with the Directive 2009/28/EC on the promotion of

the use of renewable energies, also known as

Renewable Energy Directive (RED). The

sustainability criteria for biofuels and bioliquids was

also taken into consideration, since only fuels that

meet this requirements shall be taken into account for

the renewable energy obligations of member states

of the European Union.

Credit: Photo of Miscanthus by Don Hamerman

Credit: Tom Reed

Heat

Power

CHPBiofuels

Biochar

Notes and comments are mentioned throughout

the text in an enclosed green box.
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PART ONE: FUEL

CHARACTERIZATION
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1. Fuel Characterization

The first part of this study is to determine the

physical and chemical characteristics of biomass that

are relevant for thermo-chemical conversion

technologies. Subsequently, samples of eight

perennial crops harvested in 2012 and tested at the

BTG laboratory are analyzed and compared to

literature values. The purpose of this exercise is to

make for a clear picture of the biomass in question

and allow us to start exploring alternatives for the

optimal processing of perennial crops.

1-1. Relevant properties for

thermochemical conversion

Moisture content (wt %)

Moisture content should be as low as possible, as it

decreases the heating value and increases the flue gas

volume. High water concentration can also lead to

self ignition and increases transportation costs in

biomass production chains.

Nitrogen (wt %)

Nitrogen is responsible for NOx and N2O emissions

in oxidizing atmospheres, and NH3 and HCN in

reducing atmospheres.

Chlorine (wt %)

Chlorine is responsible for HCl and PCDD/PCDF

emissions, lowering ash-melting temperature, and

causing corrosion

Sulfur (wt %)

Sulfur produces SOx emissions and plays a part in

corrosion potential.

Ash concentration and composition (wt %)

High ash content decreases the heating value of the

fuel. Potassium and sodium have low-ash melting

temperatures, while magnesium and calcium have

higher ash melting temperatures. If ash melting

occurs during a process, it can lead to slagging and

fouling, damaging equipment and suboptimal

operation. Additionally alkali metals decrease the

organic oil yield in fast-pyrolysis due to the effect in

the catalytic reactors.

Bulk density (kg/m3) & Energy density (MJ/m3)

Bulk and Energy density is relevant to fuel logistics;

the lower the density, the higher the costs of storing,

transporting and handling.

Heating value (MJ/kg)

High and Low Heating Values – HHV and LHV

respectively – are important for determining power

output and stability of operation. Values do not vary

dramatically between different kinds of

lignocellulosic biomass and are mostly dependent on

moisture content and ash concentration.

Volatile matter (wt %)

Volatile matter is a measure of fuel reactivity mainly

consisting of CO, H2, H2O and CO2. High fraction of

volatiles makes fuel ignite and loose mass quicker, so

longer high temperatures zones are needed to achieve

complete combustion and avoid high concentrations

of pollutants like CO and PAHs (Khan et al. 2009).

Heavy metals (ppm or ppb)

The concentrations of heavy metals in biomass are of

relevance for ash utilization and it should be as low

as possible to avoid release of toxic elements to the

environment. The ecologically relevant elements are

Cd and Zn for chemically untreated biomass.
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Guiding concentrations

Table 1 presents a table with guiding values for

thermochemical conversion along with the parameter

affected by that concentration. These values are only

indicative of the range in concentrations that are

relevant to thermochemical conversion, and not to

limit the use of any fuel containing above limit

levels. A wide range of solutions to deal with

exceeding levels exists, from controlling process

parameters and additives to downstream emission

reduction equipment.

Table 1 Guiding values for thermochemical conversion

Elements

Guiding
concentrations
in the fuel
wt% (d.b.)

Limiting parameter

N <0.6 NOx emissions
Cl <0.1 Corrosion

<0.1 HCl emissions

<0.3 PCDD/F emissions

S <0.1 Corrosion

<0.2 SOx emissions

Guiding concentrations in wt% of ash

Ca 15–35 Ash melting point

K <7.0 Ash melting point,
depositions, corrosion

— Formation of aerosols

Zn <0.08 Ash recycling, ash
utilization

— Formation of aerosols

Cd <0.0005 Ash recycling, ash
utilization

— Formation of aerosols
Source: (Koppejan & Van Loo 2008)

2. Composition of field samples

Eight samples tested at BTG were mapped against

literature values and guiding concentrations. Both

miscanthus and giant reed did not receive fertilization

or irrigation. The sugar cane samples all received a

different amount of evapotranspiration restitution.

One was rain fed, one received 50%

evapotranspiration and the last sample received 100%

evapotranspiration. The eight samples have been

named as follows:

 Giant reed clone 1- GR1

 Giant reed clone 2- GR2

 Giant reed clone 3- GR3

 Miscanthus sample 1 - MI1

 Miscanthus sample 2 - MI2

 Sugar cane rain fed - SC1

 Sugar cane 50% evapotranspiration -SC2

 Sugar cane 100% evapotranspiration - SC3

As expected, there was some degree of variability

found in certain properties, which is consistent with

the nature of herbaceous biomass. The variations can

be attributed among other factors to genus type,

production conditions and harvesting methods, all of

which have a great impact on the composition of the

biomass (Kenney et al. 2013).

The moisture content of all species showed

consistency between the samples tested at BTG,

demonstrating that the conditions at which

miscanthus was grown and harvested are promising

for obtaining a relative dry biomass. On the other

hand, the samples of sugar cane and giant reed have

high moisture content compared to miscanthus, as

can be seen in Figure 1. In the case of sugarcane,

there was a slight increase in moisture content
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between rain fed, 50% and 100% evapotranspiration

samples, 45.9%, 48.4% and 49.5% respectively.

Comparing with reported values, it might be possible

to harvest sugar cane and giant reed containing a

lower moisture content with the appropriate

agronomic treatment - e.g. field drying – or by

choosing a later harvesting date.

Note: # of values from literature in parenthesis

Figure 1 Moisture content from samples

The Lower Heating Value (LHV) shown in Figure 2

varied from 13.3-16.6 MJ/kg on a dry basis, the

lowest and highest values corresponding to the

samples of GR2 and the GR3 respectively. GR2

sample had the highest ash and nitrogen content and

the lowest carbon and hydrogen content overall,

which explains its low LHV compared to the other

samples and particularly to beech wood (18.4 MJ/kg).

Figure 2 Lower Heating Value from samples

The ash content of all samples (Figure 3) was

considerably higher compared to wood and presents

great variability within each crop type as well as

among the different crops. For thermochemical

conversion pathways, the ash content and

composition play a key role determining the

appropriate technology and operating conditions.

Both properties influence the reactor design and are

essential to unproblematic operation by avoiding ash

sintering, corrosion and fouling. For this reason, it

can be expected that the correct handling of these

characteristics will represent an important bottleneck

to tackle.

Figure 3 Ash content from samples

Figure 4 shows the Initial Deformation Temperature

(IDT) measured of the 8 different samples. GR3 had

the lowest IDT at 820°C, indicative that careful

considerations need to be taken for gasification and

combustion technologies due to potential ash

sintering. All three samples of sugar cane had

relatively low IDTs reported just below 900°C and

only two out of the eight samples exceeded an IDT of

1,100 °C compared to 1,340 °C of beech wood.
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Figure 4 IDT from samples

The mineral composition of the samples was not

tested in this assessment, but values from literature

can help understand the reason behind the low ash

melting points. Figure 5 illustrates the large

difference in potassium content between wood and

herbaceous biomass, which results in low ash melting

temperatures of perennial crops.

Figure 5 Mineral composition from literature

The nitrogen content values were below 0.1 wt

in both miscanthus samples and slightly higher in

sugar cane varying from 0.1 to 0.4 wt

reed clones varied from 0.3-1.8 wt% d.b. which are

fairly high and in some cases problematic

concentrations (Figure 6). On the other hand, taking

literature values in consideration (Figure
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ontent values were below 0.1 wt% d.b.

in both miscanthus samples and slightly higher in

cane varying from 0.1 to 0.4 wt% d.b. Giant

% d.b. which are

fairly high and in some cases problematic

. On the other hand, taking

Figure 7), nitrogen,

sulfur and chlorine can deviate to a great extent from

typical wood in all crop types. This means higher

NOx and SOx emissions in oxidizing conditions,

higher NH₃ in reducing conditions, as well as higher

corrosion potential coming from S and Cl.

Agronomic treatments, leaching and use of additives

are all alternatives to be considered for decrease of K,

N, Cl and S content or diminish adverse effects.

Figure 6 Nitrogen concentrations

Figure 7 Chlorine & sulfur concentrations

Finally, biomass from all samples is quite fluffy with

the lowest bulk density b

highest being 90 kg / m³. If this is compared to
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sulfur and chlorine can deviate to a great extent from

typical wood in all crop types. This means higher

emissions in oxidizing conditions,

in reducing conditions, as well as higher

corrosion potential coming from S and Cl.

c treatments, leaching and use of additives

are all alternatives to be considered for decrease of K,

N, Cl and S content or diminish adverse effects.

concentrations from samples

concentrations from literature

Finally, biomass from all samples is quite fluffy with

the lowest bulk density being 32 kg/m³ and the

highest being 90 kg / m³. If this is compared to wood

chips from beech (328 kg/m³) the density of the

biomass is quite low as seen in Figure 8.

Miscanthus Sugar cane Wood

Literature

This study
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Note: Area of circle represents energy density in MJ mˉ3

Figure 8 Bulk and energy density from samples

This low density can give high transportation costs to

for example the biomass (conversion) installation. It

is therefore interesting to have the first processing of

the energy crops close near the fields. This could be

something like baling the energy crops. For

miscanthus the bulk density can be increased with

this technology to around 140 kg/m³ as can be noted

from the Aebiom wood fuels handbook. Another

option is to dry the biomass to lower the moisture

content of the energy crops. This is especially

interesting for sugar cane and giant reed, because

these have relatively high moisture content.

0

50

100

150

200

250

300

350

0 50 100 150 200 250 300 350

B
u

lk
D

en
si

ty
(S

ta
ck

k
ed

)
[k

g
m

ˉ³
]

Bulk Density (Random)
[kg mˉ³]

Wood chips

GR

MI

SC



Page | 18

PART TWO: CONVERSION

PATHWAYS
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1. Overview of biomass conversion

technologies

One major advantage of bioenergy is its versatility.

Biomass can be converted into an array of products,

from heat & power to liquid fuels and soil additives.

On the other hand, the broad range of products is

obtained through the combination of several value-

added chain variants, among them being: type of

feedstock, pretreatments, conversion process,

reactors, upgrading, choice of prime movers, etc., all

of which make up a large number of options to

evaluate. For this reason, it is important to draw

boundaries for the technologies that are promising for

the scale and conversion of perennial crops in

specific.

Different technologies are suitable for different end-

uses, some enjoying commercial experience and

others in the R&D stage. This study focuses on the

technologies that are either commercially available or

technologies which are in demonstration stage but

that hold much promise for the near future. In

addition, considering low bulk properties of perennial

crops, pathways that require scales above 100MWth

are not considered practical for this purpose, e.g.,

large-scale coal co-firing or F-T chemicals. Finally,

the compatibility of perennial crops with the specific

thermo-chemical conversion pathway is integrated

into the assessment.

1-1. Combustion

Combustion is the thermal processing at temperatures

around 800-1500°C and equivalence ratio greater

than 1. The product of combustion is the heat

produced in the exothermic reactions, which can be

used to heat spaces or fluids in power generation

cycles. One of the byproducts of combustion is flue

gas consisting mainly of N2, CO2 and water vapor

coming from fuel moisture and hydrogen reacting

into H2O. Depending on fuel, reactor type and

operating conditions, minor components in the flue

gas are composed of varying amounts of NOx, N2O,

SOx, HCl, CO, CxHy, dioxins and furans. For large-

scale applications, it is common to have a

downstream flue gas cleaning system, but not in the

case of small-scale systems. Another byproduct of

combustion processes is bottom and fly ash, which

can be further utilized if concentrations of heavy

metals in fuel are under limitation.

Combustion of woody biomass is considered state of

the art both for small and large-scale technologies

and extensive trials and commercial experience in the

use of perennial crops exists in residential and

industrial boilers. For heat purposes, pellet stoves and

boilers are used in small-scale ranges (from 2–

300kWth). As for small-scale power generation, the

combination of thermal-oil boilers and the organic

ranking cycle (ORC) has been since recently

commercially applied in the ranges of 0.2-3MWe.

For direct firing or CHP systems above 1MWe, large-

scale boilers coupled to steam turbines is fully

commercial technology with some experience in the

use of herbaceous crops such as miscanthus in

England and straw in Denmark.

1-2. Gasification

Gasification is the thermal treatment of biomass that

takes place in temperatures of around 700-1100°C

(excluding entrained flow reactors) and equivalence

ratio at around 0.25. Generally, the goal of

gasification is to produce a combustible gas
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consisting of CO and H2, which can be combusted or

upgraded to fuels or chemicals. Depending on the

reactor, feedstock and operating conditions, the gas

has varying concentrations of undesired components

such as CO2, CH4 and N2. Other byproducts are solid

impurities (ash, dust, bed material & alkali salts),

gaseous impurities from sulphur (CS, H2S), nitrogen

(NH3, HCN), chlorides, and condensable gases called

tars, all of which affect downstream processes to

varying degrees (Knoef 2012).

Some forms of biomass gasification are in

commercial demonstration stage for woody biomass

and pilot-scale trials exist in the use of perennial

crops as feedstock. For power generation, downdraft

and fluidized bed reactors coupled with a gas engine

are currently the technologies closest to

commercialization.

1-3. Fast-pyrolysis

Fast-pyrolysis is the thermal treatment in the

complete absence of oxygen at temperature ranges of

300-600°C and with residence time of less than 2 s.

This process consists of particles heating rapidly to

around 500°C and then quenching of the produced

vapor to liquids. The desired product is a bio-oil (up

to 75 wt% in low ash fuel and 55-60 wt% for grasses)

which can be used directly or after upgrading for

different end-use applications. Chars and non-

condensable gases are byproducts from the reactions

and ideally integrated into the system to produce the

heat required in the process.

Bio-oil has a high oxygen content (35-40 wt%) that

makes it immiscible with petroleum derived fuels

unless it is upgraded. It has a density at around 1.2

kg/l compared to light fuel oil at around 0.85 kg/l.

This means that on weight basis, bio-oil has a about

42% of the energy content of fuel oil and 61% on a

volumetric basis (Meier et al. 2013).

Commercial implementation of wood based fast-

pyrolysis for bio-oil production is on the verge of

commercialization and large demonstration projects

are underway for a few reactors already. At the

moment, bio-oil is expected to replace fossil fuels in

stationary heat and power applications. As large

demonstration projects come online, bio-oil will

become available for the commercialization of other

applications (Venderbosch & Prins 2010).

1-4. Torrefaction

Torrefaction is the processing of biomass in

temperatures ranges around 250-350°C and in the

complete or drastic absence of oxygen. The residence

time can be from 1 to 60 minutes depending on the

process. The purpose of this thermo-chemical

treatment has been to produce a solid material with

properties similar to coal (grindable, dense,

hydrophobic, high calorific value), although more

recently is has attracted attention for its potential as

soil enhancer and it is referred to as biochar. From

this perspective, biochar could reduce soil nutrient

leaching, reduce bioavailability of soil contaminants,

sequester carbon, reduce GHG emissions and

enhance soil crop productivity in highly weathered or

degraded soils (Ippolito et al. 2012).

Torrefaction reactors are currently in demonstration

stage for woody fuels, and experimental trials on

non-woody feedstock are well underway. Optimal

process conditions, feedstock characteristics and

desired properties of biochar are currently on the

research stage.
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2. Biomass Production chain

The first step in energy crops conversion chains

involves harvesting, pre-processing, handling, storing

and transportation. It is very important to explore and

optimize this part of the supply chain as it affects the

financial feasibility as well as the successful

adaptation in downstream conversion processes. This

study starts with the assumption that perennial crops

have been successfully established and are collected

in either chips or bales; the inputs and best

agricultural practices required for successful farming

are outside of the scope. The different variants, from

harvesting time to densification alternatives, are

described in this section.

2-1. Harvesting

Harvesting Cycle

Delayed harvesting has been researched and observed

to decrease ash content of perennial crops. This is

due to a plant mechanism of remobilization of

nutrients from the stems and leafs to the roots, which

takes place after senescence in order to insure

nutrients supply for subsequent growing periods.

Since the plant is dry and almost leafless at this stage,

delayed harvesting reduces overall biomass yield and

moisture content of harvest.

Chips & Bales

Conventional farming equipment with minor

precautions can be used to harvest perennial crops,

most commonly in either chopped or baled form.

Chopped biomass can be collected in a single step

with a forage harvester followed by an attached or

disconnected wagon where chips are blown into.

Alternatively, mowed biomass can be conditioned

and left to dry before windrowing and harvesting,

reducing 50-60% of water content measured at the

time of mowing.

Credit: Photo by Steve Long

Figure 9 Square bale of miscanthus

Square or round bales are formed in a two step

process where a mower cuts the biomass and

arranges into a windrow. When biomass is dry, a

baling machine passes a second time turning the

windrow into bales, which are eventually collected

from the field for storage or transportation.

Apart from conventional equipment, new farming

technologies are emerging that offer increased

capacities and higher efficiencies. Some of these

technologies are high density balers, high capacity

forage harvesters and field bale accumulators, all of

which could benefit harvesting of perennial crops.

Water leaching has been has shown to partially

dissolve salts and minerals found in biomass,

decreasing ash content and particularly

potassium concentrations. Some advanced pre-

treatment technologies that benefit from this

mechanism are currently in the R&D pipeline,

e.g., wet torrefaction (torwash) and

Hydrothermal Carbonization (HTC).
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2-2. Pelleting

Pelleting is a posterior alternative after chopping or

baling the biomass and can be generally divided into

grinding, drying, pelleting and cooling. If the

biomass is received in bales, a bale breaker is

required prior to grinding. Once the coarse material is

available, grinding by means of a mill produces

uniform and finer particles that can be more easily

dried and pressed. A dryer is used to reduce the

moisture content to around 10 wt% and then fed into

a pellet mill where the material is conditioned and

pressed at high pressures, causing the biomass to heat

up and release the lignin needed to bind the pellets.

Finally, the pellets are cooled and stored, awaiting

bagged or bulk transportation to intermediate storage

or final processing facilities.

Pellets have superior properties than chips or bales

for handling, transporting and processing, but cost of

pelleting can be high and most commonly relies on

cheap raw materials such as saw dust or other woody

residues. On the other hand, material can be

transported to farther distances, storage space is

reduced, risk of self ignition and deterioration is

diminished, thermal combustion properties are

improved as well as conveying properties of material.

Pelleting Model

Since pelleting is a key aspect in several conversion

pathways, a detail model was used to analyze the

energy and emission penalties for this additional

process. The main assumptions are summarized in

Table 2 and are adapted from the methodology found

in (Ingwald Obernberger & Thek 2010). The model

considers a belt drier, hammer mill grinder, ring die

pellet mill and a counter flow cooler. The belt dryer

uses hot water from a natural gas fired boiler with

85% efficiency.

Even though it is not the goal of this study to

calculate specific costs of conversions, the same

model for calculating energy and emissions was used

to estimate costs of pelleting. Price of electricity and

natural gas is based on Italy and was taken from

Eurostat and the case for France and Spain is

considered to compare costs in different regions

given different price of fossil fuels and electricity.

Table 2 Pelleting Framework

General Assumptions

Number of shifts per day 3

Working days per week 7

Plant availability 91%

Annual full load operating hours 8000 hr/a

Simultaneity factor 0.85

Throughput (output pellets) 5 t/hr

Price for electricity 179 €/MWh

Utilization period construction 50 a

Maintenance costs construction 1% p.a.

Utilization period infrastructure 15 a

Maintenance costs infrastructure 1% p.a.

Utilization period planning 20 a

Interest rate 6% p.a.

Other costs 3% p.a.

The specific energy use summarized in Table 3

shows that heat increases from 0.019 to 0.345 MJ

MJbiomassˉ¹ (or 1.9% to 34.5% of the chemical energy

in the biomass) due to the additional heat required to

dry the material.

Table 3 Specific Energy of pelleting

Specific Energy use in Pelleting

Electricity Heat

MJ MJbiomassˉ¹

Bales at 15wt% mc 0.035 0.020

Chips at 55wt% mc 0.031 0.345



Because the belt drier used is assumed to be

operating on natural gas, the heat requirement

impact on the GHG emissions of pelleting as well.

Figure 10 shows the impact of moisture content in

GHG emissions, which are more than 4 times higher

when chips at 55 wt% mc are used as raw material

(27.29 compared to 5.92 gCO2eq MJ

can be seen in the same figure, the

when different sources for heat are used,

having an advantage over natural

particularly when raw material has higher moisture

content.

Figure 10 Specific emissions of pelleting using different

sources of heat

The results of the model show that moisture content

has a major impact on energy, emissions and costs of

pelleting. Figure 11 shows that if raw materials is

received in bales at 15wt% moisture content, the

costs of pelleting varies from 40 to 50

without including the costs of raw material. If raw

material is received in chips of 55

content, costs go up to 80 to 90 € odt

5.22

15.35

5.92

27.29

6.28

g CO2eq. MJˉ¹biomass
Bales 15wt% mc

g CO2eq. MJˉ¹biomass
Chips 55wt% mc

Wood pellets Natural Gas

In Sweden, inexpensive heat from biomass

CHP is used for pelleting, decreasing costs and

emissions simultaneously.

Because the belt drier used is assumed to be

the heat requirement has an

impact on the GHG emissions of pelleting as well.

shows the impact of moisture content in

more than 4 times higher

wt% mc are used as raw material

MJˉ¹ of bales). As

emissions vary

rent sources for heat are used, wood pellets

advantage over natural gas and oil

particularly when raw material has higher moisture

using different

The results of the model show that moisture content

has a major impact on energy, emissions and costs of

ws that if raw materials is

received in bales at 15wt% moisture content, the

costs of pelleting varies from 40 to 50 € odtˉ¹,

the costs of raw material. If raw

of 55wt% moisture

odtˉ¹. Additional

costs that would need to be accounted for are those of

raw material, storage and transportation.

Figure 11 Costs of pelleting varying moisture content

Figure 12 Costs distribution of pelleting

Mobile pellet presses

Several companies are offering units that integrate

the pelletizing production process in mobile

containers in the ranges of 0.5 to 2 tons hr

small units can be shared between several f

compensate for short pelletizing seasons. A good

case study is PUSCH AG, which provides for a

comprehensive concept of decentralized mixed

pellets production from agricultural and woody

biomass. More information about agricultural and

mobile pelletizing technology can be found in

(Thomas et al. 2012)
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costs that would need to be accounted for are those of

raw material, storage and transportation.

Costs of pelleting varying moisture content

of pelleting bales

companies are offering units that integrate

production process in mobile

containers in the ranges of 0.5 to 2 tons hrˉ¹. These

small units can be shared between several farmers to

compensate for short pelletizing seasons. A good

case study is PUSCH AG, which provides for a

comprehensive concept of decentralized mixed

pellets production from agricultural and woody

More information about agricultural and
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Fuel mixing

Fuel mixing can be an alternative to overcome

difficult characteristics of perennial crops and to

increase the available base of raw material. Mixing

additives such as lime, dolomite, kaolin and talcum

powder can increase the ash melting temperature,

although most of these substances reduce the

durability of pellets, which might be countered by the

addition of binders. By selection of an optimal mix,

fuel properties relevant to emissions, corrosion and

fouling, such as N, Cl, S can be set to a standard

(Thomas et al. 2012).

2-3. Storage

Conversion facilities usually have a small storage

buffer to meet their needs, and thus biomass needs to

be stored on-farm until needed. Chopped biomass

and pellets can be stored in vertical silos or concrete

bunker structures, but attention to moisture content is

important to avoid self ignition and biomass

degradation. Typical alternatives for storing bales are

in open air covered with plastic sheeting or under an

existing and available structure. Wrapping of bales,

either individually or in a stack is also an alternative

to protect the biomass from weather conditions.

2-4. Transportation

Transportation of biomass varies depending on the

pre-processed form (chips, bales or pellets) and

distance of distribution. Trucks, trains and vessels are

already used for transporting biomass around the

world, but for distances of less than 100 km, trucks

are the viable alternative. Chopped perennial crops

have bulk densities ranging from 30-90 kg mˉ³ and 

are transported in this form only when processing

plants are within reasonable distance (around 10km)

and in capacity to store and handle biomass in this

form. Bales have a bulk density of around 150-200

kg mˉ³ and can be transported in flatbed trucks to 

distances usually within 100 km radius. Pellets have a

much higher bulk density than chips or bales at

around 600 kg mˉ³.  For truck transportation pellet 

distribution is limited by maximum weight capacity

instead of volume, making transportation costs at

short distances similar to costs of transporting bales.

Nonetheless, pellets can be transported cost

effectively to much farther distances by train or

intercontinental vessels as is the case of the

international market today.

Transportation Model

A model considering energy, emissions and costs was

adapted from (Ingwald Obernberger & Thek 2010)

and (Smeets et al. 2009). The general framework is

summarized in Table 4. A box truck is assumed, with

27 tons maximum weight capacity and 120 m³

maximum volume and transporting distances were

varied from 20 up to 100 km average distance. An

equal distance return trip with an empty load is

assumed. Fuel for unloading and loading is assumed

at 0.63 l tˉ¹ and costs of diesel were taken from

Eurostat.

Use of propionic acid in stored biomass is an

opportunity for further research. This is

currently being used in forage crops to inhibit

mould and bacteria growth (Western Sarnia-

Lambton 2012).
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Table 4 Transportation Framework

General Assumptions

Box truck

Max. Weight 27 t

Max. Volume 120 m³

Fuel

Diesel consumption, empty 0.2 l kmˉ¹ 

Diesel consumption, full 0.4 l kmˉ¹ 

Cost of Diesel 1.68 € lˉ¹ 

un(loading) Diesel 0.63 l tˉ¹ 

Labor Specifications

Hourly rate truck 63.5 € hˉ¹ 

Hourly rate truck parked 34.2 € hˉ¹ 

Time for (un)loading 0.50 h

Material Density

Chips 70 kg mˉ³ 

Bales 150 kg mˉ³ 

Pellets 600 kg mˉ³ 

Table 5 and Table 6 summarize the specific energy

and emissions of transporting perennials in different

densification form. The costs calculated are only

indicative and specific to this framework, since

distribution supply chains can vary, for example by

use of different types of trucks. In the case of pellets,

silo trucks could transport material more efficiently,

as is the case of flat bed trucks for bales.

Table 5 Specific Energy of Transportation

Specific Transportation Energy

Avg. distance km 20 40 60 80 100

Chips MJ MJˉ¹b 0.02 0.03 0.05 0.06 0.07

Bales MJ MJˉ¹b 0.01 0.02 0.02 0.03 0.03

Pellets MJ MJˉ¹b 0.01 0.01 0.02 0.02 0.02

Note: b stands for biomass

Table 6 Specific GHG of Transportation

Specific Transportation Emissions

Avg. distance km 20 40 60 80 100

Chips gCO₂eq. MJˉ¹b 0.4 0.7 0.9 1.2 1.5

Bales gCO₂eq. MJˉ¹b 0.2 0.3 0.4 0.5 0.7

Pellets gCO₂eq. MJˉ¹b 0.2 0.3 0.3 0.4 0.5

Note: b stands for biomass

Figure 13 Specific transportation costs

Figure 14 shows the calculated number of trips for a

20 MWth biomass conversion facility considering the

framework previously mentioned. Given the low

bulk density of chips, considerable additional

numbers of trips per year are required, increasing

costs, difficulty of delivery as well as emissions

(Table 6). For this reason, the conversion pathways

will take into consideration only preprocessing in

bales and pellets form, even if chips are an option

when distances to the end use facility are within very

close range.

Figure 14 Number of trips per year 20MWth plant
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3. Definition of conversion pathways

By now we have reviewed the typical characteristics

of perennial crops, established guiding concentration

values for several properties, described the state of

development of thermo-chemical conversion

technologies and established the main routes to

biomass production. With this information it is

possible to determine main pathways to be evaluated

as potential conversion routes in our assessment.

Considering the four thermo-chemical conversion

technologies in question, it is possible to establish

main applications or end-uses appropriate to each.

Table 7 summarizes the potential applications that are

technically feasible for the different conversion

technologies marked with an x. However, many of

these applications are not feasible in the scale defined

earlier (<100MWth) given the focus of this work.

Other applications are technically and scale-wise

feasible, but can be discarded considering that at the

time of writing other technologies provide similar

benefits with higher reliability or less cost, such as

the case of heat production from gasification.

In the case of biochar, gasification and fast-pyrolysis

produce an amount of biochar, but as the aim is to

maximize yield of gas and oil in each respective

technology, biochar is not considered for this

technologies. Finally, torrefaction can be an

advanced densification pretreatment to be later used

for heat or power applications, but since the

economies of this technology are based on replacing

coal in co-firing applications and the scales required

for this are above the range defined, it will be only

considered for biochar production in this study. It

must be noted that combustion is to date the only

technology with 100 plus commercial plants

installed.

Table 7 Promising applications

Technically feasible applications

Heat Power CHP
Bio-
fuels

Bio
char

Combustion x x x

Gasification x x x x x

Fast-pyrolysis x x x x x

Torrefaction x x x x

Note: Green colors mark the pathways to explore

3-1. Heat

The users of small-scale biomass heating systems are

single or multi-family houses and small commercial

or apartment buildings. The main technologies used

are boilers and stoves with thermal efficiency around

80-95%. Boilers transfer heat from an exhaust gas to

a water heat exchanger and into a distribution system

and typical ranges are 15kWth upward. In stoves, the

heat is transferred to spaces by convection and

radiation and equipment is found in the ranges of 2-

12kWth. Both technologies are state of the art for

woody biomass and several manufacturers of

alternative pellet boilers exist. Pellets are the main

source of fuel for this application and usually on the

high end of quality and price.

Italy is currently the biggest pellet stove market

in Europe, with an estimated 700,000 units sold

until 2009. Germany, Italy, Sweden, Austria

and Denmark are the major Europeans

consumers of high quality residential pellets

(Junginger et al. 2008) .



Page | 27

Currently, research in small-scale combustion is

focused in the reduction of emissions, as abatement

measures are well known, but cost effectiveness is

limited to bigger ranges. For this reason, many boiler

manufacturers focus developments on the

optimization of the combustion chamber as well as

fuel and air supply. Precipitation equipment is also

being researched, as emissions from particulate

matter are of great relevance in biomass combustion.

Table 8 Small-scale heating pathway

Heat Pathway

  Pelleting Range ηth 

1.Small-scale heat Required 2-500 kWth 80-95%

3-2. CHP

Typical users of CHP plants can be divided into

industrial, light commercial and district heating,

occupying a wide range of scales from heavy

processing industry to hospitals or any other types of

buildings. Hundreds of commercial plants above

1 MWe are based on the Rankin Cycle which

requires an industrial boiler generating steam to

power a steam turbine and which has typical electric

and thermal efficiencies ranging from 10-30% and

50-70% respectively depending on capacity (Ecofys

2010).

The Organic Rankin Cycle (ORC) offers interesting

possibilities for CHP at lower ranges. The process is

similar to the Rankin Cycle, except it works with a

thermal medium different than water (usually

toluene). Around 150 commercial plants have been

installed by 2010 in ranges between 0.2-3MWe and

efficiencies of 16-20% depending on heat utilization

(IEA Bioenergy 2010). A third option in the low

capacity ranges is gasification coupled to a gas

engine. This technology offers higher electric

efficiency (25% and 50% electric and thermal

respectively), although the number of commercial

plants are very limited compared to steam and ORC

technologies.

Table 9 CHP Pathways

CHP Pathways

Range
MWe

ηth 
%

ηe 
%

2.Combustion
+ steam turbine

>1 50-70 10-30

3.ORC
+ turbine

0.2-3 65-70 16-20

4.Downdraft gasifier
+ gas engine

0.6-1.2 50 25

3-3. Bio-oil

At the time of writing, fast-pyrolysis technologies are

being demonstrated for woody biomass. Plants in

operation range from 10-3,100 kg/hr, and a few

plants in the 2-21 t/hr range are in design,

construction or commissioning. Major projects in in

the pipeline are BTG-BTL/EMPYRO in design phase

of a 5 t/hr plant in the Netherlands, Fortum in

construction phase of a 10 t/hr in Finland, and KiOR

in commissioning of a 21 t/hr plant in USA (Lehto et

al. 2013). The types of reactor used in this process

are fluid beds, CFB, rotating cone, auger, ablative

and vacuum reactors, with the first three being the

closest to commercialization.

The biofuels pathways will be based on BTG’s

rotating cone reactor. The yields of biomass to

pyrolysis oil is assumed around 50-60% (M Christou

et al. 2004) & (Venderbosch & Prins 2010). The

yield of raw pyrolysis-oil to upgraded oil is based

data for wood based pyrolysis oils, as experiments

with perennial crops are required to define this value.



Electricity and steam generation are 550kW and

7.2MW respectively.

Table 10 Biofuels pathways

Bio-fuels Pathways

Conversion
yield

Electricity
Gen.

Steam
Gen.

5.Pyrolysis-oil 50-60% 550kW 7.2MW

6.Upgraded-oil 59% - -

3-4. Biochar

The interest in biochar lies in experimental trials and

historical observations showing that carbon contained

in charred biomass is more stable and believed to stay

in the soil considerably longer than un-charred

organic matter (Lehmann et al. 2006). However, the

precise permanency of charred C in soils is not yet

fully understood. In fact, estimates of the longevity of

remaining C range from hundredths to thousands of

years (B. J. Gaunt & June 2010), stirring considerable

debate on the matter. In contrast, the breakdown

mechanisms of untreated C in soils are well

understood and known to release 80-90% of the C

content within the first 10 years (as shown in the red

line below). Furthermore, researchers think that the

interaction of biochar in soil may help stabilize other

non-biochar carbon, accounting for an additional

indirect stabilization. Other benefits being researched

include increase in soil fertility and crop yields and

decrease of CH4 and N2O emissions from agricultural

land.

Contrary to all other pathways reviewed in this study,

biochar is a product aimed to be produced and

applied directly in the agricultural land. The answer

to why using biochar as a soil amendment as opposed

to producing energy is that avoided emissions can be

up to 2 and 5 times greater when biochar is applied to

agricultural land instead of used only for the purpose

of fossil fuel substitution (J. L. Gaunt & Lehmann

2008). For this reason, optimizing the thermal

treatment to produce a combination of biochar and

other energy products seems to be an innovative way

to maximize GHG emission savings.

Regardless of the numerous potential benefits, it is

important to note that models are still being

developed to predict the long term behavior of carbon

in the soil and research has yet to establish accurate

way to account for the integrated benefits. For this

reason, it is not possible to evaluate this pathway in

the subsequent sustainability assessment in a

comparable way with other pathways.
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PART THREE: SUSTAINABILITY

ASSESSMENT
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1. Renewable Energy Directive

The overall sustainability of biofuels and bioliquids

use in the EU is considered in the Renewable Energy

Directive (RED). Article 17(2) states that the

minimum GHG emission savings must be at least

35% as of April 2013 rising to 50% from January

2017 on and 60% for installations in which

production started on or after January 2017. While

the minimum savings are obligatory in the case of

biofuels and bioliquids, they are still considered

voluntary for solid fuels. Other sustainability criteria

are summarized in Table 11.

Table 11 Other sustainability requirements in RED

Article 17

(3) No use of land with high biodiversity value

(4) No use of land with high carbon stock

(5) No use of land that was peatland in 2008

Annex V part C of RED contains a methodology to

calculate GHG emissions referred to in Article 17.

According to the methodology, GHG emissions from

the production and use of transport fuels, biofuels or

bioliquids shall be calculated as follows:

ܧ ൌ ݁ ݁ ݁  ௧݁ௗ  ௨݁  ௦݁  ݁௦ ݁ ݁ᇱ

where

ܧ ൌ total emissions from the use of the fuel

(expressed in gCO2eq/MJ);

݁ = emissions from the extraction or cultivation

of raw materials;

݁= annualized emissions from carbon stock

changes caused by land-use change;

݁ = emissions from processing;

௧݁ௗ = emissions from transport and distribution;

௨݁ = emissions from the fuel in use;

௦݁ = emission saving from soil carbon

accumulation via improved agricultural

management;

݁௦ = emission saving from carbon capture and

geological storage;

݁ = emission saving from carbon capture and

replacement; and

݁ᇱ= emission saving from excess electricity from

cogeneration with agricultural crop residues.

Several variables do not apply in the context of this

project, given the following assumptions:

No improved agricultural management practices

assumed;

௦݁ = 0 g CO2eq/MJ

Fuels in use are biofuels and bioliquids;

௨݁ = 0 g CO2eq/MJ

No carbon capture and storage assumed;

݁௦= 0 g CO2eq/MJ

No replacement of commercial products or services;

݁ = 0 g CO2eq/MJ

No excess electricity or cogeneration with

agricultural crop residues;

݁ᇱ= 0 g CO2eq/MJ

After taking into account the methodological

assumptions, the GHG emissions in this context can

be reduced to the following equation:

ܧ = ݁+ ݁+ ݁ + ௧݁ௗ



Page | 31

2. Solid fuels GHG Savings

2-1. Solid fuels Calculation

In order to calculate the GHG Savings for solid fuels,

the report from the commission on sustainability

requirements for the use of solid and gaseous

biomass sources in electricity, heating and cooling –

COM (2010) 11 def. – is recommended.

Emissions before conversion

ANNEX I part 1.a of COM (2010) 11 def. states that

the GHG emissions from the production of solid and

gaseous biomass fuels, before conversion into

electricity heating and cooling shall be calculated in

the same way as stated in RED. After considering

the previously stated assumptions, the emissions

before conversion shall be calculated as:

=܋܍܍ 5.28 gCO2eqMJbiomassˉ¹ 

Annual diesel use of harvesting was calculated to be

115.9 l haˉ¹yrˉ¹ or 1.19 gCO2eqMJbiomassˉ¹ and an 

additional 0.31 gCO2eqMJbiomassˉ¹ from handling 

and storing of bales. Fertilizer and pesticide inputs

for harvesting miscanthus were taken from the study

The economical and environmental performance of

miscanthus and switchgrass production and supply

chains in a European setting (Smeets et al. 2009) and

the emissions equaled to 1.39 gCO2eqMJbiomassˉ¹. 

Additionally eec includes N2O emission from

managed soils, calculated with the IPPC Guidelines

for National Greenhouse Gas Inventories (IPCC

2006) and that resulted in  2.39 gCO2eqMJbiomassˉ¹. 

 gCO2eqMJbiomassˉ¹ 0 = ܔ܍

The emissions from direct land-use (LUC) were

calculated using the guidelines for the calculation of

land carbon stocks 2010/335/EU. In the case of

conversion of degraded land to perennial crops, LUC

effect can be considered positive, or in this

calculation to have a negative carbon emission.

Assuming the conversion of moderately degraded

land, planting miscanthus resulted in an increase of

carbon stocks of 1.5 ton CO2 haˉ¹yrˉ¹ and therefore a

net GHG emission of -4.89 gCO2eqMJbiomassˉ¹ 

increasing to -10.56 gCO2eqMJbiomassˉ¹ when 

severely degraded land is converted. Even though

these emissions could offset most or all of the

emissions from cultivation, no GHG emissions from

LUC was assumed in order to evaluate the net impact

of each pathway in a general context.

ܘ܍ = 5.92 gCO2eqMJbiomassˉ¹ 

Processing emissions depend on the following

considerations. When bales are used directly,

ep = 0 gCO2eqMJbiomassˉ¹ as the emissions from 

processing bales were already accounted for in the

cultivation step. When pellets are used, electricity

and energy required in the pelleting process needs to

be accounted for. As shown in PART Two Section 2-

2 of this study, energy consumption in pelleting

depends on the moisture content of raw material and

the source of heat used. Pelleting in this step will

assume bales at 15 wt % mc as raw material and

natural gas as source of heat, resulting in emissions

of 5.92 gCO2eqMJbiomassˉ¹.   

  gCO2eqMJbiomassˉ¹ (bales) 2.41 = 

  gCO2eqMJbiomassˉ¹ (pellets) 2.28 = 

Emissions from transport and distribution were based

on BioGrace transport efficiency standard values,

assuming the use of a truck for dry product (Diesel)

ܧ = ݁+ ݁+ ݁ + ௧݁ௗ



Page | 32

that consumes 0.94 MJ/ton,km. The modeled

described in PART Two Section 2-4 of this study

could have been used instead, but using BioGrace

values makes the calculation more standardized and

comparable to other studies. Transportation distances

assumed are 200 km (two way 100 km), which

results in emissions of 2.41 gCO2eqMJbiomassˉ¹ for 

transporting bales and 2.28 gCO2eqMJbiomassˉ¹ for 

pellets, the difference attributable to the lower

moisture content of pellets of 10 wt % mc.

Finally, the total emissions from processing the

biomass before conversion are summarized below

(Table 12).

Table 12 Emissions before conversion

Emissions before conversion

Fuel eec e1 ep etd E

gCO2eq/MJbiomass

Bales 5.3 0.0 0.0 2.4 7.7

Pellets 5.3 0.0 5.9 2.3 13.5

Emissions after conversion

ANNEX I part 1.b of COM (2010) 11 def. states that

the GHG emissions after conversion to electricity,

heat and cooling shall be calculated as follows:

For installations delivering only useful heat:

ܥܧ =
ܧ

ߟ

where

ܧ ൌ Emissions before conversion;

ܥܧ = Total GHG emissions from heating; and

ߟ = Thermal efficiency

For the electricity in cogeneration

=ܥܧ
ܧ

ߟ
൬

ߟȉܥ
ߟȉܥ ܥ ȉߟ

൰

For the useful heat in cogeneration:

ܥܧ =
ܧ

ߟ
൬

ܥ ȉߟ
ߟȉܥ ܥ ȉߟ

൰

where

ܧ ൌ Emissions before conversion

ܥܧ = Total GHG emissions from heating;

=ܥܧ Total GHG emissions from electricity;

ߟ = Thermal efficiency;

=ߟ Electrical efficiency;

ܥ = Carnot efficiency in heat 150°C is 0.3546

=ܥ Carnot efficiency of electricity is 1

GHG Savings

The GHG savings from heat, electricity or

cogeneration from solid biomass is calculated as:

ܰܫܸܵܣ ܩ ൌ
ሺܥܧሺǡሻെ (ǡܥܧ

ሺǡሻܥܧ

where

ǡܥܧ = total emission from the heat or

electricity;

(ǡ)ܥܧ = total emissions from the fossil fuel

comparator for heat or electricity.

Fossil fuel comparator for heat

=ሺሻܥܧ 87 gCO2eq/MJ heat; and

Fossil fuel comparator for electricity

=ሺሻܥܧ 198 gCO2eq/MJ electricity
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2-2. Solid fuels GHG Savings

GHG Savings are summarized in Table 13 and Table

14 for bales and pellets respectively. As can be

determined from the tables, the emission savings

decrease by close to 6% when pelleting is considered.

Use of bales was not considered for small-scale

heating, since pellets are required for this application.

GHG Savings are very positive overall and all

pathways comply with the minimum voluntary

thresholds established by RED at present time and for

subsequent years. This is due to the low agronomical

inputs, high yields, low processing requirements and

the good conversion efficiencies.

Table 13 GHG Savings using Bales as fuel

Bales  →  end use 

Pathway ηe ηth GHG 

Saving

13.8MWth CHP Rankin Cycle 27% 60% 92.4%

5.5 MWth CHP ORC Plant 15% 69% 90.7%

600kWe CHP Gasifier+GasEng 25% 50% 91.4%

Table 14 GHG Savings using Pellets as fuel

Pellets of bales  →  end use 

Pathway ηe ηth GHG 

Saving

110kWth Small-scale heat - 92% 83.2%

13.8MWth CHP Rankin Cycle 27% 60% 86.7%

5.5 MWth CHP ORC Plant 15% 69% 83.8%

600kWe CHP Gasifier+GasEng 25% 50% 85.0%

As it has been mentioned previously, if the pelleting

would be from raw material at 55 wt% mc, the GHG

Savings would differ considerably, as shown in Table

15. This is explained by the heat required in the

pelleting to dry the raw material to around 10 wt %

before it enters the pellet mill.

Table 15 Recalculation using pellets from wet raw material

Pellets of wet raw material  →  end use 

Pathway ηe ηth GHG 

Saving

110kWth Small-scale heat - 92% 56.5%

13.8MWth CHP Rankin Cycle 27% 60% 65.7%

5.5 MWth CHP ORC Plant 15% 69% 58.0%

600kWe CHP Gasifier+GasEng 25% 50% 61.2%

The recalculation of GHG Savings is only applicable

when natural gas is being used in the pelleting

process, as it was assumed in this study. If wood

pellets or waste heat from CHP to dry the raw

material would be assumed, the GHG savings could

be just as high or higher as calculated when using

bales as raw material. Refer to Figure 10 of this study

for a variation of emissions in pelleting from

different moisture contents and using different

sources of heat.
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3. Bioliquid & Biofuel GHG Savings

Bioliquids refer to liquid fuels for the purpose of

producing heat, electricity or cogeneration, while

biofuels are considered transport fuel mix or

replacement. In this sense, raw pyrolysis bio-oil is

immiscible with transport fuels without upgrading,

but it can be burned in boilers and turbines to

generate heat or electricity. When pyrolysis bio-oil is

upgraded, in this case by hydrogen treatment, a

biofuel is produced that can be used in transportation.

With this in mind, fast-pyrolysis oil will be referred

to bioliquid and upgraded fast-pyrolysis oil to

biofuel.

The GHG emissions of biofuels and bioliquids are

calculated according to RED as explained in the first

section of this paper. The same assumptions made

previously for calculating emissions apply, and

therefore the emissions shall also be calculated as:

As the exact same biomass input is considered, the

emissions before conversion calculated in the

previous section and summarized in Table 12 can be

transferred to this section. However, an adjustment

of energy basis has to be made, since the emissions

are given on gCO2eqMJbiomassˉ¹ and bioliquids and 

biofuels must to be in gCO2eqMJbioliquidˉ¹ and 

gCO2eqMJbiofuelˉ¹ in the case of pyrolysis oil and 

upgraded pyrolysis oil respectively.

3-1. Biofuel & Bioliquid Calculations

Fast-pyrolysis oil emissions (bioliquid)

The fast-pyrolysis process considered is based on a

rotating cone reactor of 5 t hrˉ¹ and operating 

7,500 hr yrˉ¹. A complete mass and energy balance 

can be found in appendix 3. Conversion yield of

biomass to pyrolysis oil depends on the

characteristics of the biomass and is assumed to be

55% based on experimental data from literature on

perennial crops and other grassy biomass. The LHV

of the resulting pyrolysis oil is 16,800 MJ tonneˉ¹ and 

the LHV of miscanthus used in previous calculations

is 16,000 MJ tonneˉ¹. The relation between 

MJbiomass to MJbioliquid can be determined by the

respective product of the mass and LHV as shown

below:

ଵ

Ǥହହ
× 16

1 × 16.8
= 1.73ெ ௨ௗ

ெ  ௦௦

Using this relation we can now adjust the emissions

before conversion calculated in the solid fuel section

and the total emissions are called Eb to differentiate

from the original values.

Table 16 Adjusted emissions to bioliquids

Adjusted biomass production emissions

Fuel eec e1 ep etd Eb

gCO2eq/MJbioliquid

Bales 9.1 0.0 0.0 4.2 13.3

Pellets 9.1 0.0 10.3 3.9 23.3

In addition to the emissions of cultivation, processing

to pellets and transportation, energy is required for

the pyrolysis process that needs to be accounted for.

ܧ = ݁+ ݁+ ݁ + ௧݁ௗ
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Sizing

The biomass needs to be sized to 3 x Y x Z mm,

requiring around 3kWh tonneˉ¹ generating

0.17 gCO2eqMJbioliquidˉ¹.  

Plant electricity & steam

The plant consumes 450 kW in operation equivalent

to 4.54 gCO2eqMJbioliquidˉ¹. 550 kW of excess is 

fed to the grid. 8 MW of steam is generated in the

process out of which 0.8 is used to dry the raw

material to around 5 wt % mc and 7.2 can be used for

third parties.

Natural gas & chemicals

Natural gas is required for startups accounting for

0.40 gCO2eqMJbioliquidˉ¹ and minor quantities of 

chemicals in the process contribute to

0.16 gCO2eqMJbioliquidˉ¹.  

Transportation

Around 6,000 liters of diesel per year are needed to

move the biomass from the trucks to the sizing

equipment and then to biomass storage and drying,

adding 0.05 gCO2eqMJbioliquidˉ¹. Transportation of 

the produced bioliquid is assumed to be 200 km to

the end use facilities and again BioGrace standard

values are used assuming truck for liquids (Diesel)

with energy consumption of 1.01 MJ/ton,km. The

resulting emissions are 1.1 gCO2eqMJbioliquidˉ¹.  

Attribution of excess products

The plant generates a total of 0.55 MW of excess

electricity, 7.2 MW of excess steam and 11.9 MW of

bioliquid. Since the electricity and steam produce

additional benefits, the total emissions are allocated

based on the fraction of energy of the bioliquid to the

total energy produced in the process. Therefore,

attributable to the bioliquid are 81% of the total

emissions. Table 17 summarizes the total GHG

emissions from farm to end-use of the bioliquid

process.

Table 17 Total GHG emissions from bioliquid

Total bioliquid emissions (Eb)

Bales Pellets

gCO2eq/MJbioliquid

Biomass Production 13.3 23.3

ep - Pyrolysis process 4.9 4.8

etd - Transport 0.1 0.1

Before attribution 18.2 28.2

Attribution factor 81% 81%

After attribution 14.7 22.7

etd - Transport 1.1 1.1

TOTAL GHG Emissions 15.7 23.8

Upgraded pyrolysis-oil emissions (biofuel)

In order to aggregate the emission from the biomass

production process and the additional emissions from

the conversion to fast-pyrolysis bioliquid, the basis of

the emissions is adjusted to gCO2eqMJbiofuelˉ¹. The 

conversion yield between bioliquid to biofuel is

assumed at 59%. This value in fact is quite uncertain

as no upgrading conversion yields for bio-oil form

perennial crops was found in literature and the

number is based on wood oil. The LHV of the

upgraded biofuel is 27,200 MJ tonneˉ¹ and so the 

conversion factor was calculated at 1.05 ெ �௨
ெ �௨ௗ

,

and Table 18 shows the adjusted emission for this

case.

Table 18 Adjusted emissions to biofuel

Adjusted emissions from biomass processing

Fuel eec e1 ep etd Eb

gCO2eq/MJbiofuel

Bales 9.6 0.0 0.0 4.4 13.9

Pellets 9.6 0.0 10.7 4.1 24.4
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The assumptions and emissions from the upgrading

process are summarized bellow in Table 19 and the

total GHG emissions from the entire pathway can be

found in Table 20.

Table 19 Upgrading process assumptions and emissions

Upgrading process emissions

Hydrogen use 0.07 t hyd./hr

Emissions 87.32 gCO2eq/MJ hyd.

LHV Hydrogen 120,000 MJ/t hyd.

Hydrogen Use 1,424 MJ hyd./t biofuel

Emissions 4.57 gCO2eq/MJ biofuel

Equipment

Capacity 1.2 MWth

Recalculation 4,320 MJ/hr

Emission 67.59 gCO2eq/MJ NG

Emissions 1.82 gCO2eq/MJ biofuel

Electricity

Capacity 300 kWe

Emissions 465.08 gCO2eq/KWh

Emission 0.87 gCO2eq/MJ biofuel

Ep upgrading 7.26 gCO2eq/MJ biofuel

Table 20 Total GHG emission from biofuel

Total biofuel emissions (Eb)

Bales Pellets

gCO2eq/MJbiofuel

Biomass Production 13.9 24.4

ep - Pyrolysis process 5.1 5.0

etd - Transportation 0.1 0.1

Before attribution 19.1 29.5

Attribution factor 81% 81%

After attribution 15.4 23.8

etd - Transportation 1.1 1.1

Total before upgrading 16.5 24.9

ep - Upgrading 7.3 7.3

etd - Transportation 1.1 1.1

TOTAL GHG Emissions 24.8 33.2

GHG Savings

The GHG savings from the use of bioliquids and

biofuels for heat, electricity and cogeneration, as well

as the use biofuels for mineral diesel replacement

shall be calculated as:

ܵܽ ݅ݒ ൌݏ݃݊
ிܧ) െ (ܧ�

ிܧ

where

ܧ = total emissions from biofuel or bioliquid; and

ிܧ = total emissions from fossil fuel comparator

and

Fossil fuel comparator for electricity

EF = 91 gCO2eq/MJ

Fossil fuel comparator for heat

EF = 77 gCO2eq/MJ

Fossil fuel comparator for cogeneration

EF = 85 gCO2eq/MJ

Fossil fuel comparator for replacing diesel

EF = 83.8 gCO2eq/MJ

3-2. GHG Savings

Table 21 and Table 22 summarize the GHG Savings

from the bioliquid and biofuel pathways respectively.

The GHG savings from all the bioliquid pathways

comply with the minimum limits established in RED

and range from 69-83%. For the biofuel pathways,

the GHG savings ranged from 57-73%, the only

pathway below the threshold being biofuel use to

replace heat. On the other hand, the attractive



application of this upgraded biofuel is in the

replacement of mineral diesel for transport fuel, for

which GHG savings are calculated at 60-70%.

Table 21 GHG Savings from bioliquid

Biomass  →   Bioliquid  →  end use 

Bales Pellets

Pyrolysis oil replaces electricity 82.7% 73.9%

Pyrolysis oil replaces heat 79.6% 69.1%

Pyrolysis oil replaces CHP 81.5% 72.0%

Table 22 GHG Savings from biofuel

Biomass  →   Bioliquid  →  Biofuel  →  end use 

Bales Pellets

Upgraded oil replaces electricity 72.8% 63.5%

Upgraded oil replaces heat 67.8% 56.9%

Upgraded oil replaces CHP 70.8% 60.9%

Upgraded oil replaces Diesel 70.4% 60.4%

Below is a figure with the results of all the

conversion pathways. Although it is interesting to

place them together, all pathways differ in

application, range and unique benefits.

DISCUSSION

Conversion pathways

Different conversion pathways for perennial crops

were explored and divided between heat, electricity,

CHP, biofuels and biochar, even though GHG

savings were not calculated for the latter. This study

showed overall good GHG savings for the different

applications. As seen on Figure 15, all pathways are

well above the minimum threshold established in

RED for 2013, and only one (biofuel → Heat) is

below the 2018 minimum limit when considering

pellets as a raw material.

For heating purposes, the most reasonable idea is to

use pellets, with GHG savings calculated above 80%.

Furthermore, electricity can be produced with raw

pyrolysis oil, in which case the savings range from
(110 kWth) Boiler → Heat

(13.8 MWth) Combustion + Steam turb. → CHP

(5.5 MWth) ORC → CHP

(600 kWe) Gasifier + Gas eng. → CHP

Bioliquid → Electricity

Bioliquid → Heat

Bioliquid → CHP

Biofuel → Electricity

Biofuel → Heat

Biofuel → CHP

Biofuel → Diesel

GHG Savings

Pellets Bales 2013 2017 2018
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Figure 15 Overall GHG Savings this study
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In the CHP pathways, good GHG savings

ained in different capacity ranges. This was

e consideration of new technologies such as

d gasifier + gas engine, both of which offer

nversion efficiencies at lower scales than a

team cycle.

6 shows a comparison of total emissions

lid and bioliquid pathways compared to

alues found in ANNEX II of COM (2010)11.

oil from pellets has the highest total

s, although it is being compared to solid

this case. When considering long distance

ation, it would have an obvious advantage

other fuel compared in this graph. Both

d pellets of this study have some of the

tal emissions, only second to forest residue

t rotation coppices wood chips. This is not

g, since for the latter pathways, the only

s that need to be accounted for are

ation and distribution.

Properties of fuel

This study also investigated the variability of

perennial crops being researched in Europe and put

them in context of thermo-chemical conversion

technologies. The biomass characterization showed

that the variability and properties of perennial crops

must be carefully considered for conversion

purposes. Some effective measures to cope with these

difficulties were reviewed, such as late harvesting to

decrease moisture and ash content, washing to

decrease salts and minerals of the biomass, use of

additives to increase ash melting point and avoid

sintering and fouling, and mixing of fuels to obtain a

the desired properties for the conversion process.

On the variability of herbaceous biomass, fast-

pyrolysis offers a considerable advantage by

processing the perennial crops at lower temperatures

and producing a homogenous bio-oil free of ash and

solids and with an energy density around 42 times

6 Typical GHG emissions of other solid biomass



greater than chips, 8 times greater than bales and 2

times greater than pellets.

Chips were found to provide little to no benefit when

considering the subsequent transportation and

conversion processes. Considering the energy

requirements of harvesting plus pelleting, the total

energy equals to 0.069MJenergyMJbiomassˉ¹ for bales

compared to 0.382MJenergyMJbiomassˉ¹ for chips. This

of course is under the assumptions that bales are

harvested at 15% moisture content and chips at

55%.

Pelleting

Pelleting was shown to be a big contributor to the

energy and emission load in conversion processes.

Energy use in pelleting can be greatly diminished by

harvesting dry raw materials and emissions can be

offset by using wood as process fuel. Both of these

measures would have a positive impact on the

economic as well as environmental aspects of

pelleting.

Transportation

Modeling of transportation for a 20 MWth plant

showed that transporting chips requires close to 3

times more trips per year than bales and 4 times more

trips than pellets assuming a box truck is used. This is

due to the low bulk density that would require

repeated trips to be made at less than half the truck’s

payload. For d below 200km, no large difference was

noted between transporting bales or pellets.

Sustainability of conversion pathways

Six conversion pathways were defined for heat, CHP,

and biofuels and GHG emissions savings were

calculated according to RED methodology. One

additional pathway for biochar production is a good

opportunity for further research, as the carbon storage

mechanisms and methodologies for calculating GHG

savings are being agreed upon at the time of writing

Figure 17 Typi
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this paper, but the benefits seem in fact promising.

All the conversion pathways defined surpassed the

60% savings except for upgraded oil used as heat

replacement at 59%. GHG emission savings range

from 83-92% in the solid fuel pathways, 71-85% in

the pyrolysis oil pathways and 59-73% in the

upgraded pathways. All together, solid fuel pathways

resulted in the highest GHG savings, particularly

when bales where the choice of pre-processing.

The difference between the GHG savings in the solid

fuel pathways was solely dependent on the

conversion efficiencies, since the emissions for

cultivation, processing and transport where all

assumed equal. The overall savings are positive due

to the low agronomic inputs, the low processing

requirements and the high yield of perennial crops,

all together making for a high GHG saving fuel.

Methodological differences

One difference in calculating GHG savings for solid

fuels compared to biofuels is the fossil fuel reference

comparators (Table 23). The reason for the fossil fuel

reference difference is that the methodology for solid

fuels includes a calculation step accounting for a

thermal and/or electric efficiency to be specified

depending on the conversion process used in the

calculation. This differs from the biofuels

methodology which already includes a predefined

efficiency in the value of the fossil fuel comparator.

If the fossil fuel comparators in the solid fuel

methodology are taken as the base (198 and 87

gCO2eq/MJ for electricity & heat respectively), the

predefined conversion efficiencies in the biofuels

methodology can be calculated to 45% for electricity

and 88% for heating.

Table 23 Fossil fuel comparators

Fossil fuel comparators

Bioliquids

Ef electricity 91 gCO2eq/MJ

Ef heat 77 gCO2eq/MJ

Ef cogeneration. 85 gCO2eq/MJ

Solid Fuels

Ef electricity 198 gCO2eq/MJ

Ef heat 87 gCO2eq/MJ

Mineral diesel replacement

Furthermore, the calculated GHG Savings from

upgraded pyrolysis-oil replacing diesel 60-70% are

much higher compared to 45% (typical value) and

38% (default value) of rapeseed biodiesel. This

places perennial crops and upgraded pyrolysis-oil as

a good candidate for double counting biofuels and

aspiring towards play an important role in the

remaining 5% share in RES-T for 2020.

CONCLUSIONS

The increasing minimum GHG savings in RED, the

current talks in the EU about setting targets for

second generation biofuels, and the developments of

new technologies that broaden the base of fuels and

increase efficiencies, paint a partially optimistic

outlook for the bioenergy future in the European

Union. That said, A recent report (Kimmel & Resch

2013) states that although the 2010 renewable energy

targets in EU-27 were met and exceeded, none of the

sectors are expected to meet their targets at European

level in 2020 if current trends and measures carry

forward. This calls for continuous attention to

technologies that offer superior benefits to the use of

land required to push forward the envisioned

bioeconomy.
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1. Pelleting Model Calculations

Raw Biomass before drying after drying

Baled Biomass 15% 10%

Chipped Biomass 55% 10%

Output 40,000 t (w.b.)p.a.

Dry input 36,000 odt p.a.

Input A 42,353 t (w.b.)p.a.

Input B 80,000 t (w.b.)p.a.

Cost of Baled Biomass 75 € /odt

Cost of Chipped Biomass 70 € /odt

Wet Cost of Baled Biomass 64 € /t (w.b.)

Wet Cost of Chipped Biomass 32 € /t (w.b.)

Total Cost of Raw Material A 2,700,000 € p.a.

Total Cost of Raw Material B 2,520,000 € p.a.

Specific Raw Material cost A 68 € / t (w.b.)p

Specific Raw Material cost B 63 € / t (w.b.)p

Pelletisation

Obernberger 2010 The pellet handbook pg.241

General Framework conditions

Parameter Value Unit

Number of shifts per day 3

Working days per week 7

Plant availability 91%

Annual full load operating hours 8,000 h/a

Simultaneity factor (electrical installations) 85%

Throughput (output pellets) 5 t (w.b.)p/h

Price for electricity 179 €/MWh

Utilisation period construction 50 a

Service and maintenance costs construction 1% p.a.

Utilisation period infrastructure 15 a

Service and maintenance costs infrastructure 1% p.a.

Utilisation period planning 20 a

Interest rate 6% p.a.

Other costs (insurance, administration, etc.) 2.8% p.a.

Specific heat cost 31.4 €/MWh

Specific Electricity Consumption TOTAL 122.9 kWhe/t (w.b)p

Specific Personall hours TOTAL 0.33 h/t (w.b.)p

Course chopping of bales

Electricty for course chopping of bales 15 kWh/t (w.b.)p

* based on different study (A process of Energy Analysis of pelletizing Switchgrass)
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General Investments

Planning 10% of Total Investment

Planning IC 340,300 €

Drying A

Framework Conditions for Belt drier calculations

Heat conversion Efficiency 85%

Parameter Value Unit

Electric power demand 140 kW

Heat demand for drying (per ton evaporated water) 1,200 kWh/tev .w.

Utilisation period 15 a

Service and maintenance costs 2% % p.a.

Specific heat costs 31.4 €/MWh

Moisture content before drying 15% wt.% (w.b.)

Moisture content after drying 10% wt.% (w.b.)

Water evaporation rate 5 t/h

Water Throughput 4,000 t water

Wet Biomass throughput AD 40,000 t w.b./a

Dry Mass input & throughput 36,000 t dm/a

Water Mass input 6,353 t water

Input Biomass 42,353 t w.b./a

Water Evaporated 2,353 tev.w. p.a.

Total Heat Demand 3,247 MWh/a

Drying Consumption Costs 101,958 € p.a.

Electricity Consumption 952 MWh/a

Electricity Costs 170,408 € p.a.

Specific Electricity Consumption Drying 23.8 kWhe/t (w.b.)p

Specific Heat consumption Drying 81.2 kWh/t (w.b.)p



Page | 47

Drying B

Framework Conditions for Belt drier calculations

Heat conversion Efficiency 85%

Parameter Value Unit

Electric power demand 140 kW

Heat demand for drying (per ton evaporated water)1,200 kWh/tev .w.

Utilisation period 15 a

Service and maintenance costs1)2% % p.a.

Specific heat costs2) 31.4 €/MWh

Moisture content before drying55% wt.% (w.b.)

Moisture content after drying10% wt.% (w.b.)

Water evaporation rate 5 t/h

Water Throughput 4,000 t water

Wet Biomass throughput AD40,000 t w.b./a

Dry Mass input & throughput36,000 t dm/a

Water Mass input 44,000 t water

Input Biomass 80,000 t w.b./a

Water Evaporated 40,000 tev.w. p.a.

Total Heat Demand 55,200 MWh/a

Drying Consumption Costs1,733,280 € p.a.

Electricity Consumption 952 MWh/a

Electricity Costs 170,408 € p.a.

Specific Electricity Consumption Drying23.8 kWhe/t (w.b.)p

Specific Heat consumption Drying1380.0 kWh/t (w.b.)p

Grinding

Framework conditions for grinding in a hammer mill

Parameter Value Unit

Electric power demand 110 kW

Utilisation period 15 a

Service and maintenance costs 2.44% % p.a.

Electricity consumption 748 MWh/a

Electricity Costs 133,892 € p.a.

Specific Electricity consumption Grinding 18.7 kWh/t (w.b.)p

Pelletisation

Framework conditions for full cost calculation of a pellet mill

Parameter Value Unit

Electric power demand 300 kW

Hot water demand for conditioning related to tons of pellets produced 1%

Specific heat costs - Price of hot water 90°C 2.5 €/t

Costs for additives per ton of pellets produced 2.25 €/t (w.b.)p

Utilisation period 15 a

Service and maintenance costs 2.44% % p.a.

Electricity consumption 2,400 MWh/a

Electricity Costs 429,600 € p.a.

Conditioning Costs 867 € p.a.

Additive Costs 90,000 € p.a.

Specific Electricity consumption pelletisation 60 kWh/t (w.b.)p
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Cooling

Framework conditions for full cost calculation of cooling in a counterflow cooler

Parameter Value Unit

Electric power demand 12 kW

Utilisation period 15 a

Service and maintenance costs 2.44% % p.a.

Electricity consumption 82 MWh/a

Electricity Costs 14,606 € p.a.

Specific Electricity consumption cooling 2.04 kWh/t (w.b.)p

Storage and peripheral equipment

Framework conditions for pellet storage at the producer’s site

Parameter Value Unit

Outdoor storage before drying

Utilisation period 50 a

Service and maintenance costs 1% % p.a.

Storage capacity (in % of annual raw material demand) 1.92% %

Silo storage after drying

Utilisation period (silo 15 years, construction 50 years) 22.29 a

Service and maintenance costs 1.5% % p.a.

Storage capacity (in % of annual raw material demand) 0.41% %

Pellet storage

Utilisation period (silo 15 years, construction 50 years) 22.19 a

Service and maintenance costs 2% % p.a.

Storage capacity (in % of annual amount of pellet production) 2% %

Pellet sales price (excl. 10 % VAT and transport costs)2) 162.84 €/t (w.b.)p

Average storage filling level (in % of the storage capacity) 50% %

Average days sales outstanding 14 d

Time from delivery to payment 2 weeks

AFR 0.003 Short Term

V 6,494,118

Payment 6,513,600

Imputed interests 19,482

Framework conditions for full cost calculation of peripheral equipment

Parameter Value Unit

Electric power demand 108 kW

Utilisation period 15 a

Service and maintenance costs 2.44% % p.a.

Electricity consumption 734.4 MWh/a

Electricity Costs 131,458 € p.a.

Specific Electricity consumption peripheral equipment 18.36 kWh/t (w.b.)p
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Personnel

Operator 1 person

Deputyship 0.25 person

Full Load operating hours 8,000 h/a

Operating staff needed 8,760 h/a

Annual working hours 10,950 h/a

Hourly rate 14.62 €/h

Personnel costs 160,089 €/a

Marketing Personnel 1 person

Administration Personnel 1 person

Annual working hours II 2,080 h/a

Hourly rate II 23 €/h

Personnel costs II 47,736 € p.a.

Total cost of Personnel 207,825 € p.a.

Specific cost of Personnel 5.2 €/t (w.b.)p

Specific personnel hours 0.32575 h/t (w.b.)p

A

Overview of the composition of the total pellet production costs

Capital Energy Labor

Investment Capital costs Maintenance Other costs Consumption Operating Total costs Specific costs Share of

costs costs costs costs price

€ € p.a. € p.a. € p.a. € p.a. € p.a. € p.a. €/t (w.b.)p

Drying 950,000 97,815 22,800 26,600 272,366 419,580 10.5 23%

Grinding 206,000 21,210 5,026 5,768 133,892 165,897 4.1 9%

Pelletisation 467,000 48,084 102,261 13,076 429,600 593,021 14.8 33%

Cooling 32,000 3,295 781 896 14,606 19,578 0.5 1%

Storage 1,083,000 87,208 15,680 49,806 0 152,695 3.8 8%

Peripheral equipment 435,000 44,789 10,614 12,180 131,458 199,040 5.0 11%

Personnel 207,825 207,825 5.2 11%

General investments 570,300 47,818 2,300 15,968 66,086 1.7 4%

Total costs 3,743,300 350,218 159,463 124,295 981,922 207,825 1,823,722 45.6 100%

Specific costs 8.8 4.0 3.1 24.5 5.2 45.6

15.8 24.5 5.2 €/t (w.b.)p

17.6 27.3 5.8 €/oven dried ton

B

Overview of the composition of the total pellet production costs

Capital Energy Labor

Investment Capital costs Maintenance Other costs Consumption Operating Total costs Specific costs Share of

costs costs costs costs price

€ € p.a. € p.a. € p.a. € p.a. € p.a. € p.a. €/t (w.b.)p

Drying 950,000 97,815 22,800 26,600 1,903,688 2,050,903 51.3 59%

Grinding 206,000 21,210 5,026 5,768 133,892 165,897 4.1 5%

Pelletisation 467,000 48,084 102,261 13,076 429,600 593,021 14.8 17%

Cooling 32,000 3,295 781 896 14,606 19,578 0.5 1%

Storage 1,083,000 87,208 15,680 49,806 0 152,695 3.8 4%

Peripheral equipment 435,000 44,789 10,614 12,180 131,458 199,040 5.0 6%

Personnel 207,825 207,825 5.2 6%

General investments 570,300 47,818 2,300 15,968 66,086 1.7 2%

Total costs 3,743,300 350,218 159,463 124,295 2,613,244 207,825 3,455,045 86.4 100%

Specific costs 8.8 4.0 3.1 65.3 5.2 86.4

15.8 65.3 5.2 €/t (w.b.)p

17.6 72.6 5.8 €/oven dried ton
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2. Transportation Model Calculations

Case I

Chips

Maximum load 8.4 t / trip

Wet Biomass Input 80,000 t (w.b.)p.a.

Dry Biomass 36,000 odt p.a. 619,200,000 MJbiomass

Number of trips 9,524 -

Disel use factor 0.26 l kmˉ¹

Average Speed km hˉ¹ 31.8 41.7 48.8 54.6 59.5 60.0 60.0 60.0 60.0 60.0

Average Distance Delivered km 10 20 30 40 50 60 70 80 90 100

Liters of diesel round trip 4.6 9.2 13.9 18.5 23.1 27.7 32.4 37.0 41.6 46.2

Total Diesel (l) 44,021 88,042 132,063 176,085 220,106 264,127 308,148 352,169 396,190 440,212

Cost Fuel (€) 73,914 147,827 221,741 295,655 369,569 443,482 517,396 591,310 665,224 739,137

Total hours driving (h) 5,992 9,145 11,712 13,958 15,993 19,048 22,222 25,397 28,571 31,746

Cost Driving (€) 380,431 580,637 743,567 886,202 1,015,425 1,209,333 1,410,889 1,612,444 1,814,000 2,015,556

(un) loading time (h) 9,524 9,524 9,524 9,524 9,524 9,524 9,524 9,524 9,524 9,524

Cost Parking (€) 325,619 325,619 325,619 325,619 325,619 325,619 325,619 325,619 325,619 325,619

(un)loading fuel (l) 50,400 50,400 50,400 50,400 50,400 50,400 50,400 50,400 50,400 50,400

Cost un(loading) Fuel (€) 84,624 84,624 84,624 84,624 84,624 84,624 84,624 84,624 84,624 84,624

Cost of un(loading) 57,143 57,143 57,143 57,143 57,143 57,143 57,143 57,143 57,143 57,143

Total Transporation Costs 864,588 1,138,707 1,375,552 1,592,100 1,795,237 2,063,059 2,338,528 2,613,997 2,889,467 3,164,936

S.C. Tranporation € / t (d.b.)p 24.02 31.63 38.21 44.23 49.87 57.31 64.96 72.61 80.26 87.91

Emissions kgCO2 eq. /odt 7.00 10.26 13.52 16.78 20.04 23.31 26.57 29.83 33.09 36.35

S.C. Tranporation Em. / t (d.b.)p km 0.70 0.51 0.45 0.42 0.40 0.39 0.38 0.37 0.37 0.36

Diesel in MJ 1,728,000 3,456,000 5,184,000 6,912,000 8,640,000 10,368,000 12,096,000 13,824,000 15,552,000 17,280,000

Diesel in l 48,000 96,000 144,000 192,000 240,000 288,000 336,000 384,000 432,000 480,000

Specific Energy MJdiesel/MJbiomass 0.003 0.006 0.008 0.011 0.014 0.017 0.020 0.022 0.025 0.028

Specific Emissions gCO2eq./MJ 0 0.49 0.73 0.98 1.22 1.47 1.71 1.96 2.20 2.45

Total Costs Fuel 80,594 161,189 241,783 322,378 402,972 483,566 564,161 644,755 725,350 805,944
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Case II

Bales

Maximum load 18 t / trip

Wet Biomass Input 42,353 t (w.b.)p.a.

Dry Biomass 36,000 odt p.a.

Number of trips 2,353 -

Disel use factor 0.33 l kmˉ¹

Average Speed 31.8 41.7 48.8 54.6 59.5 60.0 60.0 60.0 60.0 60.0

Average Distance Delivered km 10 20 30 40 50 60 70 80 90 100

Liters of diesel round trip 5.3 10.7 16.0 21.3 26.7 32.0 37.3 42.7 48.0 53.3

Total Diesel (l) 12,549 25,098 37,647 50,196 62,745 75,294 87,843 100,392 112,941 125,490

Cost Fuel (€) 21,070 42,141 63,211 84,282 105,352 126,423 147,493 168,563 189,634 210,704

Total hours driving (h) 1,480 2,259 2,893 3,448 3,951 4,706 5,490 6,275 7,059 7,843

Cost Driving (€) 93,989 143,451 183,705 218,944 250,870 298,776 348,573 398,369 448,165 497,961

(un) loading time (h) 2,353 2,353 2,353 2,353 2,353 2,353 2,353 2,353 2,353 2,353

Cost Parking (€) 80,447 80,447 80,447 80,447 80,447 80,447 80,447 80,447 80,447 80,447

(un)loading diesel (l) 26,682 26,682 26,682 26,682 26,682 26,682 26,682 26,682 26,682 26,682

Cost un(loading) Fuel (€) 44,801 44,801 44,801 44,801 44,801 44,801 44,801 44,801 44,801 44,801

Cost of un(loading) 14,118 14,118 14,118 14,118 14,118 14,118 14,118 14,118 14,118 14,118

Total Transporation Costs 240,307 310,840 372,164 428,474 481,470 550,447 621,314 692,180 763,047 833,913

S.C. Tranporation € / t (d.b.)p 6.68 8.63 10.34 11.90 13.37 15.29 17.26 19.23 21.20 23.16

Emissions kgCO2 eq. /odt 2.91 3.84 4.77 5.70 6.63 7.56 8.49 9.42 10.35 11.28

S.C. Tranporation Em. / t (d.b.)p km 0.29 0.19 0.16 0.14 0.13 0.13 0.12 0.12 0.11 0.11

Diesel in MJ 914,824 1,829,647 2,744,471 3,659,294 4,574,118 5,488,941 6,403,765 7,318,588 8,233,412 9,148,235

Diesel in l 25,412 50,824 76,235 101,647 127,059 152,471 177,882 203,294 228,706 254,118

Specific Energy MJdiesel/MJbiomass 0.001 0.003 0.004 0.006 0.007 0.009 0.010 0.012 0.013 0.015

Specific Emissions gCO2eq./MJ 0.13 0.26 0.39 0.52 0.65 0.78 0.91 1.04 1.17 1.29
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Case III

Pellets

Maximum load 27 t / trip

Wet Biomass Input 40,000 t (w.b.)p.a.

Dry Biomass 36,000 odt p.a.

Number of trips 1,481 -

Disel use factor 0.40 l kmˉ¹

Average Speed 31.8 41.7 48.8 54.6 59.5 60.0 60.0 60.0 60.0 60.0

Average Distance Delivered km 10 20 30 40 50 60 70 80 90 100

Liters of diesel round trip 6 12 18 24 30 36 42 48 54 60

Total Diesel (l) 8,889 17,778 26,667 35,556 44,444 53,333 62,222 71,111 80,000 88,889

Cost Fuel (€) 14,925 29,850 44,775 59,700 74,624 89,549 104,474 119,399 134,324 149,249

Total hours driving (h) 932 1,423 1,822 2,171 2,488 2,963 3,457 3,951 4,444 4,938

Cost Driving (€) 59,178 90,321 115,666 137,854 157,955 188,119 219,472 250,825 282,178 313,531

(un) loading time (h) 1,481 1,481 1,481 1,481 1,481 1,481 1,481 1,481 1,481 1,481

Cost Parking (€) 50,652 50,652 50,652 50,652 50,652 50,652 50,652 50,652 50,652 50,652

(un)loading diesel (l) 25,200 25,200 25,200 25,200 25,200 25,200 25,200 25,200 25,200 25,200

Cost un(loading) Fuel (€) 42,312 42,312 42,312 42,312 42,312 42,312 42,312 42,312 42,312 42,312

Cost of un(loading) 8,889 8,889 8,889 8,889 8,889 8,889 8,889 8,889 8,889 8,889

Total Transporation Costs 167,067 213,135 253,405 290,517 325,543 370,632 416,910 463,188 509,466 555,744

S.C. Tranporation € / t (d.b.)p 4.64 5.92 7.04 8.07 9.04 10.30 11.58 12.87 14.15 15.44

Emissions kgCO2 eq. /odt 2.53 3.18 3.84 4.50 5.16 5.82 6.48 7.14 7.80 8.45

S.C. Tranporation Em. / t (d.b.)p km 0.25 0.16 0.13 0.11 0.10 0.10 0.09 0.09 0.09 0.08

Diesel in MJ 864,000 1,728,000 2,592,000 3,456,000 4,320,000 5,184,000 6,048,000 6,912,000 7,776,000 8,640,000

Diesel in l 24,000 48,000 72,000 96,000 120,000 144,000 168,000 192,000 216,000 240,000

Specific Energy MJdiesel/MJbiomass 0.001 0.003 0.004 0.006 0.007 0.008 0.010 0.011 0.013 0.014

Specific Emissions gCO2eq./MJ 0.12 0.24 0.37 0.49 0.61 0.73 0.86 0.98 1.10 1.22



3. Fast-pyrolysis Mass Energy balance
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