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Biomass & Photosynthesis 2

Source: http://www.sheppardsoftware.com

Sun 2 LHV efficiency = 1 - 2%
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Biogenic CO2 cycle 3

Stock : Gt C 
Flow : Gt C/y

Biomass carbon

+ bioEnergy
- Fossil Energy

- Fossil CO2
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Source : world energy assessment : UNDP 2000

45% 22% 33%

Wood Agriculture Waste
42 -165 PJ 26-86 PJ 34-50 PJ

Bioenergy in Switzerland: assessing the domestic sustainable biomass potential 
B Steubing, R Zah, P Waeger, C Ludwig 
Renewable and Sustainable Energy Reviews 14 (8), 2256-2265

Figures for Switzerland (sustainable potential : total = 82-301 PJ)

13 GJ/ha/y

 Biomass conversion routes and production potential in Switzerland 
sustainable -Technical in PJ/year

Resources
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Bioenergy usage : projections 5

12 | 1 Setting the context

Biomass can also be used on a large scale in the production 
of industrial chemicals.  Current processes primarily focus 
on converting starch and sugar into the desired chemical 
products, using microorganisms modi!ed to produce 
the chemical of interest. In many ways these processes 
resemble those used to produce biofuels such as ethanol. 
This is an area of much research and commercial interest, 
and new processes and facilities continue to appear. Given 
the volumes of materials needed for the chemical sector, 
the overall use and demand for biomass for chemicals is 
much lower than that for energy.

Globally and traditionally, the largest use of bioenergy is 
for so-called ‘direct use’. This traditional use of bioenergy 
is mainly for heating and cooking, using biomass sources 
such as wood, charcoal, crop residues and animal dung. 
Much of it is used in small domestic stoves and open 
!res, and statistical data are therefore limited. Even 
in OECD countries, two-thirds of total bioenergy use 
is for heating, much of it sourced through forestry 
management. Figure 1.5 is a chart originally published by 
the International Energy Agency (IEA) depicting the use 
of bioenergy by sector in 2010 along with the potential 
use in 2035. The future estimates are based on the IEA’s 
New Policies Scenario, which takes into account broad 
policy commitments and plans to address energy-related 
challenges, even if the speci!c measures to implement 
these commitments are yet to be de!ned.

In this assessment, the total amount of traditional 
biomass consumed is expected to decline slightly over 
time, as access to modern fuels increases around the 
world. Excluding the traditional use of biomass, global 
primary use of bioenergy is expected to more than double 
from 22 exajoules (EJ) in 2010 to nearly 50EJ by 2035, 
growing at an average rate of 3.3% per year. Provision of 
heat and power are projected to be the largest consumers of 
non-traditional bioenergy, potentially growing from nearly 
17EJ in 2010 to more than 37EJ by 2035. Together, these 
two sectors account for about two-thirds of the additional 
consumption of bioenergy in the IEA scenario. 

A little more than 10% of current non-traditional 
bioenergy is in the form of liquid fuels for transport  
(i.e. biofuels). Brazil and the US are the largest producers 
of bioethanol, and Germany is the largest producer of 
biodiesel. The use of biomass for electricity generation 
(such as bagasse in Brazil and woodchip- and pellet-fuelled 
power generators in the UK) accounts for just over 20% of 
current non-traditional bioenergy. 

Bioelectricity continues to grow in both OECD and  
non-OECD nations. In 2011 more than 35 countries  
had bioelectricity capacities exceeding 100 megawatts 
(MW). Total generation has increased by more than  
170 terawatt-hours (TWh) (0.6EJ) from 2000, re"ecting an 
8% annual growth rate over the past decade[7]. With more 
than 100 countries enacting renewable electricity targets, 
bioelectricity is expected to grow. The IEA estimates that 
electricity generated from biomass could grow to 530TWh 
(1.9EJ) in 2017 and possibly to more than 1,470TWh (5.3EJ) 
in 2035, depending on the cost and availability of biomass.

While much work has been done to map the potential 
for global biogas production, there is little reliable 
data about current biogas production levels in many 
countries. While the contribution (in energy terms) is 
relatively small, biogas was used to produce roughly 3% 
of electricity use in Germany[8], provided heating and 
cooking fuel to nearly 40 million Chinese households[9], 
and made up 64% of the gas use for transportation in 
Sweden in 2010[10]. There is increasing production and 
local use of biogas from land!lls, and growing interest in 
utilizing anaerobic digestion of biomass for biogas and 
production of electricity.

Heat and power production are, and are expected to 
continue to be, the largest uses of biomass, enabled by 
well-known and widely practised combustion technology. 
However, biofuels for transport are also expected to more 
than double by 2035, and signi!cant research is under way 
to provide more cost-effective conversion technologies 
to enable more penetration into the transport sector with 
fewer environmental impacts than are currently associated 
with liquid fuels.

T Figure 1.5 

Use of bioenergy by sector in 2010 and 2035 (projected by the IEA for conditions where new policies are implemented). 
Use is estimated to rise from 53EJ in 2010 to 79EJ in 2035. The proportion used for heat by traditional methods (heating 
and cooking) is projected to fall considerably; the proportion used for heat via modern methods of production remains 
almost unchanged; while proportions used for power and transport by modern methods make significant increases[2].

! Figure 2.6a
Use of bioenergy by sector in 2010 and 20351

Total 53EJ

BP Biomass Handbook
Figure 3 (10 February 2014)
Draft produced by ON Communication

Traditional
58.8%

2010 2035

Other
5.7% Heat

22.4%

Power
8.5%

Transport
4.6%

Total (projected) 79EJ

Traditional
36.5%

Other
5.5% Heat

24.6%

Power
22.5%

Transport
10.9%

Davis, S.C., Hay, W. & Pierce, J. (2014), 
Biomass in the energy industry: an introduction. 
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• Higher heating value ( 20 MJ/kgdry) 
– Boie formula 

– concentrations in  (%mass) 
• Lower heating value ( 17 MJ/kgdry)

Heating value of biomass 7

�hvap = 2441[kJ/kg]

� in %mass

HHV = 35.17cC + 116.26cH � 11.10cO + 10.47CS + 6.28cN

LHVdry = HHV � m̃H2O

2
cH ⇥�hvap

LHVwet = HHV � (
m̃H2O

2
cH +

�

1� �
) ⇥�hvap

• Humidity ( 2.5 MJ/kgsteam)
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Typical heating value 8
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Compared with other fuels

Energy Conversion © Emanuela Peduzzi March2015 20

Biomass compared to other fuels

Proximate Analysis Ultimate Analysis HHV 
[% by wt dry basis] [% by wt dry basis] [MJ/kgdb]

FC VM ASH C H O N S

Coal - 8 Anth 84.59 7.09 8.32 83.67 3.56 2.84 0.55 1.05 32.856

Woodchips 23.5 76.4 0.1 48.1 5.99 45.74 0.08 0 19.916

Eucalyptus 21.3 75.35 3.35 46.04 5.82 44.49 0.3 0 18.64

Wheat straw 23.5 63 13.5 45.5 5.1 34.1 1.8 – 17

Miscanthus 12.4 87.2 0.4 – – – – – 19.297

HHV [MJ/kg] LHV [MJ/kg]
Hydrogen 141.8 121

Methane 55.5 50

Gasoline 47.3 44.4

Paraffin 46 41.5

Kerosene 46.2 43

Diesel 44.8 43.4

Coal (Anthracite) 27

Coal (Lignite) 15

Wood (MAF) 21.7

Parikh 2005

Wiki

Source: Higgman
Disadvantage in volume

the presence of oxygen is reducing the heating value
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Life cycle emissions compared with other resources

Natural gas Wood Gasoline Diesel

kg/m3 700 240 800 800

LHV MJ/kg 50 17.8 44.4 43.4

GJ/m3 0.0359 5.3-9.6 35.5 34.7

CO2 g CO2/MJ 49.3 0 67 72

supply eq CO2 g CO2/MJ 11.6 1.6 - 2.9 16.7 13.4

g CO2/MJ 60.9 1.6-2.9 83.7 85.4

19% - 20% 16%

Cost cts/kWh 10 3 - 7.5 18.6 19.2

industry cts/kWh 3.4

Supply chain needs to be considered !
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Biomass drying 11

Indirectly heated dryer

Direct combustion

Φwood = 2.865 · 10−2ϕ1/2
air

+ (2.307 · 10−1 − 1.273 · 10−3(T − 273))ϕair

− 2.519 · 10−1ϕ2
air

+ (2.199 · 10−1 + 8.630 · 10−4(T − 273))ϕ3
air

Φwood H2O
−1
tot ϕair

T

ṁH2O,vap

ṁair
= Up∆plm

Up ∆plm

∆plm =
∆p1 − ∆p2

ln(∆p1/∆p2)

∆p1

∆p2 Up

11.16 · 10−3 −1

UT

∆hvapṁH2O,vap

ṁsteam
= UT ∆T lm

UT
−1 −1

εth,d e+
d

εth,d =
∆hvapṁH2O,vap

Q̇+
d

e+
d =

Ė+
d

ṁH2O,vap

εth,d

−1
H2O,vap

with

Up = 11.0 10−3[bar−1]

P sat[atm] = 0.001315 · 10(8.07131�
1730.63

233.426+T [oC] )

Relative humidity calculated by the partial pressure of saturation

Mass transfer modelled by partial pressure driving force 

Equilibrium humidity of wood

possible recovery

possible heat recovery
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• Consumes around 9% of the Heating Value 
• Pellets are dried and uniform in sizes => easier to 

process and to transport

Pellet production 12

donotnecessarily represent optimal technology choices ineach

country, theydorepresentcommontechnologiesthat reflectthe
economies of scale for most pellet producers. The size and
technology for the small model plant assume availability of dry
feedstock but not necessarily full-time operation. We assume
dry planer shavings as a feedstock. In contrast the large plant
reflects full-time operation with a blend of feedstocks like
shavings, sawdust and roundwood.

Fig. 1 shows the typical production steps of pellet production,
starting with storage facilities for the feedstock and forwarding
the wet feedstock to a dryer as reduction down to 10% water
content is required.Theexactenergydemandfordryingdepends

on factors such as relative temperature, air humidity, particle
size of the feedstock as well as the drying technology. After
drying thematerial other thansawdust is chippedand/orground
to achieve the required particle size for pellet production, after
which the particles are pelletized. Due to heating from friction in
thepelletmachine, thepellets are forwarded to a counter stream
cooler and from there finally to a storage facility.

Table 1 shows the technical specification of the two model
plants. We assume a technical staff of 4 persons per shift in
the small and 7 persons per shift in the large scale plant. The
operation hours are set to 4000 h y!1 for the small and

8000 h y!1 for the large scale plant. The working hours are set
to 1.1 times the full load hours, which give annual working
hours of 46,200 h for the dry line and 96,800 h for the wet line.

2.2. Production factors

The factor costs for wood pellet production are given in more
detail in Section 4 of this paper. They are based on other

studies, public statistics and reports available for the different

countries. All reported prices are exclusive of value added tax
(VAT). In order to reflect the characteristics of wood pellet
production, we have divided the total costs into the categories
described in Table 2.

3. Development of market conditions

3.1. Development of domestic pellet markets

3.1.1. Finland
In 2010 in Finland, 290,000 t pelletswere produced, a decline of
3% from the previous year and even more from the peak year
2008 when 373,000 t were produced. The pellet export was
191,000 t, an increase by 40% from 2009. 94% of this was im-
ported by Sweden andDenmark. The average export pricewas
124 V t!1. Pellet import declined to 18,000 t, with 60% coming
from Russia and 33% from Latvia. The average import price
was 123 V t!1. In 2011, the production increased to 308,000 t,

export 136,000 t at 127 V t!1 (FOB), import 14,000 t at 148 V t!1

(CIF), i.e. production and domestic use increased, export and
import decreased [11,12]. The target according to the National
Renewable Action Plan is to double pellet use to 7.2 PJ or
420,000 t in 2020 [13].

3.1.2. Germany
The German pellet market is characterized by a continuous
increase of production as well as consumption. According to
the German Pellet Institute [14] domestic production of pellets
increased from 470,000 to 1,600,000 t between 2006 and 2009.

Twenty-eight percent or 448,000 t of the production was
exported in 2009. Within the same time period consumption
of pellets increased from 470,000 t to 1,100,000 t. The majority
of pellet consumers are private households, where in 2009
about 125,000 pellet stoves were installed. In Germany, pellet
based electricity generation by means of co-firing is not
common, and pellets are aminor feedstock for biomass in CHP
plants. Average price at mill gate for DINplus-pellets was
170 V t!1 in 2009 [15]. In 2009 the bid price for imported pellets
from North and South America cif Rotterdam was 120 V t!1,
and the corresponding price for pellets from Central and

Northern Europe was 130 V t!1 at mill gate [15].

3.1.3. Norway
The pellet industry in Norway consists of 6 plants of which
only 3 have an installed capacity above 10,000 t. The Biowood
Norway plant at Averøya on the Norwegian west coast started
its operation in 2011 at an installed capacity of 450,000 t, but
the plant was closed down in 2012. About half of the domestic
plants are based on pulpwood or wood chips as the main
feedstock, while the other half uses dry materials.

Domestic pellet production increased steadily from 20,000 t
in 2003 and reached 50,000 t in 2006, followed by reduction in

2007 and 2008 and a slight increase in 2009 and 2010 to the
2007-level of 45,000 t [16]. These changes are accompanied by
increased costs and low capacity utilization. The consumption
of pellets has grown slowly and is estimated to be 43,000 t in
2009; hence, wood pellets represent a very small fraction of
the energy market in Norway. The domestic producer pellet

Fig. 1 e Production steps for pellet production in small and
large scale pellet plants.

b i om a s s an d b i o e n e r g y 5 7 ( 2 0 1 3 ) 6 8e7 770

district heating plants and based on wet feedstock were esti-
mated to be 148.8 V t!1 pellet including domestic distribution,

compared to 134.4V t!1 found in our analysis. We have higher
biomass costs, but the estimated production costs other than
biomass are found to be lower in our analysis. The basis for
the Swedish production costs is partly from 2002 and partly
from 2008 which can explain the differences from the 2009
figures in our analysis. Zakrisson [41] found biomass costs for
Swedish pellet plantwith an annual capacity of 10,000 t pellets
and based on wet sawnwood to be 89.6 V t!1 pellet, compared
to 88V t!1 for the wet line in this study. Thek and Obernberger
[9] found optimal pellet plant production sizes of about
24,000 t pellet in Austria and about 80,000 t pellets in Sweden.

The biomass costs constituted 38% of the production costs for
production based on wet raw material and 53% based on dry
raw material in 2001 in Austria and 50% for raw material in
Sweden, compared to biomass costs between 54% and 65% in
our study. They also found that the biomass costs per tonne
doubled between 2001 and 2009,which explained the doubling
of pellet production costs in the same period.

4.2. Markets

Dry feedstock for wood pellet production is by-products of the
wood working industries like production of i.e. lumber or

furniture, and pellet producers relying on this feedstock are
vulnerable to business cycles in this sector. In addition, these

by-products have low bulk density, with normal values from
100 to 150 kg m!3 dry matter, which means that trans-
portation and storage are limited by volume and relatively
costly. Since several other users are bidding for the same
resource competition for this feedstock from e.g. the board
industries (particle- and fiber-board, MDF and OSB) and for
animal bedding is rather strong in somemarkets. Competition
for wet feedstock such as wood chips, pulpwood or forest
residues very much depending on the country.

Pellet production based on wet feedstock usually relies on
high volumes and continuous operation (normally >40,000 t/

year), while the small scale wood pellet industry needs dry
feedstock. The potential increase in the availability of dry
feedstock is limited by low increase in sawnwood production
and alternative local use of the feedstock. This implies lower
price elasticity for dry feedstock compared to wet feedstock
when used for pellet production.

There are marked differences in the markets for the
countries analyzed. Pellet consumption in Sweden is about 10
times higher than in Finland, even if these countries are rel-
atively equal in terms of forest resources. Amore active policy
of substituting oil with wood pellets in central heating facil-

ities and preferences for wood pellets before wood chips also
in district heating are explanations for the large pellet con-
sumption in Sweden compared to the other countries. A very
active replacement of oil burners implies a competitive
advantage for wood pellets when wood chips are too bulky for
storage and filling, making district heating not applicable. It is
noteworthy that that none of the five countries so far makes
much use of pellets for co-firing in CHP plants like in the

Table 7 e Other costs.

Cost factor Small scale Large scale

Interest rate 6% p.a 6% p.a
Investment

costs, V per
plant

4,000,000 9,400,000

Maintenance 4.0 V t!1 pellets 1.6 V t!1 pellets
Domestic

transport
12 V t!1 pellets 12 V t!1 pellets

International
transport

20 V t!1 pellets Europe,
35 V t!1 pellets Trans
Atlantic

20 V t!1 pellets, Europe,
35 V t!1 pellets Trans
Atlantic

0
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Labor Energy Biomass Domestic transport Other costs

€ t-1

Fig. 2 e Cost structure of pellet production per country and
technology, V tL1. Biomass costs are delivered pellet mill
gate, domestic transport is costs for transport of pellets
from mill gate to customer or harbor.

Fig. 3 e Profitability of pellet production for domestic bulk
prices and for deliveries to the European industrial market,
V tL1.

b i om a s s a n d b i o e n e r g y 5 7 ( 2 0 1 3 ) 6 8e7 7 75

in EU : Biomass = 60% of the total cost

biomass and bioenergy 57 (2013) 68e77 
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Torrefaction : Increase the energy density/reduce the humidity

Energy Conversion © Emanuela Peduzzi March2015 33

Torrefaction

Dryer
FBM,in = 0,35 FBM,out = 0,10

Td,out =80°C

Td,in=200°C

Torrefaction

Ttorr=250°C

Combustion

air

water

air

1,54 kg/s 0.8 kg/s 

0.31 kg/s 

Tin,comb=450°C Tenv=25°CTrad=1300°C

1,11 kg/s 

0.53 kg/s 

0.84 kg/s 

Tenv=25°C

Q

Q

Q

Q

724 kW

117 kW

155 kW

1682 kW

Q Q

Q Q792 kW 1212 kW

270 kW
1211 kW

Tenv=25°C

LHVT00= 22 MJ/kg

9,61 kg/s 

Source. Peduzzi

LHVB00= 18,7 MJ/kg

Biomass
CHxOyNz

Q

200-300 °C

hygroscopicity
microbial activity 
grindability
energy density 
ignition times

Torrefaction

Solid
CHx¶Oy¶Nz¶

Condensable gases
H2O, C2H4O2

Permanent gases
CO2, CO… 

28798 kW 17600 kW

eff : 60 %

+20%

eff : 60 - 90 %
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Energy density 14

Source: IEA Technology Roadmape Bioenergy for Heat and Power, 2012.
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Combustion 15

1er law efficiency : 92% (LHV) 
2nd law efficiency : 16% ( T = 60°C)

Known since more 
than 400.000 years

Applications today 
Domestic heating 
District heating 

 Heat networks
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Oxidation and temperature 16
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Biomass Combustion – Domestic Heating 17

http://www.unendlich-viel-energie.de/
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The boiler 18

Combustion chamber

Heat exchangers

Pellets feeder

Ash collector

Exhaust

http://www.Hoval.ch
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Wood Boilers emissions 19
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Conversion of heat into electricity 
T medium 
Carnot eff : 50% 

Applications 
Wood heating 
Biogas engine 
Geothermal energy

Cogeneration : Organic Rankine Cycles (ORC) 20

Ė = ⌘Carnot · ṁ · LHV · (1� T0

T̃gases

)

T̃gases =
T

add
gases � T

stack
gases

ln(T add
gases)� ln(T stack

gases )
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Biomass CHP – Steam Cycle 21

http://www.unendlich-viel-energie.de/
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ORC Cycle with biomass

1 MWe
Turboden ORC

6 MW

4.4 MW@80°C
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• By combustion biomass can be converted into heat 
• Biomass drying to make it easier to burn 

– Dryers 
– Torrefaction 
– Pelletisation 

• Biomass => particles and other emissions 
• Biomass => ashes 
• Combustion => CHP 

– Steam or Organic Rankine cycles 
– Typically used in district heating systems

Biomass and combustion 23


