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Definitions and
Types of Biomass (1/4)

ASTM/1981

Biomass is any organic matter that is available in a renewable
base, including the energy crops, forest byproducts or residues,
agriculture wastes or residues, manures, biodegradable fraction of
MSW and the aquatic plants.

Based on the above definition, biomass is also considered:

the products, byproducts and the residues of agriculture,
forest and livestock production,

the byproducts, from the industrial treatment of the above
products.

Municipal sewages and wastes and

the organic matter from natural ecosystems, e.g. native plants,
forests, agricultural or forest plantations.
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Definitions and
Types of Biomass (2/4)

Renewable Energy Source

Power
Heat

Carbon
Dioxide
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Definitions and
Types of Biomass (3/4)

The renewable biomass deposits are classified in 4 categories

depending on their sources:

Wastes Plant crops.
Animal production.
Processing of agricultural products.
Crop residues.
Wood industry .
Municipal waste.

Forest Wood.

biomass Forest wood residues (hulls, leafs and sawdust) .
Trees, bushes and forest cycle residues.
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Definitions and
Types of Biomass (4/4)

Energy short cycle forest crops
crops leafy forest crops
annual non-woody crops
cereals

sugar crops (beets, sorghum, sugar cane)
forage crops (pastures)

oilseed crops (rapeseed, soybean, sunflower)
aquatic plants (algae, reeds, aquatic hyacinth)

Ayhan Demirbas, Energy Conversion and Management 2001
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Availability —
Share in the Energy Mix (1/12)

Annual World Biomass Potential: 146.000.000.000 tn.

Energy Content: 8 MJ/kg (wet biomass).
20 MJ/kg (dry biomass) (~27 MJ/kg

coal).

(~30 MJ/kg crude
oil).
80.000.000.000 (8 x 1019%)  tn of
equivalent coal.
72.000.000.000 (7,2 x 101°) toe (1 toe =

4,19 x 101°)) .
3.000.000.000.000.000.000.000 (3 x10%Y) Joule.
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Availability —
Share in the Energy Mix (2/12)

* Only 2 % of this huge energy potential is used today.
Share in world energy consumption:

(World energy consumption: 1,1 x 1010 tce, 1,0 x 1010 toe, 0,4 x 1020 Joule).

Developed countries (50 % world population) : 3%
Developing countries (50 % world population) : 35 %
Total world energy consumption : 14 %

Ayhan Demirbas, Energy Conversion and Management 2001.
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Availability —
Share in the Energy Mix (3/12)

The energy conversion of the total potential of biomass is not
feasible in a renewable manner.

Sustainable Development Deforestation
Forestry of Forests
EQuilibr‘ium Storage Emission
Co, co, Co,

Biomass can provide 50 % of world energy consumption.
(United Nations Conference on Environment and Development).
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Availability —
Share in the Energy Mix (4/12)

World
Annual Exploitable World Energy from
Biomass Biomass Energy Biomass
Potential Potential Consumption Today
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Ayhan Demirbas, Energy Conversion and Management 2001.
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Availability —
Share in the Energy Mix (5/12)

The potential of renewable biomass is classified accordingly:

Wood and Wood residues 64 % Municipal Wastes 24 %

Agriculture wastes/manures 5% Landfill gas 5%
I | 1} .
Forestry Municipal Agricultural Landfi nerg . °
Biomag. Wasteps gWas‘.tes LG:;” conEsum’;;ion Blomass Potentlal

Ayhan Demirbas, Energy Conversion and Management 2001.
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Availability —
Share in the Energy Mix (6/12)
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Availability —
Share in the Energy Mix (7/12)

In EU-15:

2000

Total Energy Consumption  13.90 10° MWh.

Biomass Energy 0.55 10° MWh (4 %).

2020

Total energy consumption  17.0 10° MWh.

Biomass Energy 1.7 10° MWh (10 %).
wastes 0.4 -0.6 10° MWHh.
crops 0.1-0.8 10° MWHh.
forestry biomass 0.3-0.4 10° MWHh.

Andre Faaij, Energy Policy 2006.
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Availability —
Share in the Energy Mix (8/12)
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Wood
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Industrial Forestry
Wastes Biomass
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1 = = = /= /| I = = | /| = = = C ]
I I n I 1
Municipal Agricultural
Wastes Wastes

Scenarios of biomass share in the EU-15 at 2020.
Andre Faaij, Energy Policy 2006.
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Availability —
Share in the Energy Mix (9/12)

SEAY . . ]
A MavemoTAuio AuTikiAg Makedoviag



Availability —
Share in the Energy Mix (10/12)

GLOBAL WOODLAND

North America fus

Central&South America s

@Woodland
.Total Land

Africa

-—-_-_I
Australia, New Zealand =.!l....

0 5 1015 20 25 30 35

Area, million km?

Sourco: IEA.Bioonargy, 2000 Graphic: G. Faningor, IFF.Univorsitat Klagenfurt
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Availability —

Share in the Energy Mix (11/12)

Availability - Share in the Energy Mix
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Energy & Transport in Figures, EU 2004
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Availability —
Share in the Energy Mix (12/12)

Availability - Share in the Energy Mix

Exploitable Biomass in Greece : 51 x 106 MWh

Agro-residues )
46 "/,\ Forestry residues

/29%

/ ‘\ h Wastes

Discarded Wood 11 %
5 % Manures
9 %
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Biomass Energy
Conversion Technologies

Biomass

wastes
agro, manure, municipal,
fats, carbohydrates,
High H,O content >80 %

ignocellulosic Biomass
wood, straw, wastes,

Low H,O content <15 %

Thermochemical Conversion Municipal
Combustion gasification | pyrolysis Wastes

Biochemical Conversion (Fermentation)

anaerobic | aerobic | alcoholic

Oilseed
Crops

! |
D =

Heat
Engines

v
Electric
Power
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Biomass Composition
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Heating Value of Biomass

High Heating Value (HHV) of ash free dry biomass is
calculated from the relationship:

HHV = 33890,4 x C + 144180,6 x (H — O/8) ki/kg.

Low Heating Value (LHV) of ash free dry biomass is
calculated by HHV subtracting the latent heat of
condensation of steam, produced by the combustion
(steam produces heat when it condenses equal to 40,7
kJ/mole of steam).
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BIOMASS COMBUSTION

QD
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Biomass Combustion

 The most established way to convert biomass to heat and
electricity.

 Concerns the 90 % of energy production from biomass worldwide.

* Commercialized technology.

e Compared to other thermochemical methods
(gasification/pyrolysis) is the most simple technique and can easily
incorporated in the existing energy production and distribution
network.

* Research is focusing on the optimization of achieved efficiencies,
the reduction of installation and operation costs and on the
reduction of gaseous pollutants in order to remain a competitive
technology compared to gasification and pyrolysis.

 The co-combustion of biomass and coal consists a high efficient and
environmental friendly alternative solution.
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Biomass as a fuel

i b = L = Ll

Biomass fuels Fossil fuels

Urban Forest Yellow ) Natural

wood'  residues? straw’  Miscanthus® | Peat' Coal’ gas’
Carbon 38.3 26.3 40.3 46.3 36.3  65.0 58.2
Hydrogen 4.6 3.2 4.8 4.0 35 4.2 18.7
Nitrogen 0.1 0.0 0.3 0.5 0.9 1.2 21.6
Oxygen 30.9 23.7 35.5 36.4 221 7.0 1.5
Sulphur 0.0 0.0 0.2 0.3 0.2 0.9 0.0
Chlorine 0.0 0.0 0.7 2 0.1 0.0 0.0
Moisture 14.1 43.7 14.4 8.6 35.0 9.5 0.0
Ash 5.6 3.0 38 4.5 1.9 12.2 0.0
Fines 5.1 0.0 0.0 0.0 0.0 0.0 0.0
Ferrous 1.3 0.0 0.0 0.0 0.0 0.0 0.0
Total 100 100 100 100 100 100 100
Heating value
MIkg(wet. HHV) 16.6 10.7 14.4 17.2 143 26.9 41.8
Heating value
MIkg(wet. LHV) 15.4 9.1 13.1 16.2 12.8 258 38.0
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Combustion

Technologies:
* Fixed bed combustion.
* Fluidized bed combustion.
* Dust combustion.

=
I T T
Fized bed furnace biubibling adised circulsting fuidised st i
[grate furnaca) bed furmsce [y S— =t firing
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Fixed Bed Combustion (1/4)

Primary air is passing through the fixed bed, where the
following processes are taking place:

- Drying of raw material.
- Gasification and,
- combustion of the solid residue (charcoal).

The effluent gases from the gasification step are oxidized
with excess air (secondary air), which is fed from the top of
the bed.

Screen burners are appropriate for biomass with high water
content, variable particle size and high ash content.
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Fixed Bed Combustion (2/4)

furnace

surface of
fixed bed charcoal and
ash laver

igrition front

[drying and subsequent | |

devalatilization)
grate

 Design and control concern the homogeneous fuel distribution,
and the adequacy of primary air in the whole bed.

 An inappropriate design can lead to the melting of combustible
constituents (pyrolysis), to the production of flying ash and to the
increased need for excess oxygen (air).




Fixed Bed Combustion (3/4)

Available Technologies: Moving Screen

Rotating Screen

secundary air
-

Vibrating Screen

% MavemoTAuio AuTikiAg Makedoviag
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Fixed Bed Combustion (4/4)

Screw Feed Burners:

90 A Fuel Entrance.
ol ®

B Primary Combustion Chamber.
C Secondary Combustion Chamber.
= D Boiler.

E Treatment of combustion gases.

F Ash removal.

G Exit of effluent gases.

* Feasible and safe technology for small/ medium burners up to 5 MWth.
* Fuels with low ash content (wood, pellets) and low particle size (50 mm) .
* For fuels with high ash content, an efficient removal system is required.

QD
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Fluidized Bed Combustion (1/3)

Fluidized Bed Burners:

Self-mixed suspension of gas-solid mixture during the supply of
primary air from the bottom of the bed (1-2,5 m/s).

The bed is consisted by 90 — 98 % from a heated and inert solid
(silica sand or dolomite, 1 mm particles diameter).

The intensive mixing and heat transfer favor the complete
combustion even at low excess air.

Combustion temperature is sustained at low levels (800-900°C) in
order to avoid sintering, through internal heat exchangers, hot
gases recirculation, or water injection.

Due to the intensive mixing conditions, a fuel mixture can be also
used as a feed (wood and straw).
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Fluidized Bed Combustion (2/3)

* Appropriate for >20 MWth. l 1 g}

Fluidized bed

‘ r‘

%

* Air velocity to achieve L

fluidization 1.0 éwc 2.5 m/s. | gesrrmrmA ... vet i
 The inert bed should first 8

heated before the fuel prry ar ssomwy o

entrance.
* Flexibility in water content.
e Able for biomass-coal co-firing.
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Fluidized Bed Combustion (3/3)

Recycled Bed Burners:

* With an increase in the fluidization
velocity from 5 - 10 m/s and use of
smaller particles (0.2 to 0.4 mm) the
bed is drifted from the gaseous
stream and the particles are collected
to a cyclone ana are re-fed to the
bed.

* Higher turbulence favors the better
transfer of heat and the
homogeneous distribution of
temperature along the whole bed.

* High efficiencies.

* High cost, economic viability for
applications higher than 30 MWth.

Furnace

Al g

[T ——

Cyclone

Gaz flow

Tertiary superhesater

Secondary superheater

| ——— Primidry superheaers

| ——— Generator banks

| —— Economizer

to beghouse

/

G
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Dust Burners

Dust Burners: ‘

« Appropriate for dusty fuels (> 2 mm). A ﬂ'-\'\'
* Particles are sprayed with primary \i B

air. Possible explosive spots (fuel
feed control).

* Air-fuel mixture is entered in the
combustion chamber.

* High heat release rate.

* Flexibility in feed loadings.

* For applications between 2 - 8 MW.

* Ash is drifted and settles in a
chamber after the combustion

&)
®_
{

chamber.
* Low air excess. o
 Control of fuel residence time. - e
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Combustion Efficiency (1/2)

100 % efficiency means that the burner is converting the overall
fuel enthalpy (heat content) — this is not feasible.

The most common combustion processes achieve an efficiency
from 10 -95 %.

Efficiency is calculating assuming complete combustion and is
depending from :

Fuel chemistry (composition).
Temperature of combustion gases.
02 or CO2 concentration at the effluents.

CH,0, + (x+y/4-2/2)0, => xCO, +y/2 H,0
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Combustion Efficiency (2/2)

Efficiency is increasing with an increase :
— in reactants temperature,
— In reactants concentration,
— In contact time,

— in contact surface,
— in fuel LHV.
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Biomass Energy
Conversion Technologies (1/4)

Combustion

Biomasselag *74*'4" ”'4’{:‘}“" p
Co-firing plants
in Germany

in Austria

Pellet burner
for residential heating

&7 ol
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Biomass Energy
Conversion Technologies (2/4)

Co-Combustion

Overall Efficiency
Biomass / Coal / Natural Gas 5—20 MWe 30—-40 %

Chopped biomass is co-fed with coal or lignite. Solids are sprayed with
natural gas in nozzle-type burners.

Biomass combustion plant
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Power Generation
in Rankine Heat Engines (1/6)

Rankine thermal engines are the well known steam turbines

which are used in steam-electric power plants.
1. Water is supplied through a pump, which consumes work (Win),
in order to enter the boiler under high pressure - the efficiency of
the pump is usually 90%.
2. Water absorbs heat (Qin) inside the boiler and is converted to
superheated steam at the pressure developed by the pump.
3. Superheated steam, under pressure, is expanded inside the
turbine to produce electric work (Wout) through the electric
generator to which it is connected - the efficiency of the turbine is
90% and saturated steam exits at the pressure of the condenser.
4. where it is converted to saturated liquid, at the same pressure,
vielding heat to the environment (at 250C).
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Power Generation
in Rankine Heat Engines (2/6)

Qin

4

hoiler

state 2 state 3
Win : d @Wout
pump turhine
Ne=185 % Ne= 85 %
condenser
statel | | state 4
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Power Generation
in Rankine Heat Engines (3/6)

State 1: Saturated water at temperature T1 and pressure P1 - the
temperature T1, in most advanced turbines, is 15°C above the
ambient temperature, to ensure a sufficient rate of heat transfer
and the pressure P1 is the saturation pressure at this temperature
(if the environment is at 25°C the temperature T1 is 40°C and the
saturation pressure is P1 = 7,384 kPa).

State 2: Pressurized water at temperature T2 = T1 and pressure P2 -
the pressure P2, in the most advanced turbines, is 30 Mpa.

State 3: Superheated steam at temperature T3 and pressure P3 =
P2 - the temperature T3, in the most advanced turbines, is 650°C.
State 4: Saturated mixture of liquid - vapor (vapor fraction ranges
between 80 and 100%) at a temperature T4 = T1 and pressure P1 =
P4,
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Power Generation
in Rankine Heat Engines (4/6)

Compressed liquid water

T ¥ u h s v u h s v u h s
°C  mikg kJ/kg KJd/kg kJ/(kg - K} m kg kd/kg kdkg kJIAkg - K) m®/kg kdikg kikg kdi(kg - K}
P=5MPa (263.99°C} l P =10 MPa [311.06°C) £ =15 MPa (342.24°C}
Sal. 00012859 11478 11542 2.8202 {0.0014524 13830 1407.6 33508 |0.0016581 15856 1810.5 36848
0 0.0009377 0.04 5,04 0.0001 [0.0009952 0.02 1004 0.0002 |0.00D3928 0.15 1505 0.0004

20 0.0009985 B3.65 8865 nogss (00009972 6336 9333 0.2945 |0.0009950 83.068 97.98 0.2934

40 00010058 166.95 17197 05705 |0.0010034 166.35 176.38 0.5686 |0.0010013 166.76 180.78 0.5686

60 ©0.0010149 25023 26530 08285 [0.0010127 249.36 259.49 0.8258 (00010105 24851 2863.67 0.8232

80 0.0010268 33372 33885 1.0720 |0.0010245 332.58 342.83 1.0688 |0.0010222 3531.48 346.81 1.0656
100 ©.0010410 417.82 42272 13030 |0.0010385 418.12 42650 1.2992 0.0010361 41474 430.28 1.2955
120° 0.0010576 50180 507.09 15233 |0.0010549 50008 51064 15189 |0.0010522 498.40 514.19 1.5145
140 00010788 586.76 592 15 1.7343 |0.0010737 ‘584.63 59542 17292 |00010707 582866 S88.72 1 TJ242
160 00010988 672.62 ©78.12 10375 |0.0010953 670.13 681.08 1.9317 |0.0010918 66771 88409 1.9260
180 0.0011240 759.63 765.25 21341 100011199 75685 767.84 21275 |0.0011158 75376 77050 21210
200 0.0011530 8451 £53.9 23265 (00011480 B44.5 B8S60 223178 [0.0011433 8410 8582 2.3104
220 0.0011866 938.4 944.4 25128 (00011805 934.1 9459 265032 |0.0011748 9299 9475 2,4953
230 00012284 10314 1037.5 26979 00012187 10260 1038.1 26872 (0.0012114 10208 1038.0 2.6771
260 ©.0012743 11279 1134.3 28830 |0.0012645 T121.1 11337 2.8699 |0.0012550 11146 1133.4 2.B576
2680 0.0013216 12209 12341 30548 [0.0013084 12125 123241 3.0393
300 00013972 1328.4 13423 32469 |0.0013770 13166 13373
0.0014724 14311 14532
0.0018311 1567.5, 1581.9 3.6546

340

F =20 MPa [365.81°C) P =30 MPa P =50 MPa
Sal.  D.002036 17835 18263 40138
g 0.0009804 0.19 20.01 0.0004 |0.0009856 0.25 29.82 0.0001 [0.0008766 020 4903 0.0014

20 0.0009928 82397 102.62 Q2923 |0.0009886 82.17 11184 0.2839 0.0000804 81.00 13002 0.2848

40  0.00069992 165.17 185.16 0.5646 |D.0002951 164.04 193.89 05607 |00009872 161.86 21121 0.5527

60 0,0010084 24768 267.85 0.8206 |0.0010042 246.06 276.19 0.8154 |00009962 24295 29279 O 8052

80 0©.0010193 33040  350.80 1.0624 |0.0010156 328.30 358.77 1.0561 0.0010073 32434 37470 1.0440
100 0.0010337 413.38 43406 12917 |0.0010290 410.78 44166 1.2844 00010201 40588 45689 12703
120 0.0010496 40676 S517.76 16102 |0.0010445 49359 52483 1.5018 00010348 487.65 53938  1.4857
140 0.0010678 58069 60204 17492 |0.001062% 576.88 608.75 1.7088 0.0010515 56277 62235 16915
160 0.0010885 66535 687.12 1.9204 |0.0010821 ©660.82 £693.28 1.0006 |0.0010703 €52.41 70592 1.8891
180 0.C017120 75095 77320 21147 |0.0011047 74589 778.73 2.1024 0.0010912 73569 79025 20794
260 0.0011388 857.7 860.5 23031 |0.0011302 8314 8653 22803 |0.0011146 8197 8755 2.2634
220 0.0011695 9259 949.3 2,4870 00011590 $183 953 24711 |0.0011408 9047 961.7 24419
240 00012046 10180 1040.0 26674 {0.0011920 10069 10426 2.6490 |0,0011702 9907 10432 26158
260 00012462 110886 11335 2.845¢ [00012303 1097.4 11343 2.8243 00012034 10781 1138.2 27880
280 0.0012965 12047 12306 3.0246 (0.0012755 1180.7 12280 29986 |0.0012415 1167.2 12293
400 0.001359€ 1306.1 1333.3 32071 (00013304 1287.9 1327.8 21741 |0.0D12860 1258.7 1323.0
320 0.0014437 14157 1444 6 33979 |0.0013997 1390.7 14327 33539 |0.0013388 1353.3 14202
320 0.0015684 1539.7 1571.0 36075 [0.0014920 1501.7 1546.5 35426 |0.0014032 14520 15221
360 0.0018226 17028 1739.3 38772 |0.0016265 1626,6 1875.4 3.7494 |0.0014838 1656.0 1630.2 36291
0.0018691 1761.4 18375 40012 |0.0015884 1667.2 17466 3.8101

S, ,
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Power Generation
in Rankine Heat Engines (5/6)

TABLE A6

Superheated waier (Concluded)

i
kiks

24037

49250

! v u fn 5 v U t s v
‘c iy kifkg  kdkg  kailfkg K3 | ke Riky ks kJflkg- K} | mifkg e
P=15.0 MPa{342.24°C) A= 17.5 MPa (354.75°C)
0410337 5.3098 2350.2 0
DanaTo 54421
0015643 G30.3 281
D.0ME44S 1 ¥
0.02080 | & 42
Q.02203 0016555 a
002481 0018178
002680 0.019633
a.0ze61 34109 38245
003210 38109 26018 4081,
0.03546 3811.9 3|047 43351
003875 40154 0093 45895
0.04200 42226 42163 48464
5.04523 44339 44283 51066
0.04845 48491 48435 53705 | op3sss
P=250MPa P=30.0 MPa |
0.0019731 17987  1848.0 4.0320 17378 17315 0.0017003
0.008004 24301 2
0.007881 2
0009182
0611123 57005
0012724 69342 | 0008345
0.014137 62331 (& 4
0015433 Ganss QoIS
0.016646
0018812
0021045
Q.02310
0,02512
0.02711 5089.9
0.02010 5354 4
i MPa
378 D.L0OTBA07 16771 17428 38200 | 0.0015584 16385 17168
DOO19T? 18546 19308 11135 | 00017302 17281 18746
0.002532 2096.9 21981 45020 | 0002007 12597 20800
0.003623 23851 25128 49469 | 0.002485 2254.0
0.005822 26784 29033 57 £.002832 27201 0002956
0.00696¢ zecef 31420 0.005118 30135 55486 | 0003956
0.008034 30226 33454 0.006112 32478 58178 | D0OO4EE4
0.009063 31580 35206 0.006866 30935 34418 6.0342 0.005595
700 0.009541 2683, 3681.2 0.007727 32305 325168 62183 0.0psz272
800  0.011523 35178 30787 0009076 34798 39336 65230 | 0007453
900 DO12962 3739.4 42579 0010285 37103 42244 67882 | ooussoe  3631.0
1000 0014324 39548 45275 0019411 39805 45011 7.0146 | C.OJ9MB0 39064
1100 0.015842 4167.4 47834 0012436 41457 47705 72184 0010408 41240
1200 0018340 43801 5057.7 0.013561 43591 5037.2 74058 | 0011317 43382
1300 0.018229 45043 53235 0014616 45728 53036 75808 | 0012215 45514
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Power Generation
in Rankine Heat Engines (6/6)

TABLE A-4
Saturated water—Temperature table
Specific volume, Internal energy, Enthalpy, Entropy,
mi/kg kJ/kg kd/kg kJ/{kg - K)

Sat. Sat. Sat. Sat. Sat. Sat. Sat, Sal.
Temp., press., liquid, Sat. liquid, Evap., vapor, liquid, Evap., vapor, liquid, Evap., vapor,
T7°C B .kPa v, vapor, v, U Uy Uy hy hg hy s, St S,

C.0v 06113 0.001000 206.14 0.0 23753 23753 001 25013 25014 0.000 9.1562 9.1562

=) 0.8721 0.001000 14/.12 2097 23613 23823 2088 24896 2510.6 0.0761 8.9496 90257
10 1.2276 0.001000 108,38 4200 23472 23892 4201 2477.7 2519.8 0.1510 8.7498 B6.8008
15 1.7051 0.001001 77.93 6299 2333.1 2396.1 6299 24659 25289 0.2245 8.5569 8.7814
20 2339 0001002 57.79 83.25 23190 24022 83.96 24541 2538.1 0.2966 8.3706 86672
25 3.169 0.001003 43.36 10488 23049 2409.8 10489 24423 2547.2 03674 8.1905 8.5580
30 4246 0001004 32.89 12578 22908 2416.6 12579 2430.5 2556.3 0.4369 8.0164 8.4533
35 5628 0001006 2522 146.67 2276.7 2423.4 14668 24186 25653 05053 7.8478 8.3531
40 7.384 0001008 19.52 167.56 22626 2430.1 167.57 24067 2574.3 05725 7.6845 8.257
45 9,693 0.001010 15.26 1858.44 22484 2438.8 1B8.45 23948 2583.2 06387 7.5261 B.1648
50 12.342 0.001012 12.03 209.32 22342 24435 20933 23827 2592.1 07038 7.3725 80763
55 15.758 0.001015 9568 230.21 22199 24501 23023 2370.7 2600.9 0.7679 7.2234 7.9913
60 19.940 0.001017 7.671 2561.11 22055 2456.6 251.13 23585 2609.6 0.8312 7.0784 7.2096
65 25.03 0.001020 6.197 27202 2191.1 2463.1 27206 23462 26183 08235 69375 7.8310
70 31.19 0.001023 5042 29295 21766 24696 292968 23338 26268 0.9549 6.8004 7.7553
75 38.58 0.001026 4.131 31390 21620 24759 313.93 23214 26353 10155 66662 76824
80 47.39 0.001029 3407 33486 21474 24822 33491 23088 2643.7 1.0753 ©.5369 7.6122
85 57.83 0.001033 2828 355.84 2132.6 2488.4 355.90 2296.0 2651.9 1.1343 6.4102 7.5445
90 70.14 0.001036 2361 37685 2117.7 24945 376.92 22832 2660.1 1.1925 6.2866 7.4791
95 8455 0.001040 1982 39788 21027 25006 39786 22702 26681 1.2500 61659 74159
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Biomass Gasification
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Gasification (1/2)

Thermochemical conversion of solid or liquid fuels to biogas with:

= Air (exothermic).

= Pure oxygen (exothermic).

= Steam/air mixture (autothermal or endothermic).
= Steam (endothermic).

at
= High temperatures (650 — 1200 °C).
= Atmospheric or high pressures.

Produced Biogas Mixture: H,, CO, CH,, C,H,, C,H,, CO,, H,0, N,

Residue : solid e carbon.
e ash.
tar e higher hydrocarbons.




Gasification (2/2)

With air:

With oxygen:

With steam:

Stages:

products CO, CO,, H,, CH,, N,, tar, solid residue .
biogas of low heating value ( ~5 MJ/m3).
possible problems associated with its combustion at gasturbines.

products CO, CO,, H,, CH,, tar, solid residue (no Ng).
biogas of medium heating value ( ~10—12 MJ/m?3).

the separation cost of oxygen is counterbalanced by the high
quality produced biogas.

products CO, CO,, H,, CH,, tar, solid residue (no N,).

biogas of medium heating value ( ~15—20 MJ/m;).

the heat content of biomass is maximized through the

increased thermal requirements, which decreases the overall
process efficiency.

Drying and water evaporization.

Pyrolysis to gaseous products, heavy hydrocarbons vapours, tar
and solid residue.

partial oxidation and gasification of vapors, liquids and solids.




Reactions (1/4)

Pyrolysis: during heating at 300-500 °C in the absence of oxidants;
biomass is pyrolyzed to gaseous products, heavy HC vapors, tar and
solid residue.

= The relevant yields to gaseous, liquid and solid products, are
depending from:
= Rate of temperature increase.
= The final value of temperature.
= Residence time at this zone.

= Pyrolysis is fast and is not controlling the rate of the whole process.
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Reactions (2/4)

combustion: the gaseous, liquid and solid products of pyrolysis are
reacted with the oxidizing agent (usually O,) towards
CoO, C0,, H,0.

gasification: the residue liquids and solids are reacting with the
combustion products to CO, H, and minor quantities of

gaseous HC.

reforming: hydrocarbons are converted to CO and H,, while the
role of CO + H,0 = CO, + H, is significant.

The gaseous — solid reactions determine the overall efficiency.

! MavemoTAuio AuTikng Makedoviag



Reactions (3/4)

= Many reactions are catalyzed from the alkalis that are
contained in tar while most time a special catalyst is ad-mixed
with biomass.

= Reactions are not always reach equilibrium.

= The composition of biomass is determined by:
= feed composition,
= water content,
= temperature at the various zones of gasifyer,
= residence time,
= catalyst,
= extent of pyrolysis, combustion, gasification and
= reforming reactions.




Reactions (4/4)

= @asification is not referring to the total liquid and solid
products of pyrolysis due to:

** Mass transfer limitations.
** Chemical nature limitations.

Resulting to solid residue and tar.

= Due to high temperatures tar is deposited and it is difficult to
be removed.
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Gasification Steps

Biogas

700 - 1300 °C

Reforming Zone
f 9 endothermic

Combustion
and
Gasification Zone

900 - 1300 °C

exothermic

Pyrolysis Zone grggh;rﬁgo °C
. 150 - 300 °C
Drying Zone endothermic
Biomass

Gasifying
Agent

Ne e
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Reactions

Drying: H,0, ——— H,0,

Combustion: H, + % 0, —— H,0,
C + 30, —— CO
C + 02 —- COZ
CO + % 02 —- COZ
CH, + O —— CO +2H,
CH4 + 2 02 —- C02 + 2 Hzog

Gasification: ¢+ H,0,— €O +H,
C + €O, — 2CO

C + 2 HZ_P CH4
Gasification and Combustion
Carbon Combustion : C + O — CO,
Carbon gasification: € + H,O0—— CO + H,
CombUSfion Of . CO + % 02 -_— COZ
Gasifying products H, + $ 0, — H.,0

C + 02 _— C02

Reforming : ¢H, + H,0,——— €O + 3 H,

CH, + €O, ——— 2CO + 2 H,

cCO + Hzog — COz + H2

+ 44 kJ/mol (25 °C)

241,8 kJ/mol
110,5 kJ/mol
393,5 kJ/mol
283,0 kJ/mol
36,0 kJ/mol
802,6 kJ/mol
(at 25 °C)
131,3 kJ/mol
172,5 kJ/mol
74,5 kJ/mol
(at 25 °C)

393,5 kJ/mol
131,3 kJ/mol
- 283,0 kJ/mol
- 241,8 kJ/mol
- 393,5 kJ/mol
+ 205,8 kJ/mol
+ 247.,0 kJ/mol
- 41,2 kJ/mol

+

I +

+

G
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Technologies (1/2)

Fixed Bed

biogas

Biomass |
7/
Solid

residue

Gasifying
Agent

Counter-flow

Simple and applied technology
Up to 4 t/h

Low temperature biogas

Gasifying
Agent

meassi |

Blogas residue

Co-flow

Simple and applied technology
Up to 500 kg/h

Max water content 35%
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Technologies (2/2)

Fluidized bed. biogas
Satisfied control of temperature,
high reaction rates. I

Capacity up to 10-15 dry t/h.

Easy start up and shut down.

A catalyst for tar cracking is added.
Carbon losses with the drifted tar.

Burner

Biomass
R led fluidized bed.
Cpn s A i

High cost.

Solid

High pressure (supercritical) residue

gasification. Gasifying
For high water content biomass. Agent
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Biomass energy
conversion technologies (3/4

Gasification:

1 Raw gos

2: tlomoss

3 Dust

4: ANir (O2 orsheam)

& Pneumafic inlet (Muid)
& Air/steam

7:CcOo2

0: Ash

*: Cicculafing Bed Matedal

SCrubper

Gasifier

\.

CHNH, + Ar
‘

Primary
‘ Combustion

Burner

r

o District
oy Gas Electrostatic ; I heating
| iy | R Cleaning Frecipitator [ network District
Lo { ! ) »
— , P
y | T
District ! —— Tartank|
heating | ‘ ——

_network :

‘“"‘”E = District
heating

Down-fired
Combustor

Air preheater
+steam

Combustion
Products he aﬁng
= network generator

YR , , ,
(;/}) MNavemoTtApio AuTikrig Makedoviag



Biomass energy
conversion technologies (4/4)

Gasification

Biomass Gasification Plants

&l
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Power Generation
in Brayton Heat Engines (1/3)

fuel
Combustion
chamber
ctate 2 (production Qin) -
compressor turbine
nc=80% nt=85%
axle
Wc ¢ $ Wt
state 1 ot &
(combustion air) state
(exhaust gas output)
exchanger

(exhaust gas output)

G Qout
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Power Generation
in Brayton Heat Engines (2/3)

In the case of Brayton cycle the compressor consumes work Wc and feeds
the combustion chamber with air under high pressure (P,).

Fuel is fed in the same chamber (gasification gas) and because of the
combustion that occurs there (and also because of the fuel’s sensible heat
that may be hot from the gasifier) combustion gases are heated (always
under the pressure developed by the Compressor - P, = P,) and expanded
through the turbine producing work Wt.

After the turbine, the exhaust gases are cooled in an exchanger (yielding
the greater part of their sensible heat for cogeneration or for the
additional production of electricity in a Rankine cycle) and discharged into
the atmosphere at a temperature over 100°C, in order to avoid the
condensation of contained water vapor.
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Power Generation
in Brayton Heat Engines (3/3)

The work that is consumed by the compressor comes directly
from the turbine, so the net work produced by the Brayton cycle
IS:

Whet = Wt — Wc

The pressure developed by the compressor is usually in the
range of 10 to 15 atm, while the maximum temperature of the
exhaust gas fed to it can reach 14000C.

The excess of air supplied to the combustion chamber is
determined by the desired temperature of exhaust gas which is
fed to the turbine. This excess is usually large, so the
composition of exhaust gases is identical to that of air.
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Power Generation in
combined cycle gas-steam turbine

fuel
Combustion
chamber
state 2 (production @in} | . 5
compressor turbine
nc=80% nt=85%
axle
we £ o> w

state 1

(combustion air) state 4

(exhaust gas output)
State 5
(exhaust gas output)
exchanger 2 exchanger 1
State 6
0 Qcogenl 0 Qcomb
State 8 State 9
boiler
Win il Wout
: \__/ [ :
pump 1 B
turbine
np=85%
nt=85%
condenser
State 7 State 10

L J

Qcogen2

- MNavemoTtApio AuTikng Makedoviag



Biomass Pyrolysis

G
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Pyrolysis (1/6)

Pyrolysis is the thermal decomposition of biomass in the
absence of oxygen:

* Consists the 15t step in the combustion and gasification processes.

* Followed by the partial oxidation of the initial products.

* Low temperatures and high residence times favor the production
of solid products (solid residue).

* High temperatures and high residence times favor the production
of gaseous products (carbon oxides and hydrogen).

* Medium temperatures and low residence times favor the
production of liquids (bio-oil).

* Flash pyrolysis or fast pyrolysis — at low residence times (less than
a few seconds) has particular interest.




Products
distribution vs temperature

-
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Pyrolysis (2/6)

The following factors play a significant role in the process:

e kinetics of involved reactions
e Heat transfer
e Mass transfer

The crucial point is the transfer of biomass particles to the
optimum temperature simultaneously minimizing their

residence time at lower temperatures which favor the formation
of carbonaceous residue.
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Pyrolysis (3/6)

Product yields for various pyrolysis methods:

% wt. solids liquids
Fast pyrolysis 12 75
carbonization 35 30
Gasification 10 5

gasses

13
35
85
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Pyrolysis (4/6)

During fast pyrolysis a mixture of vapours and aerozols
and minor quantities of solid residues are formed.

After cooling a dark, low viscosity liquid is produced,
which has half the LHV of conventional Diesel.
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Pyrolysis (5/6)

The characteristics of this process are :

* High heating and heat transfer rates (biomass is fed
in fine particles).

» The operation temperature should be carefully selected
(about 500 oC at the zone of solids, and 400 — 450 oC at
the zone of gasses).

 Low residence time for gasses (lower than 2 sec).
* Rapid cooling of vapors to bio-oil.
* Bio-oil yields over 75 % wt, compared to dry feed.
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Pyrolysis (6/6)

Fast pyrolysis presupposes that:
* the feed should be dried at water contents lower than
10 %, in order to minimize water concentration at bio-
oil (acceptable limit 15 % H,O in the final product).
* ground feed to particles smaller than 2 mm.

And includes the following steps:
— reaction (pyrolysis),
— separation of solids,
— collection of liquids,
and refer to all biomass types.
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Reactors (1-4)

* The pyrolysis reactor is the “heart” of the process.
e Consists 10 -15 % of the installation cost.

* The process also involves the storage of biomass its

drying and grinding and the capture, storage and
upgrading of products.
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Reactors (2-4)

Fluidized bed

disadvantages

Recycled Fluidized Bed

disadvantages

Simple construction and operation.
Adequate temperature control.
Efficient heat transfer.

Mature technology.

Liquids yield 70 — 75 %.

Adequate control of residence time.
Scale up.

Adequate temperature control.

Efficient removal of solids due to higher flows.
Mature technology.

Similar residence times for gasses and solids.
Complex fluid dynamics.

Scale up.
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Reactors (3-4)

Mechanical compression:
Wall temperature lower than 600 oC.
Allows the use of bigger particles.

There is no need for a carrier gas,
Leading to low volume equipment.

disadvantages The slow step is the transfer of heat to.
The reactor and not to biomass.

Kinetics are controlled by the contact
surface.

Complex design, scale up.
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Reactors (4-4)

Plug flow
Simple technology.
Easy scale up.
disadvantages Poor heat transfer.

Low yields and efficiencies.
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Pilot Plants

Pilot Plant at Canada

Pilot Plant
at California

Industrial Plant
at Canada
100 tn /day

Pilot Plant at Canada
15 tn /day
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Removal of solids

* Solid byproducts are vapor cracking catalysts and their fast
removal is crucial for the efficiency.

* The removal is taking place in cyclones.

* disadvantage: fine particles end up to liquids decreasing their
stability and accelerating their aging.

* High temperature filters produce a bio-oil free from solids.

e disadvantage: 10-20% decreased efficiency due to oil
depositions.
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Liquids collection

Pyrolysis gaseous products are consisted of:
aerosols (liquids in the gas stream),
vapors (condensable gasses),

gasses that are not condensating at environmental
conditions,

and require rapid cooling in order to avoid further reactions and
gasification.

Simple cooling leads to the selective deposition of liquid
macromolecules and as a result bio-oil composition is influenced while
there is an increased possibility for fouling.
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Liquid products

* The liquid product of pyrolysis is named biooil or pyrolysis oil,
crude biooil, etc.

* Has a dark brown color and similar chemical composition with
biomass.

* |s essentially a complex mixture of various organic compounds
and water, which is originated from biomass and the chemical
reactions taking place during pyrolysis.

* Probably is also including solid carbonaceous residue and
dissolved alkalis.
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Bio-oil chemical characteristics (1/3)

It can be considered as emulsion:

— the continuous phase is a solution of cellulose
decomposition derived products,

— the non-continuous phase is consisted from
macromolecules derived from the decomposition
of lignin,

— the first phase stabilize the second one through
hydrogen bonds,

— bio-oil aging is attributed to the gradual break of
these bonds.
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Bio-oil chemical characteristics (2/3)

Typical composition of bio-oil:

Hydrocarbons 10-15%
Phenols 15-20%
Acids / esters 5-10%
Alcohols 10-15%
Furans 10-15%
Carbonyls 10-15%
Lignin derivatives 15-20 %
Water up to 15 %
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Bio-oil chemical characteristics (3/3)

pH: 2,5
Specific weight: 1,2 gr/cm3

Elemental analysis:
C 55-58%
H 5-7%
O 35-40%

HHV: 16 -19 MJ/kg
water up to 25 % (40 % of diesel HHV).
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Bio-oil applications (1/2)

As a substitute of common diesel in stationary applications:

burners — boilers,

furnaces,
internal combustion engines,

turbines.

Its upgrading (hydrogenation) to transport fuels is feasible;
however has negative profits.
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Bio-oil applications (2/2)

Till today, bio-oil has been used in:
Modified ICE up to 250kWe.
Gas turbines up to 2.5MWe.

Chemicals Production: Resins additives.
Pesticides sweeteners.
Fertilizers preservatives.
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Current status

Product: 10 - 100 % more expensive than diesel (Heating value
based).

Low production capacity.

Absence of quality standards

Incompatible with existing fuels.

Storage / management.

Crucial Factors: Scale up.
Minimize cost of production.

Constant characteristics.
Health and safety when handling.
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Feasibility of biomass
thermochemical conversion methods (1/2)

Combustion (Combust).
Atmospheric Gasification (GasEng).
Combined cycle (IGCC) .
Fast Pyrolysis (PyrEng).

Toal Plant Cost, EunakWe
(WM
Al capital cosis are based on cument costs, imphying:
[ . .
Xl cermbustion capital costs ane establshed (108D plant)

all ether comversion capilal cosis @ for novel, 151 plant
RO
TNl

w0

(L]
SO -
{iasEng
RN

10K
PyrEng

JKE
o sl

| (KK

i} 3 34 & 5 i 12 14 16 I8 n
Mt Sy stem Capacity. MWe

Fag. 14, Compansca of 1odal plant eosts For four Teomies lo cleolnoly sysloms,
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Feasibility of biomass
thermochemical conversion methods (2/2)

Elecncny Prodocton Cosr, Eupo’Wh = T

b
S edptal conts ane based on current cosls, impling!
2 = s Frid 1o -.:||'li|:|| gl e cstablislesd [ 1Eh planc
5 W all ether comverson capital costs are for novel, 151 plnt
Fead coml i 40 Eurodxll delivers].
[ 4
i #
| E
k|
5 a "
O
-
L riribsast "' - —u "
. : Pyreng)s ¥ ¥ :-l asEng
il ] k '
B o }
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n
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i 2 ] 6 i It} 12 14 14 I= 2

Mer Svsiem ['.L|l:|-.'||_~. MW

Fig. 153, Coasppaniscn of clecmaty prodichion oosls Bor four omiss fo clectnoly syslems.
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Biomass Energy
Conversion Technologies

Pyrolysis:
Overall Efficiency:
Bio-oil 60 — 70 % of biomass LHV is transferred in liquids.

It is not yet a commercial technology.

Pyrolysis is considered mainly as a pretreatment step of solid biomass in cases
where biomass is needed to be transferred in long distances.

Bio-oil can be used as a raw material for the production of high added value
chemicals.

Bio-oil Samples
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