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Abgract

Today the dominant biomass converson technology consgsof the combustion of
biomass as fuelwood, as field and forest resdues, or as process residues, such as bagasse and
black liquor. Many of the combustion processesin use today have poor environmentd
characterisicsand low efficiency. Thisisespecidly true of cookstovesin developing countries,
they areamgor cause of respiratory disease and aso contribute to greenhouse gas production.
Modern industria combustion technologies are now available, through which is redlized the god
of a closed-loop carbon cycle with very low greenhouse impacts from biomass. Environmental
technologies, especidly those based on anaerobic digestion, are moving into commercidization
following the large scale success of using landfill gas for power generation. Charcod and ethanol
(which are the leading biofudls), advances in the production of liquid fuels from lignocdlulosics,
and high efficiency integrated gasification combined cyces for dectricity production are

described.

Introduction

According to the International Energy Agency [1], in 1999, the totd primary energy
supply (TPES) of 406 EJ, incdluded 11.1% from the category, Combustible Renewables and
Waste, which congsts mainly of biomass resources. Thisfraction islittle changed from 1973,
when it wasadso 11.1% of a TPES of 253 EJ. About 97% of al biomass fuels are used directly in

combugtion systems of varying efficiency and environmenta impact. In the indudtridized



countries, the efficiency isrardy less than 70%, while in many deveoping country applications,
the efficiency isless than 50%, and in household cooking use much less than 20%. The two most
important biofuels are charcod (* 1.0 EJ) for heeting and metdlurgica applications, and ethanol
for transportation in Brazil and the United States (70.45 EJ). A rapidly growing biofue resource
is the methane produced from the anaerobic digestion of resdues that have accumulated in
landfills, as well as from the increasing application of anaerobic digestion technologies to the
clean up of contaminated water Streams.

While dmog hdf of al biomass TPES is used in developing country cookstoves, this
goplication uses biomassin extrerely inefficient combustion. Thisis both amgor threet to the
hedth of alarge populaion in deveoping countries, probably accounting for about 5% of the
world's hedlth problems, and is dso a sgnificant contributor, a about the 10% leve, to the
glabal burden of greenhouse gases [2]. Since thistopic isaglobd issue linked to poverty and
development that has to be resolved on a systems basis, and is not centra to the theme of
biomass converson technologies, it is only noted here as amgor chdlenge to the future
sugtainable use of biomass. Indugtrid- and community-scale biomass converson sysems are the
topic of this pgper and will be covered in the order of heet, power (combined heat and power),

and biofudls.

Heat, Power and Combined Heat and Power (CHP)

Biomass combustion, such as burning fuewood to provide heat, power, or combined heat
and power (CHP), isalink in the energy chain from producing renewable biomass resources to
providing sugtainable services in the form of heet (or refrigeraion), shaft power, and eectricity.

The heat produced in a combustor or furnace can be used directly in a manufacturing process, or



to raise eam in a boailer, which can then expanded through a steam turbine (or Rankine cycle) to
generate shaft power. Other prime moversincdlude the Brayton cycde of gasturbines, Stirling
engines, aswdll as thermodectric and thermovoltaic possibilities. Shaft power from these cycles
can be used directly to drive amill or other machine, or to power an dternator to produce
electricity. In combined heet and power, the most common variant iswhen the dectricity is
generated firgt and the hest is taken from the exhaugt of the dectricity cycle[3].

Aswith foss| fuels, the key biomass combustion issues today are efficiency and
environmenta performance. Since many furnaces and boiler systems can be operated at
relatively high efficiency, even quite close to their theoreticd efficiencies, the most important
development issue is the environmenta performance. Nevertheess, hiomass has one dear
advantage over foss| fuesin that the emissons of carbon dioxide derived from biomass

combustion to the amosphere are essentidly in an equilibrium with the uptake of carbon dioxide

by the biosphere through photosynthess

Indugrial-Scale Biomass Combustion Technologies

Indugtria bailers range from 100 to around 300 MW, output. Smaler scale versons are
used in didrict heating and smal processes down to aslow as10 MWy, usudly without the
same levd of emissons control. The mgor types of boilersingdled are: pile burners, grate
bailers, suspenson fired bailers, fluidized beds, and circulating fluid beds

The pile burner isthe origind, circa. 1700, indudtria process-scale biomass burner and
can beviewed asasort of enclosed fire. File burners have poor load-following characteridtics
and typicaly have low efficienciesin the range of 50% to 60%. Stoker grate combugtors

improve the operation of the pile burners by providing amoving grate, which permits continuous



ach collection, thus diminaing the cyclic operation characterigtic of traditiond pile burners. In
addition, the fud is soread more evenly (in athin bed, 5 to 15 cm degp), normdly by a
pneumetic stoker. The thinner layer in the combustion zone produces a more efficient
combustion. More modern designs include the Kabliz grate, adoping reciprocating water-cooled
grate. Reciprocating grates are atractive because of amplicity and low fly ash carryover.
Furnace exit temperatures are about 980° C; staged combustion processes have been developed
to minimize nitrogen oxide emissons and keep the furnace temperature below the ash
deformation temperature of most biomass fuds. Stoker-fired moving grates range in sze from 20
t0 300 MWth . Since suspenson burners require findy divided < 1 mm partide Sze materids
with very low moisture contents, they are relatively rare asthe fud preparation from green
biomassisvery energy intensve.

Huidized bed combustors are becoming the sysems of choice for biomass fuels. One
reason for thisisthat the fluid bed medium ( slicasand, duming, or dlivine) provides athermd
“flywhed” that compensates for variation in moisture content and maintains constant heet output
and flue gas qudity. The medium dso gives the advantage of extremey good mixing and high
heat trandfer, resulting in very uniform bed conditions. Despite the rdatively low temperature of
combugtion, the three T rule (temperature, time, and turbulence) of high qudity combugtion is
wel met, with 99% to 100% carbon burnout being typica [4]. Huidized beds are @ther bubbling
beds (FB) or circulating (CFB). In the former, the materid staysin afixed zone of the
combustor, while in the latter, the flue gas velodity is such thet the bed materid is suspended and
circulates through a return loop to the combustor, by means of a mass or cyclonic separator. In
both FB and CFB units, the ash removd is by means of complete ash carryover, necessitating the
addition of cyclones and bag houses for particulate control to New Source Performance
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Standards (NSPS). It is the emissons performance that is making these units more atractive. In
fluidized beds, the uniform, low combustion temperature giveslow NOy emissons, whilein the
CFB, it is easy to introduce a sorbent solid, such aslimestone or dolomite, to control SO
emissions without the need for back-end sulfur remova equipment. Circulating fluid bed
temperatures are maintained at about 870° C, which helps to optimize the limestone-sulfur
reections. A number of CFB power plants have been built in the 25 MW, Sze range, primarily
in Cdifornia[5]. The dkali content of the fudls has to be maintained below 340 g GJ* input, as
high dkdine content fuels cause particles in the bed to agglomerate and defluidize, eventudly
plugging the system [6].

Theincreaang need for grict environmental compliance to NSPSis changing the
technology base for biomass converson at the medium and large scales. The need for post-
combusgtion pollution controls has meant that smdl scale systems have become very expensive
per unit of output, while larger units can afford to meet environmenta regulations. In countries
with large cod- or ail-fired generation units, the use of biomass to cofire these unitsis
becoming more frequent, especidly in those countries that are changing their energy policy to
meet Kyoto foss| carbon emissonslevels. A sgnificant advantage of the co-firing route is that
the capital investment is aslow as 200 $ kWL, while the effective efficiency of biomass
combudtion is as high as that of the cod unit, a over 34% [7, 8]. The use of biomassin
integrated gadification combined cydesis dso a high efficiency route (35% - 45%) with very
high environmenta performance for larger unitsin the future. Medium size units, for the digtrict
heating and smdl industrid CHP markets, are becoming modular in design, with Sgnificant cost

reductions and improved energy and environmenta performance.



Economics of Power Boilersand Electricity Generation

The economics of power generation are dependent on the capitd cog, the operating codt,
and the fud cog, in dmost equa measure over the generating plant’s life cycle [9-11]. Scdeand
efficency arelinked and areillugtrated in Figure 1, which compares the levelized cods of
electricity for biomass-fired systems basad on stoker firing and gasfication combined cydles,

using data from the EPRI - NREL technology assessment [7].
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Gaseous Biofuels

Gasaous biofud s indude biogas from anaerobic digestion (AD), and low and medium
heating va ue gases from therma processes. Biogas from AD has gpproximatdly equa amounts
of carbon dioxide and methane, with typicaly 0.1% to 1% hydrogen sulfide. Therma processes

produce varying compositions of dry gas containing hydrogen, carbon monoxide, and methane,



asthe fud gases, in combination with nitrogen and carbon dioxide, as the mgor condituents.
Thermd gases and biogas can be used directly asfud in gas burners, or in prime movers such as
interna combustion engines and gas turbines. Thermaly produced gases, after purification and
possibly water gas shift to adjust the H,:CO rétio, can be described as a syngas (a mixture of Hy
and CO), which can be used to manufacture methanol, anmonia, Fischer Tropsch liquids, or
hydrogen for usein fud cdls While thermd gesification isin the early stages of commercid
deployment, anaerobic digestion processes are dready commercia and widdy deployed, either
in designed processes for gpecific environmenta problems or in landfills, which are managed to
capture the methane that is naturally produced. Presently, the United States has alandfill gas
electricity generation capacity of about 1 GW,, using gas engines and gas turbines[12].
Anaerobic digestion has been used for many yearsin the trestment of sewage and animal
manures to minerdize the carbon in order to reduce the volume of waste dudge for disposd [13].
The carbon is converted into methane and carbon dioxide in about a 60:40 retio by volume, with
aheeting vaue of about 55%—60% that of naturd gas. The biomass of the bacteriathat carry out
the process and the non-digested materid remains as a dudge, which can be returned to the soil
if there are no heavy metds from the resdue stream. A wide range of agriculturd, indudtrid, and
urban activities generate residue streams with high organic loadings that are suitable for
anaerobic treestment. They include: intensive anima husbandry (excreta, and bedding materias);
food processing (sugar production and vegetable preparation); breweries and didtilleries, and
materias production (such as pulp and paper, pharmaceutical manufacture, and sewage
treatment). Absent any trestment, these industries pollute water courses and groundwater with
high loadings of biologica and chemica oxygen demand, aong with large concentrations of
nitrates, microbia contaminants, and even pathogens. Progress in the development of high rate
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AD technologies has increased the rdiability, or the effective time-an-stream of the applications,
and has dso improved the converson efficiency or reduction in organic loading. The organic
loading is measured by means of a chemicd reaction in the laoratory and reported asthe
chemica oxygen demand (COD). This can be converted into a methane potentia of between
0.33-0.35 T kg * of COD. Inawell operating anaerobic process, it is norma to have aCOD

reduction of between 60% and 80% of the input levd.

Thermal Gadfication

Gadfiersa an indudrid scae are generdly based on fluidized bed technology. In direct thermd
goplications, the gasis cleansed of most particulates and passed without any cooling, directly
into the process kiln or bailer for combugtion. A typica example of this gpplication is the use of
aCFB gasfier, fueed with arefuse-derived fud, wood chips, and pedt, to supply alow-hegting:
vaue gasto an exising large-scae naturd gas and cod utility bailer, a the Kymijarvi 167 MW,
and 240 MW, fosdi| fired plant dose to the Finnish city of Lahti [14]. This project builds on
many years of successful operation of biomass CFB gadfiersin therma applications, and
substitutes biomass for about 15% of the totd fuel used in the bailer. Though the possibility of
using biomass gasification to produce a syngas for the manufacture of  transportation fuels such
FT liquids or methanadl is feesble, most development effort has been put into demonstrating
IGCC (Integrated Gadfication Comhbined Cydle). In IGCC the thermd gas from biomassis used
to fire agas turbine, and the seam generated in a heat recovery boiler on the turbine exhaust is
used to generate more eectricity in asteam (Rankine cycle) turbine. The extensve developments
for cod-based IGCC have resulted in a number of turbines that have aready been adapted to

lowv-hesting-val ue gas operation, in the Sze ranges of interest to biomass developers. A higher



quality gas, requiring fewer turbine modifications, can be produced in indirect or oxygertblown
gasification cydes, with heating valuesin the range of 15-20 MJ Nmi®. Current biomass IGCC
projects and demongrations, which illugtrate the development of biomass IGCC, dearly show
the diveraty of the possible technologica gpproaches. The first complete biomass-fuded IGCC,
condructed by Sydkraft A.B., ispart of the digtrict heeting system of the city of Varnarmo in
Sweden and is fuded with about 18 MW, equivalent of wood residues. The facility produces
about 6 MWe (4 MW, from the gas turbing, 2 MW, from the steam cycle) and 9 MWy, for the
heating system, and has demondrated more than 1500 hours of IGCC operation [15]. The
gadfier isapressurized air circulating fluidized bed (CFB) and produces a gas of about

5-6 MJNNTS. Severad atmospheric pressure gasification power systems are aso under
development. The ARBRE project in the UK is an amospheric pressure CFB IGCC, generating
10 MW, using SRC (willow in Short Rotation Coppice) on 1000 hectare as the mgor feedstock.
Thisisthefirg large-scale power generation project that uses the TPS CFB system; dthough,
the proposed WPB/SIGAME project in Brazil (that will use eucayptus to generate 32 MW,
usng a GE LM 2500 gas turbine and a seam cyde), has been in the planning stages for severa
years. The Future Energy Resources Company (FERCO) unit, located in Burlington, Vermont,
USA, isa40 MWy, indirect gasification process operaing in a co-firing mode, which suppliesa

15-20 MJI Nm gas to the McNeil Generating Station of Burlington Electric.

Charcoal

Charcod isthe world's most sgnificant biofue, with over 3 EJ of wood feedstocks being
converted into between 0.7 and 1 EJ of charcod (despite its production in many instances a low

efficiency). Its energy dengty is such that it can be trangported long distances and, with much



reduced emissons in cookstoves, it isafud that is better suited to developing country urban use
than fuewood. Charcod is produced from fuewood and other biomass resources by
carbonization in kilns or retorts. In addition to its use as a cooking fud, a 9gnificant amount is
used as achemica reductant in metalurgy, for example, to produce pig iron in Brazil [16]. The
co-products of carbonization are the tars and fudl gases. Together these represent as much as
40% of the energy of the wood. In smple charcoa-meaking these are often not utilized, creating
pollution of the soil, water, and ar. In the larger indudtria systems the recovery of byproducts
may not be economic; however, the fuel vaue of both the gas and the tars (sometimes cdled
pyroligneous liquids) may be utilized in the carbonization process to reduce energy |0ss, increase
the efficiency, and diminate pollution. Before there was extengve chemica synthesis of
methanol and acetic acid from foss| fuels, these were both byproducts of charcod manufacture.
In fact, methanol (CH3OH) is referred to as wood acohoal in the vernecular. A amal fraction of
biomass-derived charcod, mainly from materias such as coconut shell, isusad in the production

of activated charcod for environmentad gpplications.

Liquid fuels from biomass

There are two biomass-basad liquid fuelsin the market place today, ethanol and
biodiesdl. Some 20 Mm?® y* of ethanol is produced with an energy contert of 425 PJ, meking this
the second most important biofue. A much smdler amount of biodiesd (usudly an ester of plant
lipids such as soybean or rape seed ails) is used in the USA and Europe. Space does not permit a
discusson of dl of the biofud options, so the major one described is the ethanal option. Ethanol
is produced by meens of fermentation of sugar canein Brazil (11 Mm?®), and from starchesin the

United States (6 Mm®) and Europe. Typically atonne of cane produces between 125 and 140 kg
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of raw sugar, or between 70 and 80 litres of ethanal, while atonne of maize, with about 70% to
75% starch content, will produce between 440 and 460 L t* with wet and dry com milling,
repectively. Mogt is used in blendsin gasoline, typicaly at 229 to 24% in Brazil, and 10% in
the USA. However, there are some motor fleets with flexible fuel vehides that operate on E-85,
ablend of 85% anhydrous acohol and 15% gasoline, which consume about 0.3% of the U.S.
ethanal. In the USA, the production cogt of ethanol is higher than gasoline by between 50% and
100%, depending on ail prices and the commodity marketsfor feed corn.

Brazilian fermentation plants range in size from 150 kL d* to 2.6 ML d*, using sugar
cane as feedstock. In the United States, which mainly uses corn as feedstock, there were 33
producing plants with the smallest & 6 kL d*; however, in 1998, over 80% of the production
capacity wasin just seven plants, ranging from 460 kL d* to 585 ML d*. Therearevery
sgnificant economies of scae in ethanol production and, thus, large scde plants are favored.
Investment costs per daily litre range from over 100 $ L™ d'* a smller throughput plantsin
Brazil to lessthan 60 $L* d* for the larger plants. Starch to ethanol plants are about 30% more
expengve than cane sugar based units of smilar throughput, primarily because there are more
process seps, each of which hasasmadl reduction in efficiency. Thisis mitigeted, in part, by
gregter capacity factors on an annua bas's, as cornbased production can operate for the mgority
of the year on commodity corn, while sugar cane harvest seasons rardly extend beyond six
months in most production aress. In addition, the corn process produces salegble coproductsin
the form of anima feeds such as dried didtillers grains.

The mgor research and development arealisin the production of ethanol from
lignocellulogics (such as wood, straw, and grasses), which contain cdllulose (40% to 50%) and
hemicdlulose (25% to 30%), with consderable ethanol potentid (about the same yidd per tonne
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as corn) and a price structure that is more stable than food prices. The conversion process from
lignocdlulosicsis even more complex than from starches, as the complex nature of
lignocdlulosics requires extensve effort to bresk down the lignin, cdlulose, and hemicdlulose
dructure o thet the individua polymers become available for hydrolysis. Cdluloseis

hydrolyzed to glucose, asx-carbon sugar (C-6), while hemicdlulose is acomplex mixture of
manly five-carbon sugar (C-5) precursors with xylose asamgor product. While the C-6 sugars
are rdaively easy to ferment with yeasts such as Saccharomyces spp., the C-5 sugars have not
been as easy to ferment to ethanol. The pretrestment stages can include steam, acid, andakdi
treatments, while the hydrolysis steps can be carried out with acids or enzymes. Because of
inhibition of the enzymatic hydrolysis by the sugars produced, NREL developed a smultaneous
saccharification and fermentation process to remove the sugars as they are formed, by producing
ethanal in the same reactor. Such process integration will be the key to producing low cost

sugars, and thus ethanol or other bioproducts in the future [17, 18].

Conclusions

Modern biomass combustion systems are cgpable of achieving the NSPS of the United
States EPA and are a cogt effective use of biomass, especidly in CHP in gpplications with ahigh
cgpacity factor. The use of environmenta technologies, especidly anaerobic digestion, is
increasing as water qudity issues become more prevaent, due to concentrations of anima
production unitsin areas that no longer can use the land to absorb the impacts of concentrated
animal feed operations. The development of high-efficiency eectricity generation systems based
on IGCC has reached the successful demondtration stage and awaits commercia deployment.

The same gasification technology can serve as the basis for hydrogen production or for the



synthesis of liquid fuels such as ethanol and Fischer Tropsch hydrocarbons. The largest liquid
fud contribution today comes from the gpplication of bictechnology in the production of ethandl
from sugar and starches, and innovative research is opening the way to utilize the large
lignocdlulosic resource in the same way.

The data points are for an investor-owned utility operation of soker-fired and IGCC
units. The data are taken from the renewable energy technology characterizations performed by
EPRI, USDOE, and NREL [7]. The years shown on Figure 1 are the study’ s expectation of when

the performance and scale shown would be achieved.

Refer ences

L |[EA, Energy Satistics and Balances of non-OECD Countries 2000, Internationd Energy
Agency: Paris, France.

2. Holdren, JP. and K.R. Smith, Energy, the Environment, and Health, in World Energy
Assessment: energy and the challenge of sustainability, J. Goldemberg, Editor. 2000,
United Nations Development Programme: New Y ork. pp. 61-110.

3. Horlock, JH., Cogeneration - Combined Heat and Power (CHP): Thermodynamics and
Economics. 1997, Mdabar, Horida: Krieger Publishing Company. 236.

4. Nauze, R.D.L., Combustion in Fluidized Beds, in Advanced Combustion Methods, F.J.
Weinberg, Editor. 1986, Academic Press. London. pp. 17-111.

5. Moarris G., Electric Utility Restructuring and the California Biomass Energy Industry.
1997, Nationd Renewable Energy L aboratory: Golden, Colorado. p. 34.

6. Baxter, L.L., et d., Alkali Deposits Found in Biomass Boilers. The behaviour of
inorganic material in biomass - fired power boilers - Field and laboratory experiences
1996, Nationa Renewable Energy Laboratory: Golden, Colorado. p. 82.

7. EPRI, Renewable Energy Technology Characterizations 1997, Electric Power Research
Indtitute: Washington D.C.

8. Tillman, D.A., Biomass cofiring: the technology, the experience, the combustion
consequences. Biomass and Bioenergy, 2000. 19(6): pp. 365-384.

9. McllveenrWright, D.R., B.C. Williams, and JT. McMullany, A re-appraisal of wood-
fired combustion. Bioresource Technology, 2001. 76(3): pp. 183-190.

10. Dornburg, V. and A.P.C. Faaij, Efficiency and economy of wood-fired biomass energy
systemsin relation to scale regarding heat and power generation using combustion and
gasification technologies. Biomass and Bioenergy, 2001. 21(2): pp. 91-108.

13



14.

16.

17.

Williams RH., Advanced Energy Supply Technologies, in World Energy Assessment:
energy and the challenge of sustainability, J Goldemberg, Editor. 2000, United Nations
Deveopment Programme, United Nations Dept. of Economic and Socid Affars, and the
World Energy Counail: New York. pp. 273-329.

EPA, Landfill Outreach Program 2001, Office of Atmospheric Programs, Climate
Protection Partnerships Divison, Methane and Sequestration Branch.

McCarty, P.L., ed., One Hundred Years of Anaerobic Treatment. Anaerobic Digestion
1981, ed. D.E. Hughes. 1982, Elsavier Biomedica Press: Amgterdam, Netherlands.
Niemenen, J., Biomass CFB Gadifier connected to a 350 MWth steam boiler fired with
coal and natural gas- THERMIE demongtration project in Lahti Finland. in Power
Production from Biomass I11: Gasification and Pyrolysis RD& for Industry. 1999. E5poo
Finland: VTT - Technica Research Centre of Finland.

Sahl, K., M. Neergard, and J. Nieminen, Final Report: Varnamo Demonstration
Programme. in Progressin Thermochemical Biomass Conversion. 2000. Tyrol, Audria
Blackwell Sciences Ltd., Oxford.

Radllo-Cdle F., e d., The Charcoal Dilemma: Finding sustainable solutions for
Brazlian industry. 1996, London, United Kingdom: Intermediate Technology
Publications. 79.

Wyman, C.E., & d., Ethanol and Methanol from Cellulosic Biomass, in Renewable
Energy: Sources for Fuels and Electricity, T.B. Johansson, et d., Editors. 1993, Idand
Press Washington, D.C. pp. 865-923.

Lynd, L.R., C.E. Wyman, and T.U. Gerngross, Biocommodity Engineering.
Biotechnology Progress, 1999. 5(5): pp. 777-793.

br-convbib2.doc

14



