Articles

Gasifiers and combustors for
biomass — technology and field studies

IS5, VMukwnda
Depantment of Acraspace Engineering, Indian Institue of Science, Bangalore 560012, India

8. Dasappa
ASTRA. Indian Institme of Science. Banealore 560012, {ndia

L Paui and N.K.S. Rajan
Depanment of Aerospace Engincering. Indiart Insthure of Science, Bangalore 560012, Indiz

7 L. Skrinivasa
Depanment of Mechanical Engineering, Indian Institsie of Science, Bangalore 560012, India

This paper deals witk bivmays-based energy devices developed in recent times, The need for this
resewable energy for ure in developing couriries is Jerst highlighted. Classification of biomass in
terms of wooidy and powdery (pulverized) Jollows, along with companson of is energelics with fasei!
Sucls, The technologies invatved, nemely pavifier-combustar, gasificr-cupine-alternator combing.
Hons, for generation of hemt and clectricity, are discusved far both wooedy bimmass and powdery
biomass in some deigil. The fmpertance of biomass to obtain high-prade hear rhrough the uxe of
pualverized bivmans in cyclone combustors is emphasized. The techaoeconemics i discussed fa fn-
dicate the viability of these devices in the current world sitwation. The application pockages where
the devices wilt fir in and the circasmstances Javourable for their seeding are brought oar. It iy
inferred that the important Nuitation Jor the use of biomass-based techunlogics viems froom the lack

of recognition af their true porential,

1. Iniroduction

Biomass 45 an encrgy source has been known for a long
rime. Its wse has been Jargely concermned with meeling de.
mands of heat lor cookstaves in domestic applications and
combustors in industrial applicalions (Krisloferson and
Bokalkers, 1986). Wood shavings in fine form from wood
process indusiries and apricuttural wastes have also been
used 1o augment the supply of heat hoth in domestic and
ndustrial situations. Sawdust has been uscd in bath-water
sioves and industrial furnaces on grate withoul serous
eancern for end-use efficiency.

The use of biomass for cleciricity Eeneration is aol as
widespread and allempis 10 meet the lechnology needs in
this direction have not been numerous, Technologies de-
veloped towards these during World War [l have been
marginally modified or improved at various piaces during
disserination without serious atempts Al proper design
of the reactor {Ancn.. 1925).

Such z situalion has arisen because lhe Western world
where such developments had taken plice earlier is now
well placed 1o obtain perrolenm resources 1 socially ac-
ceplable cosis withowl having 1o be concerned with Enerpy
from biomass. It is only in the last decade thal the prob-
lems of indiseriminate net generation of carbon dinxide
are beginning 10 be recegnized and addressed in relalion
o glohal warming. Even so, the fact thar the sulwion lies
in growing hiomass, making a link with vnergy needs in

# sustainable way, has been overlooked in favour of al-
wmative sources of energy like solar phetovoliaics.

The utility af biomass is wide-ranging - rimber for con-
siruction, tovs, and other high-value products in the case
of woody hiomass, and fedder. construction material,
other wiliny anticles, and valuc-added products obtained
by chemical conversion processes in the case-of powdery
biomass. It is legitimare and appropriate 10 pse biomass
for production of value-added products whenever possi-
ble. When such a use js not possible, biotmass can be used
for power generation - elecirical or thermal - either by
direet combustion or by pasification.

This paper describes: (i) the countries where a cam-
paign ol biomass use in a sustainable way is likely o
succeed; (i) the recently developed biomass conversion
lechnplogics aleng with their performance; €ii) environ-
mental and safety aspecis; and (iv} possible application
packages.

The paper does nor discuss wood- and powdery-
biomass-based sioves for domeslic and large-scale cook-
ing requiretnents, as these have been discyussed eisewhere
{Mukunda ¢1 al..1988; Muokunda 1 al., 1988a).

2. Passible avenues Tor the success of
biomass encrgy

Economic considerations are the strongesl molivaiors for
the choice of any technolngy. including hiomass-based
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systems. Thaugh other faciors such as CO; concentralion
build-up in the almosphere and 1he censequent global
warming problem are matters of great concem today, sim-
phe coonamic considerations are the best argument in fa-
vour of any lechmology inciuding one based on biomass,
One clear sitategy would be o wdentify couniries, and sec-
tiots within them, where biomass-based technologies can
provide substantially superior and coenomically viable al-
femative cnergy SUTVICes.

It is also necessary (o consider silwalions where
biomass-based lechnplogies are unlikely o succeed lor 2
long time. Counirics rich in oilfgas would nol (ook for an
energy source in biomass-hasced luels unless the environ-
mental degradation costs are iaken inlo accoum. While
this aspect (s being debiied amongea wechnologists and
policy-makers, the day when such an accouming takes
place is still far off. Mext, those countres which derive
ciergy fromm coal-based power staions will cominue 10
do so in view of the availahility of the luel and 1he enos-
mous power levels (200 to 500 MW) a1 which such power
stations are Leing oporated au present,

In planning a large-scale power station based on
biomass, \wo factors must e taken into account. The
biomass must be harvested lrom a large encugh encrgy
plamation, naturai or ¢ultivaled, and prepared belore use
in the energy devices. This oecupics a primacy parl of the
technology. In sugar indusiries, the availability of caplive
bagasse or trash from sugarcane leaves makes it feasibig
10 have medium-sized power stations, with cogeneralion,
at power Tevels up o 50 MW, The secomd aspec) is the
size of the community which is 1o be serviced. If a country
has a number of large citiesfiowns, the demand “power
level is high, and here again, the questiens of biomass
availability, procurement, and processing pose problems
that may need 1o be solved only if there is a significan:
nalional urge 0 do 0. By and farge in such siluations,
wil/coal-based 1wehnologics developed in advanced coun-
trics arc deployed,

We can now ask where biomass-based 1echnologies are
likely 1o soceecd. The countries 1hal need w0 impon
otlfceal for energy, have their population scatered in 2
large number aof remote hamlctsivillages so that prid
power is expensive, and islands far emoved from the
mainland with fow sources oiher than bicmass are all good
vandidales lor epergy exploilatien from biomass re-
sources. Some countries which belong to these caregories
arc lisied in Table t along with the relevant details. It ean
be seen that the rural popelation constilsles: upwands of
Gi}% in most of the couniries considersd. Most developing
vounlries are densely populaicd (in terms of popula-
tionfavailable area), India rankiog highest in ihis regand,
The energy/capita, considered as an index of the quality
of lile. ¥ low Tor mosi developing counlries in comparisen
o the world average — 3 to 15%. The il consumption
per capita is hence not latge compared 1o the world av-
erage because oil impons are a heavy burden on the econ-
oy, Since oil is in shon supply, indostnal aclivity and
1ransporiation which depend on it resources for CRtIEY

“arc inhibited. Brazil slands in contrast 1o the others in
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scveral ways — the population per unit arga 15 small, the
rural population is a smalt fraciion of the total, it has ils
own petroleum resources (not shawn in Table 1), but also
impons large quantities. For this last reason, il needs 1o
look for altemative sources of energy.

It may be appropralc to ask whal the impodimems 0
the use of biomass-based devices in developing and de-
veloped counnies are. In most couniries, biomass has been
the source of cnergy - targely Tor hear — for several thou-
sand years, In the last hondred years, both oil and coal
have replaced biomass in a significan measure in all de-
veloped countries, Since the role model for development
in mast developing countries comes from the developed,
similar changes are being direcled by governmenial ac-
lions wherever pessible. One of the reasons lies in the
availabiiy of combustion devices for application o in-
dusiries. An industrialist in a developing counlry can eas-
ily order a natural gas bumer ¢r an oil bumer and
associated fuments (¢ a boiter, a meling equipment, or a
furnace and have it serviced much more easily in com-
panson o whal may be expecied (om biomass-based de-
vices. Another reason lics in an exaggeraled projection of
ather alicmativesrenewable energy devices, The degree of
impenance given o wind energy, solar phetovoltaics, and,
to some degree, microhyde] sysiems simply overshadows
the bipmass energy so much so that most educated people
including indusinalists rarely counl bimmass cncrgy a8 a
fcasible alterative energy sour¢e - the cheapest of the
alietnatives 2nd renewable, and benign in terms of envi-
ronment. While for \he developed countries such a silu-
atipn means litle now, and also for a few decades 10 come
periaps, developing countrics attempling to lollow in the
foolsieps of the developed countries are being grossly
misled from cronomic considertians,

The reasons advocawcd in this anicle for the choice of
biomass eacgy lor deveioping countries are differsnl
fram those for developed couniries.

Developing countrics thal impon oil and have a sizable
populalien residing in&cattered villages and hamlels can
benefit substantially from the use of biomass gasifier-
based intemnal cembustion engines coupled with alterma-
1ors for the generation of elecircity at power levels ut’
5-100 kW at installation cosis aboul a third of those for '
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a microhydel system, a quatter of those for a wind cnergy
systein and a tenth of those lor a solar phatgvoliaic sys-
lem.

Encouraging the use of biomass in a sustainable way
is perhaps the mosi benipn way cof energy extraction in
an environment Triendly way.

Devetoped countries rich in biomass rescurces gener-
ally, also bum up ol and coal in large quaniities, refeasing
enormeus ameents of CO: inta the atmosphere, causing
the greenhouse effect and conseguent global warming, As
compensation lor this, biomass must be grown and encray
cxtragled o pantly replace oilfcoal used for such pumposes.
Hence the motivation for the use of COr-neutral technolo-
gics {rom global considerations becomes the compelling
reason for the choice of hamass. In addition 1o the use
at biomass lar electricity generation through the gasifica-
lion roule, it can also be used for generating high-grade
heat, as will be shown later in this amticle. Also, the use
of Jow-NGu combustors lor space heating applications has
yei 1o he tapped. The possibility of using low NO< ihrough
pulverized biomass cyclone combustors at low excess
uxygen ralivs and/or gasifiers with special staged com-
husiars remains to be explored.

3. Biomass classificulivn and properiies

Birmass can be clussificd inte woody and powdery, hasad
on its availability in the nzioral form. The former con-
notes hiomass whose average density is greater than about
M) kgfm"' and ash conten limited o ahow 2%, Typical
exampes are firewood, cotton sialk, mulbemy stalk, com
vab, coconu sheil and other similar materials, Woody
tiomass is not limiled 1o frewood: several agric'ullum!
wasies also qualily for this title, All other biomass which
i5 in leose form and of lower density is idemtified hery
as powdery. This includes several or most agriculiural
residues like rice husk, rice siraw, bagasse, sugarcane
trash, groundmyt shell, coir pith, prunes from ea/coilee
planiations and so on.

The reason for the chaice of 1he wom powdery is 1hal
many agriculigral wastes are close to a form in which
pulvenzation with a low-power device (0.05-0.1 kWhikg)
can bring il into the form of powder. This also increases
the bulk density of the raw material, helping in Lransporn-
ing it ot lower cost. Once the biomass is pulverized, the
coergy conversion device may be designed (o accepr a
variety of biomass. The density of such biomass is in the
range 50-150 kgim® and ash content up to 20%.

It is known that all biomass has roughly the same
CHNG composition on an ash-free basis (Kaupp, 1984,
The calorific value {(cncrpy conlentfkg of fuely of all
biomads is atso aboul the same excepting for variation
due ta the effect of non-combustible miners! content,

In sun-¢ried condition (meiswre conent of B-10%) the
calorific value of ali biomass is in the range of 12-16
Mlke. At the tower end of the range are rige husk and
straw and at the higher end wood, bagasse and such ma-
terials. The calorific value of coal found in India and a
_ Tew other pars of the weorld having high ash content of
30-40% is about 15-217 M)/, and biomass js comparable

in heating value to such ccals. White coals have to be
mined #nd iransported over long distances for use, causing
cconomic problems an the ope hand and global warming,
effecis on the other, bivmass can be grown in most plages
except where the use of land and water for biomass bm-l
duction is not possible '

4. Woody biomass gasifier

4.1 Reacror

The principat ¢lement of & woody biomass gasifier is 1he
reactor, This is whete the wood chips loaded into the gasi-
fict and the air drawn in react o gencrale combuystible
gas. Reaciors built in Eumepe during the fonies are of 2
tlosed-lop desipn which has been maintained by several
manufacturers even 101 recent times. These reaciors have
a large conical container for sioning wood thips inside,
and towards the boltom are air nozzles through which air
is drawn inta a resiricted 2ope where combustion 1akes
place, Downstream of this zong is a threat tirough which
all the gases and the char pass, The pases then pass
through a packed bed of hot char and the principal reduc-
lion recaciions wke place in this 2ope, The inhcrent prot-
lems relawed wo this are discussed in Mukunda el al.
{1993). in contrast 10 this design, an open-top configura-
tion based on a laboralory modet of Reed and Markson
{1982} was cvolved at the indian Instinue of Science, es-
scitially 10 overcome the unicliable operation of the
closed-lop design, particularly when the leedsiock has
high moiswre content (around 25% or mere) and alss to
provide a good rum-down ratic with low tar conten
{Mukunda o al., 19935, The reasons lor the good per-
formance of this design vis-a-vis the clased-top design
have been adequately addressed in u recem paper
{Mukbnda et al., 1993) and will not be dewiled here,
Stated brieily, the improvement in performance is related
1o the more homogencous flow of air through the bed
which is near onc-dimensional, and to the fact that the
approach 1o a final fuel-rich condition is from an injtal
lean state through stoichiomciry. The second point leads
to fower generation of 1ar, and whatever is generated is
cracked to smaller-sized molecules as the Eas [raverses a
lang unifermly-amanged bed of hot charcoal without any
low temperature zones.

The eurrent design of the reactor consists of 2 verical
tubular rezcior with an open top and a water seal at the
bollom, The lower Iwo-thirds of the reactor, where the
racior bed wimperawre excerds 6004, is lined with a
ceramic material of Jow thekmal conduciivity. This zone
extends from about G.75m above Ihe air nozzle to the ra-
aclor bottem. This prevemis high temperature cormosion:
because of the presence of COw, O, CO, and carbon in
the reacior. The upper part of 1he mactor is made of stain-
less steel with an annular jacket aund it. The hot com-
bustible gases generated are drawn below the praie and
taken through an insulated pipe and through the upper
anowlus of the reactor, where pan of the sensible heat of
the pas is wransferred 1o the cold wood chips inside the
reacior. The entire reactet surface along with the recircu-
lating ducr which connects the bouom of the reactor 1o
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the annular region at the op is insulated with alumino.
silicate blankels, The hot gas, which enters the annulus
around S, rmensfers some heat w the wood chips in-
side, tmproving the thermal efficicey of the syslem. in
addition to drying the wood chips in this zone. The design
ol the reaclor is shown in Figure 1. The inner wall tem-
perature excecds 3307C afier a few hours of operation a1
full pewer and this condition is favourable for the prepa-
ration of wood chips before their entry inte the combus-
tion zone.

*
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Fig. 1. Schematic of Ih: -pretent-open 1op reactor. Note Ihe flow of hot
gases s the annilar space of the twin shel. The Botiom portion & madk
of ceramic malerial to enzble extended (e in the irigh heat zone.

4.2. System configuration for thermal applications

The pasifier for thermal appiications has a hot gas clean-
up system along with a method of drawing the gas from
the reactor and pumping it into the urility when: heat has
10 be iransferred. Figure 2 shows the schemaiic of various
modes of nse in 4 thermal sysiem. The gas from the re-
aciot is taken through 2 coarse filter jo order to eliminare
" particulate matter of large panicle diameter from the hot
gas. The femperature of the pas comes down significanty
during this process from about 250-3007C 1o 150-2009C.
Three different arrangements for drawing the gas along
with the bumer are shown in Fig. 2.

I. The gas is sucked using a high lemperalure blowet

which can 1oleraie some fine dust {10- to 30-micron
size) and sent to the Bumner ditcelly. This armangement
is nseful in retrofining on some existing bumers. The
air required {or combustion is taken from the ammos-
phere and the combustion is in the diffusion mode. This
" is non the best arrangemeni for getting high combustion
efficiency in the bumner, but the bumer can be modified

19 suil the sire conditions.

2. This arrangemeni cansists of an inlegral burmer and gas
pumping sysiem. The gas is sucked from the pasifier
using an ejcetor with air as the driving Muid and the
end of the diffuser of 1he ejector forms the bumner (Das-
appa el al., 1993). The advantage of this sysiem is thal
the blower will not expunence high lemperature dusty
het pases and handles only dry air [t has the disad-
vantage that the blower needs to develop high pressure
and consequenily to ke of high power.

3. The third arrangemeni is a combination of the above
two, with the blower directly pumping Ihe gas and the
ejicelor used for drawing air. It 15 poscible 10 use a
relatively low-pressune blower (503 mm water gaupe)
since the ameunt of work done by 1he eiecior is small.
The dillerence beiween this arranpement and the [rst
15 that air is premixed with the fucl gas betore com-
bustion. This difference leads to improved thermody-
namic performance of the combustion sysiem.

With 1his bumer, i) 15 possible to obtain a temperature of

up to 1250°C, and combustion is inttnse and takes place

within a short distance. l1 is suitable for applications
where high iemperalures are required, such as in ceramic
industries. The overall hot gas conversion efliciency in

high-power sysienis will be as much as §5%.

Fremixing the pases befere combustion pives rise to a
very compact flame and flame lemperatures {in an envi-
renment of thermal sink) of 12509 or so. The everall hol
Eas conversion efficiency in high-power systems will be
as much as 83%,

4.3, System configuration for engine applications

For engine application, gas must be cogled o mom 1em-

perature and musl be much cleaner compared 10 that for

thermal applications. The cleantiness requirements are in
terms of panticulaie and 1ar content. The acceptable upper
limit of particulate content appears 10 be arcund 50mg/m

(Kaupp. 1984; Stagsen, 1993) imespective of particle size,

which is zeoemlly less than 10 wm. However, if the par-

ticle size is smaller than about ene micron, Lhis limit is
unimporiant as the particulate matter flows along with the
gas without deposition duting its way to the engine at
bends, comers and passages. As regards tar, thers has been
na clear siatement of what the limit is. Understandably,
no deposition of tamy matenial should ocgur in the pas-
sages. Such an occurrence is possibie if the tar has com-
ponents with condensation 1emperature somewhal above
the ambient. Most updrafi gasifiers produce “¥melly™ 1ar,
implying the presence of componenis of a wide mange of
melecular weights inctuding relatively low molecular
weipht, smd this material will condense a1 near-ambient
temperatores and will be highly viscous. Downdrafi
closed-1op gasifiers with air entry through nozzles alsa
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Fig. 2. Schematic ol te gveralf System far thermal applicatons: 1) Blawer-based syslem, 2 Ejector-based system, 3) Combinalion of 1 and 2.

permit fcakage paths in azimuthal zones between nozzles
for relatively uncooked volatiles and this leads to the gen-
eration of tar of 2 kind which still has some Jow molecular
weight companents. Open-lop downdraft gasifiers zllow
for a more homogeneous bed of high temperature and pro-
duce much smaller amounts of tar. Whils lhc upper limit
of allowable tar may be stated al 50 mgfm’, the reai test
would be to couple the gasifier to the engine. tae it tor
a specibic duration and analyze the depasits in the pipe-
line, both for particulales and tar. This wifl esrablish the
lime-belween-maintenance of varous components. While
characterizalion of the gasifier atone has been completed
al many places in the world (Siassen, 1993}, charac-
lerization of the gasifier-engine system has been dane in
@ limited way {(Kamat e1 al., 1991). What seems clear from
the characterization of the pasifier alone and operation on
engines is that the gngines can run in dial-fuel mode for
roughly =z long a Lime befor any major mainienance as
in diesel-alone maode.

in order te increase the density of the gas, it is cooled
to ambient temperature by indirect and/or direct means
and is filtered adequately 1o reduce the paniculare content.
Cooling in high-power sysiems is best handled by direcr
injeclion of cooling waler unless there is 2 specific plan
of utitization of the low-grade heat. Figure 3 shows a dj-
rect-injection cooling arrangement with a spray lower. A
sand-bed filter is deployed to remove the paniculates col-
lecied by the ¢ooling waier in \he spray tower. Periodic

washing of 1his sand-bed is adequate to keep the operation
smooth. With respect 1o filiering a variety of lechnigues
have been considered and scme tested for & reasonable
peried of 1ime. Some of these are, use of polyurethane
foam, synihetic cloth, coconw ¢oir mal in combination
with others and sand bed with specific sand particle size
disiribution. After these studies, the sand-bed filtering
lechnique was finally accepted as il is convenienr, inex-
mensive, provides good filimtion, and is reusable since
simple washing with detergent solution is adeguate (o re-
furbish the filer. The filter is separated ino coarse and
fine sections. The coarse filler is filled with sand of 0.5-
e 2-mm size partictes and the fine sand bed Mlled with
0.2- 10 0.6.mm size sand. The size of the filter area is 30
chosen that the gas velocities through the filker bed do
not excecd 0.1 mfs. This fow velocity coupled with the
lortuous path causes the removal of a large parf of the
dust from the pas. Experimenis have shown that some
part of the tar also gels deposited in the filier circuit,
panicutarly when the moisture camy-over from the coaler
causes slight weuing of the sand bed.

431 Gasifier performarnce

The performance of the gasifier can be :icscnbcd n terms
of the compaosition of the cold gas, iis calorific value, the
particulate and 1ar levels 21 various loads. The ratio of the
cold gas fow rate 10 the wood consumpiion rae is aboul
26401 This value is consistent with carlier experimental
data guoted in an SER] document {Anon., 19793,
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The pas composition and calonific value al a 1ypical
high load is provided in Table 2 as a function of the run
lime of the reactor. The gas composition is in the mnge
Hr = 18:3%, O =101%, CH: =12505%, CO: =
124.2%, and the rest Moo A plot of the calorific value with
nan time of the weacior is shown in Figure 4, The calonlic
value keeps rising rum 4 MI&g e 4.4 M)&kg in abow
tw howrs, The paricolate and tar (P&TY data ace taken
fram a major test done Tor DASAG (Switzerland) in this
labornory along with swue Swiss scieniisis, The sampling

and analysis procedure for P&T was evolved by the Swiss
eam. The cxperiment incleded P&T data analysis for both
hot and cold ends. The reason for this is as follows. The
amount of PET pencraed 21 the kot end has to be brough
down [0 acceptable levels by (he ¢leaning syslem. Shouid
the amount @t the hor end be very large, then the load on
the cleaning system also will be significant. This implies
the need for a more elaborate clean-up system and’or more
frequent nuintenance, Bt is nor ofien thar P&ET daia at the
hot cnd is obtained, as very linle is reporied in Lhe litera-
ture. The present resulls are shown
in Figure 5 lor both hot 2nd cold
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200 1939 | 16E$ " 00d 025 1anT | sy sl asn o 1iies | zaas ans ; 1
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made, the arrangements are similar
(o the one shown in Figure 3, wilk
the addition of an engine inlo the
circuil, The commercially available
diesel engine needs 10 be modificd
only in the air intake region. The
air intake is fined wikh a manifold
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into which the air and gas lines are connected. The air
line is open to the atmosphere through a canira! valve,
The engine sucks both air and gas in simultaneously and
the gas-air ralio can be controlled by openling the air
control valve. The mixture alse passes thromgh the: final
oil filter so that any possible residual particulate maller
is held back, prevenung possible deposition at the valve
seal. The dual-fuel operation is aimed ar reducing the dic-
sl consumption at any fixed load. This fusciion is per-
formed by the povemor fitled on 1he engine. The quality
of the govemor, classified as A or B, is detemmined by its
ability 10 regulate the speed within specified limils. Class
A, used on high-power engines, is better and maintasns
the speed 1o within 2%. Class B is of lawer quality and
mainlains the speed to wilthin 4%, Most 5-hp pumpsess
use class B governors. Most engines coupled 1o allema-
tors use class A governars. This goverar is good enough
to cut down the diesel flow in deal-fuel operation.

In an aciual dual-fuel operastien, the desieed diesel Te-
placement is achieved by reducing the air flow into the
enginc slowly by operating the air conirol valve. The en-
gine draws in a specific Now rale through the air mani-
fold. (This is about 120 gfs for the engine rared for 96
kW a1 1 500 rpm and 11.1 | capacity at sea kevel } As the
sum of the air and gas flow rates is consiant, when air
Now is decreased the gas flow through the system in-
creases. This increases \he contribulion of enesgy from
the pas. Hence, the engine gavernor comes ino operation
and culs down the diesel flow 10 mainiain the speed. Re-
ducing the zir Nlow rate will reduce the diesel Nlaw only
as long as the pas-air mixture remains lean. Jf the mixture
becomes richer, the engine stalls. One, therefore, has 1o
aveld sech conditions. The diesel replacement under con-
ditions close 10 stall can be between 9G and 93%. Pro-
viding for an operational safety margin of about 5 10 6%,
8% 10 87% diesel replacement can be obtained. This can
be dane either manually or automaticslly. In the case of
mangal operation, the air valve iz manually adjusied to
oblain the desired diesel replacemem after manually
measuring the diese! flow ratz and load. The limitation
of this system is that the response is slow in the case of
varying loads, and optimization of diesel replacement be-
comes difficult. A diesel low measurement usiz has been
developed based on first principles (of hot-wie
an#momelry} since ne commercial sysiem was svailabic,
The feawre of this system design is thal a very wide ranpe
of Now rates is covered, by a factor of 25 in tenms of
flow rates. A 100-kWe diesel aliemator bums up diesel at
5 Uhr at no load and 30 I/r at full Joad. AL 80% diesel
replacement, the diesel flow rate at no load is 0.8 Lhr
Since the measurement system should take care of the
lowest {0.8 1/hr) and the highest (20 ¥/hr) flow rates, the
ranpe of measurement is Jarge. The deails of the system
are discussed in Rafan et al. (1991). The unit has a Now
indicarar and in addition gives an electrical output which
can be used for automatic conirol of the sir valve to op-
timize diesel replacement. [F the load is varying slowly,
the zir valve can be manually controlled using the MNow
indicator, If the load Muciuates fast or manual intervention
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has t¢ be aveided, an automatic contrel system can be
deployed. [n the control system which was specialfy de-
signed for use with wood gasifiers, the [oad and frequency
mcasuremenis are also handled elecironically and these
are either processed in a siand-alone control sysiem ar
passed on 10 a computer for acquisition and conirol. The
details conceming 1he conmiral sysiem are available in
Crasta 1 al. (1993}, This swsiem was lested in a [licld
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instailation a1 Pon Blair and s perdormanee found excel-
lene.

Returning 1o performance in dual-fuel mede, the diesel
replacemenl is around B3 % or preser over most of ihe
load range. The wood consumpiion is 5.95 10 L4 kg/kWh.
The wood copsumption depends on the size ef the system
and the moisture content of wood chips. A 3.7 kWe engine
consumes 1.2-7.4 kg/&AWh and a 100 kW engine consumes
0.9-1.0 kghWh of wood . A meisiure content change from
0% 10 20% leads 1o an increase of 0.1-0.15 kgkWh in
wood copsumplien. A large proportion of moisture in
wood can lcad 1o high lar generation il it is used al the
beginning of wthe operation when the reactor is not hot
enough. The overzll efficiency of operation, measured as
the ratie of the final clectrical cnergy outpal 1 the 1etal
input energy of dicsel and wood, is another perfermance
parameter. Diesel enpines show full-load overall efTi-
clency of 24% in 3.7 kWe engines and 35% in 100 kWe
engines. Jo dual-fucl mode, overall ¢ffciency is 21% in
3.7 kWe enpines and 27% in 100 kWe enpines. a1 85%
diesel wplacement. The reduction in overall efficicncy is
iraced to poor Mame speeds of producer gas mixiures
(Mishma et al., 1991).

4.3.3. Performance with 51 engines

Producer pas can be burmt in gas engines in spark igoition
made. Momally, engines fur spark ignition have compres-
s1on rtaiios ol & to 2. A study was conducied by
Hamachandra (1993) 10 examine if the diesel enpine at
compression ratio of 17:1 could be modified 1o ran on
spark ignition mode. This experiment showed thar the en-
gine could run ¢n producer gas from the gasifier of 115¢
design at 17% ciliciency with a 25% loss in power. This
finding is of considerable imponatice in faming applica-
tions becawse the demand for power for surface waier
pumping 5 oo as high as e power delivered by 1he
cngine (3 hp). In many instances watcr cannol be pumped
fram open wetls for loager than 3 o 4 hours becavse the
well poes dry wthe cnd of this duration. Hence, lowering
the pumping rale docs not compromise the users’ need in
any way. Similatly it s possible (o convert high-power

diesel engines into gas engines by replacing the diesel
injeclion systemn wilk a spark plug and high-voltage gen-
erating device like the mugneio as has been done by the
Chincse (Anen., 19851 and Shashikantha et al. (1993) who
have reduced the compression ratio 1o B.5 and 12 respec-
tively. It is also claimed by Shashikantha et al. (1993) that
the overall efficiency gogs up 1o as high as 32%, compa-
rabl¢ 1o diesel engine efficiency. These developments ane
of impanance in the new framework where engines run-
ning solely on gas are needed in applications.

3. Powdery hiomass combusiors

Combustion via a grale is the most common lechnique
adopted Tor most solig fuels like coaliwopdfice husk, In
some insiances, for Mine-form biomass like rice husk or
ghoundnul shetl, an inclined grale is in use. Cyclone gom.
busiors have ofien been described in the literature, bul the
itiscussions doe not Mully reveal their sirength. For insiance,
ir is indicated 1hat their heal release rote is in the range
of 0.2-1 MW/m’ in comparison to grate combustors which
have 0.05-03 MW/m® (Dolezal, 1967 Work at [I5¢ was
initialed 1w examine 1he possibility of using eyelone com-
bustocs for pulverized fuels — sawdust, coconut coir piil;
tice busk, groundnut shell and any other biomass waste,

Most experiments were conducted wilh sawdust.'ThFl
schemanc of the system is shown in Figure 6. The reactor
ouler shell is & mm thick mild steel of about 1 m inlemat
diameter apd 1.2 m length. The eylindrical seclion and
the tads are lined internally with lightweight insulation
ceramic bricks. The exit of the cyclone is made of a cast
ceramic block. The eniry of fuel and zir is a1 the 1op of
the reacior. The residue at the end of the reactions {ash)
is Jdischarped a1 the bowem. The fuel feed system is a
retatively simple one. The fuel powder is serew-fed inlo
the eniry of the suction duct of a blower (of pressure head
250 mm water gauge} which pumps the luel-air mixiure
into the cyclone. Obtaining control over the air as well
as fuel flow rates is 2 pan of the design of 1he system,
The sysiem may be staried by inroducing from the bouom
cap about 3-4 kg of wood lops/ipieces 2nd some rags
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dipped in pecroleum fuel, and lighting the rags. Afler 1en
minutes the air from the blower is switched oa a1 2 low
fow rate along with some fuel {powder). Aher a few min-
utes. the flow raie may be pradually increased to raise the
power level. A1 Rall power level, the syslem gives 400
kW thermal power at 3-4% OXYEER in the product gas
{the heat release rale amounts to 0.5 MW/m’'). The most
interesting fealure of the reactor is that the peak cxit pas
temperatures reached up o [375-1400'C, In iniual tests
conducted with ceramic material rated to mek a3t 1350C,
It completely melied and fused. The system has been re-
lined with material 1hat can siand 14009, This feature is
important in terms of the range of mility of bipmass. One
class of ceramic tndusisies need a lemperatuee of 13509
inside the furmnace for obiaining product of the righl qual-
ity. They must use peHarce oil-fired burmers. It appears
that for such cases, one cap now deploy biomass-based
cambustors. It is important g recognise tha ondy those
combusters whose air-to-luel ralio can be controlled ac-
curafely can reach such high lemperztures. Wood combus-
tors based on wood pieces, usually of varying sizes,
€annol accomplish this, since the pyrolysis rawe of the Fuel
i5 & funciion of the surface arca and enc can gl wideiy
varying air-to-fuel ratios as a consequence, This keads to
termperatures which are usually lower than can be oblained
with controlled and fised oprimal stoichiomeny. Even so
there have been cases in which ceramic industries bascd
on wood as a fuel have achieved lumace e mperatures of
1300°C a1 the peak. By convening the biomass 1o a pul-
venzed form and using i1 in combustors one peis a bonus
in terms of higher iwmperatures (o enable the realization
of the industrial ohjective withoul having to depend on
fossil fuel. One of the further advantages with this com-
buster is the ability 10 operate al very low excess air ranos
— 10 more than 3 to 4%. This point is refevant in the

context of NGy emission from combustors. Biomass com-
hustion devices with grates are allowed 10 have much
MGTE excess 2ir (- | 3% oxygen in exhaust) and a greater
proportion of NO.. While ne mezsurements of NO. Fom
such combustors are svailahle ¥el. 1l may be possible that
one can achieve the limis (150 ma/m’) at much less ex-
CESS air,

6. 'owdery hiomass gasifiers

&.1. Svsrem configuration for thermal applications

The motivation for buitding gasificrs based on powdery
biomass is 10 obtain combustible gas which can be piped.
The gas obtained can be burnt in a combustor to achieve
low NO, by using lechnigues in vogur in aircraft gas wr-
bines or other devices (Nathan et al.. 1992).

Figure 7 shows the currently tried-out configuralion of
the gasifier. A verical melal reactor covered with insula-
tion {alumino-silicate) is held mechartically in such a way
thal under thermal load there will be no physical distor-
tion. Tangential entry is bsed for air as well as the pul-
venzed fuel. There is another wanpential entry meant for
stan-up. In this por a high-power multi-pon pulverized
kel stove of special design (Mukunda el al., 1993} 1s
fitted. a5 is also shown in Figure 7. The stove provides
a power of M to 35 kW (thermal) for 20 to 30 min. When
the blower is pul on 1he stove is Jit at ai] the four ports.
The stove begins to funciion al the raled nower level. The
hot gases from the stove enter though the tznpential port
and heat up the walls. After the wall iemperature reaches
630-700°C, the stove is withdrawn and the pon is capped
and scaled.

Al the end of this operalion, the cover on the tanpential
eniry camying a mixture of pulverized fuel and air is
opened and fuel is allowed 10 be drawn in at a low rate.
This operation is conducted at flow rales near
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swoichiometry so that the wall temperatures build up o
1030°C or so. Then onwards, the fuel flow rate is further
increased slowly till combustible gas is obtained at the
burner. If the fuel Mow rate is fupher increased the air
to-fuel tatie reduces further and the gas composition may
consist of more volatiles {or tar as ong would expee).
The band of permitted air-to-fuel ratio s relauvely namow
and hence the fel flow rae must be controlied scoeurtcly.
This is in compleie coneast to wood gasifiers where the
wood consumpuon riate s nol extemally controlied bu
allowed @ be dewermined by the syslem iself. (As was
noted carlicr, the air-io-fuel ratio for wood gasificrs is
cloze 10 1.6 ;1 and is independent ol the Now rate. IF we
rale thai the sieichiometric tatio lor wood is 6.3 @ |, the
equivalence ratic of opomitian for wood gasifiers 15 0.25).

To ecnablc accurate {low raie control, a special pneu-
e fuel-leeding device was developed, Based on Lhe
ejector principle, the palverized fuel (less than ~ 2 mm
sizg) b5 pumped into o pipe @ ais-te-fuel tato abew 2%
of spchiomerre value. The Tow rue depends on the pe.
atuclry ot the air jer, exil ducting and pressure ol opera-
Lo 0f Lhe poeumalic sounce. Operated with air ab 24 aun
passing [hrowgh an office of 2 e diameter, the device
can pump abowt 75-90 kgdhr of pulvenized rice husk of
patticle size U.25-1.5 mm,

The gas al the outler of the rewctor is at 650-700°C and
is lairly dusty os the fuel fed also has fine particles. The
pils lirst passes through a sirzight metal passage, when
the iwemperature drops by 300-350°C. The gas then passes
through a dry cyclonc dipped in a water seal. A pan of
the dust s capiwared here; alse the {emperature drops by
150200, At this point the pas poes through a satd-bed
lilter, cssentialiy 10 chiminate large pamicle-sized dust, and
thea goes through a hlawer ima a burner which draws in
air by vjecter agiion as n the case of (he wood pasifier,
4.2 Svitem confipuration for engines
The system is the same as for thermal applications up 10
the poanl at which the gas enters a sand-bed filier, The
abovementioned way of Rlerng or cosling will be inade-
quale Tor use in ehginges.

The pas is 1aken through a fwo-section conler afler
which the temperatuce is brought down 0 ambient con-
ditiong. 1t passes throwgh o twoe-sceton filer so that the
exil gas is clean to the spone sandard as obtained with
word pasifiers. The cleanmg ttaig has to be more clabo-
rate here sinee tie dust coment in the feed is much higher.
The calurific value of the gas has been measured ot vaiues
cennparable o that in wood pasiliers. Tesis on engine op-
eriion have nol yel been compleied at the 1ime of this
writing.

1. Techna-cconnmics of 1he sysiem

Maost af the 1echoolegies discussed above are ready for
market wrilization; on seioe, twehnelopy has been trans-
ferred 0 more than one industry and inlcnse marketing
cllops are currently going on g fadia. L would be of
interest to examine the firsi cost of the syslems as can be
made available 1o the marker.

The cost el 1he woody biomass gasilier for thermal ap-
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plications is as Follows (these costs are 1994 prices):
30 KW 1 000 USS; 300 kW 9000 USS; 500 kw: 15,000 USS.

The approaimate cost of a,woody biomass gasifier for
elceirical applications {including enginc-altemalor sys-
tem) is as follows:

3.7 KW, 2000 USE; 20 kW, 7000 LISE: 90 kW : 34 000 1]55.

The cost for insialtation for thermal power is about 30
USEAWIh and for electrical power abom 380 USHkWe.
These values for clectrical applicationy are much smaller
than for conventional sources - hydro, nuclear or coal-
based power generation sysiems. Rigorous calculations of
economics have been made and presented in a recernt pa-
per (Mukunda €1 al., 1983). The caleulations indicake the
cost of elecirical energy to be abowl 0.05-0.06%%Wh. The
primary parameters which control the cost of energy are
the cosl of biomass and peiralenm fuel, the intersst rates,
and the numbers of hours run per year, The last factor is
the most important single facler controlling the return an
nvestment, The pay-back period waorks oot to 2-3 years
lor clectrical applications mn betweesn 3,000-4,000 hours
per year. A rae of usage greater than this results in much
Bener ccomuinics,

With regard 10 (hermal applications, the ecanomic re-
sutts are mowe impressive. Users for whom high-grade
heat is essential cin obtain full retum oo investment in
¢less than one 1o Le veas depending on the extent of usage
in excess ol abowt 2000 heursfyear.

B. Application packages

Amongst the applications for which 1his techrique can be
uged are waer-pumping and eleciricily generation systems
at various power levels, It is possible to meet the reguire-
ments of pamping more casily than for elecineal energy
as the problems of load following an not complex. I is
possible o run a waier-pumping system even with a poor
diesel gavemor in the engine. Tt must alse be emphasized
that electric supply 1o an indusiry with 25-35% load vari-
ation can be handled by a diesel engine in a doal-fuel
mode with no difficaliy if the engine has a Class A gov-
emor.

The applications af the technology are for individuat
farmers for pumping applications, and industries and com-
munitics for thenmalfelectrical applications, The demand
lor farmers ' reguirements ranges from 5-hp la 50-hp pump
sels, cither for surface water-pumping or deep bore well
pumping, al heads varying from 2 few metres 1o a few
1ens of metres. The requirements of weafcofies plamialions
can be subsiantial. The tetal rumber of hours of pumping
por year varies from 500-B00 hours over India. This is
usualty during the months of December-May since the
south-wesl monsoon sets in towards the beginning of June
over most of the couniry.

Farmers using 3-10 hp pump scis work plois of a hec-
tare or smaller. Those using high-power pumps are plan-
lation-owners of a lew wens (o abow 2 hundred heclares.

It is not possible for marginal farmers 1o buy a gasifier
system as they cannol mobilize the fequired investment
utless they are supponed by the govemment through a
subsidy. The larger lzrmers/planiation-owners would not
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be inlerested in the 1echnology as the contibution of she
cosl of perroleum fucls to the product cost is 6- 10% unless
petroleum fueis are in short supply,

The tea indusiry uses a considerable amount of heal
encrgy for drying and is onc prime (arget gioup for the
use of biomass in an efficient way. This industry has been
dependent on biomass for heat generation for over several
decades, even though its practices are not efficient. For
mstance the use of as-received bigmass of large moisture
contend aimost directly in furnaces reduces the peak lem-
peralures and increases the quantity of biomass per kg of
lea dried. One kg of “made tea™ (as it is called} brouph
to the cendition of 3% moisture from 55-60% moisture
theoretically needs 0.6 kg of sun-dried biomass of 10%
moisture. The profecied biomass requirement for | ke
made tea is 1.1-3 kg.+The large spread is due 10 various
levéls of carelessness including inaccuracies in weighing.
There appears 1o be a significant possibility of rediecing
lhe biomass consumption to less than ! kg/kg made tea
and this is currently bring explored. Industries which use
glass mehing fumaces, small ceramic tile furnaces, and
potieries, can make use of biomass-based technelogies.

With regard to elecirical applications, the current per-
cephion is the possibiiity of servicing remoie villages not
connecied to grid cleciricity, Sulficicntly industrialized
villages connected tw grid electricity may also be prime
largets for biomass-based electricily generation in the fu-
lure because the inadequacy of power generation in refla.
tion to demand causes cut-off of supply, and irvariably
the village electricity supply is the victim. Realizazion of
the effect on productivity of lack of grid supply when
nizeded is growing, but the lack of an economically viable
2ltemative has been the impediment 10 remedying the situ-
ation. Thus, privaie entrepreneurship for the generation
and supply of electricity has to be exploited in the future.
This aspect is important in many Third World countries,
including pans of Africa, Latin America and India.

9. Ficld experiments and experfences

Field experzmenis started with the progranme of ihe Gov-
emment of India for dissemination of pasifiers. About 300
gasifiers were buill over three years and disseminated 10
individual farmers, initizlly without payment, and later an
payment of about §80% of the cost of the engine-pump
sel. Monitoring of the performance of these pasifiers
showed that abow 30% were used in diesel mode and
40% were not used ar all. The last feature was because
the process of dissemination did not rake into account the
site camtitions properly. [n several cases, the source of
waler for pumping dried out 100 soon for the farmers (o
us¢ the system. During this peried the authors went
around monitoring the operation of the system and
worked oul design modificarions 1o help make the sysiem
mare user-friendly. Details of this have been described by
Dasappa et 2. (198%). :

Two major field experniments mied out are Lhe village
electrification scheme al an unelectrified village called
Hosahalli and the irrigation waler supply system at an-
other village Ungra, both near Bangalore, The expetimeni
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=t Hosahalli 35 more than lsur ycars old and that at Ungra
aboui a year ofd. In both cases, \he objective was lo try
out an independem biomass-based clectricny generation
system and cxamine if the techno-cconomics would be
favourable. A1 Hosahalli, services of lighting, drinking
water supply from a deep bore weil, and flour-milling
have been made available. These show that the user com-
munity will begin to demand a hetter and grealer quanturn
of services once they have begun 1o use them; it has
turned oul that a 3.7 kWe sysiem is nol adequate and the
system is being nppraded 1o 20 k'We. And with 1his mag-
nitude af power, it is possible 10 run an imigation water
supply system as weli. If this is done, the possibilicy of
self-sustained operziion appears realizable. This optimism
arises oul of another gasifier-based power generation sys-
iem for pumping deep bore well waier for itrigation pur-
poses. The current experience at Ungra, aboul ten
kilometres from Hosahalli, suggests thal farmers zrc will-
ing 1o pay for warer ar a rate al which the operational
expenses can br covered completely, The reason for this
kind of rate being chargeable for irrfigation water is the
productivity of the land increasing three- te four-foid from
the level realized with uncerain rain water in this semi-
arid region, The clear availability of water-on-demand
means better planning and usc of more remunerative crops
like mulberry used for the production of silk. The expe-
ricnce at Hosahalli, 1echnical and 1cchmo-economic, has
been summarized by Ravindranath et al. {1990) and Stini-
vas ct zb. (19923, .

The experience on the 100 kWe sysiem at Port Blair
has been summarized in an earlier wark {Mukunda e al
1993} and will not be repeated here.

9.1 Safety and environment hazards

Safety from cxposure to the poisonous content of the gas,
namely carbon menoxide, is an issue that mus{ be ad-
dressed, Since Lhe entire eperation is such that the pres-
sure in the system is below ambient, air can leak into the
system while the gas cannot ieak out, Air leakage o points
where temperatures are high may lead to burn-off of some
componenis and, in some instances of transient operation,
Name propagation at large rates. These could cause ex-
plosion. In the early developmental trials with the closed.
lop design, there were such experiences. [n the current
design, however, no problem of this naturt has been ex-
perienced. Even if a flash-back of the flame were 10 occur,
pressure would be released at one of the water seals —
near the fbterfeocler or the reactor ~ with ne untowand
effect other than splashing of waler,

The 12r and condensaies are carmied inlo the engine di-
rectly in a dry cooling system such as is used in the 3.7
kW elecirical sysicm. However, in waler-pumping appli-
cations, the wet cooling causes pan of the 1ar and dust 1o
be drawn away by the cooling warcr. This water is let off
ino the fields and may pese an environmengal harard.
Standards have been prescobed in vardous counlries in
terms of biolegical oxygen demand (BOD), chemicai oxy-
gen demand (COD), phenclic content in the liguid and
possibly other pollulants. The regulations are maore strin-
pen? for discharge intn inland surface wailers than for iso-
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Lated irrigatien Gelds Same of twse regulations in lndia
twhich ane similar o duse adupted i some wiber coun-
tries} are shown in Tabbe M.

Table 3. Standards {or treated industrlal elftuents

e T _
i Frawre Talerance lianits (mgd) o
b Surfhce ! Ly bands | e comswl
walers 4 YT amesa
151313 M1 11K | 113
£ 150 | 2an
Pl 1 I 5

Measurements of these quaniities on the curreat sysiem
shaw BOD 10 be 3.5 mgil, COD 182 mgd and phenols
120 mpt. These vilues seem aceeptable except that Tor
plenols. Treatment moa flier hed s prabably necessary
tuefore discharge inlo sircams as 5 done in the Chinese
SRS,

IN. Final remarks

The present paper has discussed the scienti fic, cngineering
sl ccomoniic aspects of bivanass-based coergy sources
Tar heat and elecidcity, The technology elemes and their
mivelly have been discussed in some detail. The ability
ul v svsiens W provide hear or electrical covrey at fiph
ellivwneies has been brought o, The Faer thal pulserined
Bomass can provide Digh-grade hem at 1350 must be
eaaphasized a ikis peiti. This can be an imponant nwti.
vanng factor for several non-lemous Tounddes and co-
ramic indusiries o adopt the rencwable cneeey alenitive,
sameliing net being perceived as a possibility far weh-
nical reasens,

Leaneinic conswdemtions show thar at power lovels of
the ange considered in his paper the invesiment in Basi-
ler-Bised (2) thermal applications will pay back in aboul
 year ar less, and (b} power generation systems will he

“ucammercially attractive proposition provided the sysem
utilizaton per year is substantial, There are many beneli.
vl aspects potb cunsidensd i the above stugly, For in-
sance, a large number of esers iplanalions g
indusiries) have insialled diesel engine pumging or ¢foe-
ITICHY genoration sysiems in this COUNIry since tho prid
powver supply s nok reliable enough. In these cases, the
vestinent on the pasifier system and auxiliaries 13 re-
duced. Pay-back is cnsured in aboul Iwo years for the
larger power system if (he usage is wmore than 3.000
hours/year, With the new lechiolegics, administraters gl
flumers can gencrle imaginative pregrammes lor ep-
hancing the use of biomass as a renewable ETICIEY SOURCE
as 2 rephicement for pelrleuin-based COCTLY SOUNLES. =

L

Avhnowledgment: The resolis presented here are 1he caleome of
the projects an "Hiomass gasifcation’ adminisiered and fnanced
partly by Ihe Karnataka State Codneil for Science and Technology,
Bangalere, and on a large scale by ihe Mintstry of Nan-Coaventional
Energy Sources. Mew Delhl. The testing of the gasifier was partially
supparted by DASAG, Swiizetland. The awthers ure grotelul 19 them
for the suppod provided,
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