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Co-com bus tion of bio mass or waste to gether with a base fuel in a boiler is a
sim ple and eco nom i cally suit able way to re place fos sil fu els by bio mass and
to uti lise waste. Co-com bus tion in a high-ef fi ciency power sta tion means
uti li sa tion of bio mass and waste with a higher ther mal ef fi ciency than what
oth er wise had been pos si ble. Due to trans port lim i ta tions, the ad di tional
fuel will only sup ply a mi nor part (less than a few hun dreds MWfuel) of the
en ergy in a plant. There are sev eral op tions: co-com bus tion with coal in
pul ver ised or fluidised bed boil ers, com bus tion on added grates in serted in
pul ver ised coal boil ers, combustors for added fuel cou pled in par al lel to the 
steam cir cuit of a power plant, ex ter nal gas pro duc ers de liv er ing its gas to
re place an oil, gas or pul ver ised fuel burner. Fur ther more bio mass can be
used for reburning in or der to re duce NO emis sions or for after burning to
re duce N2O emis sions in fluidised bed boil ers. Com bi na tion of fu els can
give rise to pos i tive or neg a tive syn ergy ef fects, of which the best known are
the in ter ac tions be tween S, Cl, K, Al, and Si that may give rise to or pre vent
de pos its on tubes or on cat a lyst sur faces, or that may have an in flu ence on
the for ma tion of di ox ins. With better knowl edge of these ef fects the pos i tive
ones can be uti lised and the neg a tive ones can be avoided.

Introduction

Co-com bus tion is prob a bly the least com pli cated and one of the most ad van ta -
geous ways of uti lis ing bio mass and waste for re place ment of fos sil fu els for sta tion ary
en ergy con ver sion. It is there fore of in ter est to sum ma rise its pos si bil i ties and lim i ta tions. 
This is the pur pose of the pres ent re port that looks upon the topic from a gen eral tech ni cal 
point of view, re cog nis ing that the rea son to avoid CO2 emis sions from fos sil fu els is not a 
na tional or a lo cal is sue but a global one. Eco nomic and en ergy sys tem as pects are im por -
tant but out side of the scope of the pres ent re port that fo cuses on tech ni cal de tails.

Co-com bus tion means si mul ta neous com bus tion of two or more fu els in the
same plant for en ergy pro duc tion. Al though this mode of com bus tion has been ap plied
for many years, the in ter est has been en hanced re cently, as seen from the ris ing num ber of 
sci en tific pub li ca tions in fig. 1, men tion ing co-com bus tion in their head ings.

The num ber of pub li ca tions just in di cates that co-com bus tion has been dis cov -
ered as be ing prom is ing for the use of bio mass. When the first eu pho ria has de clined, it is
likely that the num ber of pub li ca tions deal ing with the phe nom e non as such will fall, and
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in ter est will turn into more spe cific top ics, like com bus tion phe nom ena and is sues re lated 
to de tails of pol lu tion and op er a tion dur ing co-com bus tion.

Co-com bus tion can be car ried out in var i ous ways for var i ous pur poses. A
coarse clas si fi ca tion could be as fol lows, cov er ing new plants as well as ex ist ing ones
con verted for the pur pose: 
(1) a small amount (a few percent of total fuel power) of biofuel or waste is fired together

with coal in a boiler, originally designed for coal; the purpose is to get rid of waste or
to replace coal by biomass utilisation,

(2) a small amount of fuel with a high heating value is fired together with a fuel having a
low heating value (such as sludge) that needs thermal support to attain a desired
combustion temperature, and

(3) spontaneous use of co-combustion with fuels in any ratio, depending on price,
availability and local supply conditions.

The first type is of great est sig nif i cance due to its po ten tial abil ity to re duce the
con sump tion of coal, thereby de creas ing the emis sions of green house gases. It is of in ter -
est to as sess the pos si bil ity and re li abil ity of such uti li sa tion of bio mass and waste in a
plant de signed for the base fuel (nor mally coal). Item two, ad di tion of high-value fuel to a 
low-value one, or in gen eral terms, com bi na tion of any fu els with dif fer ent prop er ties,
may have use ful sec ond ary con se quences, such as re duc tion of emis sions or im prov ing
re li abil ity of op er a tion. This could en hance the in ter est for com bi na tions of fu els, be -
cause cer tain fuel con stit u ents may in flu ence each other, “syn ergy ef fects” may take
place, lead ing to an im prove ment of op er a tion of a boiler and to avoid ance of in con ve -
niences re lated to some fu els. This will be treated be low, but first an ac count will be given 
on the tech nol ogy of co-com bus tion. Item three is more un de ter mined: it could in clude
all kinds of com bi na tions of avail able fu els, such as in dus trial re sid u als, saw dust, wood
chips, peat, petcoke etc., used for en ergy con ver sion. It de pends on lo cal gov ern men tal
re stric tions (like taxes on coal in some Scan di na vian coun tries) and on the lo cal avail abil -
ity of waste fu els. The choice of fu els is re lated to eco nomic and trans port ad van tages. In
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Figure 1. Number of scientific
publications per year dealing with 
“co-combustion” or “co-firing” as
extracted from the data bank of
ScienceFinder, January 2003



this con text, co-com bus tion has been greatly pro moted by the in tro duc tion of fluidised
bed com bus tion, a tech nique that fa cil i tates the si mul ta neous com bus tion of dif fer ent fu -
els. It is of ten re lated to waste dis posal. Coal is not nec es sar ily in volved. Ex am ples of this 
third type of co-com bus tion sit u a tion have been given by Järvinen and Alakangas [1]. 

Advantages and disadvantages

Co-com bus tion has a num ber of po ten tial ad van tages. A brief list could be as
fol lows:
– reduction of CO2 emissions from fossil fuels,
– increased use of local fuels,
– conversion of biomass and waste fuels with high efficiency and under controlled

environmental conditions,
– seasonal variations that are inherent in some biofuels can be handled because the ratio

of added to base fuel can easily be changed down from its maximum value,
– less complicated than alternative conversion methods for biofuels and, hence,

potentially economically advantageous,
– the amount of additional fuel employed can be adjusted to the availability of biofuels

and wastes within a reasonable transport distance from the conversion plant, and
– possible positive synergy effects between different fuels can be utilised.

Dis ad van tages can also be sus pected to oc cur:
– the cost of some additional equipment or treatment processes has to be considered, 
– the threat of harmful influence on the plant, caused by the additional fuel,
– possible negative synergy effects if the additional fuel has extreme properties (some

wastes) or if the combination of fuels is unfortunate, and
– lack of experience, as reflected from two of the above items.

Methods

Any type of boiler may be used for co-com bus tion; boil ers for pul ver ised fuel or
for coarsely sized fuel in fluidised or fixed beds, prob a bly fir ing coal as the main fuel. The
boiler is the heat source in a util ity plant for power pro duc tion or an in dus trial or dis trict
heat ing plant. In a util ity boiler, the mi nor amount of co-fuel added to the main fuel is
treated in a highly ef fi cient en vi ron ment of a boiler with high steam data (such as typ i cal for 
a util ity boiler). In the third group men tioned above, co-com bus tion ap proaches waste in -
cin er a tion in small (less than a few hun dreds MWt) boil ers, and ef fi ciency is op ti mised,
emphasising the re li abil ity of op er a tion with dif fi cult fu els and not nec es sar ily the ef fi -
ciency of elec tric ity pro duc tion. The boiler may even be a dis trict-heat ing boiler; a hot-wa -
ter boiler or a steam boiler for co-gen er a tion of elec tric power. In the lat ter one the steam
data are im por tant for the amount of power pro duced; the steam tem per a ture is a crit i cal pa -
ram e ter, since the sur face of the superheater may be come cov ered by de pos its from the ad -
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di tional fuel and sub se quently cor roded. Thorson [2] has clas si fied steam data used in this
group of ap pli ca tion (the third case of co-com bus tion, men tioned above), tab. 1.

Table 1. Typical maximum recommended steam data for co-combustion boilers [2]

Type of com bus ti ble
Superheater lo cated in

flue gas path, [°C]
Superheater lo cated in the re turn
leg from cy clone in CFB, [°C]

Conventional waste fuels 405 465

“Problematic” fuels in
co-combustion

460 520

Conventional bio fuels,
such as wood waste

480-500 540

Conventional bio fuels,
co-fired with peat

540 565

The ta ble shows a ben e fi cial in flu ence of peat on the pro pen sity of de posit for -
ma tion on tubes, as re flected by the ex pe ri ence of boiler de sign ers. Coal, and prob a bly
also sul phur, would have a sim i lar im pact as peat. The data in tab. 1 are lower than those
aimed at in mod ern util ity boil ers fired with fos sil fu els.

Fig ure 2 de picts four con ceiv able groups of ar range ment for co-com bus tion. In
ar range ment (a) the ad di tional fuel is sim ply added to a boiler de signed for the base fuel,
usu ally coal. This is the most con ve nient method, which can be used in con nec tion to
both fluidised bed and pul ver ised fuel boil ers. As men tioned, fluidised bed com bus tion
(FBC) is quite suit able for the pur pose be cause of its fuel flex i bil ity, whereas the pul ver -
ised coal (PC) combustor re quires a well de fined fuel size dis tri bu tion. The ex pe ri ence
shows that only mi nor quan ti ties of ad di tional fu els (a few per cent of the fuel power) can
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Figure 2. Four arrangements of co-combustion
(a) Direct feed of an additional fuel together with the main fuel in a suspension firing or fluidised
bed; (b) Bed combustion of additional fuel in a suspension fired boiler; (c) Separate combustor for
the additional fuel, coupled to the main combustor on the steam side; (d) Additional gas producing
unit, coupled to the main combustor on the flue-gas side



be han dled di rectly to gether with the coal in the ex ist ing coal mills of a PC plant [3, 4]. If
larger quan ti ties are to be used, spe cial mills and burn ers are de sir able. There are no such
lim i ta tions in FBC. In fluidised beds larger pieces of fuel can be used, ir re spec tive of the
size re stric tions im posed on the pri mary fuel. Only the heat bal ance of the bed sets a limit. 
The rea son for the lack of size re stric tions for the ad di tional fuel in fluidised bed, in ad di -
tion to the well known fuel flex i bil ity of FBC, is the low ash con tent in most biofuels that
makes the im pact on the par ti cle size dis tri bu tion of the bed in sig nif i cant. An other ad van -
tage of FBC is noted in tab. 1; al lo ca tion of the end superheater in the par ti cle seal of the
re turn leg from the cy clone (or in an ex tended par ti cle seal) pro tects the superheater, al -
lows high heat trans fer and per mits an in cre ment of the steam tem per a ture of about 60 de -
grees com pared with a superheater lo cated in the flue gas path. A grate-fired boiler also
could have a rea son able fuel flex i bil ity, pro vided that the ad di tional fuel is mixed with
the base fuel out side of the boiler be fore in jec tion.

In ar range ment (b) the ad di tional fuel is added on a grate, in serted in the bot -
tom of a sus pen sion-fired pul ver ised coal boiler. A large scale test has been car ried out
on a com mer cial PC boiler where a 10 MW grate was in stalled in the bot tom of the com -
bus tion cham ber [5]. The re sult was pos i tive, but the con tri bu tion of the ad di tional fuel
is al ways re stricted, be cause the sur face area of the cross-sec tion of the fur nace de ter -
mines the ex ten sion of the grate, and the sur face power of such a de vice is low, less than 
0.5 MWfuel/m

2. Al ter na tively, the bot tom part of a pul ver ised coal fur nace may be re -
built to a non-cir cu lat ing fluidised bed, into which the ad di tional solid fuel is in tro -
duced, while the orig i nal coal-fir ing of the boiler is partly main tained. The bot tom part
is added to the boiler and sup plied with its own fuel and ash sys tems. It is likely that the
amount of fly ash will in crease com pared with the orig i nal de sign and the boiler sys -
tems have to han dle this ash and the in creased flue-gas flow (if the ad di tional fuel has
high mois ture con tent). This should be eas ier in a boiler orig i nally de signed for coal
than in one for oil or gas. It is not clear if there are any such PC boil ers, sup plied with an
ad di tional FBC bot tom, in op er a tion. The Kaipola boiler [6] has a sim i lar con fig u ra -
tion. It was di rectly de signed for co-com bus tion of coal pow der and var i ous bio mass
res i dues on an FB in the bot tom of the fur nace. It is op er ated with a com bi na tion of pul -
ver ised coal in sus pen sion and wood wastes in a fluidised bed and could serve as an ex -
am ple on the de sign of a ret ro fit unit with PC-FBC.

Al ter na tive (c) is a com bus tion unit, sep a rated from the main coal-fired boiler on 
the fuel side, but con nected to it on the steam side. In this way, the ad di tional fur nace can
pro vide heat to the steam cy cle at a suit able level of steam tem per a ture. More over, the
ashes from the ad di tional fuel are sep a rated from those of the base fuel, which fa cil i tates
sub se quent uti li sa tion of the ashes. Such a plant, of a power of 100 MWfuel for com bus -
tion of straw has been built in Den mark in a 600 MWe power block [7]. The steam data of
the ad di tional boiler are iden ti cal to those of the main boiler (ex cept for the re heat) and
the steam joins the steam sys tem of the main boiler be fore the tur bine, as shown on fig. 3.
The ad van tage of con nec tion only on the steam side is that any harm ful sub stance, re -
leased in the ad di tional boiler, will not af fect the prin ci pal plant, and both ashes and flue
gases can be treated sep a rately. Even in ter rup tion of op er a tion of the ad di tional boiler
can be han dled by sim ply de coup ling the boiler on the steam side. The choice of steam
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data in the ad di tional boiler can be
adapted to the prop er ties of the ad -
di tional fu els to be used (how ever,
in fig. 3 the steam data are the same
as those of the main boiler). There
are sev eral such plants in op er a tion.

The fourth ar range ment (d)
con sists of an ad di tional combustor 
cou pled to the main com bus tion
cham ber on the gas side to sub sti -
tute the coal feed to a burner by gas. 
To re duce the vol ume flow of the
hot gas pro duced in the ad di tional
combustor and, hence, to al low
smaller di men sions of the hot
gas-duct con nect ing the ad di tional

fur nace and the main boiler, and to avoid heat re moval by a steam sys tem in the ad di tional 
combustor, this fur nace could be op er ated as a fluidised par tial combustor or a
devolatiliser with an air ra tio of about 0.3, suf fi cient to raise the tem per a ture of the bed to
the de sired level of 800-900 °C. If pos si ble, the char res i due should be gasified, but it is
un clear if gasi fi ca tion is an ef fi cient pro cess at the low tem per a ture level con cerned. Such 
plants have been built in Fin land and Aus tria [8, 9]. Com bus ti ble, low-cal o rific-value gas 
is in jected and burned in the main combustor, whereas most of the ashes re main in the gas 
gen er a tor and are re moved from there, sep a rated from those of the main boiler. Just as in
cases (a) and (b) also am mo nia and vol a tile al kali com pounds from the ad di tional fuel en -
ter the main combustor. Other ar range ments of this type are con ceiv able but not in ves ti -
gated: the ad di tional fuel could be devolatalised in the ex ter nal con verter on a grate or ro -
tary kiln (to avoid di lu tion of the char by bed ma te rial as in a FBC) at a low tem per a ture
(500-600 °C); the gases are burned di rectly in the main com bus tion cham ber, whereas the 
char, af ter siev ing, is in a form that can eas ily be treated in the coal mills to gether with
coal and in jected through coal burn ers or used for other pur poses if the im pu ri ties are pro -
hib i tive. In such a case im pu ri ties, like a con sid er able part of al kali and sul phur, re main in 
the char, and com bus tion of this prod uct needs some con sid er ation.

Many of these ar range ments, es pe cially groups (b) and (d), are retro fits to ex ist -
ing coal-fired boil ers. Ar range ments (a) and (c) are the most likely ones for new de signs,
es pe cially if the combustor is a fluidised bed. Plants con ceived ac cord ing to (c) and (d)
have been called In di rect Cofiring. An ac count for sev eral cases has been pub lished by
IEA [10].

There is a fifth mode of co-com bus tion: (e) em ploy ment of ad di tional fu els for
spe cial pur poses, such as “reburning” by means of pul ver ised bio mass or gases pro duced
by an ex ter nal gas gen er a tor as in method (d) in jected into a pul ver ised fuel boiler [11,
12] and “after burning” in the cy clone (or its exit) of a cir cu lat ing fluidised bed boiler to
re duce N2O [13].
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Figure 3. Parallel boiler for co-combustion inserted
into the steam cycle with turbines, superheaters,
and reheater



Reburning and afterburning

Reburning, or fuel stag ing, as il lus trated in fig. 4, means in jec tion of a sec ond ary hy -
dro car bon fuel, gas eous, liq uid or solid, down stream of the main com bus tion zone in or -
der to es tab lish a fuel-rich zone, where ni tric ox ide, NO, is re acted by hy dro car bons to
mainly HCN. In the fi nal com bus tion zone, the burn out zone, fi nal com bus tion takes
place and in ev i ta bly some new NO is pro duced
by ox i da tion, but the over all re sult is re duc tion
of NO by re ac tion with the ni tro gen com pounds 
formed (HCN) in the reburn zone. Reburning is
a high-tem per a ture (1300-1700 K) pro cess,
whose ef fi ciency in creases with tem per a ture.
The amount of fuel in jected is in the or der of 10
to 20% of the boiler’s to tal fuel power. An over -
view is given by Smoot et al. [14]. Orig i nally,
the sec ond ary fuel (the co-fuel) was nat u ral gas, 
whose task is to pro vide hy dro car bons. Later it
was found that reburning also works well with
solid fu els, for in stance bio mass, if the grind ing
is suf fi cient to pro duce fine fuel par ti cles, to -
gether with suf fi cient res i dence time and tem -
per a ture in the fur nace for burn out of the char
par ti cles at the same time as ash de po si tion is
avoided [15, 16]. With solid fu els, not only hy -
dro car bons are in tro duced, but also var i ous ni -
tro gen com pounds in volatiles and char par ti -
cles. These com pounds could be sus pected to in flu ence the reburning ef fi ciency, but few
sys tem atic stud ies have been made to elu ci date this ef fect. Spliethoff and Hein [12] have
com pared var i ous fu els and found that high-vol a tile fu els (biofuels) be have sim i lar to gas 
and slightly better than coal. This re sult is sim i lar to those of the other works re ferred to
above. A rel a tively small quan tity of sew age sludge with high ni tro gen con tent did not
per form as well as other fu els, but it was be lieved that this de pended on other fac tors,
such as a lo cal tem per a ture fall caused by the high ash con tent of the fuel. A mod el ling
study by Vilas et al. [17] showed that the ef fect of fuel ni tro gen is rather small: pos i tive
(in creased NO re duc tion) if the ni tro gen is found in the volatiles and neg a tive if it is in the 
char. In sum mary, the ef fect of fuel type seems not to be out stand ing com pared to other
pa ram e ters in flu enc ing the ef fi ciency of reburning: reburn zone tem per a ture, res i dence
time, reburn fuel per cent age of to tal fuel, reburn zone stoichiometry, par ti cle size, mix ing 
con di tions, etc.

Just like in the co-fir ing ar range ment (d), one can imag ine an al ter na tive
reburning ar range ment for dif fi cult bio mass fu els and wastes where gas is pro duced in an
ex ter nal pyrolyser at suf fi ciently low tem per a ture to avoid devolatilisation of cer tain pol -
lut ants; the py rol y sis gas goes to reburning and the re main ing char is uti lised, af ter sep a -
ra tion of ex ter nal ma te ri als, to some suit able use (e. g. as an ab sorp tion agent in fil ters).
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Figure 4. Schematic arrangement of
fuel and air for reburning in a
pulverised fuel boiler



Such an ar range ment has been sug gested by Fan et al. [18]. These au thors showed the in -
flu ence of the com po si tion of the bio or waste gas on reburning: hy dro car bons are fa vour -
able, whereas CO and H2, not pro duc ing hy dro car bons, have even a neg a tive ef fect on
NO re duc tion. Hence, the py rol y sis con di tions in an ex ter nal re ac tor should be op ti mised
to pro duce a biogas with high hy dro car bon con tent.

After burning means in jec tion of ad di tional fuel in the out let of the cy clone of a
CFB boiler to rise the gas tem per a ture for re duc tion of the N2O emis sion. This could be
achieved with a few per cent ad di tional fuel. How ever, as long as there are no emis sion
lim its for N2O this method has lit tle in ter est.

Plant size

There are no for mal size lim i ta tions. How ever, there are cer tain eco nomic re stric -
tions on how far vo lu mi nous and dis perse ma te ri als, such as bio mass and waste, can be
trans ported, and that lim its the size of a plant fired with these fu els. A max i mum sup ply of
biofuels is 200 to 500 MWfuel (cor re spond ing to the fuel sup ply to the larg est boil ers in the
world, op er ated fully or par tially with bio mass: Örebro [19] and Alholmen [20] in coun tries 
where biofuels in the form of for est re sid u als are abun dant (Swe den and Fin land). Based on 
these ex treme cases, a prob a ble max i mum sup ply to one boiler can be es ti mated to be in the
or der of 100 MWfuel. Com pared to util ity boil ers of sizes 1000-3000 MWfuel, this means
that the max i mum quan ti ties of bio mass con cerned in such boil ers are less than 10% of the
boiler ca pac ity. A likely or der of mag ni tude is per haps 5% of the max i mum boiler ca pac ity. 
Such a quan tity could be han dled with out sub stan tial changes in a pul ver ised boiler and, in -
deed, in a fluidised bed, if the lat ter type of boil ers were to be built with this ca pac ity. 

In gen eral terms the size-cost re la tion ships are like in fig. 5. The cost of a plant de -
pends on size ac cord ing to some power func tion. The ef fect of size on cost makes util ity

plants large, and in such cases there is eco nomic
space for ef fi ciency im prove ments. The same
re la tion ship il lus trates why it is eco nom i cally
dif fi cult to build sim i lar (smaller) boil ers for
bio mass. If they are built at all, there is no eco -
nomic space for high-ef fi ciency ar range ments.
How ever, in co-com bus tion this re la tion ship is
off set: the bio mass fuel is uti lised in the high-ef -
fi ciency large-scale plant. Fig ure 5 also il lus -
trates the trans port lim i ta tion of fu els that are
evenly avail able in a cir cu lar sur face around a
plant. From geo met ri cal rea sons the cost-size
re la tion ship in this case ob tains a power of two.
How ever, such re la tion ships are eas ily bro ken
by mar ket im per fec tions that even make it pos -
si ble to trans port biofuels over the oceans by
boat. Ob vi ously, gen er ali sa tion is pos si ble only
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Figure 5. Cost of capacity Cplant (e. g. of
electric power) in plants of different
sizes (MW) compared with transport
cost of biofuel Ctransport (k are
coefficients)



to a cer tain ex tent. Sev eral lo cal and tem po ral fac tors that are dif fi cult to ex press in a gen -
eral way may in flu ence the ap pli ca tion of co-com bus tion. How ever, cost is de ci sive, in -
flu enced by al ter na tive fuel prices and leg is la tion. There fore, many short-time tests have
been re ported in the lit er a ture, but ac counts for plants in long term op er a tion are scarce
un til the eco nomic con di tion of bio mass uti li sa tion im proves, al though such a trend is
seen in some coun tries, and an in creas ing num ber of plants do op er ate in co-com bus tion
mode.

In the other ex treme, in the small, lo cal plants for co-com bus tion with waste
com bus tion, ef fi ciency may be of less im por tance than op er a tional re li abil ity (Back-up
for the larg est unit in the en ergy sys tem be comes rel a tively more ex pen sive for smaller
sys tems than for large ones).

Fuel properties

The prop er ties and the ra tio of the fu els burned to gether are de ci sive for the out -
come of co-com bus tion. For the gross com bus tion be hav iour of the boiler (com bus tion
cham ber, flue gas and ash han dling sys tems) the prox i mate anal y sis (mois ture and ash
con tents) and the con tent of volatiles are im por tant. The anal y sis of the com bus ti ble part
of the fuel gives in for ma tion on the emis sion pre cur sors (N, S, Cl). The ash form ing el e -
ments (K, Na, Ca, Mg, Al, Si, P) are im por tant to judge slag ging and foul ing, and fi nally,
for waste fu els an anal y sis of the trace el e ments (As, Ba, Cd, Hg, Pb, Se, ...) is needed.
Coal and bio mass/waste dif fer es sen tially with re spect to sev eral of these prop er ties. Ex -
am ples of the com po si tion of biofuels, wastes and coal are given in the lit er a ture [21].
De spite ob vi ous vari a tions from fuel to fuel in each group, there are some typ i cal dif fer -
ences be tween the three groups, coal, biofuels, and or ganic wastes, sum ma rised in tab. 2.

The high con tent of sul phur in coal com pared to the other fu els, the high con cen -
tra tions of chlo rine in some coals, biofuels and wastes, as well as the role of po tas sium in
biofuels for for ma tion of de pos its dur ing com bus tion of biofuels should be ob served as
fuel prop er ties to be fur ther treated be low.
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Table 2. Typical differences between fuels

Parameter Coals Biofuels Wastes

Sulphur Medium to high Low Low to medium

Chlorine Medium Low to high Medium to high

Potassium Bound Medium to high Low

Other alkali Normal Low Low to normal

Alumina, silica High Low to high High



In case the fuel is used in a pul ver ised combustor its size has to be re duced. Con -
ven tional pulverisers for coal are usu ally not suit able for bio mass. In stead of in stall ing
sep a rate pulverisers, ad di tional fuel could be pre-treated (mill ing, pulp ing, steam ing, or
torrefaction) in ded i cated plants if the eco nomic con se quences are ac cept able. In ad di -
tion, wash ing would re move a large amount of the al kali. At pres ent it seems com mon to
pre pare biofuels in the form of pel lets to fa cil i tate trans por ta tion to the boiler plant as well 
as in side of the plant. These pel lets have the ad van tage of vol ume re duc tion, see tab. 3,
but the pel lets are also eas ier to pul ver ise than the orig i nal fuel. An other route to prep a ra -
tion of biofuels for grind ing may be by torrefaction, Berg man et al. [22]. Torrefaction
means heat ing of a bio mass to 200-300 °C for a con sid er able time (in the or der of hours)
to break down the struc ture of the ma te rial, in this way in creas ing the grindability and en -
ergy den sity. The small loss of or ganic gases has to be taken care of. 

   Table 3. Volume of typical biofuels compared to coal having the same
   energy content (Calculated average data from various sources)

Fuel
Ash
[%]

Mois ture
[%]

Vol ume
[m3/m3 coal]MJ

Coal 10 10 1

Wood pellets 1 5 2

Wood powder 1 5 4

Wood chips 1 50 7

Saw dust 1 50 9

Bark 1 50 8

Straw briquettes 5 <18 3

Straw bale 5 <18 13

Straw natural 5 <18 20

The ta ble shows that the com mon forms of bio mass are 7-9 times as vo lu mi nous
as coal and straw has an even greater vol ume. By press ing the finely chopped or ground
ma te rial into pel lets or bri quettes, the vol ume is re duced to about twice that of coal for the 
same quan tity of en ergy, which is rea son able for han dling.

Impact of co-firing

Com pli ca tions may oc cur be cause of the dif fer ences in com po si tion of the fu els
when an ad di tional fuel is fed to a base-fuel combustor. In ex ten sion to what was men -
tioned above, the po ten tially in flu enc ing fac tors can be sorted up into four groups.
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(1) Energy content and volatiles. Some added fuels may be moist and the quantity that
can be added is restricted by the heat balance of the furnace. An extreme example is
wet sewage sludge, whose effective heating value is very low. However, drying of
such fuels can be arranged in energy-efficient ways in an external drier, or, in
combination with a high-value fuel, direct combustion allows drying in the furnace. 

(2) Precursors to gaseous emissions, mostly nitrogen, sulphur, and chlorine. They will be 
more or less converted into nitric or nitrous oxides, sulphur dioxide, and hydrogen
chloride or dioxins, hence they contribute to undesired emissions, or, expressed in a
positive way, the added fuel normally contributes to reduction of emissions if the
concentrations are lower in the added fuel than in the base fuel. 

(3) Ash-forming elements, compounds containing potassium, sodium, calcium, mangan,
alumina, silica, and phosphorous, just to mention the most important ones. Some of
these elements may cause severe problems in the form of deposits on tubes followed
by corrosion and “poisoning” of catalyst surfaces. They may lead to bed
agglomeration in fluidised bed combustors. They may also affect the composition of
the ash in a coal-fired unit, preventing the sale of ashes for secondary utilisation, for
instance, in the cement industry.

(4) Trace elements, of which the heavy metals are the most important ones: arsenic,
beryllium, cadmium, mercury, lead, selenium, etc. There are two types of problems
related to trace elements: either they are volatilised and emitted to the atmosphere with
the flue gases (like mercury and cadmium, depending on the temperature conditions) or
they are accumulated in the
ashes, causing problems for
deposition of ashes.
The im pact of these groups

var ies de pend ing on the type of
ad di tional fuel. Some times there
is a mu tual in flu ence be tween
com po nents of var i ous fu els, as
il lus trated in fig. 6, that can be
called syn ergy ef fects. The fig ure 
shows that the most in flu en tial
in ter act ing spe cies (hav ing most
con nec tions to other spe cies) are
S, Cl, and K (+Na). Some of
these ef fects will be treated in
more de tail be low.

Experiences

In the year 2004 co-com bus tion was em ployed in 135 plants in the world ac cord -
ing to in for ma tion from var i ous coun tries: USA, Ger many, and Fin land hav ing most
plants in op er a tion [24]. Im por tant in for ma tion has been gath ered from short and long
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Figure 6. Synergy effects between co-firing fuels [23]



term tests, in most cases re lated to
the com mon type of boil ers, PC
boil ers. The sit u a tion is sim pler in 
FBC boil ers and ex ten sive test ing
is not so ur gent. More over, FBC
has been ap plied early with a
great va ri ety of fu els in coun tries,
where an ex ten sive knowl edge on 
han dling of the most com mon
biofuels orig i nat ing from the for -
est was al ready avail able (Swe den 
and Fin land). To sum ma rise the
ex pe ri ences from test ing in, prin -
ci pally, PC boiler plants, four
co-com bus tion op tions are sorted
up in fig. 7.

The sim plest op tion is to
blend the added biofuel with coal, in tro duc ing the mix ture through the ex ist ing fuel-han -
dling sys tem and through the ex ist ing pul ver ised coal burn ers (Case A, fig. 7). Here, the
main con straint on the fuel ra tio has been shown to be the be hav iour of the blended fuel in 
the coal mills. Most mills are de signed to pul ver ise bi tu mi nous coals de pend ing on brit tle
frac ture of the coal. Bio mass does not be have in the same way as coal, and the op er a tion
of the mills is not sat is fac tory for large quan ti ties of added fuel. Fur ther more, if the bio -
mass has a con sid er able con tent of mois ture, the heat bal ance of the mill is af fected in an
un de sir able way, and the co-fuel part has to be lim ited to a few per cent of the fuel power
[3]. How ever, for such quan ti ties there are no re stric tions in the rest of the sys tem. 

A sim i lar ex pe ri ence was made by oth ers. For in stance, Savolainen [4] con -
cluded af ter a three-month test with wet (50-65%) saw dust in fuel-power frac tions of
2.5-8% (the vol ume flows in creased with 25 to 50%) that the main ob sta cle was in the
fuel mills. The burn ers per formed well, and this was claimed to be a con se quence of their
mod ern de sign. The only in con ve nience found was re lated to the fuel size: a ma jor ity of
small par ti cles was ac com pa nied by a cer tain amount of larger (sev eral mm) sticks. The
lat ter in flu enced burn out in a neg a tive way. The con clu sions from the test, to be im ple -
mented in the fu ture on the com pany’s (Fortum) boil ers, were: (1) a sep a rate grind ing and 
feed ing sys tem is needed (Case B, fig. 7); (2) the par ti cle size of the biofuel has to be well
con trolled, but a rather coarse grind ing (com pared to coal) is suf fi cient; (3) the avail able
burn ers can be used for coal-bio mass mix tures.

Dur ing a two-year test in the Dan ish power sta tion of Studstrup, straw was fed
through the cen tral tube of pul ver ised fuel burn ers (re plac ing the oil in jec tion lance) [25]. 
The burn ers were fed through a sep a rate feed ing sys tem (Case B, fig. 7) with 10 or 20%
of fuel power. Com bus tion it self does not seem to have been a prob lem. For in stance, the
amount of un burned was higher in the bot tom ash and less in the fly ash, but there was no
ex treme loss of car bon. In stead the main con cern was de pos its and cor ro sion, not sur pris -
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Figure 7. Organization of the fuel supply during
co-firing in PC and FBC boilers



ing, con sid er ing the ex treme fuel used. How ever, also in this re spect the con clu sion was
pos i tive.

The prob lems men tioned should not be of im por tance in FBC sys tems (Case D,
fig. 7). The wa ter con tent of the added fuel af fects the en ergy bal ance and thereby the bed
tem per a ture, but this can be com pen sated for by de sign and op er a tional mea sures. The size
of the added fuel (the size of the ashes) could af fect the size of the bed ma te rial, but usu ally
the ash con tent is ex tremely low in many biofuels, so this should not be a prob lem and only
crush ing should be nec es sary. The re main ing con cern has to do with the al kali and chlo rine
con tent of the ashes. The Alholmen CFB boiler [20] is an ex cel lent ex am ple of the ca pa bil -
ity of a CFB boiler for co-com bus tion. The boiler was man u fac tured by Kvaerner Power.
The ther mal power is 550 MWt, con verted into dis trict heat, in dus trial heat, and elec tric
power. The max i mum elec tric power is 240 MWe (steam data 545/545 oC and 165 bar). The 
boiler can burn bark, wood, peat, and coal, in de pend ently, or nor mally to gether (in fact,
there is an ad van tage of co-com bus tion with coal or peat in that these fu els re move ash
prob lems that may oc cur with mono-com bus tion of bark or wood waste). The very moist
fu els (more than 50% mois ture) re quire wider flue gas paths in the boiler than needed for
dryer fu els and ded i cated fuel han dling sys tems, but oth er wise the de sign is what could be
called a “clas si cal” CFB de sign (in the best sense of the word). It has now been in op er a tion
since the be gin ning of the year 2002.

How ever, there are lim its of what can be done: in Grenå (Den mark) a 60 MWt

coal-fired CFB with up to 60% straw as an ad di tional fuel had con tin u ous prob lems of
var i ous kinds [26]. The prob lems could partly have been re lated to boiler de vel op ment
and were over come af ter the in tro duc tion of mod i fi ca tions, but partly also to the large
frac tion of straw, which is an ex tremely dif fi cult fuel. The con clu sion is prob a bly (no sys -
tem atic tests have been done) that both the quan tity of the co-fuel and its prop er ties (po -
tas sium and chlo rine con tents) have to be lim ited for suc cess ful op er a tion. In Swe den and 
Fin land many FBC boil ers op er ate on mix tures of biofuels and waste fu els that are dif fer -
ent from coal. Just like in Alholmen, no re mark able dis tur bances have been re ported ex -
cept such that have al ready been solved.

Fireside behaviour

The be hav iour of fuel mix tures in side combustors needs to be fur ther stud -
ied. How ever, work has al ready been done, as will be sum ma rised be low.

Combustion behaviour – carbon conversion

Biofuels are more vol a tile matter than coal. This means that fast devolatilisation
will cre ate rapid gas com bus tion in the vi cin ity of a burner. This pro motes the com bus -
tion of coal that con tains less volatiles and ig nites later when fired alone [27]. A sim i lar
ob ser va tion has been made also in a com par i son be tween com bus tion of coal and wood
pow der un der strictly sim i lar con di tions [28]. The wood flame was lu mi nous al ready in
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the vi cin ity of the burner, and then a sec ond zone of com bus tion was ob served a lit tle far -
ther away from the burner. It was in ter preted that the fine fuel par ti cles re leased their
volatiles in the first part of the flame, whereas the sec ond part of the flame was cre ated by
some volatiles and char from the larger size frac tions of the wood pow der. De spite the
fact that the fuel par ti cles were care fully pro duced, the bio mass par ti cles were larger than
the coal pow der, and un der the con di tions of the tests they re quired trav el ling a lon ger
dis tance in the flame to com plete their com bus tion. The same ex pe ri ence is prob a bly
made also in the in dus trial tri als re ferred to above, where ob ser va tions were no so de -
tailed: bio mass (es pe cially wood) tends to be pro duced in a wide par ti cle size dis tri bu -
tion, con tain ing not only the small frac tions burn ing fast enough, but also a cer tain
amount of large (long) par ti cles that could give rise to a mi nor com bus tion loss. It can be
con cluded that coal-bio mass pul ver ised mix tures burn with out prob lem, but the size re -
duc tion of the bio mass to pow der re quires spe cial at ten tion.

The fast re lease of volatiles com pared to the slow com bus tion of char also af -
fects the con di tions in a fluidised bed, al though the size of av er age fuel par ti cles may be
an or der of mag ni tude larger in a bed than in a flame combustor: re lease and com bus tion
of volatiles any way tend to take place in the vi cin ity of the feed point. De pend ent on the
fuel mix and on the fuel prop er ties (con tent of volatiles and size dis tri bu tion), the ad di -
tion of one fuel to an other will mostly be char ac ter ised by re lease and com bus tion of
volatiles. Un less no great change is made in the pa ram e ters men tioned, there will be only
a small im pact of co-com bus tion on the op er a tion of a fluidised bed boiler.

Deposits on heat transfer surfaces

Some ash con stit u ents evap o rate dur ing com bus tion, un dergo chem i cal trans -
for ma tions, and may set tle down on sur faces that have suit able tem per a ture for con den sa -
tion. Other solid ash con stit u ents can like wise stick to a tube sur face, once a film has been 
formed on the tube. De pos its are formed and cor ro sion may oc cur. In ves ti ga tion of the
be hav iour of var i ous fuel ashes in fluidised bed [29] shows that dur ing com bus tion of
coal and peat, the main com po nents in the ashes are sil i cates. Sul phur is most likely as so -
ci ated with cal cium in solid form, and the re main ing sul phur is found in the flue gases, as
well as chlo rine in the form of HCl. In case of com bus tion of wood chips, al kali salts ap -
pear in the ash sam ples and in the de pos its on tubes. Even though the fuel con tains small
quan ti ties of chlo rine and sul phur, these two el e ments are en riched in the de pos its and in
the fly ash. Coal and peat con tain more ashes than wood, but the de pos its are better be -
haved and eas ier to re move than those from wood, al though the pro pen sity for de po si tion
of ash con stit u ents from wood is less than that of other biofuels, such as straw. The be -
hav iour of dif fer ent fu els re flects their prop er ties with rel e vance to co-com bus tion. Judg -
ments on de posit for ma tion are usu ally based on equi lib rium cal cu la tions [30-33]. The
com po si tion of the fu els, the com bus tion tem per a ture (PC or FBC), the res i dence time at
a cer tain tem per a ture and the tem per a ture of the de posit are im por tant pa ram e ters. It is
clear that some of the al kali spe cies (K) are pref er en tially bound in alumino-sil i cates in
coals, and then not eas ily re leased at the com bus tion tem per a tures of an FBC, whereas in

18

THERMAL  SCIENCE: Vol. 11 (2007), No. 4, pp. 5-40



most biofuels the po tas sium is free to be re leased dur ing devolatilisation and char com -
bus tion. The al kali com pounds of in ter est are found in gas eous form in the com bus tion
zone and in solid or liq uid form at the de posit tem per a ture. It is not known ex actly how
the ac tive sub stance, po tas sium, leaves a biofuel par ti cle, but if there is chlo rine pres ent,
gas eous KCl is formed both in side and out side of the par ti cle. If there is in suf fi cient chlo -
rine (mo lar ra tio Cl/K < 1), the po tas sium finds other spe cies and has a stron ger ten dency
to be come at tached to solid par ti cles, and, hence, de posit for ma tion is re duced. The in flu -
ence of the avail abil ity of chlo rine to cre ate KCl, which en hances de po si tion, was il lus -
trated by Miettinen-Westberg et al. [34] af ter ad di tion of HCl to CFB com bus tion of
wood, as seen in fig. 8.

The fig ure shows that ad di tion of coal makes the de pos its smaller than for pure
wood, whereas ad di tion of chlo rine pro duces a cat a strophic rate of (ini tial) de po si tion (10 
times higher than for wood and 20 times higher than for coal). The de pos its con sisted not
only of KCl, and, es pe cially in the coal cases, a num ber of com plex com pounds, in clud -
ing ox ides, were re corded. Ac cord ing to equi lib rium cal cu la tions, the pres ence of sul -
phur dis places the melt ing re gion of the po tas sium com pound (now K2SO4) to wards
higher tem per a tures (roughly from 800 to 1100 °C, if re duc tion of the melt ing tem per a -
ture in var i ous eutectica is dis re garded). This could be one ex pla na tion why there are less
de pos its when more coal is used: K2SO4 is formed in stead of KCl. If sul phur is pres ent,
KCl or al kali met als (MCl), may re act with sul phur:

2MCl + SO2 + ½O2 + H2O = M2SO4 + 2HCl (R1)

There are dif fer ent opin ions on whether this con ver sion (and oth ers) takes place
in the gas phase or in the de posit layer. At least when it takes place in the gas phase, the
dan ger of cor ro sion from chlo rine is re duced and re placed with sul phur-pro moted cor ro -
sion, which is less se vere and more nor mal in coal fired boil ers. It is gen er ally known that
the pres ence of ex cess sul phur (S/Cl > 4) has a ben e fi cial ef fect for re duc tion of chlo -
rine-in duced cor ro sion in waste combustors [35]. This has been il lus trated in fig. 9 [36].
In this fig ure, avail able al kali is the al kali that is not bound in min er als but is freely avail -
able for re ac tion and can be washed away from the fuel in wa ter or am mo nium ac e tate. In
con clu sion, co-com bus tion with some biofuels or wastes, con tain ing con sid er able
amounts of po tas sium and chlo rine, could lead to en hanced de pos its and cor ro sion. On
the other hand, the sul phur in coal has a ben e fi cial im pact on this be hav iour and con sid er -
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Figure 8. Initial deposits on a
500 °C tube in a CFB at 800 °C
in five cases of operation with
different mixes of coal and
wood and one case with HCl
addition (from [34])



ably re duces the dan ger of de pos its. More -
over, the quan tity of ad di tional fuel is nor -
mally small and that will fur ther re duce
de pos its and en hance the ef fect of sul phur,
which is usu ally pres ent in the base fuel,
coal. In fact, test runs with co-fir ing of
biofuels have been re ported with out any
re marks on un usual de pos its or cor ro sion
[3] or with the state ment that no un usual
cor ro sion was ex pe ri enced [4]. Sew age
sludge (2% of to tal fuel mass) has been
co-fired for sev eral years with out “any
neg a tive in flu ence on the op er a tion of the
power block” [37], whereas high tem per a -
ture cor ro sion was ob served in a sim i lar
case [38]. It is not clear from the re port

whether the lat ter was caused by the co-com bus tion or if it would have oc curred in
any case.

A hy po thet i cal ex am ple elu ci dates the prob lem from the prac ti cal point of view:
as sume that a cer tain com bi na tion of coal and bio mass could be op er ated with out dis tur -
bances, cf. fig 8. Main tain ing the bio mass, as sume that the coal was sub sti tuted with an -
other coal of the same rank; then the growth of de pos its in this hy po thet i cal ex am ple in -
creased in an un ac cept able way. The rea son would be that, al though the two coals were
sim i lar from a gen eral com bus tion point of view, the sul phur-chlo rine re la tion ship was
un fa vour ably changed; the chlo rine con tent was higher in the new coal than in the pre vi -
ous one, and en hanced de pos its were caused by KCl.

Many of the tests re ported in the lit er a ture on co-com bus tion were car ried out
dur ing a cou ple of hours or a cou ple of days; no prob lems are re ported, but no in for ma -
tion is given on the com po si tion of the fu els or on built-up of de pos its that could be im -
por tant in long-term op er a tion. There fore, some of the pub lished test re sults on co-com -
bus tion, re ferred to here, be come in con clu sive with re spect to ash build-up on sur faces
and cor ro sion.

At high tem per a tures (in flames) for ma tion of K-sil i cates or K-Al-sil i cate is pos -
si ble [30, 39]. The for mu la tion is be lieved to take place also un der FBC con di tions [40,
41] and then del e te ri ous po tas sium would be re moved. In ad di tion to the pos i tive ef fect of 
sul phur, the ex pe ri ences in di cated that alumino-sil i cates sup plied with many coals could
bind the po tas sium re leased from biofuels, which could be part of the ex pla na tion why
de pos its were re duced by co-com bus tion with coal. This could also be part of the ex pla -
na tion why peat seems to have a sim i lar pos i tive ef fect on re duced de pos its dur ing co-fir -
ing of peat with bio mass and waste, ac cord ing to a wide-spread Nordic ex pe ri ence [2,
20]. An anal o gous pic ture is given by sew age sludge, also con tain ing alumino-sil i cates in 
the form of used zeolites. Ad di tion of a cer tain quan tity of sludge sub stan tially re duces
the ini tial rate of de po si tion in co-com bus tion with wood waste [42]. In this case the par -
ti cle-size dis tri bu tion of fly ashes in the flue gas duct was mea sured. This showed that the
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Figure 9. Chlorine in deposits as a function 
of sulphur addition, in molar ratio to
available alkali (from [36])



de pos its were pro moted by the
submicron po tas sium chlo ride par -
ti cles that dis ap peared when sew -
age sludge (3-10% of the en ergy)
was added to the com bus tion in a
CFB boiler op er ated with wood as a 
base fuel, as il lus trated in fig. 10.
At the same time (when sludge was
added) al most no de pos its were
formed.

Jiménez and Ballester [43],
mea sured co-fir ing of orujillo (ag ri -
cul tural res i due) and coal in an en -
trained flow re ac tor and found the
same type of two-mode par ti cle
size dis tri bu tion with K, S, Cl, and
P in the submicron par ti cles, while
the coarse par ti cles had a com po si -
tion sim i lar to the over all one of fuel ashes. Chlo rine co-ex isted with po tas sium dur ing
com bus tion of orujillo only, whereas dur ing co-com bus tion with coal, chlo rine was re -
placed by sul phur. Si and Al were pres ent in the coal cases but did not play any sig nif i cant 
role. In con trast, Seames et al. [44] mea sured an in crease of submicron par ti cles dur ing
co-fir ing of coal and sew age sludge com pared to coal alone. In this case, flame com bus -
tion with peak tem per a tures of al most 1600 K, re frac tory el e ments (Fe, Si) vapor ise and
an in ter ac tion be tween these par ti cles could have been a rea son for the ob served op posed
ef fect com pared to that of fig. 10, be cause the im pact of al kali va pours should be lower
with coal than with biofuels. How ever, Seames et al. [44] guessed that spe cies de rived
from sludge (pos si bly al kali met als) and those from coal (pos si bly sul phur and/or chlo -
rine) may have been re spon si ble. (Hence, not only the op po site ef fect was ob served but
also the op po site ex pla na tion was given, com pared to the re sults men tioned above!)

Straw is an ex treme bio mass fuel with re spect to de pos its and bed ag glom er a tion 
be cause of its high con tent of po tas sium and chlo rine. Wieck-Hansen et al. [25] re port
from the care fully per formed two-years test on co-fir ing with straw (K 1.5%, Cl 9.55%
dry fuel) in the 380 MWt coal-fired boiler re ferred to above (coal S 1%, Cl 0.2%). With
10 en ergy-% of straw, the cor ro sion be hav iour was more or less sim i lar to that un der nor -
mal con di tions with coal only, but with 20% straw the cor ro sion rate was in creased by a
fac tor 2-3 com pared with nor mal (me dium cor ro sive) rates for coal. The con clu sion was
that at least 10 en ergy- % straw can be co-fired with coal in a boiler with a stan dard steam
tem per a ture of 540 °C, and even 580 °C could be tol er ated with out con sid er able cor ro -
sion risk. Dur ing these tests the de pos its formed con tained a large ex tent of po tas sium
alumino-sil i cates and po tas sium sul phate, at the same time as a great deal of po tas sium
was found in the fly ashes in the same forms. Most of the chlo rine left the boiler as HCl,
and there was lit tle KCl in the de pos its [30]. Ob vi ously, this is an ex am ple of the ben e fi -
cial ef fect from the min er als and from the sul phur in the coal on the trans for ma tion of the
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Figure 10. Mass size-distribution of particles
collected in the flue gas path of a 12 MW CFB boiler
at 270 °C with and without sludge addition [42]



po tas sium in straw. It should be re peated that straw is an ex treme case, as it con tains
much more po tas sium and chlo rine than most bio mass fu els. Hence, it can be in ferred
from this care fully per formed and ana lysed test that co-fir ing of bio mass with the main
fuel coal can be car ried out with out im me di ate dan ger for de pos its and cor ro sion, pro -
vided that the coal is a nor mally traded one with out ex treme prop er ties (par tic u larly, with
mod er ate chlo rine con tent).

In ad di tion to de pos its on superheater tubes, in fluidised beds there may be a
prob lem with bed ag glom er a tion when em ploy ing biofuels, at least if the bed con sists of
sil ica sand. Sil ica sand grad u ally re acts with po tas sium to form low-tem per a ture melts,
caus ing the bed to sinter, stop ping fluidisation. Ad di tion of a cer tain quan tity of coal or
peat would solve this prob lem. This has been in ves ti gated by Lundholm et al. [45], who
con clude that add ing a rel a tively small quan tity of peat (5-30%) to com bus tion of rather
dif fi cult bark from spruce pre vented the bed from sintering. Al though there were no al -
kali-re tain ing min er als in the peat, sig nif i cant amounts of KAlSi3O8 and K2Ca(CO3)2

were iden ti fied in the fly ashes. Fur ther more, the lack of sintering was ex plained by for -
ma tion of al kali sulphates. Nat u rally, other bed ma te rial than sil ica sand could also solve
the prob lem of bed sintering: ol iv ine sand or fuel ashes, de pend ing on the ash con tent of
the fu els.

In sum mary, it seems quite clear that one of the sig nif i cant draw backs with burn -
ing bio mass in boil ers, for ma tion of de pos its on heat trans fer tubes and bed ag glom er a -
tion in fluidised beds, can be elim i nated or at least mit i gated by co-com bus tion with coal
and even with peat that may be avail able as a fuel in some re gions. Sew age sludge has the
same ef fect, as will be shown be low.

Pollutant formation and destruction

Dioxins, chlorine, and sulphur

Some fu els con tain ing chlo rine could be sus pected to give rise to emis sions of
di ox ins, es pe cially if the ashes of the par tic u lar fuel or the coal con tain cop per or other
cat a lysts for di oxin for ma tion. Many in ves ti ga tions have shown that the emis sion of di -
oxin from large coal-fired plant is neg li gi ble, de spite con sid er able con tent of chlo rine
and po ten tial cat a lysts in the ash. This lead Grif fin [46] to pos tu late that cat a lytic re moval 
of the ac tive chlo rine Cl2, pre vi ously formed by:

2HCl + ½O2  «  Cl2 + H2O (R2)

takes place through reaction with sulphur:

Cl2 + SO2 + H2O  « 2HCl + SO3 (R3)

Re ac tion (R2) pro ceeds cat a lyt i cally at low tem per a tures, and it has been shown
[47] that re ac tion (R3) con trib utes to the re moval of Cl2 as soon as there is sul phur avail -
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able, even at 400 °C. Many re search -
ers re fer to re ac tion (R3) and prove
that sul phur ad di tion re duces the for -
ma tion of di ox ins, e. g. [48, 49]. A fur -
ther route of di oxin for ma tion was in -
ves ti gated [50], and an in flu ence of
sul phur was found on chlo ri nated phe -
nols, prob a ble pre cur sors to di oxin, as
shown in fig. 11.

When the sul phur con cen tra -
tion is suf fi ciently high com pared to
the chlo rine con cen tra tion, chlo ri -
nated phe nols are not ob served. A
sim i lar con clu sion was drawn by Gul -
let and Raghunathan [51] re gard ing re duc tion of PCDD/F based on in ves ti ga tions of
ashes from a waste combustor ex posed to flue gases from nat u ral gas or coal com bus tion:
when the mo lar ra tio S/Cl was above unity a sub stan tial re duc tion of the di oxin/furan
yield took place.

In sum mary, it has been
stated by many re search ers that
sul phur has an ef fect on di oxin
emis sion, al though it is not ex -
actly known how this ef fect
takes place, as sum ma rised on
fig. 12.

To some ex tent the dis cus -
sion has dealt with the mo lar ra -
tio S/Cl needed. Tests in large
scale plants have in di cated that
the pres ence of sul phur, in deed, 
re duces the di oxin emis sions
(for in stance [52, 53]). How -
ever, be cause of “mem ory ef -
fects” and dif fi cul ties re lated to 
the op er a tion of long tests un -
der con stant con di tions in com -
mer cial boil ers, only a strong
in di ca tion is pro vided but no
def i nite proof. Care fully de signed tests with con tra dic tory re sults [54] show in con trast
that sul phur has no in flu ence on re duc tion of di ox ins. The tests were car ried out with
com bus tion of low-ash wood pel lets. The con cen tra tions of di ox ins mea sured were al -
ways low in the tests, with or with out sul phur ad di tion. The level of con cen tra tion could
have had some in flu ence: in con trast to the other in ves ti ga tions on the in flu ence of sul -
phur, show ing re duc tions from in the or der of 10 to 1 ng/Nm3TE (toxic equiv a lents)
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Figure 11. Relative yield of chlorinated phenols
as a function of the molar ratio S/Cl (from [50])

Figure 12. Summary of possible influence of sulphur on
formation of dioxin



while the emis sion limit is 0.1 ng/Nm3TE, the tests of An thony et al. [54] con cern con -
cen tra tions of a power of ten lower than the emis sion limit. There are test re sults from
co-com bus tion with coal in com mer cial boil ers show ing seem ingly pos i tive re sults (in -
sig nif i cant con cen tra tions of di oxin/furan), but as no fuel anal y ses are given, quan ti ta tive 
com par i sons can not be made with the above re sults.

So far, the con clu sion is that di oxin emis sions of any im por tance have not been
ob served in large coal-fired plants. Then, if sul phur is im por tant for the re duc tion of di -
oxin for ma tion, there will be no emis sions of di oxin from co-com bus tion with fu els con -
tain ing suf fi cient sul phur, as long as their chlo rine con tent is rea son ably low. How ever,
well doc u mented con vinc ing mea sure ments on com mer cial plants are still needed. In this 
con text one could ask what hap pens in a fluidised bed combustor, op er ated with sul phur
cap ture in the bed when the sul phur is re moved al ready in the bed, while chlo rine will be
pres ent in the flue gases and may re act with lime only at low tem per a tures, if re moved at
all. Then the S/Cl ra tio will be low in the crit i cal tem per a ture ranges. This is an other item
of re search that awaits be ing done.

Nitrogen oxides and sulphur oxides

The in ter est in co-com bus tion would cer tainly be stim u lated if it can be shown
to lead to re duc tion of harm ful emis sions of sul phur and es pe cially of ni tro gen ox ides.

Un der oxi dis ing con di tions SO2 is the dom i nant sul phur-con tain ing prod uct of
com bus tion of fu els con tain ing sul phur. It is pro por tional to the con tent of sul phur in the
fuel if some mi nor ab sorp tion of sul phur in the ash min er als is dis re garded. If the ad di -
tional fuel con tains less sul phur than the coal, the SO2 emis sion is re duced pro por tional to 
the dif fer ence in amount of sul phur in the fu els. Fur ther more, there is some ab sorp tion of
sul phur by po tas sium in the added fuel, but that is no ta ble only at low quan ti ties of sul -
phur. For these rea sons, re place ment of coal with bio mass re duces the SO2 emis sion.

For PC boil ers the emis sion of N2O is al ways neg li gi ble, ir re spec tive of
co-com bus tion. The NO emis sions, though, are re ported to be re duced by co-com -
bus tion [3], but the amount of re duc tion de pends on the type of coal [4]. In a more
com pre hen sive test, in clud ing com mer cial as well as lab o ra tory scale burn ers [55], a
clear con tin u ous re duc tion of NO was shown with in creas ing amount of ad di tional
fuel (straw in this case). Sim i lar tests with sim i lar re sults have been per formed by
Spliethoff and Hein [12]. From the re sults pre sented, two con clu sions can be drawn;
(1) some large-scale co-com bus tion tests con cern so small quan ti ties of ad di tional
fuel (<10%) that the im pact of co-com bus tion on NO re duc tion can hardly be no ticed, 
and (2) in flame com bus tion, the NO re duc tion achieved is small but clearly seen, at
least at large frac tions of added fuel to coal, but it also de pends to a large ex tent on the 
de sign of the burn ers and on the prep a ra tion of the fuel.

Flame com bus tion is much more sen si tive to the ar range ment of the com bus tion
than fluidised bed. Fluidised bed com bus tion ex per i ments for a wide range of fuel ra tios,
us ing coal and wood, have been per formed by Leckner and Karlsson [56]. The re sults are
pre sented in fig. 13. The op er a tion of the 12 MW CFB boiler used with var i ous fuel mixes 
took place at con stant bed tem per a ture and air sup ply. Con stant op er a tion con di tions
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could be main tained de spite the vari a tions in the heat ing val ues of the fu els, be cause the
heat bal ance of the bed was sat is fied by an ex ter nal heat exchanger and by other ar range -
ments not af fect ing bed tem per a ture and air sup ply.

Fig ure 13a shows the ef fect of re duc tion of SO2 emis sions with in creas ing frac -
tion of added wood as a con se quence of smaller in put of sul phur with the added fuel, in
prin ci ple ob served also in pul ver ised fuel combustors. Here, the amount of sul phur is
large in re la tion to po tas sium and no ab sorp tion by ashes are seen as the fuel ra tio
changes: the sul phur emis sion var ies lin early with the fuel ra tio.

Emis sion of N2O, ni trous ox ide, is sig nif i cant in fluidised bed com bus tion. Fig -
ure 13b shows that the emis sion in creases with the in put of ni tro gen with coal (the ni tro -
gen con tent of coal is about ten times higher than that of wood). As re peated in many
tests, the emis sion al most van ishes dur ing com bus tion of wood, per haps be cause the ni -
tro gen is mostly trans formed into NH3, which is not an im por tant pre cur sor of N2O at the
tem per a tures con cerned, and per haps also be cause of the high con cen tra tions of hy dro -
gen ob served dur ing fluidised bed com bus tion of wood. Hy dro gen is known to be an ac -
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Figure 13. Emissions from co-combustion of coal and wood chips
(a) sulphur dioxide, (b) nitruous oxide, (c) nitric oxide, (d) carbon monoxide
(from [56])



tive spe cies for re duc tion of N2O. This could be the ex pla na tion why the re place ment of
wood chips with saw dust re sulted in a slightly en hanced re duc tion of N2O, as seen in fig.
13b (but there is no in flu ence of saw dust in fig. 13c, and, of course, not in fig 13a). The
saw dust tends to be car ried away with the gas to burn in the top of the riser or in the cy -
clone, in creas ing the tem per a ture there, an ef fect that de stroys N2O. In PC combustors
the tem per a ture lev els are al ways high enough for the emis sions of N2O to be come in sig -
nif i cant, ir re spec tive of the fuel mix.

Ni tric ox ide, NO, fig. 13c, shows a strange be hav iour. The emis sion first in -
creases with ad di tion of coal and then de creases. Even more sur pris ing is the fact that the
emis sion from pure wood is some what higher than that from pure coal de spite the great
dif fer ences in ni tro gen con tent in the fu els, as pointed out in con nec tion to the N2O emis -
sion. The ex pla na tion is re lated to the ca pa bil ity of char to re duce NO: the char con tent in
the bed, de spite op er a tion with con stant power, is very small dur ing com bus tion of wood
and in creases grad u ally when coal is added (it is about ten times higher with 100% coal
than with 100% wood). Hence, the abil ity of the bed to re duce NO by char is smaller with
wood than with coal. When coal is first added to a bed burn ing wood, there is noth ing that 
re duces the larger quan tity of NO formed from the coal, and NO in creases. As the frac tion 
of coal in creases, the char con cen tra tion in the bed in creases grad u ally, and the emis sion
of NO falls to wards its value for pure coal com bus tion. This ben e fi cial ef fect of coal has
also been ob served in co-com bus tion of sew age sludge with coal [57]. Sludge con tains
large quan ti ties of ni tro gen, and mono-com bus tion yields high con cen tra tions of NO that
have to be abated by flue gas treat ment. How ever, in co-com bus tion with coal and a suit -
able ar range ment of the air sup ply, the emis sions from co-com bus tion of sludge and coal
are be low pres ent emis sion lim its with out the need for re moval of NO from the flue gas,
as will be dem on strated be low.

Fi nally, the CO emis sion pat tern, shown in fig. 13d, is a char ac ter is tic of a well
de signed CFB boiler; the CO emis sion is low for wood and higher (but still low) for coal.
The rea son is found in the ten dency for volatiles to burn in the cy clone, in creas ing the
tem per a ture some what there and, hence, en hanc ing burn out. This ef fect was fur ther stim -
u lated by add ing saw dust to coal. There is also a con tri bu tion from char com bus tion: the
rea son for the in her ently higher emis sions of CO dur ing com bus tion of coal in CFB is the
dom i nance of CO pro duc tion over re duc tion in char burn out that takes place in the cy -
clone, which is much more im por tant for coal than for wood (coal con tains much more
char than wood).

The emis sion dur ing co-com bus tion of pa per mill sludge and coal has been stud -
ied by Tsai et al. [58] in a 103 MWt CFB boiler. In con trast to the above re sults, the ni tro -
gen and sul phur con tents were al most sim i lar in the two co-fu els. Nev er the less, there was
a re duc tion of both SO2 and NO con cen tra tions with in creas ing sludge frac tion. The re -
duc tion of SO2 was a re sult of the lime con tent in the sludge, and the re duc tion of NO was
ex plained to be a con se quence of the fall ing bed tem per a ture with in creas ing sludge frac -
tion (wet sludge with a low heat ing value). Fur ther more, in both cases the con cen tra tions
were pre sented with out cor rec tion for the in creas ing amount of wa ter vapour in the gas. It 
is im por tant to no tice that, in gen eral, such tests with FBC have been af fected by the un in -
tended vari a tion of sev eral pa ram e ters si mul ta neously, just like the one re ferred to: in a
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com mer cial boiler the tem per a ture can not nor mally be main tained con stant over vide
ranges of pa ram e ter vari a tions. A sim i lar prob lem seems to have af fected the co-com bus -
tion mea sure ments by Desroches-Ducarne et al. [59]. In this lab o ra tory CFB, 4 m high
and with a di am e ter of 0.1 m, the bed tem per a ture could be main tained, but it is dif fi cult
to op er ate a lab o ra tory-scale CFB combustor: the tests were af fected by a high com bus -
tion loss dur ing com bus tion of coal and per haps some dis tur bance dur ing the com bus tion
of waste, since the CO con cen tra tion was high in that case (the high CO con cen tra tion
was ex plained by in hi bi tion of CO ox i da tion by chlo rine, a pos si ble ef fect). The NO
curve (cor re spond ing to fig. 13c) was straight, but the dif fer ence be tween the ni tro gen
con tents of the fu els was small, so this re sult seems qual i ta tively rea son able.

In fact, the pe cu liar shape of the curves in fig 13c has given rise to some dis cus -
sion [60]. Math e mat i cal mod el ling of the same case has shown straight curves. Al though
the model used is quite com plex, it is not fi nally de vel oped, and the re sults are sen si tive to 
small changes in the as sump tions. Com par ing the same model re sults with a sim pler
semi-em pir i cal qual i ta tive model, the ob served shape of the NO vs. fuel frac tion curve
could be qual i ta tively ex plained [61].

Emission legislation

In the Eu ro pean Un ion there is an ex plicit leg is la tion re gard ing co-com bus tion.
If co-com bus tion is ap plied in an ex ist ing power plant, the emis sion lim its for that plant
have to be re vised ac cord ing to the EU Di rec tive on in cin er a tion of waste (2000/76/EC)
[62], where the emis sion lim its are a weighted value of the lim its for 100% base fuel, e. g.
coal, and for 100% waste, e. g. sew age sludge. Ex am ples of data are given in tab. 4. The
weight ing fac tor is the flue gas vol ume pro duced dur ing mono-com bus tion of ei ther fu -
els. The emis sion limit (EL) for each pol lut ant i re sult ing from co-fir ing is:

EL
V EL V EL

V V
i mix

w i w bf i bf

w bf

=
+

+
(1)
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Table 4. Some emission limits for CO, NO, SO2, and Hg (daily mean values)

EU Di rec tives

Com bus tion plants
Waste in cin er a tion

Solid fu els Bio mass

CO [mg/mn
3 ] lo cal di rec tives 50

NOx [mg NO2/mn
3 ] 300 300 200

SOx [mg SO2/mn
3 ] 525 200 50

Hg [mg/mn
3 ] 0.05 0.05 0.05

Ref. O2, vol.% 6 6 11



where  Vw [m n
3 /h] is the  exhaust  gas  volume  from  waste only at 11% oxygen content,

Vbf [m n
3 /h] – the exhaust gas volume from the base fuel only at 6% oxygen content, ELi w

[mg/m n
3 ] – the emission limit for pollutant i in a waste combustion plant, and ELi bf 

[mg/m n
3 ] – the emission limit for pollutant i for e. g. power plants, given in the Directive. 

The normal conditions are: temperature 273 K, pressure 101.3 kPa, and dry gas.
An ex am ple of the ap pli ca tion of the Di rec tive is shown in figs. 14a and 14b,

where emis sion data from co-com bus tion in a CFB boiler with coal-wood and wood-sew -
age sludge are given [63].
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Figure 14 . Comparison between measured values (symbols) in a
CFB boiler firing wood and sewage sludge (a), and coal and
sludge (b) and the EU Incineration Directive (from [63])



Some re marks can be made on ba sis of the com par i son:
– during co-combustion with coal there is no problem in accommodating a rather large

fraction of sludge before any emission limit is exceeded, despite the high sulphur and
nitrogen contents in sludge,

– during co-combustion with wood, however, the amount of sludge is limited by the
peculiar discrimination of suphur emissions from wood in the EU legislation, see tab.
4; in the case of co-combustion with sludge, lime addition to the bed is not an efficient
remedy, since the phosphorous in sludge tends to “poison” the lime by forming
calcium phosphate (Ca3(PO4)2) before the lime has reacted with sulphur [64]; it was
shown above, though, that even an amount of sludge below 10% has a reducing effect
on deposits on tubes, so addition of sewage sludge to a biomass boiler should still be
of interest, and

– there is not yet any emission limit for the greenhouse gas N2O.
The emis sions men tioned are ex am ples. There are more emis sions in cluded in

the In cin er a tion Di rec tive. The emis sion lim its are cal cu lated in the same way. The Di -
rec tive im poses sev eral other con di tions to be con sid ered when a boiler is con verted from 
a mono-fuel combustor to a co-fuel combustor:
– combustion gases should be maintained at a temperature of more than 850 °C for more 

than 2 seconds (but there is no requirement that this should be from the last injection
point of air as in the mono-combustion case),

– no added fuel is allowed as long as the furnace temperature is below 850 °C, for
instance during startup,

– the heat generated should be utilised as much as possible,
– the residuals from the process should be minimised, and
– the process should be monitored by measuring equipment.

Downstream impacts – deactivation of catalysts

On the one hand, co-fir ing is de sir able for re -
duc ing CO2 emis sions from fos sil fu els; on the
other hand, the NOx emis sions have to be re duced
to quite low lev els, of ten re quir ing a cat a lytic NO
re duc tion sys tem (SCR) in the flue gas path. The
ques tion is if the co-com bus tion fu els af fect the
cat a lytic sur faces: will there be a cat a strophic de-
-ac ti va tion of the cat a lyst, as spec u lated in fig. 15?

De ac ti va tion could take place, caused by de -
pos its of al kali com pounds, such as NaCl, KCl,
Na2SO4, and K2SO4, on the cat a lyst’s sur face or
by pore plug ging of a sur face layer by, for in -
stance, CaSO4. Other pos si bil i ties are de ac ti va -
tion by phos pho rous com pounds or poi son ing by
As, etc.
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Fig ure 15. De ac ti va tion of a SCR
cat a lyst. Com par i son be tween a reg -
u lar case and a hy po thet i cal case
where a biofuel poi sons the cat a lyst
sur face



The few test re sults avail able in di cate that con ven tional cat a lyst sur faces are
grad u ally de ac ti vated dur ing co-com bus tion. The straw-fir ing test re ferred to above [25]
re ports re sults from a test-cat a lyst sur face in serted in the flue-gas path at 350 °C
(high-dust con di tions) and down stream of the elec tro static precipitator at about 200 oC
(low-dust con di tions). The re sults were, in brief, that the high-dust cat a lyst lost about
30% ac tiv ity in 2500 hours and the low-dust cat a lyst 15%, much higher loss rates
than ex pected for a purely coal-fired unit. How ever, the test sur faces are shorter than
a com mer cial cat a lyst sur face and could be sus pected to be cov ered faster with dust,
in this case dust con tain ing sil i con, sul phur, and alu mi num, but also po tas sium and
phos phate in high quan ti ties. It was be lieved that de ac ti va tion was a re sult of de po si -
tion on the sur face and only to a mi nor ex tent of po tas sium block ing the pores.

A Swed ish study by Kling et al. [65] on de ac ti va tion of a high-dust test-cat a lyst
sur face used co-com bus tion of wood and waste fu els (mainly re lated to wood, such as
bark) with about the same po tas sium con tents (about 1500 mg/kg dry fuel) but dif fer ent
chlo rine con tents (low for wood and sev eral times higher for the waste fu els). Also other
min eral con stit u ents were higher in the waste fu els. In this case the de ac ti va tion was be -
tween 40 and 90% af ter 2500 hours in a test stand, de pend ing on the amount of waste
fuel. The con clu sion was that the de ac ti va tion de pends on al kali in ter ac tion with the cat a -
lyst sur face, but in some cases also lead (from the par tic u lar waste fuel used) played a
lead ing role. The po tas sium con tent was about the same in all fu els, and ob vi ously, the in -
flu ence of chlo rine was im por tant. It was also ob served that the al kali com pounds were
sol u ble in wa ter, so it was pos si ble to re gen er ate the cat a lyst by wash ing, thereby pro -
long ing its life time.

Fig ure 16 shows the de cay in ac tiv ity of cat a lyst test sur faces mounted in boil ers
burn ing mostly wood waste from the for est. The scarce in for ma tion avail able about the
tests seems to in di cate that the mode of com bus tion has an in flu ence.

By com par ing the re sults pre sented, the con clu sion may be (dis re gard ing pos si -
ble in flu ences of the test con di tions) that the ben e fi cial ef fect of coal in the first test men -
tioned re duced the rate of de ac ti va tion and cre ated a more fa vour able sit u a tion than dur -
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Fig ure 16. Per for mance of
cat a lyst test sur faces in
fluidised bed boil ers burn -
ing for est wastes and pul -
ver ised wood. (GROT
means chips from
branches, roots, and tops of 
a tree), Vattenfall (2006)



ing co-com bus tion of fu els re lated to wood only. There is clearly a need for more gen eral
and sys tem atic stud ies in this field in or der to draw safe con clu sions.

Ash disposal

Ash from pul ver ised coal plants is nor mally re cov ered to be uti lised in in dus trial
ac tiv i ties, of ten in the ce ment in dus try. This has an eco nom i cal sig nif i cance for the util ity
com pa nies that can sell the ashes, and fur ther more, they do not have to de posit the ashes. If
co-com bus tion con trib utes with an ash that makes this sec ond ary uti li sa tion of ash im pos si -
ble, the ad van tages of co-com bus tion are sig nif i cantly re duced. This may im pose re stric -
tions (on the quan tity of co-fuel and its ash prop er ties) used for co-com bus tion. In Den -
mark, where fly ashes are mainly used for ce ment and con crete, the fly ashes from the
Studstrup power sta tion (10% straw) are sold for ce ment pro duc tion. Ne go ti a tions are con -
ducted to al low a higher frac tion of straw and to de liver ashes for con crete pro duc tion [67].

Sludge co-combustion

Sludge, in gen eral mu nic i pal sew age sludge, can not eas ily be de pos ited and
com bus tion is a means to re duce the quan tity and at the same time re gain en ergy. Of ten
in cin er a tion takes place with some sup port fuel to main tain a rea son able com bus tion tem -
per a ture. Here, it is of in ter est to eval u ate the prop er ties of sludge as a co-com bus tion fuel 
for any co-com bus tion sit u a tion, not just in cin er a tion. Ta ble 5 gives a sur vey of the prop -
er ties of some sew age sludg es com pared with in dus trial sludg es from the pulp and pa per
in dus tries and some base fu els, ei ther wood, bark or coal. De pend ing on pre cip i ta tion
agents, sludg es may have dif fer ent com po si tion; in the pres ent cases Fe and Al are the
most no ta ble el e ments, orig i nat ing to a large ex tent from such pre cip i ta tion agents. Fur -
ther more, the ash con tent is high. The mois ture con tent is a pa ram e ter of im por tance (dry -
ing) that will not be treated here, but it de ter mines the modes of co-com bus tion: (1) a mi -
nor quan tity of sludge added for de struc tion in a boiler de signed for con ven tional base
fuel, and (2) a mi nor quan tity of high cal o rific-value fuel added to an in cin er a tor to main -
tain an ac cept able com bus tion tem per a ture. In the first case the sludge is prob a bly dried
to a mois ture con tent of <30%, whereas in the last case the sludge could have been de liv -
ered from a sludge press with a dry substance of about 30%. Here, just a few aspects of
sludge combustion that are relevant to co-combustion will be mentioned.

Sul phur cap ture with lime stone is not ef fi cient in fluidised beds op er ated
with sludge. It has been as sumed that this de pends on re ac tion be tween lime stone and 
phos pho rous, re mov ing ac tive lime from sul phur cap ture [68]. Phos pho rous is an im -
por tant com po nent in mu nic i pal sew age sludge, but it is not pres ent in sludge from
the pulp and pa per in dus try (tab. 5). Fig ure 17 com pares sul phur cap ture in dif fer ent
cases re lated to the cal cium to sul phur mo lar ra tio or to the cal cium mi nus phos pho -
rous to sul phur mo lar ra tio, the lat ter just to il lus trate a pos si ble im pact of phos pho -
rous. 
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Table 5. Properties of some sludges compared with some base fuels [64]

Precipitation
agent

Sawage
sludge(1)

FeSO4

Sawage
sludge(2)

Al2(SO4)3

Sawage
sludge(3)

FeSO4

P and P
sludge(4)

PAC(5)

P and P
sludge(6)

not known

Wood
pellets

NR

Bark
pellets

NR

Coal(7)

NR

Proximate analysis

Water [wt.%, raw]    72.0    77.8     71.8   71.2     78.6       8.0       10.3    9.0

Ash [wt.%, dry]    46.0    42.6     46.1   11.8     15.0     0.4       3.0  17.5

Combustibles
[wt.%, dry]

   54.0     57.4     53.9   88.2     85.0     99.6       97.0  82.5

Volatiles
[wt.%, daf]

   94.4     85.3     88.3   77.4    83.1     81.7       77.6 32.7

Ultimate anlaysis [wt.%, daf]

C    52.6     50.2     51.0   49.2     88.9     50.3       53.6  84.9

H     7.2         7.3        7.4     6.5     12.0       6.1         6.2    5.0

O    33.3     36.2     34.1   42.1     77.6     43.5       39.7    7.7

S      1.4        1.2       1.6      1.7      2.7     0.01        0.04      0.73

N      5.4        5.0       5.7       0.46       5.0     0.09        0.46      1.57

Cl      0.1       0.1       0.1       0.03         0.03     0.01         0.02      0.08

Lower heating value [MJ/kg]

Hu, daf     20.50       19.50       19.49     18.51      17.86    18.80      20.32    33.35

Hu, raw       2.78         2.24         1.17       2.93         1.29    17.20      17.43    24.65

Ash analysis [g/kg, dry ash]

K 1113.3        10.7      15.1    2.5     11.6 82    50.2 11  

Na 117.3       6.9      8.5   10.9     13.7   6.7      4.8    1.9

Al 1 73.3 193     82.4 271   108   12.2    13.1 84  

Si 127   115  142    84.9 112  79.7    72.4 290    

Fe 160      42.1 152    16.1     16.8 20.9      6.8 47   

Ca 140       38.0     48.4     1.2 180  164     263  30  

Mg     9.9       5.3     11.9   40.0     19.7 26.4    20.1 18  

P     58.6     61.3     67.9     1.3       4.5 12.7     11.9    1.0

Ti      4.4       9.6       4.7   36.4      3.6   0.7       1.0      0.69

(1) – used in test series A, C, and E; (2) – used in test series B, D, and E; (3) –  used in test series G; (4) – chemical
precipitated sludge from the pulp and paper industry, site A; (5) – precipitation agent is polyaluminum chloride; (6) 
– sludge from the pulp and paper industry, site B, mix of fibre sludge and sludge from an biological cleaning step;
(7) – bituminous coal also used in “coal series 2” in [4]
daf – dry and ash free, raw – as received, NR – not relevant



The curve with white
mark ers on fig. 17 de notes
to tal lime (added plus fuel)
to sul phur mo lar ra tio. The
curve with black mark ers is
the same quan tity with phos -
pho rous sub tracted. The dif -
fer ence be tween the two
curves is the amount of
phos pho rous. In the first two 
cases when phos pho rous
dom i nated there is no sul -
phur cap ture at all. Only in
the third case when more
lime is added there is some
sul phur re ten tion. In the re -
main ing cases with pulp and
pa per sludge (not con tain ing 
phos pho rous) and wood and
bark, re ten tion is sat is fac -
tory. The con clu sion is that
sul phur cap ture by lime ad -
di tion to the fluidised bed is
in ef fi cient and re quires high
ex cess of lime in co-com bus tion with mu nic i pal sew age sludge con tain ing phos pho rous.
In stead of ab sorp tion of sul phur in the bed, flue gas clean ing could be a so lu tion. A sim -
ple method to re duce the sul phur emis sion is in jec tion of hy drated lime to the flue gas
chan nel to be col lected in a bag fil ter, such as il lus trated in fig. 18. An ef fi cient com mer -
cial ap pli ca tion of this type is Alstom’s NID sys tem.
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Figure 17. Emissions of SO2 from a CFB boiler compared
to all SO2 that could be emitted from the fuel if no sulphur
were captures (“max SO2 emission”) and ratios of Ca/S and 
(Ca-P)/S
(WP – wood pellets, MSS – municipal sewage sludge, P & P
sludge from pulp and paper industry, BP – bark pellets);  the
mass fractions of sludge were 15-20% of total fuel [64]

Figure 18. Emissions of sulphur in a few test
series with co-combustion of municipal
 sewage sludge (FeSO4 as precipitation agent) 
and wood. The thick dotted lines around the
“max average calculated SO2 emissions”
 represent the analytical uncertainty of the
sulphur content in the sludge [68]



The re sults are sup ported by equi lib rium cal cu la tions [64, 69] and also by work
study ing co-com bus tion of coal and sew age sludge [70], where it was claimed that re ac -
tion of cal cium with P2O5 takes place, rather than be tween cal cium and sul phur. How -
ever, there are other sug ges tions. Belén Folgueras et al. [71], study ing co-com bus tion in
a thermobalance, did not even men tion the im pact of phos pho rous. In stead they iden tify
other pos si bil i ties: (1) re ac tion be tween cal cium and iron (2CaO Fe2O3), (2) vo lati li sa -
tion of al ka line and al ka line earth el e ments by in ter ac tion with chlo rine (in this case
FeCl3 was used to gether with CaO as a pre cip i ta tion agent), which then would re sult in
less sul phur cap ture by them, and (3) re ac tion be tween cal cium ox ide and SiO2.

Co-com bus tion with sew age sludge also may have other ef fects, es pe cially if
biofuels are base fu els. It has been men tioned that biofuels may give rise to de pos its fol -
lowed by cor ro sion, and that coal or peat as co-fu els un der cer tain con di tions could have
a ben e fi cial ef fect to re duce de pos its. As shown by Åmand et al. [42] sew age sludge has
the same ef fect, fig. 19.

In all cases when sew age sludge was added, the de po si tion rate de creased es sen -
tially, even in the en hanced de po si tion cases when HCl was in jected to pro mote de po si -
tion. Ob vi ously sew age sludge has some ben e fi cial prop er ties de spite the fact that it con -
tains im pu ri ties in the form of heavy met als that have to be han dled prop erly.

The prac ti cal ex pe ri ences pub lished from large scale ap pli ca tions [37, 38] con -
cern very small frac tions of sludge (<4% on dry sub stance). No im por tant prob lems are
re ported.
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Figure 19.  Initial deposition rate on a tube of surface temperature 500 °C, kept in the flue gas 
path downstream of the cyclone in a CFB boiler fired with wood pellets (WP) and various
energy fractions of municipal sewage sludge (MS). In three cases to the right of the diagram
HCl was added with the fuel to the combustor (from [42]) (the ZnO is irrelevant in the
present context)



Conclusions

From the sur vey pre sented sev eral con clu sions can be made.

On the utilisation

Co-com bus tion can be ap plied in ex ist ing boil ers and with ex ist ing tech nol ogy.
Bio mass and wastes can be uti lised in a sim ple but ef fi cient way through co-com bus tion
with a base fuel. If the base fuel re placed by the added fuel is coal, the ef fec tive emis sion
of CO2 is re duced. If, on the other hand, the base fuel is wood, it can be as sumed that
the ad di tional fuel for co-com bus tion is cho sen be cause the com bi na tion of fu els
gives some eco nomic ad van tage and also that the co-fir ing may serve as a means to
re duce waste.

Combustion device

Co-com bus tion can be car ried out in most com bus tion de vices in con ven tional
boil ers but there are sev eral ad di tional ar range ments pos si ble. Co-com bus tion in
fluidised bed is un com pli cated and in most cases lim ited only by the heat bal ance of the
bed. In cases where coal, peat or sew age sludge are not used and where biofuels or waste
con sti tute the fuel mix, there are lim i ta tions on the max i mum steam tem per a tures in a
boiler that have to be re spected to avoid de pos its and cor ro sion, as in di cated in tab. 1.

Co-com bus tion in pul ver ised coal util ity boil ers can be per formed with pre -
mixed fu els with out any par tic u lar ar range ments up to re place ment of a few per cent (en -
ergy) of the base fuel, lim ited by the in abil ity of nor mal pulverisers to han dle greater
quan ti ties of woody biomasses in a rea son able way. With ded i cated han dling and
comminuition sys tems the con tri bu tion of co-fir ing in pul ver ised fuel boil ers could be up
to ten or even twenty en ergy per cent. In this con text the en hance ment of the grindability
of a biofuel by torrefaction could be con sid ered as an op tion.

Combustion

In a pul ver ised coal fired flame the ad di tion of a high-vol a tile fuel pro motes
ig ni tion. Oth er wise, the mi nor frac tions of co-fuel con cerned do not play a great role
for the prog ress of com bus tion. In a fluidised bed there are no par tic u lar re stric tions
for com bus tion, ex cept that the heat bal ance of the bed should be such that the bed
tem per a ture can be main tained at the de sired level.

Deposits on superheater surfaces

The prin ci pal con cern on the fire side of a boiler is for ma tion of de pos its on
superheater tubes, ac com pa nied by cor ro sion re lated to de pos ited al kali com pounds from 
the added fu els. Coal, peat or sew age sludge con trib utes with mit i gat ing the ef fects of al -
kali-re lated de pos its that could be caused by the added biofuel. Par tic u larly im por tant are
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the in ter ac tions be tween K, Cl, S, Al, and Si. Mo lar ra tios like K/Cl, S/Cl, etc. can sup port 
judge ments on the be hav iour of com bi na tions of fu els of in ter est. The max i mum steam
tem per a ture has to be cho sen in ac cor dance with the com bi na tion of fuel used. 

In a boiler, pre dom i nantly fired with bio mass or waste, ad di tion of coal, peat,
and par tic u larly sew age sludge has been found to al le vi ate or even com pletely re move
de po si tion prob lems.

Catalyst surfaces

De po si tion on con ven tional SCR cat a lysts from com bus tion of biofuels does oc -
cur. It re mains to be seen if, again, the in ter ac tion be tween var i ous fu els just men tioned
has a ben e fi cial ef fect also on the con ser va tion of cat a lyst sur faces.

Emissions

There is a mix ing ef fect no ticed when fu els with sig nif i cantly dif fer ent sul phur
con tents are burned to gether; oth er wise the emis sions of NOx and SO2 are not sig nif i -
cantly af fected by the fuel mix. How ever, it seems that sul phur may have some ef fect on
re duc ing emis sions of di ox ins, as well as on the for ma tion of de pos its from po tas sium
com pounds, char ac ter ised by the S/Cl mo lar ra tio that should be greater than unity to
have a clear ef fect. 

Synergy effects

Many pos si ble ef fects of the in ter ac tion be tween fu els, in clud ing those men -
tioned above, called syn ergy ef fects, have not been suf fi ciently treated in the lit er a ture,
and, in deed, con sti tute a field for re search that will make the se lec tion of fuel com bi na -
tions safer and that will al low even better uti li sa tion of the pos i tive ef fects that may arise
in co-com bus tion by com bin ing cer tain fu els. A few such both pos i tive and neg a tive ef -
fects have been ex em pli fied for sew age sludge: re duc tion of de pos its on tubes and a neg -
a tive im pact on sul phur cap ture in FBC by in ter ac tion of phos pho rous with lime.
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