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PRESSURIZED OXYCOMBUSTION PROCESS
*x kK ok ok ok

The present invention relates to a combustion process
allowing to obtain a substantial elimination of the organic
particulate from flue gases combined with a still more sig-
nificant drastic reduction of the integral of the numeral
distribution of the inorganic particle having size or di-
ameter lower than one micrometer, up to achieve a value of
the integral of the inorganic particle size numeral distri-
bution almost of the same order of that of the integral of
the numeral distribution of the inorganic particle size of
the natural background.

More specifically the present invention relates to a
combustion process allowing to obtain the substantial elim-
ination of the organic particulate from flue gases combined
with a significant reduction of the integral of the numeral
distribution of the inorganic particle sizes below 0.1 mi-
crometer, being the concentrations by weight of the part of
inorganic ashes with particle size lower than 1 pm very
low, lower than 0.01 mg/Nm’ flue gas dry basis.

Still more in particular the present invention allows
to obtain values of the integral of the numeral distribu-
tion
of the inorganic particles having a diameter lower than 1
pm lower than 650,000, preferably lower than 300,000 and
still more preferably lower than 200,000 (1/cm’ or number of
particle/cm’ flue gas;
of the inorganic particles having a diameter lower than 0.1
pm lower than 400,000, more preferably lower than 200,000,
still more preferably lower than 120,000;
the wvalue of the integral of the numeral distribution de-
termined with the impactor ELPI (Decati) by analyzing flue
gases obtainable by using a 3 MW isothermal and flameless
combustor, described later on, operating at a pressure of
13 absolute bar (12 relative bar or barg) at the tempera-
ture of 1430°C, by feeding coal as fuel and oxygen 90% by

volume as comburent, being present oxygen at a concentra-
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tion 3% by volume in the fumes outletting the combustor,
coal being fed as a 35% by weight slurry in water, oxygen
being fed in admixture with recycling fumes containing 55%
by volume of steam.

It is known in the prior art that combustion of any
type of fuel produces particulate or powders, this means
solid particles containing both incombusted/partially com-
busted organic substances (BC-black carbon, soot; or 0OC-
organic carbon), and inorganic substances such as salts and
metal oxides, among which heavy metals, as Ni, V, Se, Cr,
etc.).

As regards the impact of powders on human health, it
is worthwhile stressing that clear epidemiological data un-
til recently were not available. However general worries
deriving from human physiology knowledge in particular were
concerned and a more marked effect of the emitted particu-
late was expected, from particles having a lower diameter
for example below 1 um down to 10 nanometer. It was in fact
kept, gqualitatively, that the specific danger given by the
of submicron particle was higher owing to their inherent
capability to come into strict and permanent contact with
the human tissues (e.g.: lung alveoli) contiguous and per-
meable to the blood circulation system (Figs. 5.18, page
354, Aerosols Chapter 5). In other words, it was believed
that the smaller the solid particle, the higher the danger,
in addition of the inherent dangerousness of the type of
the emitted substance released in the flue gases of the
combustor.

As regards to the environmental aspect, fume powders
have been taken into consideration for their potential ef-
fect both on the earth warming and on air and earth pollu-
tion when related to dangerous suspected substances.

Concerns on the potential effects on human health gave
rise to several toxicological and environmental studies, in
exponential growth in the last decade. However the epidemi-
ological studies in progress have not influenced the regu-

lations 1n force on fume emissions for that it relates to
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the limit of the total allowed number of submicron parti-
cles. Likewise any distinction as to their intrinsic dan-
gerousness 1is still absent, the present regulations being
still and only based on the consolidated knowledge of the
harmful effects of the emitted substances. For example, the
rule still maintains emission 1limits expressed as total
weight (indistinct) of the emitted PM 10 particulate (acro-
nym indicating the particulate having <10 um size), and in
detail, for the most strict regulations, values <10 mg/Nm3
of emitted fumes, dry basis. Both the characterization
methodologies and the wvalues obtained therefrom, do not
seem to take into account the evaluation of the danger.

The use of the PM 2,5 indicator (total particles hav-
ing a diameter <2,5 micrometer), representative of the
greatest importance to be attributed to the portion of the
smaller particles inside the total particulate, has found
only a theoretical application in several toxicological
studies and no relevance in national regulations.

But recently, more and more numerous and reliable tox-
icological data, made available by the literature of the
field, have allowed to draw clear conclusions on the dan-
gerousness of the particulate and on the greatest impact of
the smallest particles (greater epidemiological signifi-
cance of the indicator PM 2,5), and above all on the sig-
nificant correlation between the impact on human health and
emissions both of BC and OC, and heavy metals as nickel,
vanadium, selenium, lead in the order.

At the recent PCC conference of Pittsburgh (Pittsburgh
Coal Conference) of 2012 a final study of DOE (US Energy
Department) outlines clear cause-effect correlations, with
a shocking indicator: 2,5 years of reduction in life expec-
tation. The study has an emblematic title: Why did it take
so long to find out?. This study reflects voluminous report
presented by EPA (Environmental Protection Agency) at the
Congress of the United States, in March 2012 (ref.: EPA-
450/5-12-001; on line: http://www.epa.gov/blackcarbon).

The problem potentially concerns all the uses of fu-
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els, from autotraction to power stations, to home heating
with biomasses, etc.

Certainly this will give rise to more and more specific
regulations in the time, much diluted in the time, because
of non availability of technological solutions at present.
As a matter of fact the submicron particulate is outside
the “technology 1limit” of the available industrial tech-
nologies, 1i.e. it escapes the known industrial technigues
of flue gases post-treatment that are effective above 1 um
particle size. Even a series of more unit operations on
flue gases, such as for example filtration with sleeve fil-
ters followed by electrostatic filtration and by wet elec-
trostatic filtration, are effective (efficiency >80%) only
above 1 um particle size. Very strict cleanings of combus-
tion fumes can take place therefore with low unit efficien-
cies and consequently with very significant costs and com-
plexity.

Likewise and in parallel, the activities of develop-
ment of power production technologies without release of
greenhouse gas (that is, including the CO, capture) conflict
with the technological problem of the influence of the par-
ticulate, residual in flue gases after post-treatments, on
the efficiency of the CO, capture systems. In the case of
post-firing CO, capture (capture from flue gases after com-
bustion in air), the particulate heavily interferes, for
example with molecules (amines) that are active agents in
the CO, capture. This reduces the process efficiency and
thus increases both the investments requested and the para-
sitic consumption of the produced total power. In case of
the developing technologies that modify the combustion
process, for example by switching from air to oxygen to ob-
tain concentrated CO, in the fumes, the presence of the par-
ticulate requires special and expensive fume cleaning op-
erations, so to make then available a CO;, gas that can be
fed to high efficiency compression rotary machines, without
accumulation in the downstream systems conveying and re-

introducing CO; under the ground. The comparison between
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CAPEX (capital expenditure) and OPEX (operation expendi-
ture) of a simple CO, compression, with the relevant cost
estimates of the industrial development plans that are un-
der way (ex. Futuregen 1 and 2 in USA), and that must
therefore include fumes cleaning, is quite evident.
Therefore recent evidences point to the effects both on the
human health and on the environment of the submicron par-
ticulate, produced by the combustion plants with conven-
tional technologies, and on the cost factors of the devel-
oping technologies with CO, capture for reducing the green-
house effect (target: integral impact reduced on the envi-
ronment) .

In consideration of the limits of the conventional tech-
nologies of fume cleaning, it was therefore felt the wide-
spread need to intervene at the beginning on the combus-
tion process itself, in order to avoid the formation and
emission with combustion fumes of ultrafine (submicron)
particulate.

As said above, the particulate is formed both of in-
combusted or partially combusted particles (organic par-
ticulate), and of inorganic particles (in particular met-
als).

In the prior art on combustion the concentration of
the emitted particulate 1is generally expressed by weight
(integral of the particle size weight distribution up to 10
um, or up to 2,5 um) referred to the volume unit of pro-
duced or emitted fumes. The weight integral wvalue of the
particle size distribution by unit volume of the fumes, be-
low 1 um particle size 1is not taken into consideration.
And, even 1less, there is not even an indirect mention to
the submicron numeral distribution of the ash particles in
fumes. Some patents concerning combustion can for example
be mentioned.

EP 1,616,129 in the name of the Applicant relates to a
flameless combustion process to treat materials of wvarious
kind, for example waste, wherein the formation of cold

zones in the reactor is reduced, the process being carried
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out under isothermal or gquasi isothermal conditions, oper-
ating at temperatures higher than 1,300K and under pres-
sures higher than the atmospheric one, the oxidant being
fed in admixture with water, steam or recycling gas. In the
patent it is stated that the combustion fumes contain very
low TOC (Total Organic Carbon) amounts, of the order of
ppm, as well as amounts of the same order of magnitude of
fly ashes.

This patent does not give any indication on the nu-
meral distribution of the particles in fumes.

USP 8,453,583 describes a combustion process using
liquid, solid and gaseous fuels at temperatures in the
range 1,300K and 2,500K, the comburent being oxygen, the
combustion being carried out under “opaque” and infrared
radiation, preferably under pressure and diluting oxygen
with recycling fumes, and by adding to the inletting fuel
of water/steam.

The combustion is exhaustive and produces fumes that
do not contain organic particulate: TOC <1 ppm and soot not
detectable. At the analysis carbon is below the sensitivity
limits (<0.01% by weight). Also residual ashes in fumes,
collected on a filter and screened with a release test in
water, give negligible concentration wvalues of incombusted
products, near the analytical sensitivity limit (<0.01% by
weight) .

This patent does not give any indication on the submi-
cron weight distribution of the ash particles in fumes and
neither on the submicron numeral distribution, and even
less on the distribution at particle diameters lower than
0.1 micrometer.

According to the teaching of these two patents, the
incoming ashes are melted, coalesce in the melted state and
are separated from fumes by collapsing on the refractored
walls of the combustor. However, although the quantitative
efficiency of the separation is high (>99%), the charac-
terization of the fumes outletting the combustor carried

out with a continuous process ELPI type analyzer, that is



WO 2015/097001 PCT/EP2014/077543

an impactor collecting data on the weight and numeral dis-
tribution of the population of particles (inorganic parti-
cles in case of this teaching) with respect to their diame-
ters, points out that the residual particle distribution is
centered at values just above the micrometer (1-3 um), the
upper limit being above 7-8 um, the distribution being open
towards values lower than one micrometer.

As said, in terms of amounts by weight, the efficiency
of the separation in the combustor is high, and the resid-
ual particle amount in fumes, determined by the techniques
available for the evaluation of the PM 10 limit at chimney,
is quite below this limit, even up to 1/10 with respect to
the 1limit (EPA Method 201A- Determination of PMI10 and PM
2,5 Emissions from Stationary Sources).

It has been found by the Applicant that the fraction
of submicron population in fumes is almost unaffected in
the processes described in these two patents.

EP 2,220,198 describes a combustion process using a
flameless and isothermal combustor to which compounds hav-
ing a melting temperature lower than or equal to 1450K are
added. In this way in fumes the concentrations by weight of
the particles having a diameter lower than 2,5 um (PM 2,5)
are reduced to values of about 10 pg/Nm’.

Also this patent does not give any indication on the nu-
meral distribution of the particles, lower than 1 pm in
fumes.

EP 2,227,521 relates to a combustion process 1in a
flameless and isothermal combustor wherein compounds having
a melting temperature lower than or equal to 1450K and sul-
phur, or sulphur-containing compounds, are used as addi-
tives. In the combustion fumes, at the same time of PM 2,5,
also basic ashes are reduced, the latter being transformed
into compounds that are no longer aggressive towards the
walls of the combustor and for the downstream thermal re-
covery equipments.

Also this patent does not give any indication on the nu-

meral distribution of the particles in fumes outletting the
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combustor.

However, the experimentally detected typology of the
particle size numeral distribution (more significant than
that by weight) obtained by the ELPI analyzer, as said
above, does not substantially change its typical character-
istic profile.

EP 2,227,523 relates to a combustion process carried
out 1in an isothermal and flameless combustor, wherein as
additives sulphur or sulphur-containing compounds are used.
In this way the outletting combustion fumes are no longer
aggressive for those parts of the eguipments that come into
contact with the fumes.

Also in this patent there is no indication as to the submi-
cron particle size numeral distribution of ashes in fumes.

The need was therefore felt to have available a proc-
ess that, while maintaining the performances of the above
described combustion processes, would allow a significant
reduction of the portion of the particle size numeral dis-
tribution of fuel inorganic ashes below 1 um for at least
of about one half, up to about 6-8 times less that initial,
and reaching a particle size numeral distribution close to
that of the natural background, with clear advantages for
human health, for CO, capture processes and with an in-
creased efficiency of the plants used for fume cleaning,
combined with a substantial elimination of the organic par-
ticulate (incombusted products) in fumes.

It is an object of the present invention an oxycombus-
tion process wherein a combustor is fed with a fuel, a com-
burent and compounds under the form of coherent aggregates
having the following feature cohesive forces such as to
give a Young modulus value 210" MPa a particle size higher
than 75 um for at least 60% by weight of their granulomet-
ric distribution, the aggregates having the above proper-
ties at the inlet into the combustor, the amount of aggre-
gates with respect to the fuel ashes ranging from 25% by
weight up to at most 1:1 by weight,

the combustor being isothermal and flameless.
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The combustor preferably operates at temperatures com-
prised between 1,400 K and 2,200 K, still more preferably
1,500 K - 1,800 K.

The combustor is preferably operated under pressure.

The pressures that can be used in the combustor range
from 103 kPa to about 6,000 kPa, preferably from 200 kPa to
4,600 kPa, still more preferably from 500 kPa to 3,000 kPa.

Fuel ashes are determined after exhaust at 600°C, as de-
scribed for example in ASTM D3174.

The comburent is oxygen, used in admixture with water,
steam or in admixture with recycling fumes, preferably with
the latter, more preferably the recycling fumes are taken
from the fumes outletting the energy recovery equipments.

The ratio by moles oxygen: (water/steam) 1is preferably
comprised between about 1:0.4 and about 1:3.

When recycling fumes 1in admixture with oxygen are
used, the amount of water/steam in fumes is higher than 30%
by wvolume. Optionally, water can be added to the recycling
fumes. The molar ratio oxygen: (water/steam) in fumes is as
defined above.

The oxygen used 1in the process of the invention 1is
pure oxygen or also technical oxygen, i.e. an oxygen titre
higher than 80% by volume can be used.

Technical oxygen (titre >80% wvol.) is obtained by cry-
ogenic distillation from air or by differential absorption
on zeolites, or by separation with ceramic membranes at
high temperature, etc. Technical oxygen 1is commercially
available.

In the oxycombustion process of the invention high pu-
rity technical oxygen (>98.5% by volume) can also be used.
Generally also oxygen having titre 92-94% VSA (vacuum swing
absorption) and 88-92% VPSA (vacuum pressure swing absorp-
tion) can be used. The lowest 1limit of the oxygen titre, as
said, 1is about 80% by wvolume, the complement to 100 being
formed of inert gases and/or nitrogen. The comburent in the
process of the invention is generally used in excess with re-

spect to the stoichiometric amount. Values from 1% to 3% mo-
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lar of oxygen (i.e. not converted oxygen), are preferably
present in the fumes.

By fuels mixtures containing at least one species oxi-
dizable with oxygen and producing heat development, are
meant.

The fuel is fed in admixture with water or steam, the
amount of water/steam being equal to at least 30% by weight
on the fuel.

In the mixture with fuel the water/steam amount is not
higher than 90%, preferably not higher than 80% by weight
with respect to the fuel weight. Amounts of added water
above 90% by weight can significantly lower the thermal re-
covery efficiency.

The fuels that can be used are liquid, solid, gaseous
fuels.

Among solid fuels, hydrocarbon solids, brought to
melting/liquefaction by heating, and fed as wviscous 1lig-
uids, can be used.

Solid fuels can also be gasified and the obtained
crude gases fed to the combustor of the invention. As fuels
usable in the process of the invention biomasses, for exam-
ple deriving from sugars, animal flours, coal, industrial
wastes from neutralization reactions, high-boiling refinery
fractions, bitumens and oil shales, processing wastes of tar
sands, peats, exhausted solvents, pitches, in general indu-
strial process scraps and waste, including the residual frac-
tion of urban waste, optionally comprising CDR (fuel from
waste), can be mentioned. Emulsions of liguid fuels of oil
origin can also be used.

As gaseous fuels, CHy;, low molecular weight hydrocarbons
(for example ethane, propane, butane), syngas can also be
used.

The granulometry particle size distribution of the ag-
gregates is determined for example by ASTM Cl36-06.

The aggregate particle size preferably is not higher
than about 900 um, preferably lower than or equal to 700 um

still more preferably lower than or equal to 500 um, most



WO 2015/097001 PCT/EP2014/077543

preferably lower than 300 um.

The upper limit of the Young modulus of the aggregates
can be about 10° MPa.

Preferably the fed amount of aggregates is =210% more
preferably 220% by weight with respect to the fuel ashes.

The aggregates are fed to the combustor separately
from the fuel or in admixture therewith.

The aggregates according to the present invention have
a high cohesion force, as shown by the Young modulus val-
ues. Therefore the aggregates are coherent materials. The
aggregates of the invention do not comprise powders or in-
coherent materials not showing wvalues of the Young modulus
comprised between the above indicated limits.

The Applicant has unexpectedly and surprisingly found
that if the fuel contains already aggregates having a Young
modulus within the above indicated limits and the relevant
amounts by weight with respect to the fuel ashes are equal
to or higher than the lower limit reported above, it is not
necessary to add to the fuel the aggregates of the inven-
tion. However the Applicant has found that from the indus-
trial point of view it is preferable to add the aggregates
according to the present invention in the above reported
amounts as the fed fuels are often intrinsically unhomoge-
neous (unreproduceable) as regards to the aggregates con-
tained in the fuel.

The aggregates usable according to the present inven-
tion are minerals having the above mentioned characteris-
tics (Young modulus, granulometric distribution). Silica,
silicates, silicoaluminates, calcium oxides, aluminum O0Ox-
ides, alkaline phosphates, etc. can for example be men-
tioned.

In the oxycombustion process of the present invention
bentonite is preferably excluded among the usable aggre-
gates.

The aggregates that are preferably used are vitreous
slags coming from the combustion process of the present in-

vention, separated at the bottom of the combustor. Gener-
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ally these slags are separated under the form of vitreous
beads having sizes of some millimeters, for example 2-3 mm,
and subjected to a milling step to obtain the above indi-
cated granulometry for use in the process of the present
invention.

Slags obtained from other combustion processes can also be
used provided that they show the above mentioned character-
istics of the aggregates of the invention.

The amount of aggregates that can be already contained
in fuel ashes can be determined by XRF rays diffractometry
(X ray fluorescence) and the obtained data are processed
with CQPA (Chemical Quantitative Phase Analysis) techniques
in order to determine the corresponding minerals (Pittsburg
Coal Conference, Sept. 2013, Proceedings, Zdenek Klika, 1I.
Kolomaznik “Critical Evaluation of Mineral Contents in Coal
using Chemical Quantitative Phase Analysis Method”).

In case the wvalues of the Young modulus of the materi-
als or of the minerals under screening are not immediately
available, as a qualitative indicator of the cohesive forc-
es of the aggregate the hardness Mohs scale, well known in
mineralogy, can be used. Hardness values higher than 3 in
this scale indicate that the Young modulus is comprised in
the above reported limits.

Aggregates having an hardness higher than 3 can therefore
be used in the process of the present invention.

It has been surprisingly and unexpectedly found by the
Applicant that materials that after calcinations show a
Mohs hardness value higher than 3 can be used as aggregates
to be fed to the combustor of the invention, even though
the starting material has a lower Mohs hardness, for exam-
ple comprised between 2 and 3 Mohs. Calcination is prefera-
bly carried out at temperatures higher than 1,100 K. The
materials having a hardness comprised between 2 and 3 Mohs
are subjected to calcination before the addition to the
combustor. Alternatively, calcination can also be carried
out directly in the combustor.

In the process of the invention as optional components
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also low-melting compounds, preferably under the form of
low-melting salts and/or low-melting oxides, and mixtures
thereof, having a melting temperature lower than 1,450 K,
preferably higher than 800 XK, in an amount expressed as %
by weight on the fuel ashes fed from zero, preferably from
about 25% up to about <10%, can be added. Tests carried out
by the Applicant have shown that if these low-melting com-
pounds are used in amounts higher than the above 1limit, in
the fumes there is an increase of the integral of the numeral
distribution of the submicron inorganic particle size.

As said, the combustor of the invention is isothermal
when the internal temperature of the reactor is almost uni-
form in the whole volume of the reactor. According to the
present invention within the meaning of the isothermal com-
bustor the quasi isothermal reactor is comprised, according
to the present invention the temperature in all the zones of
the quasi isothermal combustor ranges at the most = 5% with
respect to the base (mean) combustion temperature. This
means that practically in the combustor there are not sig-
nificantly colder zones.

As said, the combustor of the invention 1is flameless
i.e. the combustion process takes place in the whole com-
bustor volume without formation of a flame front.

As an example of isothermal reactor see EP 1,616,129.
As an example of flameless reactor see USP 8,453,583 in the
name of the Applicant, herein incorporated by reference.

In the process of the invention the residence time of
the fuel in the combustor preferably ranges from 0.5 seconds
up to 30 minutes, more preferably from 2 to 10 seconds. It is
possible to use also longer times, if desired.

Next to the combustor bottom, there is connected a col-
lection vessel of the melted ashes that fall at the liquid
state in the lower part of the combustor. In the collection
vessel ashes are cooled, for example by using a water bath,
and transferred in a solid vitrified state into static set-
tlers.

When the fumes obtained in the combustion process of the
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invention are used to produce energy by means of steam or
heat for other applications, at the outlet of the combustor
the hot fumes are cooled by mixing them with cold recycling
fumes (recycled after thermal recovery), 1in a ratio hot
fumes/cold fumes such that the final temperature of the gase-
ous mixture is about 1,100 K. The temperature decrease thus
obtained, by strict recycle of the fumes outletting the ther-
mal recovery, takes places without enthalpy penalizations of
the cycle (isoenthalpic operation), and it has no impact on
the thermal energy of the produced steam, as the SH (super
heated) steam temperature technological maximum acceptable by
the turbines is 903 K. The above temperature decrease does
not therefore imply any penalization of the transformation
cycle yields from thermal energy into mechanical/electric en-
ergy, and allows instead to gain the net advantage of using
equipments for thermal recovery by wall heat exchange between
fumes and water/steam, built with materials of general use
for the same operation in conventional power plants.

The combustor is preferably refractored. The refracto-
ries used in the combustor of the invention are according to
the prior art preferably aluminous with addition of about 10%
of chromium and optionally also about 4% zirconium.

The fumes net gaseous product of the combustion can be
removed from the relevant pressurized circuit by lamination
to atmospheric pressure. When it is desired to recover CO;
from fumes and the fumes have a content of water/steam <50%
by volume, a preferred solution is to operate neutralization
(washing) step under pressure.

The process of the present invention allows to substan-
tially eliminate from fumes the organic particulate (incom-
busted) and drastically reduce the integral of the particle
size numeral distribution of the inorganic compounds having
particle size below 1 pum. The process of the present inven-
tion allows furthermore to reduce and simplify the unit op-
erations for fume the post-treatment, as indicated above.

Further, in the combustor of the present invention in

the preferred temperature range, and for a suitable resi-
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dence time, preferably 22 sec, the formed chemical species
melt together with the incombustible ashes contained in the
fuel (oxide mixtures) and are subjected to liquid coales-
cence to the point to collapse as drops on the combustor
walls, and collect in a substantially guantitative way
(>99% with respect to the ash balance) at the bottom of the
combustor.

In the present invention it has been found that soot
is absent as pointed out by both the carbon and SEM analy-
sis.

By soot it is meant a combustible organic material in
the form of aggregates having sizes from about 10 nm up to
about 10 wum, more specifically of organic macromolecules
having a composition significantly rich in oxygen besides
in carbon and hydrogen (hydrocarbon macromolecules par-
tially degraded by oxidation reactions), residual in fumes
due to their incomplete combustion.

In the process of the invention it is also obtained
the effect of the compression of the portion of the distri-
bution on the left of the central peak of the weight dis-
tribution, set around at a wvalue of 2-4 um of the particle
diameter in a plot weight (ponderal) particle size distri-
bution/logarithm particle size.

At a quantitative level, by using the ELPI analyzer,
it is found that the submicron particle fraction in the
fumes 1s reduced from values around 0.1 mg/Nm?, obtainable
according to the above indicated prior art teachings, down
to values of 0.0l mg/Nm’ with the invention process.

In the process of the invention an optionally present
particulate portion having particle size above 2-3 um, out-
letting the combustor, can be easily removed from fumes by
the known and competitive methods (cyclones, filters, dry
and wet electrostatic filters, wet scrubbing, etc.), while
the submicron portion, <c¢ritical for the post-combustion
separation processes from fumes, is not formed (by-
produced), or its formation is strongly reduced directly in

the combustion.
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The results obtained by the Applicant with the present
invention are quite surprising and unexpected in view of
the prior art on combustors, as the problem of the reduc-
tion of the integral of the numeral distribution of the
submicron particles, that are so harmful to human health as
reported above, has never been taken into consideration
and/or solved. Therefore in the prior art there was no in-
dication on how to solve this problem.

The same problem is relevant also for the CO, recovery
and storage, as 1t is important that the fumes do not con-
tain a high number of submicron particles (see above).

It is known in the consolidated combustor prior art
that fuels of wvarious kinds, gases liquid and solids that
can contain incombustible particles, called ashes, can be
used. These ash particles contained in the fuel will be
called hereinafter “primary ashes”.

The primary ashes have two outcomes in the combustor:
for a small part (3-5% of the inletting ashes) bind to the
particles of partially combusted/incombusted fuel (soot),
to give heavy ashes that separate from fumes in the combus-
tor (and also as fouls on the surfaces of the downstream
energy recovery equipments), while for a remarkable part (>
95%) they come out from the combustor together with fumes
as fly ashes. The primary ashes are formed of particles
having a very uneven surface and a quite random shape. They
can however be dimensionally represented by an “eguivalent
sphere”, the diameter, surface and the volume of which can
be defined.

Primary ashes have a very large diameter distribution,
ranging from 0.01 um to hundreds of micrometers, the diame-
ter being determined by the aid of electronic microscope
characterization of the ashes contained in commercial fu-
els.

The deriving/residual ashes from fuel combustion are
those subjected to the thermal treatment, or optionally
chemical treatment in the combustion and are likely to be

different from those inletting and are called “secondary
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ashes”.

Disregarding the small portion going to heavy ashes,
the secondary ashes substantially constitute the fly ashes
and maintain the very large weight distribution of their
fractions as a function of the particle diameter, of the
primary ashes.

The unit operations for ash separation are very effi-
cient (100%) on particles having a diameter >60-80 um. The
efficiency weakly decreases as the diameter decreases, down
to a sudden quick drop in efficiency <5% in the particle
diameter range between 1 and 10 um.

It is thus obtained, after fume post treatment with
the consolidated industrial technologies, a diameter dis-
tribution (plotting in ordinates the weight distribution
and in abscissas the logarithm of the diameter, see the
Figures) interrupted on the right for the part >10 um, and
only reduced in the range between a few micrometers and 10
um.

More strict separations by means of electrostatic sep-
arators and followed by wet electrostatic separators are
effective only in the particle diameter range from 1 to 10
um and very little below 1 um.

The numeral distribution with particle size below 1
um, and in particular below 0.1 um, is not significantly
modified; in effect the weight value PM 10 of fly ashes (or
the weight of all the particles having a diameter lower
than 10 um Nm’, (see the method indicated above) is differ-
ent from the PM 2,5 wvalue (particles having a diameter low-
er than 2,5 um), as the latter discriminates the particle
size 1n correspondence of the efficiency loss of the con-
ventional post-treatment separation technologies. In the
consolidated combustion technologies the fly ash particles
are both organic (soot, partially combusted fuel) and inor-
ganic (oxides and metal salts, incombusted) resulting from
fly ashes entering with the fuel.

The results obtainable with the teachings of the above

mentioned patents are descriptively different.
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Advanced methods are available for the sampling and
characterization of soot. Sampling is carried out by the
Andersen probe, followed by filtration on silicate fiber
panels having 0.1 pm cut-off, followed by condensation and
by the partial but representative recovery of the fraction
having a diameter in the range 0,01 - 0,1 um. Soot charac-
terization 1is carried out by electronic microscope (SEM)
combined with spectroscopy techniques EDX, and utilizes
both the strong morphological difference (cenospheres and
plerospheres) of soot particles with respect to inorganic
ashes, and the results given by the carbon X spectrum.

The fume particle characterization <carried out by
means of the above described techniques shows that the
teaching of USP 8,453,583 gives as a result the disappear-
ance (not detectable) from the collected fly ashes of the
particle structures typical of soot (Black Carbon, Organic
Carbon) .

There are methods of characterization of powders al-
lowing the determination of the total carbon (as a sum of
elemental carbon and of the carbon of any present organic
compound), at least down to the lowest limit of the concen-
tration by weight of 0.01%.

The analyses of the residual carbon in fly ashes ob-
tained according to the teaching of USP 8,453,583, show
that it is lower than 0.01% by weight, confirming the re-
sults obtained with the electronic microscope with the
above indicated morphological characterization method.

For the inorganic ashes, salts and metal oxides, the
combustion process according to the teaching of USP
8,453,583 allows to retain in the combustor, by melting co-
alescence and separation from the fumes, a high percentage
of the ashes entering with the fuel, >99% by weight with
respect to the total incoming ashes.

As to heavy metals, oxides and salts that coalesce
with the mass of melted ashes on the combustor walls a
shift in the distribution between fumes and ashes melted

towards melted ashes, is obtained.
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However, although the quantitative effect is consider-
able, the analysis of the numeral distribution of the par-
ticle size obtained by the ELPI impactor shows that the
population of the particulate below 1 um (the submicron
particulate, not removable with the consolidated industrial
techniques) remains high.

For example, from the data relevant to the twelve ELPI
(see below) impact targets on the fumes outletting the com-
bustor according to the present invention, processed by
ELPI, the diagrams reported in the Figures attached to the
present invention are drawn.

For a better understanding of the results of the pre-
sent invention it is worthwhile comparing the results with
the reference examples carried out by the Applicant in or-
der to evidence the surprising and unexpected results of
the present invention. In practice, considering also the
examples reported below, it has to be taken into account
that the reference examples are (internal) comparative ex-
amples carried out by the Applicant to show the advantages
obtained with the present invention also with respect to
the prior art wherein no mention was anyway made of the
technical problem of the present invention.

In reference example 1, carried out according to the
teachings of USP 8,453,583, although high yields of ashes
retained in the combustor under the form of melted slags
are obtained, the left portion of the numeral distribution
(submicron), of the particle size shows a curved shape
(Fig. 1B) not different from that obtained in conventional
combustion processes. In particular, the large particle
population on the left of 1 um. For a comparison it should
be considered in the “natural background” the integral of
the numeral distribution of the micro powders for the popu-
lation having a diameter in the range 0.007-0.1 pm is com-
prised between 3,000 and 20,000 particles/cm?), is in prac-
tice unchanged. As already said, the teachings of the prior
art have an effect on the weight amount of ashes in fumes

but they do not work (are not effective) for reducing the
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part on the left of the numeral distribution of the parti-
cle size, as evidenced by the numeral distribution of the
submicron particles.

Example 2 is carried out under the same conditions as
Example 1 but by adding to the combustor the low-melting
salt potassium sulphate.

The reduction of the concentration by weight is sig-
nificant. Most of the heavy metals separate from fumes and
preferably collect in liquid slags recovered at the bottom
of the combustor.

The numeral population (Fig. 2B) between 0.1 and 1 um
particle size however remains still very rich.

According to a not binding interpretation from the Ap-
plicant, when to a combustor a low-melting compound is add-
ed with the fuel, a widening of the zone of the combustor
active for the particle coalescence is obtained and this
brings to a reduction of the theoretically active concen-
tration of each individual of the particle population, but
only up to a limit above which the low-melting compound
that has a higher vapour pressure reforms secondary parti-
cles, that is submicron individuals of the particle popula-
tion, at the outlet of the combustor during the step of
fume cooling.

In fact there 1is experimental evidence on the ten-
dency of the wvapours of inorganic species (oxides and
salts) to give oversaturation phenomena in the wvapour mo-
lecular state. Therefore these vapours come out from the
combustor with fumes, in particular in case of water solu-
ble chemical species, fed to the combustor in aqueous solu-
tion (i.e. fed to the combustor at the molecular state).

Tests carried out on a 3 MW thermal (MWth) power pilot
combustor show the absence of coalescence and of separa-
tion/precipitation into the combustor of ligquid slags of
water soluble oxides and salts having melting temperatures
comprised between 600 and 1200 K fed in aqueous solution.
As a further example, some tests on the same 3 MWth unit

combustor, carried out with auxiliary fuel and sodium chlo-
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ride salt (Tm 830°C) fed in aqueous solution together with
sulphites to generate S0, in the reaction environment and to
quantitatively transform chloride into sulphate (Tm 850°C),
have invariably produced fumes having a powder content of
the order of dozens of g/Nm’ fume dry basis, that is, all
the inletting material is in the outletting fumes.

This phenomenon is illustrated in reference example 3
that shows in support of the above explained interpreta-
tion, and within the already said limitations, the effect
of the progressive shifting of the residual ash composition
from values very near those of the ashes inletting into the
combustor, to compositions enriched in the added low-
melting compounds well further to the stoichiometric (ashes
+ low-melting compounds) .

It has been surprisingly and unexpectedly found that
in the process of the invention the pressure applied into
the combustor can influence the reduction of the integral
of the numeral distribution of the submicron particle popu-
lation, although the very large supersaturation of the
fumes by salts and metal oxides would discourage to follow
this path.

Example 4 was carried out under the conditions of ref-
erence example 1 but by using a pressure of 12 barg (13 ab-
solute bar) by adding the aggregates according to the in-
vention (in this case the aggregates are those contained in
ashes). The reduction of the ash weight concentration in
fumes 1s even more significant. The numeral distribution
diagram (Fig. 3B) 1is obtained without correction for the
losses of fines. After correction, in the numeral diagram
the particle fractions between 0.01 and 0.1 micrometers
(about 100,000 and 150,000 1/cm’, respectively), rise again,
without however showing the trend described in reference
example 1. A trend with a maximum is in fact not excluded,
as this is constantly present with the variation of the ash
composition in the fed fuel.

In the weight distribution/logarithm particle size

diagram it is noted that the amount of the particle popula-
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tion having a diameter comprised between 0.1 and 1 um sig-
nificantly decreases, but it remains still remarkable.

As already said, the Applicant has surprisingly and
unexpectedly found that by adding or “seeding” the fuel,
separately or in admixture, with the aggregates according
to the present invention, i.e. Young modulus >10° MPa, a re-
duction of the submicron particles is obtained such that
the peak value of the integral of the numeral distribution
does not exceed 100,000 - 150,000 particles/cm? fume dry ba-
sis.

In example 5, by applying a pressure of 12 barg, and
by adding to the fuel as % by weight with respect to the
ashes produced by the combustor of the invention, 0.6% of
vitrified slags coarsely milled with a roll mill (particle
diameter >75 um for 60% of particles, maximum diameter <600
um), the weight distribution diagram (Fig. 4A) and numeral
distribution diagram (Fig. 4B) are obtained. The diagram of
Fig. 4B shows that the integral of the numeral distribution
of the particles in fumes obtained in this example is al-
most not so far from that of the natural background and be-
sides the particles are predominantly formed of alkaline-
earth metals and silico aluminates, therefore also the par-
ticle composition is close to the powders of the natural
background.

According to an interpretation of the Applicant, even
if not binding and not limitative of the invention, it is
assumed that in the combustor the slow phase of the lig-
uids/vapours coalescence be the Brownian phase.

It is known that the BRrownian diffusion parameter D
has two intervals with two different trends, said two in-
tervals being distinguished by:

Dp >> A

Dp << A

Dp being the diameter of the hypothetical particle under
examination and A the free mean path of the particle ac-
cording to the Knudsen equation,

Kn = A/Dp.
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When Dp >> A the Brownian diffusion parameter D is a func-
tion of 1/Dp that is, as the number of nuclei is a function
f(D), the mass involved in the coalescence phenomena is a
function f (Dp?).

When Dp << A, D is a 1/Dp” function, and the mass is a func-
tion f(Dp).

In other words, when Dp >> A, the phenomena are fast, with
capture through surface, that 1s the relatively largest
particles act as scavengers of the small molecules.

When Dp << A, particle size growing phenomena are slow.

This would explain also the remarkable supersatura-
tion phenomena, depending on the fume residence times in
the combustor (a few seconds).

From the Knudsen theory, the parameter A of Stokes de-
creases as the pressure increases.

The pressure does not therefore act on the coalescence
phenomena for Dp << A, but actually widens the region of
particles having size Dp wherein the coalescence phenomena
are fast.

The seeding with ashes having a Young modulus in the
above reported limits introduces nuclei (the invention ag-
gregates) having already Dp >> A, and acts in the same way.

As said, the aggregates of the invention can be ob-
tained from structurally fragile oxides and salts, having a
Young modulus in the above mentioned limits, milled with
the usual techniques so as to obtain the above indicated
granulometry, said aggregates under the conditions of the
combustor of the invention are fractured (broken) by ther-
mal expansion, very intense and repeated, due to the com-
bined effect of the temperature and of their intrinsic fra-
gility as shown by the elastic modulus values. The addition
of vitreous slags produced at the bottom of the combustor
is preferred, as it is very efficient (low addition concen-
trations), and as they do not increase (they close the bal-
ance on the inletting ashes) the amount of the produced
vitreous slags to be disposed of.

In this way it 1s possible to obtain the effects of
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the low-melting additives, that is a widening of the com-
bustor volume involving particles in the liquid state that
can coalescence without the negative effects of wva-
pour/small liquid particle increase.

As already said, oxides/salts/intrinsically fragile
granules can already be present in the fuel.

In the case of fossil fuels, biomasses, waste contain-
ning an appreciable inert filler, a thorough characteriza-
tion to determine the mineralogical properties of the ashes
present in the fuel allows to establish the amount aggre-
gates to be added.

The obtained results on the reduction of the integral
of the numeral distribution of the inorganic particle size
are independent from the chemical composition of the ashes
of the fuels fed into the combustor (such as for example
for the ashes from phosphate-based biomasses), and from the
composition (salt or metal oxide) of the aggregates pro-
vided that the aggregate has the characteristics as defined
according to the present invention.

The process of the invention allows to pilot the melt
coalescence phenomenon, on varying the chemical composition
of the inletting ashes, and favour the ash retainment into
the combustor in several cases of ash compositions, in or-
der to maintain an high efficiency of the ash retainment in
the combustor, and to convey in the melted ashes separated
at the bottom of the combustor the amount as largest as
possible of heavy metals entering with the fuel.

Another object of the present invention are flue gases
obtainable with the process of the invention.

More specifically the fumes of the invention are char-
acterized in having a substantial absence of organic fume
particulate (TOC total organic carbon), being its residual
weight concentration, determined as carbon, lower than 0.01
mg/Nm’ fume dry basis, and the value of the integral of the
numeral distribution of the particles having a diameter
lower than 1 um, lower than 650,000, preferably lower than
300,000 and still more preferably lower than 200,000 (1/cm’
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i.e. particle number/cm’);

of the particles having sizes lower than 0,1 um being lower
than 400,000, more preferably lower than 200,000 still more
preferably lower than 120,000;

when the following test is used: in a thermal 3 MW isother-
mal and flameless combustor, operating at a pressure of 13
absolute bar (12 relative bar) at the temperature of 1430°C
by feeding coal as fuel and oxygen 90% by volume as combu-
rent, in the fumes outlettuing the combustor being present
oxygen at a concentration 3% by volume, coal being fed as a
35% by weight slurry in water, oxygen being fed in admix-
ture with the recycling fumes containing 55% by volume of
steam, and being the integral of the numeral distribution
determined with the impactor ELPI.

The fumes obtainable with the process of the invention
showing a value of the integral of the numeral distribution
of the inorganic particles having diameter below 0.1 micron
of 120,000 in a diagram having in ordinates the parti-
cles/cm’ and in abscissae the particle diameter logarithm in
um, are not obtainable by any known process of the prior
art.

As said, with the combustion process of the present
invention a substantial elimination:

- of the organic particulate of fumes is obtained com-
bined with the reduction to very low weight concentrations,
lower than 0.0l mg/Nm’ fume dry basis (determined as car-
bon),

- of the fraction of inorganic ashes having particle
sizes lower than 1 um, or more correctly, with the reduc-
tion of the integral of the numeral distribution of the in-
organic particle size (diameter) being it possible to reach
a numeral distribution approaching the numeral distribution
of inorganic particle size of the natural background.

More preferably the present invention allows to obtain
the reduction of the integral of the numeral distribution
of the fraction of the inorganic particles having particle

sizes below 1 um to about one half with respect to the nu-
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meral distribution below 1 pm obtainable with the reference
examples, that are internal comparative tests carried out
by the Applicant, being it possible to reach also values
about 6-8 times lower, that is to obtain a numeral distri-
bution almost approaching the numeral distribution of the
inorganic particle size of the natural background, and with
respect to the numeral distribution of particles having a
diameter Dbelow 0.1 micrometers, and a reduction of 5-6
times less, with respect to the reference examples herein
attached.

EXAMPLES

Characterization

Determination of the fuel ashes

The determination of the ashes was carried out according to
the ASTM D3174 test, or with any pyrolysis method known for
this determination carried out at the temperature of about
600°C.

Determination of heavy metals

The determination of the heavy metals present in fuels was
carried out on the ashes obtained from fuels, by means of
plasma techniques, for example ICP-QES.

Determination of the melting temperature

The melting temperature was determined according to the ASTM
D 1857-87 test.

Determinazione of the aggregate granulometry

The determination of the granulometry of the aggregates was
carried out by the ASTM C136-06 method.

Determination of the aggregate amount in the fuel ashes

The determination was carried out by XRF ray diffractometry
(X ray fluorescence) and the obtained data were processed
with CQPA techniques (Chemical Quantitative Phase Analysis)
to reconstruct the mineral component.

Soot analysis

The analysis was carried out by sampling the fumes by the
Andersen probe, followed by filtration on silicate fiber
panels having 0.1 pm size cut, then by a condensation step

and final recovery of the particle fraction having a 0.01 -

_26_
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0.1 pum diameter. The characterization was carried out by
electronic microscope (SEM), combined with spectroscopic
techniques EDX, and is based on the net morphological dif-
ference (cenospheres and plerospheres)

(minimum particle diameter detectable by means of the elec-
tonic microscope: 10-50 nm) of the soot particles with re-
spect to those of inorganic ashes, and on the carbon X
spectrum (sensitivity limit 0.01 % by weight).

Determination of the Young modulus on the aggregates

The Young modulus was determined with the ASTM E1876-09

method.

Weight and numeral particle distributions in fumes

The analysis was carried out by means of the powders con-
tinuous analyzer (impactor) ELPI (Decati). The analyzer has
12 channels for classifying powders on the basis of their
particle diameter Dp. The method allows to obtain graphs
reporting the curves of the typical ponderal and numeral
distributions on varying the particle diameter in the range
from 0.007 pm up to 10 um. The fractions above 10 um are
“cut off” by a cyclone operating on the sampled fumes,
placed at the inlet of the ELPI analyzer. The analyzer 1is
provided with 12 channels for the particle size analysis.
The central point of each of the 12 channels is herein be-

low reported.

Chl Ch2z Ch3 Ch4 Chb Ché Ch7 Ch8 Ch9 Chl0 Chll Chl2

0.01 0.03 0.06 0.09 0.15 0.26 0.38 0.61 0.95 1.60 2.39 3.99

For example the first channel Chl has a central point of
0.01 um, and has a particle cut off from 0.007 to 0.015 um;
channel Chl2 has a central value of 3.99 and collect parti-
cles up to the upper limit to 10 pm.

The weight and numeral distribution of the particle diame-
ter was obtained by a dedicated software (software ELPI).
Downhill the ELPI analyzer, in order to have a fine scan-
ning of the smallest particles, from 0.06 to 0.007 um
(0.007 is the lowest sensitivity limit of the particle size
of the impactor ELPI) the instrument DMA (ISAIE) was posi-
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tioned.

In the graphs hereinafter reported the weight/numeral dis-
tribution (ordinates) i1is plotted against the logarithm of
the particle diameter in pm (abscissae). More in detail, in
the diagrams the ordinates report the ash concentrations
[mg/Nm’] in the case of the weight distribution, the parti-
cle number/cm’, [l/cm’] in the case of numeral distribution.
REFERENCE EXAMPLE A

In this example, a practical representation of the meaning

of “natural background” is given.

Air of earth atmosphere contains submicron particles as a
natural condition. This submicron particle population 1is
commonly referred to as “natural background”. Both thereof
numeral and the value of the integral of the submicron nu-
meral distribution are affected by the climate conditions
and by human activities.

Fig. 0-A reports a typical diagram of the numeral par-
ticle size distribution of the natural background, deter-
mined by using the impactor ELPI. The diagram has not been
corrected for the amount of the present smallest particles
(fines).

REFERENCE EXAMPLE 1

The combustion process was carried out according to USP

8,453,583 in a pilot plant operated at the thermal power of
3 MWth. Recycling fumes after energy recovery, admixed with
oxygen comburent were fed to the combustor. The fumes con-
tained a water amount at a vapor state equal to 55% by vol-
ume. The ratio by volume oxygen/recycling fumes was 1/2.
Oxygen was fed in an excess amount such as to have an oxy-
gen percentage in the outletting fumes of about 3% by vol-
ume. The combustor was operated under a pressure of 3 barg
and at a temperature of 1430°C.

Fumes were sampled downstream of the combustor, after tem-
pering with cold recycling fumes.

As fuel an Ukrainian anthracite coal (analyses reported in
Example 4) was used, wet milled in a bar mill, and pumped

with a worm pump as a slurry containing 30-31% by weight of
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water at the pressure of the fuel injection nozzles of the
combustor. The dry pulverized coal flow rate was 400 Kg/h.
The sampling of the residual powders in the fumes outlet-
ting the combustor showed that a carbon content below the
analytical limit (< 0.01% by weight), and that soot parti-
cles were absent, as evidenced by electronic microscopy.

In the sample of the combustion fumes the mean value of the
total weight concentration of solids in a sampling period
of 20 min was of 304 mg/Nm’ fume dry basis, determined by
the impactor ELPI at the combustor outlet in the same sam-
pling period. The wvalue of the total solid concentration
has been in parallel assayed through the batch filtration
method of the fumes, Andersen probe and filtration on ce-
ramic fiber collection filters, using the same sampling
time.

Figures 1A and 1B represent, respectively, the weight dis-
tribution (concentration mg/Nm’) and numeral distribution
(number particles/cm’) of the particles in the combustion
fumes.

In the post-treatment of the fumes, filtration on a sleeve
filter and then on electrostatic filter, followed by steam
condensation, leads to a final value of the particle total
concentration <10 mg/Nm’ fume dry basis, that is within the
emission limits, due to the removal of the particles having
a diameter greater than 2.39 um (corresponding to channels
11 and 12 of ELPI) and to the remarkable decrease of the
particle population having diameter between 0.95 and 1.6 um
(channels 9 and 10 of ELPI).

The diagram of Fig. 1B (numeral distribution) shows that
the population of particles having a diameter comprised be-
tween 1 and 0.01 um remained substantially unaltered.
REFERENCE EXAMP1E 2

This example was carried out according to the teach-
ings of EP 2,220,198
Reference example 1 was repeated, but adding the low-
melting salt potassium sulphate (melting point 1,340K) in

an amount equal to 3% by weight calculated with respect to

_29_
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the fuel ashes. The amount of fuel ashes was about 0.5%
with respect to the dried coal weight.

The fume sampling period was of 25 min. In parallel fume
sampling also on a ceramic fiber filter was carried out.

The carbon found in the powders of the sampled fumes was
below the analytical limit (< 0.01% peso) and soot was ab-
sent.

The average value of the total weight concentration of the
particles in fumes was 8.3 mg/Nm’ fume dry basis, average
between point values ranging from 2.3 to 20.8 mg/Nm’ fume
dry basis.

The particle weight distribution diagram of Fig. 2A shows a
significant reduction of the particles with respect to Fig.
1A (refer to the ordinate scale). Most of the heavy metals
separated from fumes and preferably accumulated into the
liquid slags collected at the combustor bottom.

The diagram was obtained without correction for loss of the
particles. After correction, in the numeral diagram the
fractions between 0.01 and 0.1 rose again, without however
showing the trend described in example 1.

The diagram of the numeral distribution of the particle
population of Fig. 2B shows that the population of parti-
cles having a diameter comprised between 0.1 and 1 um was
still very abundant.

The EDX analysis of the fume ashes collected on the ceramic
filter evidenced a consistent enrichment of sodium, potas-
sium, magnesium in the ashes outletting the combustor with
respect to the inletting composition of coal ashes + addi-
tive.

REFERENCE EXAMPLE 3

The example was carried out by using the same pilot oxycom-
bustion plant of example 1. The pressure was maintained at
3 barg but the temperature was decreased to 1350°C. The
fuel used was diesel o0il fed at the flow rate of 245 Kg/h.
To the combustor a 23 g/l NaCl aqgueous solution wherein
sulphur in the form of a wettable powder at the concentra-

tion of 12 g/l was formerly dispersed was also fed at a
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flow rate of 378 1/h.

It was observed that the ELPI analyzer was quickly satu-
rated/clogged. The obtained values do not appear therefore
to be significant.

Likewise, batch sampling on ceramic filter was negatively
influenced by clogging of the ceramic filter that took
place after a few minutes from the start of sampled fumes
flow. A value of powder total concentration of about 30
g/Nm’ fume dry basis was obtained. The thermal exchange in
the thermal recovery plant quickly worsened to the point
that the test had to be interrupted.

A visual inspection of the combustor, after the test, did
not show any evidence of deposits of liquid slags (easily
recognizable as white deposits) on the refractored walls.

On the basis of the sodium balance it was possible to es-
tablish that the amount of ashes outletting the combustor
was substantially equal to that inletting the combustor
that is, the fraction retained inside the combustor was
negligible.

Considering that the vapour pressure of Na,S0O, at 1350°C 1is
equivalent to an amount of the compound of the order of
dozen of milligrams/Nm3 fume dry basis, it was concluded
that a remarkable supersaturation phenomenon of sodium sul-
phate wvapours took place in the fumes outletting the com-
bustor.

EXAMPLE 4

Reference example 1 was repeated but that for attemperating
the combustor, the recycling fumes were substituted with
steam and the pressure of the process was increased to 12
barg.

The fuel used was coal containing an amount by weight of
ashes (obtained by calcination) egqual to 18%. The ash com-
position (% by weight) obtained by XRF analysis (X fluores-

cence) was the following:

S1i0; 58.9

Al,05 22.5
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Fe,0; 5.4
S (as S03) 3.3
Cal 3.0
K,0 2.8
MgO 2.0
TiO, 0.7
P,0s 0.5
Na,O 0.5

The high content of silica allows to conclude, even without
performing CQPA reconstruction of the original minerals,
that the ashes contain aggregates having a Mohs hardness
higher than 3 in an amount higher than 20% by weight on the
total ash amount.

From ELPI characterization, mediated on a sampling period
of 68 min, it was obtained that the mean value of the total
concentration of the powders was of 1.06 mg/Nm’ fume dry ba-
sis, average between time point values ranging from 0.8 to
1.4 mg/Nm’ fume dry Dbasis. This Figure was in accord with
the wvalue obtained from the batch filtration on ceramic
filter (on a 68 min of sample collection; prolonged sam-
pling to parallelly allow to collect enough material on ce-
ramic fiber filter).

By comparing the distribution curves obtained in the refer-
ence example 2 with those of example 4, it is drawn that,
with respect to the weight distribution curve of Fig. 2A,
that of Fig. 3A is significantly lowered in the range from
0.1 uym and the full scale (10 um).

The diagram was obtained without correction for 1loss of
fines. After correction, the fractions between 0.01 and 0.1
rose again without however showing the trend described in
example 1.

In Fig.3B, that represents the numeral distribution, it is
observed that the integral of the numeral distribution of

the particles having a diameter comprised between 0,1 and 1
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um decreases more than one half with respect to Fig. 2B,

but it remains still quite high.

EXAMPLE 5

Reference example 4 was repeated but that to the coal

slurry, the following additives were added:

- vitrified slags, collected at the combustor bottom in a
previous combustion test. The corresponding amount was
equala to 14.8% by weight with respect to that of the
coal ashes (about 2.7% by weight with respect to the
dried coal),

- the low-melting compound of Example 2, in the same amount
reported in Example 2 with respect to the fuel ashes.

The Young modulus of the vitrified slags was about 6 x 10°

MPa.

The wvitreous slags were previously milled in order to ob-

tain a granulometry comprised between 100 and 500 um for at

least 70% by weight of the granulometric distribution.

Slag addition to the coal slurry was carried out in the

mixer-homogenizer, upstream the slurry feeding pump to the

nozzles of the combustor, at the rate of 10.5 kg/h (as said
above, 14.8% by weight with respect to the coal ashes).

The wvalues at chimney of the integral and weight particle

distributions (after post-treatment of the fumes) were

evaluated. The weight distribution curve 1is represented in

Fig. 4A and the numeral distribution curve in Fig. 4B.

A comparison between the weight distribution curves of

Figs. 3A and 4A shows a strong reduction of the total con-

centration of the particles in the latter.

From the numeral distribution diagram 4B the integral of

the numeral integral up to 1 pm and up to 0.1 um was ob-

tained. It was calculated that this wvalue was about 1/3

with respect to that corresponding of the diagram of Fig.

3B.

It was observed that the value of the integral of the par-

ticle numeral distribution was not very far from the natu-

ral background of Fig. 0-A.
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CLAIMS
Oxycombustion process wherein a combustor is fed with
a fuel, a comburent and compounds under the form of
coherent aggregates having the following features:
Young modulus 210 MPa, sizes higher than 75 pm for at
least 60% by weight of the granulometric distribution,
the aggregates having the above properties when they
are introduced into the combustor, the amocunt of ag-
gregates on the fuel ashes ranging from 25% in % by
welght up to at most 1l:1 by weight, the combustor be-
ing isothermal and flameless.
Oxycombustion process according to claim 1 wherein the
combustoxr is operated at temperatures in the range
1,400K ~ 2,200K.
Oxycombustion process according to claims 1-2 wherein
the combustor is operated under a pressure ranging
from 103 kPa to 6,000 kPa.
Oxycombustion process according to claims 1-3 wherein
the comburent is oxygen used in admixture with water
or steam or in admixtures with recycle fumes.
Oxycombustion process according to claim 4 wherein the
ratio by moles oxygen: (water/steam) is comprised be-
tween 1:0.4 and 1:3.
Oxycombustion process according to claims 4-5 wherein
in the recycling fumes used in admixture with oxygen
the amount of water/steam is higher than 30% by vol-
ume, the molar ratio oxygen: (water/steam) is as de-
fined in claim 5.
Oxycombustion process according to claims 1-6 wherein
the fuel is mixed with water/steam, the water/steam
amount in the mixture being in percent with respect to
the weight of the fuel of at least 30% and not higher
than 90%.
Oxycombustion process according to claims 1-7 wherein
the fuels are liquid, solid, gasecus fuels gnd are se-
lected among hydrocarbon solids, brought to melt-
ing/liquefaction by heating, and fed as viscous lig-
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10.

11.

12.

13.

14.

15.

16.

17.

uids, biomasses, animal flours, coal, industrial wastes
from neutralization reactions, high-boiling refinery
fractions, bitumens and o0il shales, processing scraps of
tar sands, peats, exhausted solvents, pitches, indu-
strial process scraps and waste, emulsions of ligquid fu-
els of 0il origin, liquid hydrocarbons, methane, low mo-
lecular weight hydrocarbons, syngas.

Oxycombustion process according to claims 1-8 wherein
the aggregates have particle sizes not highexr than 800
nam.

Oxycombustion process according to claims 1-9 wherein
the Young modulus of the aggregates is not higher than
10% MPa.

Oxycombustion process according to claims 1-10 wherein
the aggregates are fed to the combustor separately
from the fuel or in admixture thereof.

Oxycombustion process according to claims 1-11 wherein
the aggregates are contained in the fuel.

Oxycombustion process according to claims 1-12 wherein
the aggregates are minerals.

Oxycombustion process according to claims 1-13 wherein
the aggregates are vitreous slags coming from
combustion processes separated at the bottom of the
combustor.

Oxycombustion process according to claims 1-14 where-
in, as aggregates, materials having a hardness higher
than 3 according to the Mohs scale, are used.
Oxycombustion process accoaxding to claims 1-15 wherein
the residence time of the fuel in the combustoxr ranges
from 0.5 seconds up to 30 minutes.

Oxycombustion process accorxding to claims 1-16 wherein
the combustor is refractored.

-35.



