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The re sults on the gasi fi ca tion of Greek lig nite us ing two in di rect heat
(allothermal) pi lot ro tary kiln gasifiers are re ported in the pres ent work. The
de vel op ment of this new re ac tor-gasifier con cept in tended for solid fu els
chem i cal con ver sion ex ploits data and ex pe ri ence gained from the fol low ing
two pi lot plants. The first unit A (about 100 kg/h raw lig nite) dem on strated the 
pro duc tion of a me dium heat ing value gas (12-13 MJ/Nm3) with quite high
DAF (dry ash free) coal con ver sions, in an in di rect heat ro tary gasifier un der
mild tem per a ture and pres sure con di tions. The sec ond unit B is a small pi lot
size unit (about 10 kg/h raw lig nite) com prises an elec tri cally heated ro tary
kiln, is an op er a tion flex i ble and ex hib its ef fec tive phase mix ing and en hanced 
heat trans fer char ac ter is tics. Greek lig nite py rol y sis and gasi fi ca tion data
were pro duced from ex per i ments per formed with pi lot plant B and the re sults
are com pared with those of a the o ret i cal model. The model as sumes a scheme 
of three con sec u tive-partly par al lel pro cesses (i. e. dry ing, py rol y sis, and
gasi fi ca tion) and pre dicts DAF lig nite con ver sion and gas com po si tion in rel -
a tively good agree ment with the per ti nent ex per i men tal data typ i cal of the ro -
tary kiln gasifier per for mance. Pi lot plant B is cur rently be ing em ployed in
lime-en hanced gasi fi ca tion stud ies aim ing at the pro duc tion of hy dro gen en -
riched syn the sis gas. Pre sented herein are two typ i cal gas com po si tions ob -
tain from lig nite gasi fi ca tion runs in the pres ence or not of lime. 

Key words: indirect heat (allothermal) rotary kiln gasifier, pilot plant,
gasification modeling, lime enhanced gasification, Greek
lignite

Introduction

The main ob jec tive of Clean Coal Tech nol o gies (CCT) is coal ex ploi ta tion for
power and heat pro duc tion by us ing pro cesses that max i mize the over all ef fi ciency and
di min ish emis sions of haz ard ous wastes and green house gases. Coal Gasi fi ca tion Tech -
nol o gies have many pos i tive at trib utes, com pared to other CCTs. Gasi fi ca tion is the only
ad vanced CCT that of fers both up stream (feedstock flex i bil ity) and down stream (prod uct 
flex i bil ity) ad van tages. All car bon-con tain ing feedstocks in clud ing haz ard ous wastes,
mu nic i pal solid waste and sew age sludge, bio mass, etc., can be readily gasified af ter
proper prep a ra tion to pro duce clean syn the sis gas for fur ther pro cess ing. Due to the pos -
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si bil ity of pro cess ing use low-cost feedstocks, gasi fi ca tion is the tech nol ogy of choice for 
many in dus trial ap pli ca tions, e. g. oil re fin er ies. In te grated Gasi fi ca tion Com bined Cy cle
(IGCC), and gasi fi ca tion pro cesses in gen eral, is also the only ad vanced power gen er a -
tion tech nol ogy ca pa ble of co-pro duc ing a wide va ri ety of com mod ity and pre mium
prod ucts, in ad di tion to elec tric ity [1]. 

Com pared to com bus tion sys tems, gasi fi ca tion is the most ef fi cient and en vi ron -
men tally friendly tech nol ogy for pro duc ing low-cost elec tric ity from solid feedstock and
can be made to ap proach that of nat u ral gas com bined cy cle plants. Fur ther in creases in
ef fi ciency can be achieved through in te gra tion with fuel cells and other ad vanced tech -
nol o gies. Be cause gasi fi ca tion op er ates at high-pres sure in a re duc ing at mo sphere, gasi -
fi ca tion prod ucts com pared to di rect com bus tion prod ucts are more ame na ble to clean ing
to re duce ul ti mate emis sions of sul fur and ni tro gen ox ides, as well as other pol lut ants. In
gen eral, the vol ume of the fuel gas pro cessed in an IGCC plant for con tam i nant re moval
is typ i cally one-third that from a con ven tional power plant. Gasi fi ca tion plants can also
be con fig ured to reach near-zero lev els of emis sions when re quired. 

The pres ent work aims at the de vel op ment of a new type of gasifier (ro tary kiln)
to pro cess low heat ing value coals (e. g., moist lig nite) for the pro duc tion of syn the sis gas
free of ni tro gen and com bus tion by-prod ucts (me dium heat ing value gas – MHV gas).
The fo cus is on the fol low ing as pects: (1) Gen er a tion of ex per i men tal data from gasi fi ca -
tion test on Greek lig nite. Main re sults con cern DAF lig nite con ver sion and prod uct gas
com po si tion. (2) The val i da tion of a coal con ver sion model with par tic u lar em pha sis on
moist lig nite gasi fi ca tion. The model, as ex plained in the rel e vant para graph be low, uti -
lizes ki netic cor re la tions for coal dry ing, py rol y sis and gasi fi ca tion. The per ti nent ci ta -
tions are pro vided where ap pro pri ate. As far as the ki net ics and prod uct dis tri bu tion for
lig nite py rol y sis, the model pro posed by Merrick [2] was adopted, whereas the John son’s
ki netic model of lig nite gasi fi ca tion was in cor po rated in mass and enthalpy bal ances [3].

Apart from the ki netic cor re la tions ther mo dy namic anal y sis for the gasi fi ca tion
sys tem of fers ob vi ous ad van tages in case chem i cal equi lib rium is as cer tained. Re cent
pub li ca tions elu ci date the var i ous ther mo dy namic as pects and re port gas com po si tion
pre dic tions for spec i fied gasi fi ca tion sys tems, where solid fu els are in volved (e. g., lig -
nite, coal, bio mass, or solid wastes with or with out ad di tional sorbents (e. g., lime) for
CO2 cap ture) [4-6].

A re view of char ac ter is tics and lim i ta tions of con ven tional gasifiers is sum ma -
rized in tab. 1, to en able com par i sons with the novel type of gasifier. 

Selection of gasifier: the indirect heat rotary kiln

Gasi fi ca tion of low qual ity solid fu els: re ac tor type se lec tion cri te ria [7]. A
num ber of cri te ria should be set for se lect ing a gasi fi ca tion re ac tor type to be in te grated in 
a pro cess ef fi cient enough to com pete suc cess fully pro cesses in volv ing con ven tional
coal con ver sion re ac tors.
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General criteria

· The process overall should include the simplest possible flowchart, comprise proven
process units and allow for high operation  availability, since this factor weighs
heavily on process economics.

· The process should provide the flexibility of processing solid fuels of different type,
origin and composition with minimum preparation treatment. This offers obvious
benefit in the management of raw materials. 

· Production of a medium heating value (MHV) gas should be possible without using
oxygen, for the generation of the hot medium to heat up the gasification reactor. This
requirement imposes the need of using indirectly heated (allothermal) process stages.
Savings are to be expected by avoiding both the needs for an air fractionation plant
and the processing of high gas mass flow rates in the case of having a low heating
value (LHV) product gas, instead of a MHV gas. With regard to gasifier heating up,
the allothermal mode of operation offers the flexibility of either producing heat from
whatever clean fuel (i. e. different from fuel being gasified) or use available heat
recovered from independent process units. Moreover, the MHV gas if it is to be used
to fuel a gas turbine is expected to demonstrate superior combustion characteristics
than an LHV gas.
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Table 1. Synthesis gas composition (% v/v) and HHV from pilot plant A [17,  22]

Process
designation

H2 CO CO2 CH4 N2 H2S
HHV*

[MJ/Nm3]

ALKIGAS(1) 35-46 24-47 15-22 4-8 – 0.0-0.8 10.3-13.8

MBG process(2) 51.11 12.26 24.04 11.80 0.48 0.32 11.4

LURGI(3) 36-40 18-25 27-32 9-10 – – 11.5

–  use of air … … … … … … 6.0-6.7

WINKLER(4) 35-45 30-50 13-25 0.5-2.0 – – 9-13

–  use of air … … … … … … 4.3-4.7

KOPPERS-TOTZEK(5) 22-32 55-66 7-12 0.1 – – 10.6-11.8

* HHV – higher heating value

Process operating conditions

(1) ALKIGAS (pilot plant A of this work): atmospheric, 900-950 °C, use of air, allothermal, feed – raw Greek lignite 
(Megalopolis), dp = –15 mm, max moisture 60% w/w

(2) MBG process (under development): fluidized bed, allothermal, pressure 40 bar, max temperature 1000 °C, feed – gasing
coal from the Northern part of the Ruhr region (Germany) [33]

(3) LURGI (commercial): fixed bed, autothermal, use of O2 + steam, pressure 20-30 bar, lignite feed, dp = 6-40 mm, max
moisture 15% w/w

(4) WINKLER (commercial): fluidized bed, autothermal, use of O2 + steam, atmospheric pressure, lignite feed, dp = –40 mm, 
max moisture 18% w/w

(5) KOPPERS-TOTZEK (commercial): auto-thermal, use of O2 + steam, atmospheric pressure, feed – any type, dp < 0.1 mm
(powder), max moisture 18% w/w, temperature 1110-1480 °C



Criteria related to reactor characteristics

· No particle size limitations either in the feed or during processing. The reactor should 
operate with feeds composed of a mixture of lumped and pulverized material i. e. wide 
particle size distribution (e. g., dp –40 mm). Particle size reduction due to thermal
treatment and particle attrition should not cause stoppage of solids motion through the 
reactor. Also savings are to be expected by reducing solids mechanical preparation. 

· Feed con tain ing the full in her ent mois ture content. The re ac tor should pro vide for the
pro cess ing of feeds with any mois ture per cent age. In the case of raw lig nite
pos sess ing with mois ture over 50% the need for in de pend ent steam gen er a tion
in stal la tion is over come.

· Reactor operation under a controlled atmosphere. Reactor operation maintaining a
controlled atmosphere offers several advantages. This type of operation is
accomplished by applying an indirect mode of heating up whereas the obvious
advantage is the generation of gas streams (i. e. steam, pyrolysis gas, synthesis gas)
free of unburned air and combustion products.

· Effectiveness of phase mixing and heat transfer. Reactor design, internal
configuration and operating conditions should enable an effective mixing of the
reaction mixture for enhancing the mass and heat transfer rates between the reacting
species.

· Control of solids hold-up and residence time. An effective reactor type should also
provide for a stable and reliable control of the residence time of reactants at the
desired level. Moreover reactor operation should guarantee a quick response for the
transition from one steady state to another.

· Operation at high temperatures and pressures. Solid fuel gasification kinetics and
thermodynamics are strongly dependent on operating temperature and pressure.
Depending on the particular application it might be desirable to operate at reactor
temperature well above 1100 °C and pressure over 30-50 bar.

In di rect heat ro tary kiln is the type of re ac tor that meets more suc cess fully the
above-men tioned gasifier spec i fi ca tions, es pe cially for gasi fy ing moist lig nite. How ever, 
it has to be men tioned that it is an at mo spheric pres sure gasifier op er at ing at tem per a ture
be low 1000 °C. This con clu sion is jus ti fied in view of the var i ous lim i ta tions en coun -
tered in the es tab lished gasi fi ca tion pro cesses with re spect to the above-men tioned cri te -
ria, with par tic u lar em pha sis on that of allothermal gasi fi ca tion. Ro tary kiln de sign and
con struc tion is rel a tively sim ple and the per ti nent tech nol ogy is es tab lished and re li able
with in dus trial ap pli ca tions in the ce ment and met al lur gi cal in dus try. More over, in di rect
heat dry ers find im por tant in dus trial ap pli ca tions in the pro duc tion of sen si tive dry solid
prod ucts and/or clean steam whereas in di rect heat calciners find also a va ri ety of im por -
tant in dus trial uses [8]. In dus trial calciners can be at least 30 m long and 3 m wide [9, 10].

Dur ing the past two de cades ex per i men tal and the o ret i cal work on the gasi fi ca -
tion of Greek lig nite in in di rect heat (allothermal) ro tary kiln gasifiers has yielded re sults
that could be ex ploited for the im ple men ta tion of scal ing-up de sign to a dem on stra tion, or 
a full in dus trial size. Pro cess flow sheet, re ac tor-de sign equa tions, ex per i men tal re sults

184

THERMAL  SCIENCE: Vol. 10 (2006), No. 3, pp. 181-197



and var i ous de sign de vel op ment as pects of this novel tech nol ogy have al ready pre sented
in sev eral pub li ca tions [7, 11-27].

Modeling an allothermal rotary kiln gasifier 

An out line of a the o ret i cal model sim u lat ing the allothermal ro tary kiln gasifier
op er a tion for the chem i cal con ver sion of a solid fuel feedstock is pre sented. This is a use -
ful the o ret i cal tool for the in ter pre ta tion and val i da tion of the re sults to be ob tained from
the im ple men ta tion of the lig nite gasi fi ca tion ex per i men tal pro gram. A full ac count of
the gasifier mod el ing is re ported else where [11].  Lit er a ture ki netic cor re la tions for the
py rol y sis (devolatilization) [2] and gasi fi ca tion [3] of lig nite have been in cor po rated in
the mass and en ergy bal ances valid for steady-state gasifier op er a tion. For the lig nite dry -
ing pro cess we em ployed a ki netic cor re la tion orig i nally de duced from TGA mea sure -
ments [28] and sub se quently ver i fied from pi lot dry ing tests car ried out on our ro tary
gasifier (pi lot unit B) un der dry ing tem per a ture con di tions [12].

The gasifier model pro vides for a gen eral scheme of three par al lel pro cesses
(dry ing, py rol y sis, and gasi fi ca tion). In ac tual fact it turns out that the three pro cesses
prog ress ac cord ing to a se ries-par al lel scheme as the sol ids move along the kiln length
and they grad u ally en ter higher tem per a ture re gions of the kiln. De tails of the gasi fi ca tion 
pro cess scheme are sche mat i cally il lus trated in fig. 1, where the par tial over lap ping be -
tween suc ces sive pro cesses is pic to ri ally rep re sented. 

The light and me dium mo lec u lar weight vol a tile con tent be ing re leased from the 
fed sol ids upon heat ing over a tem per a ture thresh old typ i cal for each solid ex hib it ing a
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Figure 1. Schematic representation of processes occurring in an
allothermal rotary kiln gasifier



spec i fied com po si tion is sub jected to a grad ual ther mal de com po si tion (py rol y sis). At
this stage at least nine chem i cal spe cies are pro duced as fol lows: CH4, CO, CO2, H2,
H2O(g), C2H6 (as equiv a lent of all hy dro car bons with two or more car bon at oms), NH3 (as
equiv a lent of all ni trog e nous sub stances), H2S (as equiv a lent of all gas sulphurous sub -
stances) as well as tar [2]. The tar is com posed of light or ganic sub stances i. e. those con -
tain ing shorter car bon chains than the or ganic sub stances and it usu ally ap pears in the liq -
uid or gas phase by tak ing ac count that at this stage a high tem per a ture pre vails.

The steam at mo sphere is grad u ally en riched with the py rol y sis gas eous prod ucts 
and the gas-sol ids mix ture con tin ues to be heated. The ther mal de com po si tion is par al -
leled by the RRMF (rapid reforming meth ane formation) [3]. How ever this re ac tion is fa -
vored by high pres sure and there fore is ex pected to ex hibit an ex tremely low rate un der
at mo spheric pro cess con di tions.

When the sol ids tem per a ture ex ceeds 800 °C (in a non-cat a lyzed sys tem) the
con ven tional low rate gasi fi ca tion stage (LRGS) is ac cel er ated and un der  at mo spheric
pres sure con di tions this par tic u lar stage can be ap prox i mately re duced to the car bon
steam re ac tion with CO and H2 be ing the main prod ucts which can be com bined with cer -
tain gas phase re ac tions un der chem i cal equi lib rium con di tions. At this tem per a ture level
the heavy vol a tile mat ter and the fixed car bon con tent of the solid fuel be ing pro cessed
be come re ac tive. Apart from the char, the tar al ready re leased at lower tem per a tures as
well as that be ing pro duced in par al lel with the gasi fi ca tion re ac tions par tic i pates in an in -
de pend ent re ac tion rate scheme from that of the solid char. This hy poth e sis is in ac cord
with the ex per i men tal ob ser va tion of mea sur ing lower tar con cen tra tions at the exit
stream of gasifiers op er at ing at high tem per a tures [3].

The ro tary kiln gasifier math e mat i cal model sim u lates a steady-state gasifier op -
er a tion and en com passes mass and enthalpy bal ances over a dif fer en tial con trol vol ume.
The for mu la tion of the model re sulted in a math e mat i cal sys tem com posed of four teen
dif fer en tial equa tions with an equal num ber of in de pend ent func tions (ax ial dis tri bu tions
of dif fer ent mag ni tudes). The re main ing ax ial dis tri bu tions and fi nal val ues of mag ni -
tudes are de duced from the above-men tioned in de pend ent func tions. Com par i sons of
model pre dic tions with the per ti nent ex per i men tal data will be dis cussed in fol low ing
sec tions of this work. 

Experimental

The allothermal ro tary kiln chem i cal re ac tor type has been or is be ing tested as a
can di date gasifier via the op er a tion of the fol low ing two pi lot plants.

Pilot plant A (about 100 kg/h raw solid fuel) 

The first pi lot plant A owned by the Pub lic Power Cor po ra tion (PPC) of Greece
was de signed, con structed and op er ated in the con text of a pro ject funded jointly by PPC
and NATO–SFS and di rected by one of the au thors (G. P. A.). The main re search re sults
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ob tained by op er at ing this plant were pub lished in ci ta tion [7]. A brief ac count of the pro -
cess equip ment is pro vided here be low, and a flow sheet is shown in fig. 2.

The main equip ment was a 6 m long and 0.4 m wide in di rect heat ro tary kiln
made of a heat re sis tant al loy (incoloy 800 HT). Pro pane was used as an aux il iary fuel for
start up heat ing pur poses. How ever in dus trial gasi fi ca tion plants should em ploy cheaper
though clean fu els (e. g., stored clean gas or good qual ity liq uid fu els) to en able heat ing
dur ing start up. Pro vi sions were made for the burn ing of re cy cled prod uct gas. Greek lig -
nite of both Meg a lop o lis (Peloponnese) and Ptolemais (North ern Greece) or i gin were
gasified. The feed mois ture con tent was 40-55% and the par ti cle size dp < 15 mm.

The max i mum re ac tion tem per a ture was var ied over the range 700-900 °C and
the pres sure was nearly at mo spheric. Sol ids res i dence time was var ied be tween 40-80
min., re ferred to the to tal kiln length, whereas those in the hot re ac tion zone are es ti mated
to be about 13-25 min. A typ i cal gasi fi ca tion run was im ple mented in five days con tin u -
ous op er a tion and dem on strated a DAF lig nite con ver sion over 90% and an el e men tal
car bon con ver sion ~80%. Typ i cal gas prod uct com po si tion ob tained from the pi lot plant
un der con sid er ation (ALKIGAS) is pre sented in tab. 1 and are com pared to those valid
for con ven tional gasifiers [7, 17, 22, 25]. De tails on the gen er ated re sults from the ex per i -
men tal pro ject im ple mented on pi lot plant A are ref er enced in [7].

Pilot plant B (about 10 kg/h raw solid fuel)

The pres ent work re ports ex per i men tal re sults on the gasi fi ca tion of Greek lig -
nite by means of the pi lot plant B and their com par i son with rel e vant pre dic tions de rived
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Figure 2. Pilot plant A basic flow sheet



from a the o ret i cal model based on the par tic u lar re ac tor-gasifier con fig u ra tion and the in -
tended op er a tion con di tions. The aim is to val i date a DAF lig nite gasi fi ca tion scheme,
gas prod uct com po si tion and over all heat trans fer co ef fi cient cor re la tion un der spec i fied
gasifier op er at ing con di tions.

The ba sic flow sheet of the pi lot plant B is il lus trated in fig. 3. The unit is in -
stalled in the semi-in dus trial Lab o ra tory of the School of Chem i cal En gi neer ing (NTUA)
and its de sign, con struc tion and op er a tion was the re spon si bil ity of one of the au thors (K.
S. H.) [11]. 

This pi lot plant in cludes an elec tri cally (in di rect) heated ro tary kiln re ac tor (3 m
long, 0.12 m wide, heat re sis tant tube – 310 SS), ei ther bear ing or not lift ing flights and
op er at ing un der at mo spheric pres sure. The re ac tor is con nected to a PLC con trol ler and a
PC for data ac qui si tion and con trol [12].

The pi lot unit also in cludes a gas han dling and clean ing (GHC) sec tion. Gas
cool ing, con den sa tion of the ex cess steam and heavy hy dro car bons-tar by prod ucts and
the en trained particulates sep a ra tion are the main func tions of the GHC. The op er at ing
pres sure and the flow rate are reg u lated through a PID con trolled pneu matic valve. The
con trol ler is prop erly cal i brated through an al go rithm that has been de vel oped for the
spe cific non-lin ear con trol sys tem [26, 27].

Pi lot plant B is proved to be a flex i ble to op er ate pi lot gasi fi ca tion in stal la tion
ex hib it ing ef fec tive phase mix ing and en hanced heat trans fer. The gasi fi ca tion in stal la -
tion was uti lized in a num ber of re search pro jects as fol lows. Study of lig nite mo tion pat -
tern through the kiln. The ob tained re sults were re ported in [19, 20]. Val i da tion of lig nite
dry ing ki net ics and over all heat trans fer co ef fi cient cor re la tions. The rel e vant re sults
were pub lished in [12]. Lig nite chem i cal conversion by heat ing up to tem per a tures in the
range 600-900 °C (Py rol y sis of dried lig nite oc curs in an in ert at mo sphere. In deed, the in -
di rect heat ro tary kiln re ac tor pro vides for an op er a tion un der a con trolled at mo sphere),
Gasi fi ca tion of raw lig nite at tem per a ture 600-900 °C [11]. Steam is gen er ated in situ by
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evap o rat ing the lig nite in her ent mois ture con tent. We re cently in stalled a steam gen er a tor 
which of fers the pos si bil ity of vary ing the feed mois ture con tent to the de sired level ex -
ceed ing that of the in her ent mois ture per cent age that the lig nite feed car ries with it. Also
a sep a rate unit of sol ids feed ing was con structed to en able sorbent feed ing in de pend ently
from the fuel feed ing stream.

Results and discussion 

Experimental results from pilot plant B

The gasi fi ca tion plant was used in the fol low ing stud ies [11]: (1) sol ids mo tion
through the ro tary kiln via the ex e cu tion of res i dence time dis tri bu tion (RTD) mea sure -
ments, (2) dry ing, py rol y sis and gasi fi ca tion (max op er at ing tem per a ture 679-880 °C) to
in ves ti gate the pro duc tion of clean syn the sis gas. Ad di tion ally sev eral tech ni cal stud ies
were con ducted aimed at the de sign, in stal la tion and op er a tion of var i ous de vices and mi -
nor pieces of equip ment con nected to the main pi lot in stal la tion for an im proved plant
operability and au to ma tion. To this end de tails are pro vided in [11].

Dur ing the op er a tion of the flighted ro tary kiln un der am bi ent con di tions, the
tracer pulse stim u lus and re sponse tech nique was ap plied to study the mo tion of sol ids
through the kiln and the rel e vant RTD data were col lected [19, 20]. Em pha sis was placed
in as sess ing the im pact that the lift ing flights shape (i. e. rect an gu lar, that for an equal
hor i zon tal or equal an gu lar dis tri bu tion of cas cad ing sol ids) and the rate of kiln ro ta tion
im part on the shape char ac ter is tics of the RTD and the cor re spond ing mean res i dence
time. The ef fect of the rate of drum rev o lu tion and the drum slope on the non-flighted
(bare) kiln op er a tion was also in ves ti gated.

More over we car ried out a study of the dry ing pro cess of Greek lig nite (Meg a -
lop o lis or i gin) both ex per i men tally by op er at ing the kiln as an allothermal dryer and the -
o ret i cally by de vel op ing a pro cess sim u la tion. The the o ret i cal model apart from the rel e -
vant steady-state mass and en ergy bal ances em ploys an em pir i cal cor re la tion for the
ki net ics of Meg a lop o lis lig nite dry ing [12, 28].

In ad di tion to that we per formed ex per i men tal gasi fi ca tion runs us ing  par tially
pre-dried Greek lig nite (Meg a lop o lis) as feedstock, un der the fol low ing op er at ing con di -
tions: (1) sol ids feed: 5 kg/h, par ti cle size +2 –5 mm and ini tial mois ture con tent ~30%,
(2) Kiln op er a tion data: max in ter nal tem per a ture in re ac tion zone 670-880 °C, rate of
kiln ro ta tion  w = 3.85 rpm, es ti mated res i dence time for the en tire kiln length ~60 min.
(about 20 min. in the hot re ac tion zone), run du ra tion: ~24 hours. In tab. 2 prox i mate anal -
y sis data are given for the lig nite feed been used in the gasi fi ca tion tests. It is to be noted
that mois ture con tent of the feed (about 30%) was well be low that of the raw ma te rial of
about 60% as re ceived ba sis. A sum mary of the gasi fi ca tion re sults are pro vided in tab. 3.

Briefly, the fol low ing re sults were ob tained from the study of the Greek lig nite
py rol y sis and gasi fi ca tion pro cesses. The ro tary kiln re ac tor gasified quite ef fec tively
moist (30% and over) raw lig nite feeds made up of a mix ture of coarse-pul ver ized ma te -
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rial (i. e. –5 mm) and pro duce a me dium heat ing value gas. This is an ad van tage ac cru ing
from the ap pli ca tion of an allothermal mode of op er a tion whereas the pro duc tion of hot
com bus tion gases to meet the pro cess heat ing re quire ments is not done in situ. Thus the
com bus tion air be ing used in stead of ox y gen is not al lowed to di lute the gasi fi ca tion mix -
ture. More over the pi lot plant en abled the quan ti ta tive iden ti fi ca tion of var i ous op er a tion
data the most sig nif i cant be ing the fuel con ver sion, the ef fec tive ness of phases mix ing
and the over all heat trans fer co ef fi cients.

The op er a tion of ro tary kiln gasifier (pi lot plant B) in daylong, con tin u ous flow,
steady-state gasi fi ca tion runs reached DAF lig nite con ver sions up to 80%. The ex per i -
men tal pro gram where the ro tary kiln was used,  had sev eral tar gets, the most im por tant
be ing: (1) to asses  the im pact of the kiln in ter nal ar chi tec ture on the sol ids mean res i -
dence time and hold-up, as well as the rate of heat ex change, (2) to study the lig nite
allothermal dry ing, in tended for the pro duc tion of steam free of com bus tion gases, and
(3) to val i date the the o ret i cal model con cern ing the de sign and allothermal op er a tion of
the ro tary kiln for in tended ap pli ca tions as sol ids fuel dryer, pyrolizer, gasifie, each one at 
a time or all three in a sin gle unit.

Py rol y sis of lig nite in pi lot plant A (PPC) [7] re sulted in the pro duc tion of a
better qual ity gas, but lower DAF lig nite con ver sion, in com par i son to those ob tained  un -
der  gasi fi ca tion con di tions (tab. 4).

Op er a tion of the pi lot plant B at low gasi fi ca tion tem per a ture (i. e. hy dro-py rol y -
sis ex per i ment) re sulted in the pro duc tion of in fe rior qual ity gas and DAF lig nite con ver -
sion than those mea sured un der gasi fi ca tion con di tions (tab. 4).
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      Table 2. Proximate analysis data of the lignite gasification feed [11]

Maximum kiln internal
temperature 

[°C]

Moisture
[% w/w]

Volatiles
[% w/w]

Ash
[% w/w]

Fixed carbon
[% w/w]

671 33.7 16.3 34.1 15.9

700 33.7 16.3 34.1 15.9

877 20.0 30.0 34.1 15.9

Table 3.  Results from gasification runs in pilot plant B [11]

Maximum
kiln internal 
temperature   

[°C]

Conversion [%] Gas composition [% v/v]
LHV

[MJ/Nm3]DAF*
lignite

Volatile
matter

Fix
carbon

H2 CO CH4 CO2 N2 Tars**

671 – – – 35.8 28.4 4.4 18.6 12.8 – 9.0

700 44.7 83.4 5.2 38.1 24.2 2.9 15.0 19.8 115 8.2

* DAF = dry ash free 
** As total dissolved elemental carbon (total carbon – TC), in mg/L, in the wet scrubber effluent stream



Table 4. Comparison of performance data for gasification pilot plants A and B

DAF lig nite con ver sion Gas prod uct heat ing value

Plant A (PPC gasifier)

Pyrolysis of dry lignite ~ 50% 11.7-17.2

Gasification of moist lignite >90% 10.3-13.8

Plant B (NTUA gasifier)

Lignite hydro-pyrolysis ~ 45% 8.2-9.0

Gasification of moist lignite ~ 80% 10.0

Op er a tion of the pi lot plant B at low gasi fi ca tion tem per a ture (i. e. hy dro-py rol y -
sis ex per i ment) re sulted in the pro duc tion of in fe rior qual ity gas and DAF lig nite con ver -
sion than those mea sured un der gasi fi ca tion con di tions (tab. 4).

The syn the sis gas yielded in allothermal kiln gasifiers  (PPC and NTUA) is
equiv a lent to that pro duced ei ther in a pres sur ized allothermal fluidized bed gasifier or in
con ven tional autothermal gasifiers un der se vere op er at ing con di tions, strict feed spec i fi -
ca tions and be ing run with ox y gen as ox i diz ing me dium. The re search re sults on Greek
lig nite chem i cal con ver sion con firm the view that lig nite is a highly re ac tive low heat ing
value fuel. This is usu ally at trib uted to its pore struc ture char ac ter is tics which fa vor het -
er o ge neous re ac tions [29, 30]. More over the en hanced lig nite re ac tiv ity is also due to the
cat a lytic ef fect ex hib it ing by al ka line ash con stit u ents [31]. These facts ex plain the quite
sat is fac tory per for mance of the ro tary kiln as gasi fi ca tion re ac tor.

The pi lot plant data can be fully uti lized in scale up stud ies aimed at the de vel op -
ment of a de sign for an in dus trial allothermal gasi fi ca tion plant ap pro pri ate for the pro -
cess ing of low heat ing value solid fu els and the pro duc tion of a clean gas to fuel an IGCC
elec tric power gen er at ing sys tem. How ever, the ther mal ef fi ciency should be the ob jec -
tive for fur ther in ves ti ga tions at a big ger scale (i. e. dem on stra tion plant) and be im proved 
fur ther through the use of proper tech niques for heat in te gra tion.

Greek lig nite is a char ac ter is tic fos sil fuel of low heat ing value, which can be
sat is fac to rily gasified un der mild con di tions of pres sure and mod er ately high tem per a -
ture con di tions with the use of an allothermal gasifier.

Comparison of gasification data with theory

The o ret i cal model pre dic tions are gen er ally in good agree ment with the rel e vant 
ex per i men tal data. The the o ret i cal in ter pre ta tion in di cates that the gas eous phase spe cies
at the re ac tor exit con di tions are ap proach ing chem i cal equi lib rium, but a sim i lar sit u a -
tion can not be ver i fied from the model for the gas-solid re ac tions (i. e. that oc cur ring on
the ac tive sites of char). There fore the need for fur ther lab o ra tory scale lig nite ki netic in -
ves ti ga tion is im per a tive.

In more de tail, the pre dic tions of the the o ret i cal model were com pared with the
cor re spond ing ex per i men tal data yielded from the  allothermal ro tary kiln gasifier and the 
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re sult is de picted in fig. 4. The data shown in figs. 4a and 4b come from a gasi fi ca tion test
at max i mum in ter nal kiln tem per a ture of 700 °C. This test is in fact a lig nite hy dro-gasi fi -
ca tion ex per i ment. In figs. 4c and 4d re sults are il lus trated that were ob tained from a gasi -
fi ca tion run per formed at max i mum gasi fi ca tion tem per a ture of 877 °C. This is ob vi ously 
a com bined lig nite hy dro-py rol y sis and gasi fi ca tion ex per i ment. The plots of figs. 4a and
4c dem on strate the con sis tence be tween the pre dicted ax ial tem per a ture dis tri bu tions and 
those mea sured ex per i men tally. The lat ter rep re sent the pre vail ing av er age tem per a ture
at the spec i fied ax ial kiln po si tions dur ing the steady-state kiln op er a tion.

 The dis tri bu tion of DAF and el e men tal car bon con ver sion along the kiln length
are plot ted in figs. 4b and 4d. For the hy dro-py rol y sis ex per i ment we ob served a quite
suc cess ful agree ment be tween the pre dicted and the mea sured DAF lig nite con ver sion
val ues at the kiln exit (i. e. one can no tice at the far right end of the DAF line of fig. 4b the
close ap proach of the curve with the mea sured DAF value be ing in di cated with an open
rect an gle). Nev er the less, the pre dic tion of the el e men tal car bon con ver sion is ap pre cia -
bly lower than that of the DAF con ver sion. This can be at trib uted to the fact that dur ing
the py rol y sis pro cess the DAF lig nite con ver sion is as so ci ated with an ex ten sive re lease
of el e men tal ox y gen to form other ox y gen con tain ing gas eous chem i cal spe cies.
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Figure 4. Comparison of experimental with theoretical temperature profiles along
the kiln axis – (a) and (c). DAF coal conversion vs. kiln length – (b) and (d).
Maximum internal temperature 700 °C (a) and (b) and 877 ºC (c) and (d); L = 3 m



Re gard ing the ex per i ment of the com bined hy dro-py rol y sis and gasi fi ca tion, the
pre dicted DAF lig nite con ver sion val ues de vi ate sub stan tially from the cor re spond ing ex -
per i men tal data when use is made of the ac ti va tion en ergy of Ea = 25,2 kcal/gmol pro posed
by John son [3]. On the con trary the use of a much lower value of about 13 kcal/gmol cited
in [32] moves the DAF con ver sion line up wards and quite close to the rel e vant ex per i men -
tal point (open rect an gle of fig. 4d).

To the ex tent the in ves ti ga tion pro ceeded in the pres ent work for each one of the
cases be ing ex am ined the the o ret i cal model pre dicts with suf fi ciently good ac cu racy the
prod uct gas com po si tion and heat ing value. The graphs of fig. 5 rep re sent the pre dicted
vari a tion of gas com po si tion along the kiln length whereas tab. 5 tab u lates nu mer i cally
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Figure 5. Prediction of gas composition distribution along the kiln axis. Typical lignite
hydro-pyrolysis test at 700 °C (relevant numerical values in tab. 5) (the right hand side plot a
magnification of the gas components profiles appearing in the lower right corner of the left
plot)

   Table 5. Comparison between experimental and predicted 
   dry gas composition at the rotary kiln exit; Tmax = 700 °C

Com po si tion of dry gas
 [% mol/mol]

Mea sure ment Pre dic tion

H2 38.1 37.4

N2 19.8 20.3

CO 24.2 23.7

CH4 2.9 3.2

CO2 15.0 14.7

NH3
(1) – 0.4

H2S
(2) – 0.2

C2H6
(3) – 0.1

(1) Gas nitrogenous substances ex-
pressed as equivalent

(2) Gas sul fu rous sub stances ex -
pressed as equiv a lent

(3) Gas hydrocarbons with C ³ 2
expressed as equivalent



both ex per i men tal and the o ret i cal prod uct gas com po si tion data at the re ac tor exit. The
data of tab. 5 for the char ac ter is tic hy dro-py rol y sis run (i. e. at 700 °C) pro vide a good ev -
i dence for the con sis tency be tween the o ret i cal and ex per i men tally mea sured dry gas
com po si tion at the gasifier exit.

Hydrogen enriched synthesis gas production

We are pres ently work ing on the gasi fi ca tion of lig nite-lime mix tures. The scope 
is to in ves ti gate the ef fect of a sorbent (lime) and pro cess op er at ing con di tions (e. g., gasi -
fi ca tion tem per a ture, par ti cle size, sol ids res i dence time and mix ing con di tions, etc.) on
the com po si tion and the pro duc tion rate of a syn the sis gas en riched in hy dro gen by di -
min ish ing the car bon ox ides, tars, H2S con tent. The ad di tion of lime is in tended for draw -
ing the wa ter gas shift re ac tion to wards the pro duc tion of H2 by de com pos ing wa ter at the
ex pense of CO.

The pi lot plant B gasi fi ca tion re search fa cil ity is be ing em ployed to carry out
this re search task. Steady-state con tin u ous flow gasi fi ca tion runs are be ing car ried out
us ing raw Greek lig nite (Amynteo, north ern Greece) ei ther with or with out mix ing a
sorbent (Greek lime from Koropi of Attica, Greece). In sev eral gasi fi ca tion runs mix -
tures of raw lig nite/lime = 1/2 (mass frac tion) with par ti cle size in the feed of +2 –5 mm
were pro cessed. Steady-state gasi fi ca tion tests dem on strated the pro duc tion of gas pos -
sess ing a high (i. e. 70-80% v/v) H2 and re duced amounts of CO, CO2 (i. e. about 10%
v/v). It is to be noted that gasi fi ca tion of the same lig nite feed with out mix ing it with
lime pro duced a gas con tain ing 40-50% H2, 25-29%  of  CO, 26-28% CO2, and 3-4%
CH4 (N2 free ba sis). The lat ter re sults con cern op er a tion at two dis crete tem per a ture
lev els i. e. Tmean =  720-750 ºC and Tmean = 810-820 ºC. Gasi fi ca tion over Tmean > 800 ºC
fa vors high DAF lig nite con ver sions but the CO con tent tends to in crease. Sim i lar gasi -
fi ca tion test on bio mass-lime mix tures strongly in di cate the pro duc tion of syn the sis gas 
en riched in hy dro gen (~ 60% v/v in the dry gas) al beit the tar con tent rep re sents about
50% of the con verted DAF bio mass mat ter. How ever the work is in prog ress and it is
pre ma ture to draw firm con clu sions on var i ous as pects of the pro cess un der in ves ti ga -
tion. 

Conclusions

The ro tary kiln re ac tor tech nol ogy of fers a prom is ing al ter na tive for the chem i -
cal con ver sion of solid fu els into a clean gas pro posed for di verse ap pli ca tions. Pres ently,
a high pri or ity is the pro duc tion of hy dro gen, a clean fuel, to be used in elec tric en ergy
gen er a tion and the CO2 cap ture. The in di rect heat ro tary kiln gasifier can be em ployed in
a sin gle stage pro cess for the si mul ta neous dry ing-py rol y sis-gasi fi ca tion of solid fuel
feeds and the pro duc tion of a me dium heat ing value syn the sis gas, free of air and com bus -
tion prod ucts ad mix tures. How ever the al ter na tive of se lect ing a se quence of three sep a -
rate pro cess stages is fea si ble and has to be de cided in en ergy and en vi ron men tal pro tec -
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tion ef fi ciency and prof it abil ity terms. The re sults re ported herein dem on strate the
gasi fi ca tion of raw lig nite (high mois ture and ash per cent ages, feed with wide par ti cle
size). Fur ther more, de spite the use of air as ox i diz ing me dium, the allothermal kiln gas
pos sesses a com po si tion and heat ing value com pa ra ble to that pro duced by the ox y gen
blown con ven tional gasifiers. The gasi fi ca tion ki netic mod el ing is not an easy task due to 
the com plex ity of the in di vid ual pro cess steps, the big num ber of pa ram e ters to be con -
trolled and ex per i men tally val i dated. Due to the ap pre cia ble res i dence time of sol ids and
the gas in the kiln a ther mo dy namic equi lib rium anal y sis should not over looked. If chem -
i cal equi lib rium will be con firmed then the gas prod uct com po si tion and chem i cal equi -
lib rium con ver sion can be readily pre dicted. To this end, fur ther coal con ver sion ki netic
and ther mo dy namic stud ies are re quired since the the ory be ing used in this work showed
a good but par tial suc cess and there fore needs to be fur ther tested and im proved.
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