
www.elsevier.com/locate/enconman

Energy Conversion and Management 48 (2007) 1289–1301
Performance evaluation of atmospheric biomass integrated
gasifier combined cycle systems under different strategies

for the use of low calorific gases

Monica Rodrigues a, Arnaldo Walter b,*, André Faaij c
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Abstract

This work aims at a performance evaluation of atmospheric BIGCC (biomass integrated gasifier combined cycle) systems operating
under different strategies for the use of low calorific fuel in gas turbines. The fuel is a synthetic gas derived from gasification of sugar cane
residues. Two analysed strategies for surge control on gas turbines originally designed for operation on natural gas are de-rating and air
extraction from the compressor. Another strategy for use of biomass derived gas is the retrofit of a gas turbine through modification of
the expander geometry. Three generic gas turbines, whose main parameters have been taken from off the shelf machines, are proposed as
representative of certain classes of gas turbines. Results are compared to the hypothetical situation in which it is possible to accept any
increase in gas turbine pressure ratio. According to the results, de-rating is the worst surge control strategy, both from the point of view
of power production and thermal efficiency. Conversely, results showed considerable gains that can be obtained on cycle power produc-
tion when the gas turbine expander is modified. Additionally, an overview of issues concerning the suitability of sugar cane residues
(bagasse and trash) for the production of gasified gas and its use in BIGCC plants is presented.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Currently, most biomass electricity generation is based
on steam cycles. These plants are usually small capacity
(20–50 MWe) and present relatively low electric efficiency
(�20%) [1]. Conversely, the biomass integrated gasifier
gas turbine/combined cycle (BIGGT/CC) technology,
which is still in development, is expected to achieve efficien-
cies around 40% for atmospheric gasification of wood at
modest scales [2,3], but further improvements are necessary
for it to become competitive. Cost reduction seems espe-
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cially possible by improving the conversion efficiency [2],
which could be achieved using existing larger natural gas
combined cycles with efficiencies over 50–55% electric.

Following the pioneer demonstration cogeneration
plant (6 MWe and 9 MWth) built in Värmano (Sweden)
[4], an 8 MWe atmospheric BIGCC unit was built in UK
(the ARBRE – ARable Biomass Renewable Energy –
plant). In 2002, the gas turbine was fed with biomass
derived gas (BDG) during a short period of time. The pro-
ject was ended in the same year, apparently due to a con-
tractual dispute and not due to technological problems
[5]. The atmospheric biomass gasifier that is proposed for
this work has been previously demonstrated in Italy in
two units of 15 MWth processing refuse derived fuel
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Nomenclature

A* critical area (m2)
BDG biomass derived gas
BIGGT/CC biomass integrated gasifier gas turbine/

combined cycle
CFB circulating fluidised bed
CMV compressor map variable
HRSG heat recovery steam generator
IGCC integrated gasifier combined cycles
IGV inlet guide vanes
LCV low calorific value
m mass gas flow (kg/s)

p total pressure (kPa)
ppbw parts per billion weight
ppm parts per million
PR compressor pressure ratio
R universal gas constant (kJ/kmol K)
RDF refuse derived fuel
RMF reduced mass flow
T gas temperature (K)

Greek
c ratio between specific heats
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(RDF), with the fuel gas being burned in a boiler [6]. A gas-
ifier of 25 MWth based on the same technology was used in
the ARBRE project.

Despite the efforts towards engineering development
and cost reduction, technological drawbacks of the
BIGGT/CC technology still have to be overcome. One of
the main technological issues relates to adaptation of gas
turbines to low heating value fuels. This involves hardware
adaptation, the demonstration of a reliable cleaning pro-
cess and the off design operation of gas turbines that have
been designed for natural gas.

The use of BDG may lead to unacceptable pressure
ratios of gas turbine operation as a result of a larger mass
flow led through the expander if design heat input and
combustion temperature are maintained. The low heating
value of BDG can be 10 times lower than the natural gas
heating value, so that a much larger fuel flow is necessary
for an equivalent heat input. Accepting an increase in pres-
sure ratio might lead to substantial reduction of compres-
sor surge margin. Surge is a risky transient condition
involving reverse flow through the compressor and can
occur as the pressure ratio increases beyond the maximum
safe value [7]. In those cases, other operational parameters
should be changed to keep the compressor operation far
enough from the surge limit and under torque limits, as
well as to avoid over speed for the case of twin shaft
engines [8].

The use of low calorific gas requires that ‘‘commercial
off the shelf’’ gas turbines run in off design mode. Off design
operation of gas turbines, in order to accommodate the lar-
ger mass flow, can be accomplished through de-rating by
lowering the temperature, bleeding air from the compressor
or inlet guide vane (IGV) control, or even by accepting the
increase on pressure ratio. The use of the IGV for control
was not considered within this work due to the lack of reli-
able information; IGV use is specific for individual gas tur-
bines. Another strategy is to consider a gas turbine that has
been designed for use of low calorific gas, operating on
design conditions. The redesigned gas turbine is considered
to be able to accommodate a larger mass flow and operate
on the design condition because of its expander with a
modified geometry (i.e. increasing the blade height or noz-
zle discharge angle).

This paper assesses the impact of different strategies for
BDG use on the performance of BIGCC power cycles. This
work is part of a broader research that aims at investigat-
ing co-firing (burning a mix of natural gas and biomass
derived gas) as a mechanism to improve short term BIGCC
cost-effectiveness [9,10].

The biomass considered within this study is sugar cane
bagasse and sugar cane trash (leaves and points of the
plant). Bagasse is a residue of the sugar cane crushing pro-
cess and is relatively cheap. Trash is becoming increasingly
available in Brazil due to the increasing implementation of
green cane harvesting.

2. Issues on suitability of sugar cane residues for BIGG

technology

Physical and chemical properties of the biomass affect
the suitability of BDG for BIGCC technology. Physical
properties, such as size and density, affect the handling
and feeding systems. Chemical properties, such as compo-
sition, heating value and ash content, have a strong impact
on gasification and cleanup systems. There are limitations
on experimental data for sugar cane residues and, more
importantly, the cleaning of BDG has not been demon-
strated commercially so far. Hence, the assessment was per-
formed by comparison with other biomass feedstock that
has been evaluated in the literature.

2.1. Physical properties

Typical values of some physical characteristics of sugar
cane bagasse and trash are presented in Table 1. A biomass
particle size 65 cm allows for high efficiency conversion in
fluidised-beds due to better mixing with the bed material
and greater carbon conversion rates [11]. The size of sugar



Table 1
Physical characteristics of sugar cane bagasse and trash

Chopped trash Bagasse

Particle size <1–10 cma <5 cmb

Bulk density (kg m�3 db) 95–130c 50–75c

Moisture content (wt% wet) 30d 50b

a Chopped-leaves size obtained using a chaff cutter [12].
b Bagasse available from sugar factories almost powdery [12].
c For loose leaves [12].
d Copersucar [13].
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cane trash particles depends on the machine used to shred
them. Data presented in Table 1 correspond to the use of a
chaff cutter [12]. An advantage of bagasse is its small par-
ticle size, frequently smaller than 5 cm, resulting from the
crushing process in sugar factories.

The moisture content of biomass greatly affects the
amount of energy used for drying and the BDG composi-
tion. Because the crushing process involves watering,
bagasse available at sugar cane mills has a higher moisture
content than trash; the moisture content of bagasse is
around 50%. The tops and leaves of sugar cane plants,
when left on the field, have 35% moisture content.

Furthermore, the low bulk density and cohesive charac-
teristics of bagasse and cane trash can cause an accumula-
tion of the fuel in the feeding system, creating difficulties
for the flow into the gasifier.

2.2. Chemical properties

Typical results of ultimate analysis of sugar cane
bagasse and sugar cane trash are presented in Table 2.
The chemical composition of the biomass feedstock has a
strong influence on the design of the cleanup gas section
that is an essential part of the BIGCC system. Some inor-
ganic elements present in the feedstock can cause corrosion
in the equipment downstream, and some are pollutants.
Gas turbines, for instance, have very strict limits for partic-
ulates and alkali metals in the fuels delivered to the com-
bustor in order to prevent erosion, fouling and corrosion
of the gas turbine hot section [14].
Table 2
Ultimate analysis of sugar cane bagasse and trash

Wt% – dry basis Bagassea Trashb

C 46.3 45.0
O 43.3 44.0
H 6.4 6.0
N – –
S – –
Cl – –
Ash 4.0 5.0

LHV (MJ/kg) 17.5 17.6

a Walter et al. [15].
b COPERSUCAR [17].
Another matter of concern is the fuel bound nitrogen
that may be a significant source of NOx emissions when
BDG is used in gas turbines. Chlorine and sulphur are also
potential contaminants. Sulphur content can be quite high
in trash originating from plantations fertilized with vin-
asse1 [16]. These components can be effectively removed
by the scrubber [3].
2.3. Contaminants and cleaning considerations

The composition of the bagasse and trash derived raw
gas and its contaminant contents are not available in the
literature. The Swedish company TPS (Thermiska Pro-
cesser AB) and the Brazilian COPERSUCAR performed
gasification tests in an atmospheric air blown gasifier sim-
ilar to that considered in this paper. It is known that the
results were positive, as stated by Waldheim et al. [17]. A
discussion of the main contaminants on the basis of avail-
able experience with other biomass fuels is presented
below.
2.3.1. Tars
Tars are heavy condensable organic compounds formed

during gasification of biomass. They account for 0.5–1.5%
by mass of the product from a typical bed-bed gasifier,
depending on the temperature. If tars condense on cool
surfaces of the cleanup section, severe operating problems
can result, including constricted piping or clogged valves
and filters [11]. There are several uncertainties regarding
the maximum allowable tar levels for gas turbines, as man-
ufactures do not list tar in their standards (i.e., maximum
allowance).

Tars often constitute such an important energy compo-
nent of the fuel gas that removing them from the gas would
result in a loss of system efficiency. According to TPS tech-
nology, the circulating fluidised bed is followed by a reac-
tor in which tar is broken into smaller hydrocarbon
molecules that are lighter and stable (see Section 2.4). This
tar cracking technology uses dolomite as a catalyst and
additional air is provided to the catalytic cracker to main-
tain an elevated temperature. This second reactor leads to
the production of gas with very low levels of tar, so that
wet scrubbing can be used to remove the remaining con-
tents [18]. It is generally understood that there will be vir-
tually no tars in the gas that enters the combustion
chamber.
2.3.2. Particulates

Particulates, even in small quantities, can cause turbine
erosion [18]. According to Kloster et al. [19] for gas tur-
bines, the required gas quality regarding particles smaller
than 5 lm is 30 mg/Nm3. Fuel gas from biomass contains
very small carbonaceous particles, which are difficult to
1 Vinasse is an industry by product applied as a sugar cane plantation
fertiliser.
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be removed by cyclones. The suggested cleaning device for
BIGCC systems based on atmospheric gasification is a bag-
house filter, followed by a scrubber that would help remove
even very fine particles [2].

2.3.3. Alkalis
Alkali metals, such as sodium and particularly potas-

sium, naturally exist in biomass. Part of these alkalis
vaporize depending on the content in the fuel and on the
gasification conditions. Alkali metals can cause high tem-
perature corrosion of turbine blades, stripping off their
protection layer, and should not exceed certain limits at
the entry of the gas turbine. For the LM2500 turbine, the
maximum permissible concentration of contaminants in
the flue gas stream of alkalis (Na + K + Li) is 4 ppbw
(parts per billion weight) with operation on natural gas
[2]. Considering the dilution when low calorific gases are
used, the maximum allowable concentration goes up to
20 ppbw. The limits for industrial gas turbines are
0.1 ppm [18]. Salo and Mojtahedi [20] conducted tests with
a 15 MWth pressurized fluidised bed gasification test rig in
Finland for various biomass sources, including willow,
wood and straw, reducing alkali levels to less than
0.1 ppm. The results from Salo and Mojtahedi [20] aim at
hot gas cleanup in which no scrubber is used, and the
BDG is cooled to 350–400 �C. For the configuration con-
sidered at this work, the BDG goes through the scrubber
in which it is cooled to a temperature between 35 and
40 �C, so that removal of the alkalis is expected to be com-
plete [2,3]. Anyhow, as shown in Table 3, the content of
potassium in the ash composition of sugar cane trash is
lower than in the wheat straw analysed by Salo and Moj-
tahedi [20].

For sugar cane bagasse, alkalis levels will be even lower
as a result of the watering during the process of crushing
the sugar cane that helps to remove these soluble contam-
inants. In fact, spraying or soaking biomass in water is a
pre-treatment can substantially reduce the alkalis content
in the biomass [21].
Table 3
Ash composition of various biomass sources

Oxide (% ash) Bagassea Trasha Wheat strawb

SiO3 46.61 58.00 35.84
Al2O3 17.69 – 2.46
TiO2 2.63 – 0.15
Fe2O3 14.14 2.00 0.97
CaO 4.47 13.00 4.66
MgO 3.33 4.30 2.51
Na2O 0.79 0.30 10.50
K2O 4.15 13.40 18.40
SO3 2.08 7.31 5.46
P2O5 2.72 2.30 1.47

Undetermined 1.39 1.64 17.58

a COPERSUCAR [16].
b Salo and Mojtahedi [20].
2.3.4. Nitrogen oxides – fuel bound nitrogen (FBN)

Simulation and experiments conducted in Hawaii [22]
have demonstrated that FBN from biomass is mostly par-
titioned in NH3 and N2 during gasification. Ammonia will
then cause most of the emissions of fuel bound NOx during
the combustion of syngas in the gas turbine. Lietti et al.
[23] have investigated the oxidation of NH3 and NOx for-
mation during catalytic combustion. The combustion
experiments led to the formation of significant amounts
of NOx, particularly NO from the ammonia (0.3 mol%)
content in the gas, in contrast with the low NOx emission
requirements of gas turbine applications.

According to Consonni and Larson [3], the wet scrub-
bing step following the gasifier can also remove ammonia
in the BDG; thereby essentially eliminating fuel bound
NOx. The downside of the cleaning with a scrubber is the
need for a wastewater treatment. The demonstration of
gas cleanup for atmospheric systems is yet to be pursued,
but there is very little uncertainty as to the cleaning effec-
tiveness of such systems [3].

2.3.5. Nitrogen oxides – thermal nitrogen
The decisive factor affecting the formation of thermal

NOx is the flame temperature, which varies exponentially
with this parameter [5]. Because of its high temperature,
thermal nitrogen is a matter of concern when natural gas
is used. Cook et al. [24] performed experiments on the com-
bustion of low calorific gases and found that NOx emis-
sions could be correlated as a simple function of the
stoichiometric flame temperature for a wide range of heat-
ing values. In general, the flame temperatures of low calo-
rific gases are typically 500–1000 K lower than those of
natural gas or distillate oils, so thermal NOx is not expected
to be a problem in BIGCC systems [25].

2.4. Fuel gas composition

Modelling the complex chemical kinetics that occur in
the gasifier is beyond the scope of this work. Here, the
raw BDG composition obtained from gasification of sugar
cane residues was predicted based on a model developed
with the ASPEN Plus� simulator. First, the results of this
model for the gasification of typical wood have been com-
pared with data presented by Consonni and Larson [3] for
the same biomass. This reference of comparison was cho-
sen due to the accuracy of the results to the gas composi-
tion provided by the technology developers. Results
obtained from the model and the compositions for compar-
ison are presented in Table 4.

Sequentially, in order to estimate the BDG composition
from sugar cane residues, the same model was applied. As
the ultimate analysis of bagasse and trash are quite similar,
the composition for the raw BDG was considered to be the
same for both biomasses. Clean BDG composition was
predicted considering that all contaminants are removed
during the cleanup process and that most of the water con-
denses, so that the water remaining in the syngas at the exit



Table 4
Estimated raw BDG composition and composition of reference (mol%) –
wood

Estimated composition Referencea

H2 15.0 14.8
CO 18.0 19.8
CO2 9.5 10.4
CH4 2.4 2.6
C2H2 – 0.9
C6H6 0.6 –
H2O 11.8 11.6
N2 42.1 39.1
Ar – 0.5
H2S 0.1 –
NH3 0.3 –
Tars 0.2 0.3

a Consonni and Larson [3].

Table 5
Estimated raw and clean BDG composition (mol%) – sugar cane residues

Raw BDG Clean BDG

H2 14.99 16.69
CO 17.95 19.98
CO2 9.42 10.49
CH4 2.36 2.63
C6H6 0.30 0.33
H2O 11.75 3.24
N2 41.90 46.64
Contaminants 1.33 –

M. Rodrigues et al. / Energy Conversion and Management 48 (2007) 1289–1301 1293
of the scrubber is saturated at that temperature. Table 5
presents the estimated raw and clean syngas compositions.

3. Gas turbine operation with low calorific fuel

3.1. Required modifications on gas turbines

Natural gas and light oil distillates are the preferred
fuels for gas turbines, but many other fuels have been used
successfully, including low calorific value (LCV) gases such
as gases from iron and steel industries with heat content as
low as 3 MJ/m3 [3]. Some modifications should be neces-
sary for the use of LCV fuels in a gas turbine originally
designed to use natural gas as fuel. These modifications
comprise gas turbine layout for the changed mass flow, fuel
delivery/injection system, fuel nozzles and fuel manifold
and combustion chamber [26]. To burn LCV fuels, the
can type combustors used in many industrial gas turbines
generally provide adequate cross section and volume for
complete and stable combustion with acceptable pressure
drops [3]. According to De Kant et al. [27], whose work
is based on a survey of manufacturers for the use of
BDG, replacement of the combustion chamber is necessary
for use of BDG in a conventional combustion chamber
with water or steam injection.

There has been no commercial operating experience
with LCV fuels in aero-derivative gas turbines that utilize
more compact combustors, but the GE LM2500 has been
modified for operation with BDG [3,26]. In this case, it is
proposed that the expander of the steam injection model
is used in order to accommodate better the larger gas flow
together with the fuel injection system modifications as
suggested in Ref. [26].

The issue of combustion stability is closely related to the
low heating content of the BDG. A combined cycle power
plant built in a steel mill in Taranto, Italy, had the combus-
tion system of its gas turbines modified to operate on a gas
mixture with a LHV as low as 6 MJ/Nm3 [28]. The LHV of
BDG ranges between 5 and 6 MJ/Nm3 for directly heated
gasifiers [3]. General Electric performed the combustion
of a gas derived from air blown atmospheric gasification
having a heating value of 3.7 MJ/Nm3 [8]. Experiments
performed with a modified combustor can of a Typhoon
gas turbine at Delft Technical University, The Netherlands,
have achieved stable combustion of BDG with heating
value as low as 2.5–3 MJ/Nm3 [25]. The BDG from sugar
cane residues considered in this work has a heating value
close to 6 MJ/Nm3, so no flame stability problems related
to heat content should be expected, provided the gas has
a minimum hydrogen content.

The hydrogen content of BDG is another important
issue for BIGCC systems. Hydrogen has a much higher
flame propagation speed than CO or CH4, the main other
combustible components in BDG, thereby favouring flame
stability. On the other hand, higher hydrogen content
increases the risk of back stream flame propagation for
the case of dry low NOx combustion chambers [27]. Gen-
eral Electric specifications for its dry-low NOx combustion
systems allow no hydrogen in the fuel due to the design of
the combustion can. ABB has limited the hydrogen content
to 5% (per volume) for its dry-low NOx systems. As pre-
sented in Table 5, the predicted hydrogen content for the
BDG considered in this work is much higher than such
limit. The use of water/steam injection as alternative for
NOx control is assumed for this work. This assumption
doesn’t reflect the trend because more and more gas tur-
bines are being equipped with dry-low NOx combustors
directly at the factory. If the dry-low NOx concept is to
be considered, the developers should limit the amount of
fuel gas, so the hydrogen content in the mixture would
not reach the limit for hydrogen content as defined by
the manufacturers.

3.2. Strategies for the use of LCV fuels in gas turbines

Taking into account that the gas turbines were designed
for operation on natural gas, the increase in mass flow due
to the use of LCV fuels can only be accomplished through
an increase on gas pressure and/or a decrease in gas tem-
perature at the inlet of the gas turbine expander. The
increase in compressor pressure ratio is, however, limited
to a value that keeps a safe margin from the surge line.
As previously mentioned, another option is the redesign
of the gas turbine expander, changing its geometry.
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De-rating the gas turbine by imposing a lower burning
temperature, consequently reducing the pressure ratio to
acceptable levels, is the simplest surge control strategy for
the use of BDG in gas turbines that have been designed
for natural gas [3,29]. De-rating will also lead to lower ther-
mal and mechanical stresses on airfoils that could increase
otherwise [30]. Thus, de-rating increases the reliability of
the gas turbine, which might be important in demonstra-
tion projects. The downside is that the gas turbine firing
temperature governs the cycle efficiency, and thus, there
is a strong penalty for the overall cycle efficiency. More-
over, the performance of the downstream steam cycle is
also reduced due to the lowering of the parameters of the
steam produced at the HRSG (i.e. temperature, pressure
and flow) [31].

Another surge control strategy is bleeding air from the
compressor to reduce the mass flow at the expander
entrance. This is an option already used for surge control
of gas turbines, even when natural gas is burned [8], but
the continuous extraction of air to allow the use of LCV
fuels should require some retrofit [32]. Bleeding air from
the compressor has been investigated for IGCC (integrated
gasifier combined cycles) systems [30,32,33] when the air
separation plant is located on site with the gas turbine
units. The waste nitrogen from the air separation plant is
recompressed for return to the gas turbine combustor
[30]. The main advantage of this strategy is that the cycle
maximum temperature is maintained. The disadvantage is
that pressurized air is either lost or used less efficiently in
case an expander is installed to make use of it.2 In this
paper, to facilitate modelling, air is considered to be bled
from the compressor outlet. For both control strategies
(bleeding and de-rating), some increase of compressor pres-
sure ratio is allowed.

When no surge control strategy is applied, the pressure
will rise and eventually can breach the surge margin for
the compressor of some gas turbines [27]. Only the manu-
facturer can determine the actual limit for the pressure
increase, so this case is presented here only to illustrate
the gains that could be obtained in case the gas turbine
could operate beyond the limits defined in this work. Thus,
this is not a proposed strategy for the use of BDG. The
main advantage of this case is that it will incur higher
power production for the gas turbine. The disadvantages
are the problems concerned with the increase of shaft tor-
que and thermal loads on airfoils that make this option
very aggressive on the equipment [7].

Modifying the geometry of the expander by increasing
the blade height or nozzle discharge angle is another strat-
egy for the use of low calorific gases [3]. While this option
allows the components to operate in the on design mode, it
is definitely the most costly approach, and it could make
the operation on natural gas more difficult [7]. Therefore,
2 Expander would have much less efficiency than gas turbine expander
and the power produced will be less than that used for compression.
it is an option envisioning a market development in the
long term. In this paper, the change in geometry is mod-
elled through the increase on critical area in the chock rela-
tion (see Section 4.3 for modelling details). The advantages
and disadvantages of the gas turbine control strategies are
summarized in Table 6.

4. Power system description and modelling procedure

4.1. Power system description

The power plant considered here is based on biomass
gasification that occurs in an atmospheric air blown gasifier
similar to those developed by TPS. This type of gasifier is
technically proven, and some units have operated for some
time. It is considered that before the gasifier, the biomass
moisture content should be reduced to 15% by using flue
gas from the HRSG and that the drying design conditions
require a minimum flue gas temperature (200 �C). Gasifica-
tion occurs within a circulating fluidised bed (CFB) device
with air injection at 1–2 bar, and the produced gas leaves
the gasifier with a temperature around 900 �C [19]. A sec-
ond CFB reactor – the tar cracker – follows the gasifier.
This reactor operates at a slightly higher temperature and
cracks the tar into lighter hydrocarbons. After the tar
cracker, the raw syngas is cooled, and the heat is sequen-
tially recovered to boost steam generation, to preheat the
air fed to the gasifier, to preheat the BDG itself (before it
enters the gas turbine) and to preheat the feed water for
the boiler. After cooling, a baghouse filter removes the par-
ticulates and remaining components such as ammonia,
while alkali metals and the remaining tars are removed in
a wet scrubber.

The gas turbine exhaust gases are led to a HRSG. It was
assumed that for all three combined cycles considered in
this work, steam is raised in just one pressure level. It is
well known that in conventional medium to large com-
bined cycles, thermal efficiencies are increased with steam
production in two or three pressure levels. Medium pres-
sure steam re-heating is also common in those cycles. The
hypothesis of a single pressure HRSG was assumed
because the exhaust must be at high temperature (around
200 �C) for biomass drying. The need for drying leads to
only marginal gains with multiple pressures in BIGCC
cycles [3]. Fig. 1 shows a schematic drawing of the cycle.
The light grey line represents the option of bleeding air
from the gas turbine compressor, which happens only when
the bleeding air strategy is considered.

4.2. Analysed gas turbines

The impact of gas turbine control strategies on the per-
formance of BIGCC cycles is investigated for three systems
of different capacities. The smallest cycle is based on a gas
turbine that is representative of aero-derivative engines.
The so called medium and large cycles are based on typical
heavy frame gas turbines. Some characteristics of three



Table 6
Strategies for use of LCV fuels in gas turbines

Strategies Description Advantages Disadvantages

Accepting the
increase on
pressure ratio

The compressor is operated at a
higher pressure ratio that leads to a
small reduction on air mass flow

Excluding GT retrofitting this is the option
that leads to maximum power and efficiency
when an atmospheric gasifier is used

Most technically aggressive option due to
increased thermal loads and torque
transmitted

De-rating Reduction of gas turbine firing
temperature

The simplest strategy as it incurs in no
retrofitting; increased reliability

Severe penalties for GT efficiency and
power production

Compressor
bleed

Air bled from the compressor
discharge

Small effect on power production. Allows
further return to natural gas

Conversion might affect the proper
distribution of hot air to the combustors
and cause frictional loss in the flow region

Expander inlet
nozzle
redesign

Hardware modifications to the
expander inlet nozzle

Leads to the best GT performance It is a permanent modification making the
use of natural gas more difficult. Is the
most expensive approach
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Fig. 1. Scheme of the BIGCC cycle considered and parameters at selected points.
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commercial General Electric gas turbines were used for
cycle modelling in each case: LM2500, PG6101 (FA)
(Frame 6) and PG7001 (Frame 7). LM2500 was chosen
for the range of plants of smaller capacities because, as pre-
viously mentioned, it has already been adapted for BIGCC
units and, secondly, because aero-derivative machines have
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higher efficiency than industrial gas turbines up to 50 MWe.
Moreover, the LM2500 that has been modified for the use
of biomass has an expander with enlarged area, as it
derives from the version with steam augmentation of that
turbine class. However, there is still the need for pressure
rise control. GE PG6101 produces about 70 MWe at ISO
basis, and its design allows the use of LCV fuels. Moreover,
its pressure ratio is adequate for combined cycles, and it
was here considered as representative of machines with
moderate turbine inlet temperature. On the other hand,
for the cycle of largest capacity, a gas turbine was chosen
with an inlet temperature close to the maximum a commer-
cial turbine can operate (about 1400 �C) [2] and a pressure
ratio that is suitable for combined cycles (around 15). The
parameters of the three gas turbines considered in the mod-
elling are presented in Table 7.

Parameters not available in the open literature have
been estimated during the tuning up. Additional parame-
ters that were considered in the modelling are listed in
Table 8.

4.3. Modelling details

Predicting gas turbine performance when LCV fuel is
burned requires a procedure for off design modelling. An
essential feature of a gas turbine off design procedure is
its ability in evaluating actual new compressor pressure
ratios. The mass flow relation for choked flow of an
ideal gas applied at the inlet of the expander, Eq. (1),
allows the calculation of the new compressor pressure
ratio:

m ¼ p � A� Cffiffiffiffi
T
p ð1Þ

where m is the mass flow, p is the total pressure, A* is the
critical area and T is the gas temperature. All gas properties
are estimated at the expander entrance. The parameter C is
given by

C ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mol � c

R
2

cþ 1

� �cþ1=c�1
s

ð2Þ

where Mol is the gas molecular weight, R is the universal
gas constant and c is the ratio of the specific heats of the
gas. The procedure imposes that Eq. (1) should be first ap-
plied to estimate the critical area based on the reference
Table 7
Main parameters of considered gas turbines operating with natural gas at ISO

Gas turbine Air flow rate
(kg/s)

Turbine inlet temperature
(TIT) (�C)

Com
rati

Aero-derivative 68.2 1258 18.9
Medium size 192.3 1288 14.9
Large size 409.8 1371 14.8

Source: Gas Turbine World [35].
ISO case in which natural gas is burned. The estimated va-
lue is then further used as a constant.

Depending on the adopted strategy for the use of LCV
fuels (see Section 3.2), the parameters to be changed in
Eq. (1) are the gas mass flow, the gas temperature or even
the critical area.

The difficulty in predicting gas turbine performance at
off design conditions comes from the fact that actual com-
pressor maps are not available in the open literature, and
thus, the actual relation between compressor pressure ratio
and air mass flow cannot be easily defined. In this work, a
generic compressor map, as the one presented in Fig. 2, is
assumed for the calculations. The procedure simply estab-
lishes, for a given running line, a polynomial function relat-
ing the compressor reduced mass flow and the pressure
ratio. The reduced mass flow (RMF) is defined by Eq. 3,
with all parameters being evaluated at the entrance of the
compressor. Thus, for a given pressure ratio (e.g. for the
gas turbine operation with BDG), it is possible to calculate
the corrected air flow:

RMF ¼ m
ffiffiffiffi
T
p

p
ð3Þ

For modelling purposes, it is assumed that the compressor
always operates over the same running line for both nat-
ural gas and BDG. For industrial gas turbines, the limit
of pressure ratio for continuous operation is estimated
based on the following procedure. It is known that for de-
sign values, the running line of the compressor corre-
sponds to a compressor map variable (CMV) between
0.7 and 0.8. In this paper, it is assumed that the operation
with natural gas in the on design mode corresponds to a
CMV equal to 0.8. CMV is defined by Eq. (4) and indi-
cates how far compressor operation is from the surge lim-
it (CMV = 1).

CMV ¼ PR� 1

PRs � 1
ð4Þ

where PR is the compressor pressure ratio and PRs is the
estimated pressure ratio that corresponds to the surge limit
for a given running line.

It was assumed that the limit for continuous operation
of industrial gas turbines corresponds to CMV = 0.88,
and thus, the limit for continuous operation of industrial
gas turbines corresponds to pressure ratios 16.2 and 16.3
for the large and medium size units, respectively. For the
basis

pressor pressure
o

Fuel flow
(kg/s)

Exhausting
temperature (�C)

Power
(MW)

1.3 529 21.9
4.3 597 70.1
9.2 583 159.0



Table 8
Main estimated gas turbine parameters for operation at ISO basis

Gas turbines Isentropic efficiency Mechanical efficiency Alternator efficiency Cooling fraction Auxiliary power (kW)

Expander Compressor

Aero-derivative 0.87/0.80a 0.88 0.99 0.996 0.122 275
Medium size 0.87 0.90 0.98 0.985 0.089 921
Large size 0.90 0.90 0.98 0.992 0.187 987

a For the high pressure and low-pressure expander sections, respectively.
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Fig. 2. Typical gas turbine compressor map.
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aero-derivative turbine, the maximum compressor pressure
ratio for continuous operation is taken from Ref. [18] as
19.3, which corresponds to the case of a LM2500 with an
expander of enlarged area. When operating for power gen-
eration, aero-derivative engines have a more critical com-
pressor operation and control since the compressor shaft
is not connected to a generator and, therefore, spins freely
[3,7]. This may lead to over speed of the gas generator,
which is another limit for the off design operation of an
aero derivative engines.

Other relevant assumptions for the thermodynamic sim-
ulation of gas turbines are briefly described below. The
main assumptions for the power cycle modelling are pre-
sented in Table 9.
Table 9
Main assumptions adopted for calculations for all simulated cases

HRSG & steam cycle • Approach DT = 30 �C; pinch point DT = 1
• Heat losses 0.7% of heat released by gas; p
• Overall isentropic efficiency of steam turbi
• Steam pressure at the condenser 9.6 kPa
• Water outflow from deaerator: 488 kPa, 1
• Total auxiliary power = 160% of the estim
• Cycle based on aero-derivative GT: steam
• Medium and large cycles: steam raised at

Gasifier • Outlet BDG temperature 870 �C, outlet pr
Dryer • Biomass dried from 50% to 15% moisture
Heat exchangers • Dp/p 2%; heat losses equivalent to 2% of h
BDG compressor • Mechanic and electric efficiencies 90%
Air compressor • Polytropic efficiency 80%

• Mechanic and electric efficiency 90%
Ambient air 15 �C, p = 0.1013 MPa; humidity 60%

a Steam temperature varies according to the strategy used to burn BDG in
The equations used within the gas turbine modelling are
similar to those presented elsewhere [35–37]. The system of
equations for off design gas turbine modelling is defined by
Eqs. (1) and (2) and by the set of equations that correspond
to the energy conversion modelling inside the compressor,
the combustion chamber and the expander.

Basically, compressor and expander equations are
defined for polytropic processes of known efficiency, allow-
ing the evaluation of gas outlet temperature and the powers
involved with the compression and expansion processes.
Because of the changes in pressure ratio, the corrections
for the isentropic efficiencies for the compressor and the
expander assume constant polytropic efficiency for both
devices [8]. The temperatures of the air and gas at the outlet
of these devices are then recalculated.

The maximum gas temperature is either evaluated as a
function of the known turbine inlet temperature or as the
specified de-rated temperature to accomplish surge control.
Dissociation of combustion gases is not considered within
the calculations. In atmospheric BIGCC cycles, the BDG
is supposed to be preheated after the cleanup process, help-
ing combustion stability.
5. Simulation results

Calculations were performed for the cycles for each of
the three gas turbine control strategies considered. Overall
thermal efficiencies are presented on the lower heating
value basis and include the gasification conversion effi-
5 �C
ressure drop at the gas side 3 kPa, pressure drop at the superheater 10%

ne 0.75

20 �C
ated power for the pumps (isentropic efficiency 0.65)
raised at 8 MPa, 480 �C at the reference casea

10 MPa, 538 �C at the reference case

essure 0.20 MPa, Dp = 0.02 MPa
content, exiting at 70 �C
eat transferred

gas turbines.



Table 11
Simulation results for BIGCC cycles for de-rating the gas turbine

Gas turbine Net power
(MW)

Thermal
efficiency (%)

GT power
(MW)

Steam cycle
power (MW)

Compressor
pressure ratio

Fuel heat input
(MW)

BDG compressor
(MW)

Aero-derivative 24.0 36.0 22.7 8.5 19.3 58.9 5.6
Medium size 87.0 39.0 77.5 31.7 16.3 196.2 17.0
Large size 194.0 41.3 176.0 65.0 16.2 391 36.0

Table 10
Simulation results for BIGCC cycles for the case with increased compressor pressure ratio (no surge control) – corresponding model results for natural gas
in parenthesis

Gas turbine Net power
(MW)

Thermal
efficiency (%)

GT power
(MW)

Steam cycle
power (MW)

Compressor
pressure ratio

Fuel heat input
(MW)

BDG compressor
(MW)

Aero-derivativea 34.0 (29) 39.0 (45) 31.0 (21.5) 12 (8.0) 21 (17.5) 76.4 (65) 7.4
Medium size 105.0 (94) 41.0 (46) 93.0 (67.0) 38 (28.0) 17 (14.9) 224.6 (203) 20.0
Large size 235.4 (206) 43.2 (49) 210.4 (153.0) 80 (53.4) 17 (14.8) 476.0 (408) 42.3

a Results for natural gas correspond to the case of expander with enlarged area.
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ciency. The effects of each strategy on the cycle perfor-
mance are investigated below.

5.1. Increasing the compressor pressure ratio

In fact, increasing the compressor pressure ratio is not a
strategy to allow the use of BDG, but in terms of machine
performance, it is a good basis of comparison since no lim-
its are imposed on the gas turbine operation. The limit for
the surge line has been breached for both industrial gas tur-
bines considered, indicating that the increase in pressure
ratio to accommodate BDG cannot be handled by either
of the two industrial gas turbines. On the other hand,
due to the enlarged area of the expander, the surge limit
was not breached for the LM2500. Within the simulation,
in order to keep the exhaust gases at the minimum drying
design conditions (200 �C), the steam generation rate had
to be controlled. The simulation results of BIGCC cycles
for this case are presented in Table 10 along with results
of equivalent cycles operating with natural gas (in paren-
thesis). With increased mass flow going through the expan-
der, a considerable increase in power production for both
the gas turbine and the steam power cycle is achieved vis-
à-vis the corresponding configuration using natural gas.
The increments in power production more than compen-
sate for the power requirements for the BDG compressor,
so the net power production is higher than that of the nat-
ural gas case. Although a higher efficiency for the gas tur-
bine is achieved with BDG, the overall efficiency of the
system is lower. The reason for that is that there is a con-
siderable power demand to drive auxiliaries (e.g. the BDG
compressor) and the losses associated with the conversion
of biomass into BDG.3
3 Assumed cold gas efficiency of the atmospheric gasifier was 78% based
on biomass HHV such as in [3].
5.2. De-rating

As previously mentioned, this surge control strategy
leads to a reduction of the gas turbine output power by
imposing a lower burning temperature. Yet, comparing
with the results of natural gas firing only, some slight
increase in gas turbine power is observed due to the larger
mass flow. Gas turbine de-rating also impacts the perfor-
mance of the bottoming steam cycle as the amount of
steam raised and its temperatures are reduced. Table 11
presents the simulation results obtained when de-rating is
the strategy.

5.3. Compressor air bleeding

Bleeding air from the compressor is a more suitable
strategy for a BIGCC configuration with pressurized gasi-
fication, as the high pressure air can be used for the gasifier.
For the case with atmospheric gasification, the extraction
of air represents a loss of power if there is no utilization
for the compressed air energy. In fact, the air bled from
the compressor could be used to generate more power in
another expander, but this option was not considered for
this evaluation. In this paper, compressor bleeding was
imposed for each gas turbine up to the level at which the
compressor pressure ratio reaches the estimated maximum
value for the gas turbine continuous operation.

The simulation results show that the net power produc-
tion for BDG only is about the same as when natural gas is
considered. Even though there are gains in power produc-
tion for both gas turbine and steam cycle, they are offset by
the compressor power requirements. Comparing to the de-
rating case, there are considerable gains in power (around
20%) but marginal gains in thermal efficiency. Some simple
retrofit might be necessary for this case with additional
investments. The simulation results for this surge control
strategy are presented in Table 12.



Table 12
Simulation results for BIGCC cycles considering compressor air bleeding (compressor pressure ratio the same as in Table 11)

Gas turbine Net power
(MW)

Thermal
efficiency (%)

GT power
(MW)

Steam cycle power
(MW)

Fuel heat input
(MW)

Bleed air
(kg/s)

Syngas compressor
(MW)

Aero-derivative 29.0 37.0 24.0 11.4 68.7 5.6 6.5
Medium size 97.8 39.8 83.7 37.4 216.3 13.0 19.0
Large size 217.0 42.0 189.0 77.3 457.4 27.0 40.0
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5.4. Retrofitting the expander

Retrofitting the gas turbine expander presumes changes
in expander geometry so that it can cope with the larger gas
flow that goes through the gas turbine and yet maintain the
compressor pressure ratio at the design values. The results
that correspond to this strategy have been estimated by
increasing the critical area A* in Eq. (1), which can be prac-
tically achieved by increasing the high pressure turbine
blade height or nozzle discharge angle [3]. For each gas tur-
bine, the new critical area was estimated as the one that
allows compressor operation at the nominal (ISO) pressure
ratio. Gas turbine temperatures were also supposed to
reach their maximum in each case. Generally, the results
for thermal efficiency are about the same as the case that
corresponds to accepting a larger pressure ratio. On the
other hand, better results regarding power are obtained.
Table 13 presents the simulation results obtained in this
work.
Table 13
Simulation results for BIGCC cycles considering retrofitting the gas expander

Gas turbine Net power
(MW)

Thermal
efficiency (%)

GT power
(MW)

Stea
(MW

Aero-derivative 35.0 40.0 31.0 12.6
Medium size 113.3 41.3 97.2 42.6
Large size 251.0 43.4 219.0 88.0

Fig. 3. Results on thermal efficiency for different gas turbine control s
5.5. Comparison of results

A comparison among the simulation results for the three
modelled cycles is performed in Figs. 3 and 4. The results in
Fig. 4 are presented as a proportion of the hypothetical
case in which there is no control for the rise of compressor
pressure ratio.

Retrofitting the gas turbine expander is clearly the best
strategy from the point of view of both power production
and plant thermal efficiency, leading to results even better
than the case that accepts the increase of compressor pres-
sure ratio. For instance, when the strategy based on
enlarged expander area is applied, the gains with output
power can be as high as 8%. Conversely, gas turbine de-rat-
ing is the worst strategy, especially from the point of view
of power production. For the aero-derivative case, for
example, the net power produced is only 70% of the power
produced with no surge control. Compressor bleed presents
results slightly better than the strategy based on de-rating.
(compressor pressure ratio as in design case)

m cycle power
)

Fuel heat input
(MW)

Increase in
A* (%)

BDG compressor
(MW)

76.0 22 7.2
242.7 22 20.1
506.0 21 42.0

trategies in comparison to the case with no surge control strategy.



Fig. 4. Results on power production for different gas turbine control strategies in comparison to the case with no surge control strategy.
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The worst simulation results with respect to perfor-
mance were obtained for the power plant based on the
aero-derivative gas turbine. This result stems from the
assumption of a smaller variation of compressor pressure
ratio. As the same variation was assumed for the simula-
tion of industrial gas turbines (results identified as medium
and large sizes), performance penalties are comparable.
Comparing the aero-derivative turbine with industrial gas
turbines, the performance differences are clear for the de-
rating strategy, with small difference using bleed and even
negligible when retrofit is applied. The reason is that within
the simulation, to achieve the imposed limit on pressure
ratio, it was necessary to reduce the maximum temperature
in the aero-derivative case (down to 90% of its maximum)
vis-à-vis the reduction in the industrial cases (down to
93%).

Gains regarding thermal efficiency of the bleed option
compared to de-rating could be as high as 6% for the
aero-derivative case if there were no lower limit for the
HRSG exhaust gas temperature. Because of the drying
design constraint that is related to the minimum tempera-
ture required for the dryer,4 the thermal efficiency is only
3% higher. This is also the reason why the gains with
enlargement of the gas turbine expander critical area for
the efficiency were only marginal.
6. Conclusions

This work aimed at a performance evaluation of atmo-
spheric BIGCC cycles of different capacities fuelled by
sugar cane derived gases. Regarding the suitability of sugar
cane derived gas for use in gas turbines, most of the issues
related to the physical and chemical properties of sugar
cane bagasse and trash seem to be possible to overcome.
Gas cleanup systems should be effective to fulfil the strict
requirements of gas turbines regarding particulate, alkali
and tars.

From the point of view of power plant performance,
strong penalties are predicted due to the strategies of surge
control imposed on gas turbines. As a result of stricter
4 This temperature is higher than the acid dew point in which
condensation of dilute sulphuric acid occurs.
surge control, stronger penalties are expected for power
plants based on aero-derivative gas turbines rather than
those based on heavy industrial machines. This stricter
control is necessary to avoid over speed, taking into
account that the gas generator, unlike the power turbine,
spins freely.

For all the modelled cycles, it is clear that gas turbine
de-rating is the worst strategy for the use of LCV fuels,
despite the fact it could be used in the short term. When
de-rating is applied, the thermal efficiency of BIGCC cycles
can be lowered to 92% of the value of the case with
increased pressure ratio (no surge control on the gas tur-
bine compressor) or to 80% of the efficiency value on nat-
ural gas. Even higher losses are observed for the output
power, as gas turbine de-rating can result in a 30% power
reduction at the worst case (aero-derivative case) and by
20% at the best, both in relation to the case with no surge
control.

Conversely, redesign of the gas turbine expander is
clearly the best strategy and would be used as long as
the market for BIGCC technology gets developed. As typ-
ical current gas turbine constraints are reduced, power
cycles can take full advantage of a larger mass flow.
The results for this option could be even better if no con-
straint is imposed on minimum HRSG exhaust
temperature.
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