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Abstract

Three basic options for advanced power plants, allowing energy conversion inclusive of
CO, capture, are discussed: the semi-closed gas turbine cycle with atmospheric base
pressure, the integrated gassifier/combined cycle with pressurised absorption of CO,,
and the supercritical semi-closed CO,/H,0 cycle with liquid CO, capture. The merits of
the different options are discussed and compared, and improvements to the basic layouts
are proposed. The results show that all three solutions have a good potential for applica-
tion, depending on the size of the plant and on the near or medium-term future perspec-

tive.
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1. Framework

The reduction of greenhouse effects puts
requirements for a substantial improvement in
energy conversion and utilisation technologies.
The goals prescribed by the Kyoto protocol are
presently addressed in developed countries im-
proving the efficiency of energy conversion;
however, it is very likely that this may prove to
be insufficient in a very short time, so that other
measures will probably be necessary.

Within the possible options, CO, sequestra-
tion with disposal in the deep seas or oceans, or
in exhausted gas or oil wells, is one of the most
mature technologies, which is already being used
in some pilot installations (Kongsjorden, 1998;
Eliasson, 1998).

CO, sequestration, from a more general
point of view, can also be seen as the first phase
of the transition to a clean fuel technology, rep-
resented in its ultimate development by substitu-
tion of current fossil fuels with environmentally-
friendly Hydrogen. In fact, presently the most
economic way of producing Hydrogen is still
transformation of natural fuels, as an alternative
to water hydrolysis. CO, sequestration can thus
be seen as a transformation of fossil fuels into
hydrogen, taking place at the power plant itself —
which solves many of the technical, safety and
economic problems of distributing hydrogen as a
fuel.

2. Final Disposal of CO,

CO, can be captured at a power plant site
either as a gas (typically at low temperature and
atmospheric pressure) or as a liquid (at super-
critical pressure, p > 77 bar, and ambient tem-
perature).

Depending on the technology used for car-
bon sequestration, the energy expenditure - under
the form of low-grade heat, which can be often
recovered within the power plant at the price of a
small reduction in performance - can vary be-
tween 2 and more than 5 MJ/kgcg,. If CO, is
captured as a gas at atmospheric pressure, then
the minimum (reversible) work for its liquefac-
tion amounts at 232 kJ/kg; in practice, a multi-
stage (3 to 4 stages) compressor with intercool-
ing is needed, which at present technological
levels implies an energy expenditure in the range
of 300 to 400 kJ/kg.

After reduction in liquefied state, CO, must
be transported (typically by trucks) and injected
at high depth in the sea or in exhausted gas or oil
wells. The extra energy consumption for this
process can be considered a small fraction of that
needed for the compression work (Langeland and
Wilhelmsen, 1993).

It is thus easy to recognise that applica-
tion of CO, separation at top-ranking present
combined cycles, scoring efficiencies slightly
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Figure 1. SCGT/CC power plant with compressor intercooling and afiercooling.

in excess of 60%, implies the loss of about 6
percentage points in efficiency. This is reflected
by additional costs over the final unit cost of
electricity ranging from 30 to 70% of the value
without CO, sequestration (inclusive of the in-
crease in capital cost of the power plant). How-
ever, the effective situation can be worse, be-
cause the CO, produced by plants based on open-
cycle gas turbine technology is released in the
exhaust gas at a concentration between 4 and
6%, that is, at a partial pressure much lower than
the atmospheric value. This not only increases
the work for its separation, but has a severe im-
pact over the cost of the equipment needed for
the separation itself, which must be sized accord-
ing to the overall flowrate of exhaust gases
which is very large as compared to the net CO,
flowrate.

These considerations have fostered the re-
search into power cycles allowing a substantial
increase in the partial pressure of CO,, or in al-
ternative to its production in pressurised or even
liquefied conditions. Some solutions of these
types are described in the following.

3. The SCGT Concept

Cycle schemes developed around Semi-
Closed Gas Turbines (SCGT) are the solution
most close to present, open-cycle gas turbine
technology (Facchini et al., 1996 a and b; Fiaschi
and Manfrida, 1997; Mathieu and Bolland, 1997;
Corti et al., 1998). In practice, adaptation of an
existing gas turbine to this scheme of operation
involves a substantial redesign of the combustor,
and the addition of low-temperature equipment
quite common in power plants and in chemical
industries (by-pass and recirculation louvers,
humidity separator, flue gas scrubbing equip-
ment). The drawbacks over turbomachinery are
typically small, and interesting solutions — such

as self-produced water injection or absorption
cooling - can be devised for recovering operation
conditions very close to the design point.

The basic idea of a SCGT power plant,
coupled to a Combined Cycle (CC), is shown in
Figure 1.

The calculated efficiency/specific power
performance map of the SCGT/CC cycle with
spray intercooling and possibly aftercooling is
shown in Figure 2. The cycle simulation includes
a well-tested model for blade cooling, and refers
to current-technology gas turbines; the effi-
ciency, typically between 50 and 54%, does not
include the heat supply for regeneration of the
chemical scrubbing solution; the water-injected
solutions achieve lower efficiencies, however
they produce a relevant increase in specific
power and tend to recover operation of the com-
pressor close to the design point (recirculation of
the warm exhaust displaces the operating point to
surge conditions, while water injection always
reduces the stall margin).

By all schemes, the exhaust gases are
cooled down to about 40°C before recirculation;
this allows the recovery of a large part of the
combustion-produced water, which can be thus
reinjected in the cycle. Without water reinjection,
the cycle rejects combustion-originated water to
the environment, so that the well-known heat
sink effect is exploited for performance im-
provement (from a thermodynamics point of
view, it would be more correct to refer to the
higher heating value of the fuel; however, it is
common practice in Europe to evaluate power
plants with reference to the Lower Heating
Value, so that this convention is retained in Fig-
ure 2 and throughout this paper). On the whole,
the amount of exhaust gas recirculated can total
60%, considering typical operation of gas turbine
with a consistent overall excess air; this leads to
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a concentration of CO, in the exhaust (consider-
ing natural gas as fuel) larger than 12%. With
such levels of concentration, scrubbing by aque-
ous or organic-base mixtures of amines is a well-
tested technology, applied both for LPG purifica-
tion and also by refineries and power plants. The
basic scheme of the scrubbing system is shown
in Figure 3 (Corti et al. 1998 b).
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Figure 2. Performance map of the
SCGY/CC cycle without and with reinjection of
the recovered water (intercooled and aftercooled
options).

By careful optimisation of the composition
of the amines blend (including species as DEA
and MDEA as well as the well-tested MEA), the
heat required for regeneration of the scrubbing
solution can be limited to less than 2.5 MJ/kg of
CO, separated, at a removal efficiency level of
80% which is considered adequate in the light of
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containing the size and cost of the scrubbing sys-
tem. Under these conditions, with a concentrated
mixture of DEA in water (50%, requiring re-
cently-developed corrosion inhibitors), the addi-
tional cost over the unit of electricity was esti-
mated at about 4.2 $Scents/kWh (Figure 4), which
corresponds to a percentage increment with re-
spect to the base cost of electricity of about 70%
(Corti et al., 1998a). To this, the additional cost
for purification (99.5% purity), liquefaction,
transport and storage of carbon dioxide separated
from the flue gases was estimated at 0,54
$cents/kWh referring to published data (Fujioka
etal., 1997).

It is possible to apply the advantages of the
SCGT solution also without the complication of
a combined cycle, which implies referring to
relatively large power plant sizes (larger than
150 Mwe). This can be obtained by the
SCGT/RE configuration, shown in Figure 5.
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Figure 4. Additional cost (per unit energy
of electricity) for CO; separation (SCGT system).
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Figure 3. Schematic of the scrubbing system for CO, separation.
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Figure 5. Schematic of the SCGT/RE cycle.

A peculiarity of the SCGT/RE cycle, devel-
oped around a regenerative-cycle gas turbine, is
the recovery of low-temperature heat down-
stream of the regenerator , which is directly used
to provide the heat supply at the scrubbing sys-
tem. It should thus be considered that the effi-
ciency levels shown in Figure 6 are inclusive of
the internal heat supply for the scrubbing system.
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Figure 6. Performance of the SCGT/RE
cycle.

The SCGT/RE solution is very attractive, as
with a small penalty in efficiency in comparison
to the SCGT/CC it has a much simpler layout
and could be easily developed as a small-scale
prototype.

All studies of SCGT power plants have
been performed with a dedicated code, devel-
oped from a more general and well-tested ver-
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sion for open GT cycles; the simulation of the
scrubbing system was performed by ASPEN+.
The cycle study includes the estimate of exergy
destructions, as is shown for the SCGT/RE case
in Figure 7.
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Figure 7.
SCGT/RE cycle.

Hybrid solutions between RE and CC
schemes have also been studied (Fiaschi and
Manfrida, 1998), which can offer advantages
from the point of view of economy of heat trans-
fer surfaces and off-design operation, with power
modulation controlled by the degree of water
injection. Preliminary studies of the size of the
heat transfer equipment have also been per-
formed (Figure §8), showing that the require-
ments are not beyond current compact heat ex-
changer technology.
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Figure 9. Schematic of the SC-HAT proposed power plant

The most recent developments in the SCGT
concept address its combination with Humid Air
Turbine (HAT) technology (Rao and Joiner,
1990; Day and Rao, 1993; Stecco et al., 1993 a
and b; Xiao et al., 1994; Gallo et al., 1995).

HAT is a very attractive power cycle, un-
dergoing prototype-level field testing on a small-
scale pilot plant at University of Lund. The at-
tractive features of the HAT cycle are its adapta-
bility to small-size power plants, with out-
standing performance levels within this category
both for efficiency (in the range of 50%) and
specific power (exceeding 600 kJ/kg). The draw-
backs of HAT cycles and its derivatives (such as

CHAT, a concept originally developed by West-
inghouse) are a relatively complex cycle layout,
with many regenerative heat and mass transfer
components, and the open-cycle consumption of
treated water, which implies a non-negligible
running cost. The SC-HAT cycle takes advan-
tage of the very low stack temperature obtainable
by a HAT configuration, introducing water sepa-
ration and recycling (as proposed by Desideri
and Di Maria, 1997) and recirculation of about
40% of the turbine exhaust to compressor inlet.
This leads again to a CO, concentration in the
stack in the range of 15%, which allows an eco-
nomic application of chemical scrubbing for CO,
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sequestration; the heat demand for regeneration
of the scrubbing solution is completely provided
within the cycle, after the RHE section (Figure
9).

With respect to the HAT cycle, recircula-
tion of the exhaust and regenerative heat transfer
to the scrubbing section imply a lower capability
of water injection, which reaches typically 12%
respective to dry compressor flowrate compared
to the values around 20% achievable by HAT
solutions. On the other hand, this 12% can be
completely recovered by condensation of natu-
ral-gas-combustion water in the exhaust, so that
the cycle becomes completely autonomous from
the point of view of water consumption; more-
over, the internal regenerative scheme can be
simplified, with the elimination of the econo-
miser for the injected water, leading to a simpli-
fied plant layout. The performance level of the
SC-HAT can reach about 50% efficiency, inclu-
sive of CO, sequestration, with a power output in
the range of 500 kJ/kg (Figure 10).
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Figure 10. Expected performance of the
basic SC- HAT cycle

Improvements to the SC-HAT are also pos-
sible with special reference to control of off-
design and adaptability to current aeroderivative
gas turbine engines (which are needed, as the
optimising pressure ratio is relatively large). An
interesting possibility is the addition of a simple
absorption cooling section before recirculation of
the exhaust. This is a technology which is cur-
rently being applied to a large advanced com-
bined-cycle power plant using GE LM-6000 gas
turbines, which are very sensitive to an eventual
increase of compressor inlet temperature beyond
ISO values. The experience over two years of
operation of the system has demonstrated the
capability of operating without problems over the
whole year at temperatures lower than the 15°C
ISO rated value, with substantial advantages in
power output and large economic benefits. A
similar system, with regenerative heat feeding
from the exhaust between RHE and the heat
transfer section to the scrubbing unit, can be
added to the SC-HAT configuration. An absorp-
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tion machine operating with a COP = 0,6 was
assumed, fed by recovery of about 3% of the
inlet heat. The addition of the absorption system
allows a complete control of compressor inlet
conditions(readjusted to the open-cycle ISO rat-
ing); the increase of CO, to about 4% leads to
negligible effects, as it is coupled to a reduction
of the water vapour content to 0,8%, which
should be compared with the 2% value without
absorption cooling of the recirculated stream
(Figure 11).
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Figure 11. Adjustment of compressor inlet
conditions by absorption cooling (SC-HAT)

Among the several SCGT power plant op-
tions investigated, the SCGT/RE appears to be
the most attractive for a demonstration plant,
even based on a small-size gas turbine; the
SCGT/CC, with possible intercooling of the
compressor, is a good candidate for the evolution
of large, top-performance combined cycles (with
power outputs exceeding 200 MWe); the SC-
HAT solution appears to be the most convenient
for mid-size levels (50-200 MWe).

The common limit of all SCGT options is
that scrubbing of the exhaust gases takes place at
atmospheric pressure, which implies a relatively
large size and cost of the scrubbing system,
which is proportional to the overall volume
flowrate; moreover, the CO, is recovered at at-
mospheric pressure so that a further intercooled
compression is needed before transport and final
disposal. This has led to the study of more ad-
vanced schemes.

4. CO, Sequestration by IGCC Power
Plants

A possible way to CO, sequestration and
environmentally compatible use of fossil fuels is
the separation of CO, under pressurised condi-
tions within an integrated gas-sifier/combined
cycle (IGCC) power plant. A few proposals in
this direction can be found in the literature (Chi-
esa and Consonni, 1998; Pruschek et al., 1998);
all these proposals consider physical absorption



of CO, by means of solvents such as Selexol,
Rectisol etc. When these solutions are examined,
it can be seen that the complexity of the already
complicated power plant is notably increased,
and also that often the regeneration of the physi-
cal solvent calls for a heat demand exceeding 4
MIJ/kgCO,, together with a non-negligible com-
pression work which is only partly counterbal-
anced by the recovery of expansion work in a set
of small CO, turbines.

Based on the experience gained in fuel
processing by chemical refineries, where amine
scrubbing for gas purification is a well-known
practice (Kohl and Riesenfeld, 1985; Cussler,
1997), a solution close to current IGCC technol-
ogy, which uses pressurised cold gas purifica-
tion with regenerative heat transfer to recover the
sensible heat of the syngas, is proposed (Figure
12).

The conventional cold section of purifica-
tion usually includes already an amine scrubbing
section for H,S removal; after this, a catalyzer
for shift conversion of CO to CO, is added; after
this, the CO, can be separated - still in pressur-
ised conditions, with notable economy in the size
of the whole scrubbing system - by further wash-
ing in a suitable amine solution. The syngas at
gassifier exit is thus very rich in Hydrogen and
can be used in the downstream combined-cycle
section in a very environmentally-friendly way.
The heat released in the catalytic CO to CO,
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converter is recovered within the combined cy-
cle. Low-temperature heat for amine regenera-
tion can be supplied by a steam extraction or by
low-temperature heat recovery from the exhaust
gas just before the stack. Another possibility,
allowing interesting economies of heat transfer
surface, is using low-temperature heat from the
liquid quench of the gassifier. Simulation of this
power plant, which is not very different from
present large IGCC power plants installed in
modern refineries, is being performed with an
ASPEN+ model, and interesting results are ex-
pected in the near future.

5. Power Plants with Liquid CO, Seques-
tration (MATIANT-type)

Novel techniques which are very promising
for the reduction of the environmental impact of
energy conversion are being developed around
cycle rejecting combustion products in liquid
state (Mathieu et al.,, 1993, 1994 and 1995).
These cycles offer very good overall perform-
ance combined with a fully integrated sequestra-
tion of CO, in liquid state, which enables an easy
and effective sequestration.

The cycle here analysed, referred to as F-
Matiant, is a simplified variant of the original
Matiant cycle, with a single reheat in place of the
double one. The plant layout is shown in Figure
13, and the cycle T-s diagram in Figure 14.
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Figure 12. Basic layout of the gasifier section of an IGCC power plant, showing location for pressur-

ised chemical scrubbing of CO,
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The simulation of the F-Matiant cycle was
performed using an advanced thermodynamic
simulator (EES by Klein and Alvarado, distrib-
uted by F-Chart software Ltd). The calculated
performance is extremely attractive (Figures 15
and 76), with efficiency levels (inclusive of lig-
uid CO, sequestration) approaching 50% at cur-
rent technological levels, and exceeding well this
value for expectable future developments. These
efficiency figures are based on the lower-heating
value of the fuel and do not consider the energy
expenditure for production of the necessary O,,
which with current technologies entails the loss
of about 6 percentage points in efficiency; the
simulation does not include at present a model
for cooled expansion in the high-temperature
turbine, which according to Mathieu and Nihart
(1998) should imply the loss of 2 to 3 percentage
points in efficiency. The specific power of the F-
Matiant cycle is also very large, typically from
750 to 1350 kJ/kg, indicating the possibility of

Fuel
oz

-

developing the power plant around compact
units, with easily predictable economic benefits.

The drawbacks of this type of very advanced
power cycle are the necessary development of
dedicated turbomachinery components, such as
the high-pressure, oxygen-blown combustion
chamber, and the CO,/H,0O turbine (which are
not presently on the marketplace); and the neces-
sary coupling to an oxygen separation plant. As
for CO, compression and liquefaction, extensive
expertise has been gained at industrial level for
process plants, and only a size scaling is neces-
sary (of the order of ten times the present size of
compressors, for a reference power plant provid-
ing a power output of about 170 MWe). Further
technical challenges are put by the heat ex-
changer design, with very large pressure differ-
ence on the two sides and difficult heat transfer
conditions; and by the necessity of providing
separation of impurities accumulating in the
semi-closed loop.
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Figure 13. Layout of the semiclosed cycle with liquid sequestration of CO,
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Figure 14. T-s diagram of the semiclosed cycle with liquid sequestration of CO;
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Conclusions

CO, sequestration appears an innovative
technology with some mature applications (e.g.,
separation by chemical scrubbing with amine
solutions). Effective solutions to bridge the gap
to carbon-sequestering power plants have been
examined in this paper, and all of them have their
relative merits and drawbacks.

Semiclosed gas-turbine based options, such
as SCGT/CC, SCGT/RE, and finally SC-HAT,
appear to have a potential for very easy devel-
opment from existing GT engines, with minor
modifications and the possibility of using water
reinjection or absorption chilling of the recircu-
lated stream to re-establish correct compressor
inlet conditions.

Sequestration of CO, under pressurised
conditions by IGCC power plants can also be a
mature technology, with a smaller market poten-
tial and work to be done over industrial catalyst
development.

Finally, cycles producing directly CO, in
liquefied conditions are the most elegant solution
for the energy-intensive use of fossil fuels; how-
ever, the development of these power plants
demands the extensive development of dedicated
equipment (turbomachines, combustion chamber,
heat exchangers) which renders the application
more difficult.

On the whole, all the presented solution of-
fer relevant contributions to the reduction of the
greenhouse effect and to the conservation of the
environment.

Nomenclature

AC After Cooling

CC Combined Cycle
DEA  Diethyl-Ethyl-Amine
HAT  Humid Air Turbine

IC Intermediate Cooling
HeEff Effectiveness of the Regenerative Heat
Exchanger

IGCC Integrated Gassifier/Combined Cycle
MDEA Methyl-Diethyl-Ethyl-Amine
MEA  Methyl-Ethyl-Amine

P pressure
SCGT Semi-Closed Gas Turbine
T temperature

WI Water Injection

B Gas Turbine Pressure Ratio
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