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SUMMARY

A concept for capturing and sequestering CO, from a
natural-gas fired combined-cycle power plant is presented.
Previously, a number of methods for capturing CO, from
power plants have been suggested, among other including
chemical absorption of CO, from exhaust gas and
stoichiometric combustion with pure oxygen. The present
approach is to de-carbonise the fuel prior to combustion by
reforming natural gas, producing a hydrogen-rich fuel. The
reforming process consists of an air-blown pressurised
auto-thermal reformer that produces a gas containing H,,
CO and a smal fraction of CH, as the combustible
components. The gas is then led through a water-shift
reactor, where the equilibrium of CO and H,O is shifted
towards CO, and H,. The CO, is then captured from the
resulting gas by chemica absorption. The gas turbine of
this system is then fed with a fuel gas containing
approximately 50% H,. A very important aspect of this
type of process is the integration between the combined
cycle and the reforming process. The pressurised air for the
reforming is taken from a gas turbine compressor bleed,
and there is an exchange of MP- and HP-steam between the
steam cycle and the reforming process. This integration is
necessary in order to achieve acceptable level of fuel-to-
electricity conversion efficiency.

The paper presents the process, the chemistry and
efficiency considerations. Detailed simulations are made
with state-of-the-art computational tools (GTPRO and
PRO/I1). The exergy concept is reviewed in relation to the
present process. A detailed breakdown of exergy losses is
presented for variations of the most important process
parameters.

INTRODUCTION

In order to reduce the CO, emission from natural-gas based
power-generation plants, three different main types of
concepts have emerged as the most promising.

A) Separation of CO, from exhaust gas coming from a
standard gas-turbine combined cycle (CC), using chemical
absorption by amine solutions. It can either be performed
with a direct contact between exhaust gas and absorbent [1-
4], or with the use of liquid membranes [5-7].

B) Gas turbine CC with a close-to-stoichiometric
combustion with oxygen (97%+ purity) from an air-
separation unit as oxidising agent, producing CO, and
water vapour as the combustion products. In order to keep
the combustion-products temperature to a permissible level
for the turbine, most of the combustion products are cooled

and recycled, making the gas turbine a semi-closed cycle
with mainly CO, as working fluid [8-13].

C) Decarbonisation, in which the carbon of the fuel is
removed prior to combustion, and the fuel heating value is
transferred to hydrogen. This concept can be applied both
for natural gas by combining reforming, a water gas shift
reaction and CO, removal process [14-21] , and, in a
similar manner, also for coal, where gasification replaces
the reforming process [22-24].

Furthermore, severa variations of the three main concepts
have been proposed. An example is chemical looping or
cycling [25-26], which might be regarded as a hybrid
version of Concept B as the chemically bound oxygen
reacts with natural gas in the gas-turbine combustor.
Concept C has been known for a few years mainly related
to studies of CO, remova in conjunction with coal
gasification integrated with CC. However, the production
of electricity from decarbonised hydrogen is unlikely to be
competitive with Concept A unless some synergy effect
can be achieved by integration between the different
process steps, according to [18]. In the present work, focus
is put on Concept C; decarbonisation prior to combustion.

Traditiona first-law analysis, based upon unit-performance
characteristics coupled with energy balances, invariably
leads to a correct final answer. However, such an analysis
cannot locate and quantify the losses that lead to the obtained
result. This is because the first law embodies no distinction
between work and heat, no provision for quantifying the
quality of energy. These limitations are not a serious
drawback when dealing with familiar systems. For these, one
can develop an intuitive understanding of the different
parametric influences on system performance and a second-
law qualitative appreciation of "grade-of-heat" and effect of
pressure loss. However, when analysing novel and complex
thermal systems, such an understanding should be
complemented by a more rigorous quantitative method.
Second-law analysis, or exergy analyss, provides such a
tool. Second-law analysis is no substitute for first-law
analysis, rather a supplement. In the present work, results by
using both first- and second-law calculations are presented.

PROCESS DESCRIPTION

Two different cases (1 and 2) were considered as well as a
standard combined cycle with no CO, capture (Base case).
Figure 1 shows the process configurations of Cases 1 and
2. The hydrogen-rich reformed gas is combusted in a gas
turbine (GT), which is integrated with the decarbonisation
process [14-21]. A model of the gas turbine GE9351FA



from General Electric was used in the simulations, based
on GTPRO 10.0 (Thermoflow, Inc.). This gas turbine
represents modern technology of today, and it is used in a
number of plants built in the last few years. The considered

steam cycle; the heat-recovery steam generator (HRSG),
the steam turbine (ST), and the seawater-cooled condenser
(COND), is an advanced process with three pressure levels
and steam reheat.
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Figure1l Processflow diagram. Case 1 includes the use of an air compressor (AC), whereas Case 2 includes the use of afuel compressor (FC).

The reforming process is supplied with high-pressure air
(8) and medium-pressure steam (2) from the gas-turbine
compressor and the HRSG, respectively. There is
integration between the power plant and the reforming
process with respect to preheating of feed streams for the
reformers (auto-thermal reformer, ATR, and prereformer,
PRE). This requires supplementary firing (SF) of the gas-
turbine exhaust approximately from 620 °C to 750 °C. The
steam production based on exhaust-gas heat, below 600 °C,
is very much the same as without any supplementary firing
of the exhaust gas. This means that the supplementary
firing does not increase steam production, as al the heat
from SF is used for preheating of the reformer feed
streams.

The pressure of the air extracted from the gas-turbine-
compressor exit is typicaly 25% lower than the required
gasturbine fuel-nozzle pressure. Thus, an extra
pressurisation is required. In Case 1, the air for the ATR is
pressurised by using an air compressor (AC, see dotted
lines in Figure 1). In Case 2, the fuel back to the gas
turbine is pressurised by using a fuel compressor (FC). The
difference between Cases 1 and 2 is the location of the
pressurisation between the air extraction at the compressor

exit (8) and the fuel input to the gas-turbine combustor
(21c).

Natural gas (1), mixed with the medium pressure steam (2),
is preheated to 500 °C in the HRSG unit prior to the pre-
reformer (PRE). The steam-to-carbon ratio was set to 2 at
the prereformer inlet. The air extracted from the gas-
turbine compressor (8) and the prereformer products (5) are
preheated to 600 °C upstream the ATR unit. Both the pre-
reformer and the main reformer (ATR) are assumed
equilibrium reactors. In the prereformer, most of the
heavier hydrocarbon components (mainly C,Hg) are
converted to H, and CO, whereas the remaining methane is
converted in the ATR unit. The ATR outlet temperature
was set to 900 °C. The steam cycle takes advantage of the
reforming process by utilising the cooling process of the
reformer products downstream the ATR to generate
additional saturated high-pressure steam (40, 41). The
saturated steam (42) is superheated in the HRSG unit, and
fed into the steam turbine (26). The produced CO is
converted to CO, in the high- and low-temperature shift
reactors (HTS, LTS). Most of the water (99%+) is removed
in the water-removal unit (WR) by condensation at 25 °C.
In the simulations, it was assumed that 90% of the CO,



content is removed (22) in the absorber unit (ABS). The
fuel (20) still contains small amounts of CO and
hydrocarbons. The removed CO, is assumed compressed to
100 bar for storage (not shown in Figure 1). A fraction
(8.3-11.4%, see Table 1) of the resulting fuel is used for
supplementary firing (21a) in the gas-turbine exhaust at the
hot end of the HRSG. The remaining fuel (21b) is
compressed (FC) to about 20 bar, heated by the feed stream
(14) to the LTS, and then fed to the gas-turbine combustor
(21c). By extracting air (8) from the gas turbine, there will
be a significant reduction in the gas volume going into the
gas turbine expander, and thus a reduction in the gas
turbine pressure ratio. However, the fuel volumetric flow
rate is such that it more or less replaces the lost volume
caused by the air extraction. It is therefore possible to
maintain the gas-turbine pressure ratio at about the same
level as for a natural-gas-fired gas turbine without any air
extraction. It was assumed a pressure drop of 3% in the
pre-reformer, heat exchangers, and shift-reactors, whereas
6% pressure-drop was assumed for the ATR.

METHODOLOGY

The combined gas-turbine and steam-turbine cycles were
simulated by GTPRO 10.0 (Thermoflow, Inc.), whereas the
reforming, separation and supplementary-firing processes
were simulated by PRO/II 5.11 (Simsci, Inc.). The two
simulation programs were integrated by exchanging mass
flows of fuel (21c), steam (2), air (8), exhaust (24/25) and
water/steam (36,42), each at their specific states. The
balances of mass and energy were solved within each
program.

The exergy balance for open, non-transient systems can be
written:
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Here, QI is the heat transferred from a reservoir with

temperature T, , M, is the mass flow of inlet j with specific

exergy &, and correspondingly m, and e for outlet k. The
first and third terms of the equation are the exergy flowing
with mass entering and exiting the system, respectively.
The second term is the exergy transferred with heat from
the thermal reservoirs. The fourth term, W , is the work rate
performed by the system, whereas the final term, | , is the
irreversibility due to the processes within the system. This
irreversibility is equal to T, S, where S, is the
correspondingly generated entropy.

The specific exergy of a mass flow is decomposed into two
terms, physical exergy and chemical exergy,

e=e, + 6. 2
Here, aswell asin the energy balance, kinetic and potential

energy was neglected. The physical (or thermomechanical)
exergy isfound from

€n = h-hy-Tys-s) , ©)

where h and s are the specific enthalpy and entropy,
respectively, and subscript O indicates that the properties
are taken at the temperature and pressure of the
environmenta state (To, po). The enthalpies and entropies,
i.e. the deviations from the environmenta state, were
calculated by PRO/II.

The molar chemical exergy of a mixture of gases was
calculated from

€, mix =é %&; + I51—0&_ xInx, 4)

where X, and &,; are the molar fraction and the chemical

exergy of a chemical species, respectively. The molar
values are readily recalculated into specific values. For a
two-phase flow (e.g. into the WR unit), the contribution
from the liquid phase was neglected in the last term of Eq.
(4). This can be justified since the liquid phase will be
collected into drops and thin layers, and thus, it can be
regarded as separated from the gaseous phase.

The chemical exergy of all relevant substances of this study
were taken from [27], corrected to the ambient temperature
15 °C according to the procedure given therein. The
composition of the dry atmosphere was then defined by the
molar fractions (%) N,: 78.03, O,: 20.99, Ar: 0.933, CO,:
0.03, Ne: 0.0018, He: 0.0005, Kr: 0.0001, and Xe: 9:10°.
For the present simulations, the content of water vapor
corresponds to a relative humidity of 52% at 15 °C and 1
atm, which was chosen as the environmental temperature
and pressure.

For gases that are present in the atmosphere, the molar
chemical exergy is expressed

& = -RTy Inxq , )
where X is the atmospheric molar fraction of the species.
The chemical exergy of other substances are found as the
maximum work from a reversible reaction where the
substance reacts with oxygen at atmospheric state (i.e.
environmental temperature and partial pressure) and
releases stable products at their atmospheric state.

RESULTSAND DISCUSSION

A comparison of the different cases shows that both cases
with CO, capture, as expected, resulted in efficiencies well
below that of the conventional combined cycle (Base).
Cases 1 and 2 gave LHV-efficiencies around 48%,
compared to about 55-56% for the natural-gas-fired
combined cycle in the Base case. This was areduction of 7-
8%-points. When including compression of CO, to 100 bar
for transportation (Andersen et al., 2000), the reduction is
9-10%-poaints. This is the efficiency penalty for capturing
and compressing CO, from this type of power cycle.

Case 2 gave dlightly higher efficiencies compared to Case
1, which indicates that it is favourable with respect to
efficiency to maintain the lowest pressure (approx. 14 bar)
through the reforming process, and instead pressurise the
reformed fuel before it enters the gas-turbine combustor.



The reason for this is the following: In order to minimise
the compressor work, the air stream (8) in Case 1 is cooled
before it is compressed to 25 bar. The consequence of this
is a lower HRSG preheating inlet temperature and thus
more supplementary firing is required. This leads to a
lower ratio between the flow of fuel supplied to the gas
turbine and the flow of natural gas required as input to the
process, resulting in a lower corrected efficiency. Another
reason for the better net efficiency of Case 2 compared to
Case 1, isrelated to the pressure of the MP steam extracted
from the steam turbine. In Case 2, the pressure of the MP
steam is 15 bar compared to 25 bar for Case 1, resulting in
alower efficiency penalty for this extraction.

Table 1 Computational results for Cases 1 and 2 and for Base case.

Casel Case? Base

Natura gas LHV (MW) (1) 879 864 683
Air extracted to ATR (8) 83.2 795

ATR outlet pressure (bar) (11) 22.8 128

ATR inlet (kg/s) (6+10) 141.3 117

Fuel composition (%) (21c)

H, 55.6 56.3

No+Ar 412 407 20
CO 0.3 0.4

CO, 20 2.0 1.0
CH,4 0.5 0.4 93.0
C,He 4.0
H.O 0.3 0.2

Fuel flow to GT (kg/s) (21c) 67.9 674 146
Fuel flow to SF (kg/s) (21a) 7.8 5.6

Power output GT (MW) 253. 256 @ 243.
Power output ST (MW) 179 181 140
Auxiliary power (MW) 51 51 4.6
Air / fuel compression (MW) 55 10.8

Net power output (MW) 422 421 378
Net efficiency (%) —LHV 479 486 554
Net efficiency (%) -second law- 46.3 47.1 53.7
COy emissions (gCOZ/kWheI) o7 56 365

844 847

COo reduc. vs. Base (%/kWhy)

An apparent benefit of Case 1 is that the compression of
the air upstream the reforming process leads to a lower
efficiency penalty than the fuel compression of the other
two cases does, due to a lower mass flow. The difference

is, however, not large enough to compensate for the
drawbacks of Case 1, mentioned above.

There are, however, other beneficia aspects as the
volumetric flow through the pre-reformer and the ATR is
considerably lower in Case 1 compared to that of Case 2.
This implies lower investment and operating costs for this
section.

The degree of CO, reduction for the two cases are very
much dependent on the assumption of a 90% removal of
CO; in the absorber unit (ABS, see above), and thus not
much focused here. However, the calculated quantities
shown in Table 1 gives an indication of what level of total
CO, emissions that can be expected from such a plant
compared to a conventional combined-cycle plant, when
the differencein net efficiency is compensated for.

Results of the exergy analysis are shown in Figure 2. The
largest exergy-loss contributor was the combustor of the
gas turbine. There was a substantialy larger loss in a
natural-gas-fired gas turbine compared to using a
hydrogen-rich fuel. However, the reduced loss is amost
counteracted by the conversion losses for the natural gasin
the ATR. In an auto-thermal reforming process, natural gas
is first transformed into a hydrogen/nitrogen mixture and
then into a flue gas by means of combustion. The
contributions to the irreversibilities from the units of this
conversion process are: PRE (0.4% and 0.3% for cases 1
and 2, respectively), ATR (9.5%, 9.0%), HTS (0.7%,
0.9%), LTS (0.2%, 0.3%) and GT (23.9%, 25.5%). The
sum of these terms was close to the value found in the
natural-gas-fired gas turbine. The supplementary firing
(SF) consgtituted 3.4%, 2.5% loss. In order of size of the
exergy loss, these units follow: HRSG including steam
production and preheating of reformer feed streams (3.2%,
3.3%), syngas cooler, H1, (2.8%, 3.3%), steam turbine
(1.8%, 1.7%), mixing of medium-pressure steam and
natural gas, MIX, (1.6%, 1.3%), and steam condenser,
COND, (1.1%). Other losses were less than 1% each.

One should note the difference between Cases 1 and 2 with
respect to the requirement to balance the pressure drop in
the reforming loop, either by compressing the air (AC) or
the fuel (FC). The latter gave a compression loss of 0.2%,
whereas use of the air compressor gave aloss of 0.9%.
When comparing Cases 1 and 2 with the Base case, there
was, of course, alarger loss for the formers: Supplementary
firing (SF) constituted a loss of 2.5-3.4%, cooling of the
syngas from about 900°C to 25°C in the heat exchangers
H1-H5 gave aloss of about 4.3%, even if additional steam
for power generation was produced in H1 and H2.
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Figure 2 Exergy loss breakdown. In “ Other”, the losses of the following units are lumped together: H3, HTS, PRE, ABS, H4, H5, LTS, H2, WR

CONCLUSIONS

Two cases of a gasturbine combined-cycle power plant
with natural-gas reforming, CO, capture, and combustion
of a hydrogen-rich fuel were simulated. The resulting first-
law (LHV) efficiencies were 47.9 and 48.6, respectively.
the second-law (exergy) efficiencies were 46.3 and 47.1. A
comparable conventional natural-gas fired combined-cycle
gave first- and second-law efficiencies of 55.4 and 53.7,
respectively.

If was seen that a lower pressure (approx. 14 bar) in the
reforming process and fuel compression was beneficial
from a thermodynamic point of view compared to
maintaining a high pressure (approx. 25 bar) throughout the
process.

The irreversibility (exergy loss) was determined in each
unit of the system. The irreversibility of the reactor units,
i.e. combustor, reformers, shift reactors, was close to that
of the conventional natural-gas combustor. The greater |0ss
in the new concept resulted from additional losses in
supplementary firing and heat exchange between the
reforming and power processes.

REFERENCES

1.

Meisen A. and Shua X., 1997, Research and
Development issues in CO2 Capture, Energy Convers.
Mgmt, 38, pp. S37-342

Mimura T., Satsumi S., ljima M. and Mitsuoka S,,
1999, Development on Energy Saving Technology for
Flue Gas Carbon Dioxide Recovery by the Chemical
Absorption Method and Steam System in Power Plant,
Proceedings of the 4th International Conference on
Greenhouse Gas Control Technologies, Interlaken,
Switzerland, pp. 71-76

Erga O., Juliussen O., and Lidal H., 1995, Carbon
dioxide recovery by means of aqueous amines, Energy
Convers. Mgmt., Vol. 36, No. 6-9, pp. 387-392

Allam R.J. and Spilsbury C.G., 1992, A study of
Extraction of CO2 from the Flue Gas of a 500 MW
Pulverised Coal Fired Boiler, Energy Conversion and
Management, 33, No. 5-8, pp. 373-378

Chakma A., 1995, Separation of CO2 and SO2 from
flue gas streams by liquid membranes, Energy
Convers. Mgmt., Val. 36, No. 6-9, pp. 405-410



10.

11

12.

13.

14.

15.

16.

17.

Feron P.H.M. and Jansen A.E., 1997, The production
of carbon dioxide from flue gas by membrane gas
absorption, Energy Convers. Mgmt., 38, Suppl., pp.
S93-S98

Falk-Pedersen O. and Dannstrom, 1997, Separation of
Carbon Dioxide from Offshore Gas Turbine Exhaust,
Energy Convers. Mgmt., 38, Suppl., pp. S81-86

Hendriks C.A. and Blok K., 1992, Carbon Dioxide
Recovery using a Dual Gas Turbine IGCC Plant,
Energy Convers. Mgmt Vol. 33, No. 5-8, pp. 387-396
Bolland O. and Segher S., 1992, New Concepts for
natural Gas Fired Power Plants which Smplify the
Recovery of Carbon Dioxide, Energy Convers. Mgmt
Vol. 33, No. 5-8, pp. 467-475

Bolland O. and Mathieu P., 1998, Comparison of Two
CO, Removal Options in Combined Cycle Power
Plants, Energy Conversion and Management, 39 (16-
18), pp.1653-1663

Kimura N., Omata K., Kiga T., Takano S. and
Shikissima S., 1995, The characteristics of pulverized
coal combustion in 0O2/CO2 mixtures for CO2
recovery, Energy Convers. Mgmt., Vol. 36, No. 6-9,
pp. 805-808

Okawa M, KimuraN., KigaT., Takano S., Arai K. and
Kato M., 1997, Trial Design for a CO2 Recovery Plant
by Burning Pulverized Coal in O,/CO, Energy
Convers. Mgmt., Vol. 38. Suppl, pp. S123-S127

Mathieu Ph., 1999, Presentation of an Innovative
Zero-Emission Cycle for Mitigating the Global
Climate Change, Proceedings of the 4th International
Conference on Greenhouse Gas Control Technologies,
Interlaken, Switzerland, pp. 615-620

Moru Y., 1992, Pre-Combustion Removal of Carbon
Dioxide from Natural Gas Power Plants and the
Transition to Hydrogen Energy Systems, Journal of
Energy Resources Technology, September edition

Anon, 1992, Removal of CO2 from Reformer Gas in a
Power Plant, KTl (The Netherlands), VROM Project
no. 262.848

Steinberg M., 1995, The Hy-C Process (Thermal
decomposition of Natural Gas). Potentially the Lowest
Cost Source of Hydrogen with the Least CO2
Emission, Energy Convers. Mgmt., Vol. 36, No. 6-9,
pp. 791-796

Gaudernack B. and Lynum S., 1997, Natural Gas
Utilisation without CO2 emissions, Energy Convers.
Mgmt, 38, pp. S165-S172

18.

19.

20.

21.

22.

23.

24,

25,

26.

27.

I[EA  Report PH2/19, 1998, Precombustion
Decarbonisation, Study by Foster-Wheeler for IEA
GHG and Statoil

Audus, A., Kaarstad, O. and Skinner, G., 1999, CO2
Capture by Pre-Combustion Decarbonisation of
Natural Gas, Proceedings of the 4th International
Conference on Greenhouse Gas Control Technologies,
Interlaken, Switzerland, pp. 557-562

Andersen T., Kvamsdal H.M., and Bolland O., Gas
turbine combined cycle with CO2 capture using auto-
thermal reforming of natural gas, presented at the
ASME Turbo Expo in Miinchen , May 8-12, 2000

Kvamsdal H.M., Andersen T., and Bolland O., 2000,
Natural gas fired power plants with CO2-capture -
Process integration for high fuel-to-electricity
conversion efficiency, presented at ESCAPE 10
conference - European symposium on computer aided
process engineering, May 2000, published in
Computer Aided Chemical Engineering, #8, ISBN:
0444505202, pp. 331-336

Pruschek R., Oeljeklaus G, Brand V., Haupt G,
Zimmermann G. and Ribberink J.S., 1995, Combined
Cycle Power Plant with Integrated Coal Gasification,
CO Shift and CO2 Washing, Energy Convers. Mgmt.,
Vol. 36, No. 6-9, pp. 797-800

Meratla Z., 1997, Combining Cryogenic Flue Gas
Emission Remediation with a CO2/02 Combustion
Cycle, Energy Convers. Mgmt., Vol. 38. Suppl, pp.
S147-S152

Chiesa P., Consonni S. and Lozza G., 1999, A
Comparative Analysis of IGCCs with CO2
Sequestration, Proceedings of the 4th International
Conference on Greenhouse Gas Control Technologies,
Interlaken, Switzerland, pp. 107-112

Anheden M. and Svedberg G, 1998, Exergy Analysis
of Chemical-Loop Combustion, Energy Convers.
Mgmt., Vol. 39, No. 16-18, pp. 1967-1980

Ishida M. and Jin H., 1999, Greenhouse Gas Control
by a Novel Combustion: No Energy Penalty and No
Separation  Equipment, Proceedings of the 4th
International Conference on Greenhouse Gas Control
Technologies, Interlaken, Switzerland, pp. 627-632

Kotas T.J., 1995, The exergy method of thermal plant
analysis, Krieger Publishing Company.



