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Abstract

In the spectrum of possible options to cope with the global climate change, a novel tech-
nology based on the zero CO; emission MATIANT cycle (contraction of the names of the
2 designers : MATHIEU and IANTOVSKI) is presented here. This latter is basically a
regenerative gas cycle operating on CO, as the working fluid and using O, as the fuel
oxidiser in the combustion chambers. The cycle uses the highest temperatures and pres-
sures compatible with the most advanced materials in the steam and gas turbines. In ad-
dition, reheat and staged compression with intercooling are used. Therefore the opti-
mized cycle efficiency rises up to around 45% when operating on natural gas. A big as-
set of the system is its ability to remove totally the CO, produced in the combustion proc-
ess in liquid or supercritical state and at high pressure, making it ready for transporta-
tion, for reuse or for final storage. It avoids the cost in performance (decrease of effi-
ciency and power output) and in money of the CO, capture by a MEA scrubber. The as-
sets and drawbacks of the cycle are mentioned. The technical issues for the design of a
prototype plant are examined.
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CO; removal and storage.

1. Background

After the Kyoto global climate change
summit in December 1997, a protocol involving
economy against ecology was issued. According
to this protocol by 2012 the developed countries
would have to cut emissions of equivalent CO,,
namely CO,, CH,, N,O, SFs and 2 fluorocarbons,
by an average of 5.2% below their 1990 levels.
Looking at the battery of available weapons to
cope with the greenhouse effect, a sequence of
successive stages of CO, mitigation methods can
be adopted as follows:

1. Implementation of low cost technologies
leading to a ‘non-regret policy”: the efficiency
increase of fuel saving and energy supply and
end-use. In this category, we find: cogeneration,
increase of the share of renewables, switching
from coal to gas as the fuel.

2. It is generally believed that the major
drawback of the previous measures is their lim-

ited reduction potential. Therefore, more costly
and more efficient CO, mitigation technologies
have to be considered, namely CO, capture from
the flue gas of conventional power plants and
CO, sequestration, the possible revival of nuclear
programmes with new reactor types, a large-scale
energy production based on renewable energy
(hydroelectricity, photovoltaic cells, biomass).

3. The CO, capture is feasible when it is
carried out by end-of-pipe techniques, like MEA
scrubbers installed in the flue gas. These tech-
niques are very penalising on both the perform-
ance and cost of generated electricity. They ask
for serious reductions in both costs and perform-
ance penalties (like for example, scrubbers with
membtanes as developed by STATOIL).

4, However, the nuclear alternative is met
with public non acceptance whilst the renewables
still cost too much and, therefore, CO, capture
and storage remain the option to develop. In a
very comprehensive analysis (Riemer et. al,
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1993) it was emphasized that storage is 4 to 5
times less costly than capture. This shows that
the designer of a low emission CO; cycle has to
concentrate his know-how and expertise on the
cost in performance and money of CO, capture
and, if it is possible, to get rid of this cost. In
order to provide an idea of the interest to avoid
this capture of CO,, realistic Figures are given
here for a S00MW., pulverized coal-fired steam
plant with a 65% annual capacity factor (Herzog
et al. 1997 and Herzog 1998). Without CO,
capture, the generating cost is typically 4.6
cent/kWh,. When wuwsing a MEA ab-
sorber/stripper with 90% capture efficiency, the
power output is reduced by 20% (400MW, in-
stead of 500). If the captured CO, is compressed
up to 100 bar for transportation and storage, the
increase in cost of generated electricity is 2.84
cent/kWh, (or 38%) or

2.84 cent/kWh./(0.828-0.104) kg CO,/kWh.
=39 US$/ton CO, avoided

where, 0.828 kg/kWh, is the CO; specific emis-
sion with coal for 500 MW, power output and
0.104 is 10% of that value for 400 MW, power
output (0.1 x 0.828 x 500/400). For comparison,
the current CO, tax in Norway of 50US$/ton CO,
is avoided.

We present here one possible option meet-
ing the requirement of avoiding the CO, capture:
the zero-emission MATIANT cycle. It is of
course not the only possible zero-emission cycle
and additionally it can still be improved a lot.
However, it has a major asset compared to others
since it combines power generation and CO,
storage. :

As a consequence of the different Global
Climate Change Summits, the CO; removal
could be the near-future challenge for the energy
world. Should it be considered as a basic re-
quirement in the design of an energy system,
then novel technologies burning fossil fuels (no
disruption in fuel supply and use) might be more
suitable than end-of-pipe techniques used in
existing or new installations.

The MATIANT cycle presented here only
claims to show that the challenge can be met.
Very low emission cycles can be designed and
this one is not only an example amongst others
but also the starting point of more efficient envi-
ronment-friendly systems, and hopefully at a cost
comparable to that of a conventional plant burn-
ing the same fossil fuel. In this context, the at-
tractiveness of a novel technology can be assessed
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for the four main decision factors:

— estimated costs (of electricity genera-
tion and of CO, emission reduction)

— confidence in its operation (feasibility,
maturity of technology, complexity,
novelty of process and materials)

acceptance (safety, environment, social)

applicability (CO, removal, CO, stor-
age, capacity available)

2. Scope and Objective

Many approaches to the CO, emissions
mitigation have been extensively investigated in
the scientific literature (Blok et al., 1992,
Riemer, 1993, Riemer et al, 1993, Riemer and
Smith, 1995 and Manfrida, 1998). An original
concept of zero-release of pollutants in the at-
mosphere is proposed here as a competitor with
systems using MEA scrubbing or membrane
techniques and cutting the CO, releases by 80 to
90%. The removed CO, is then disposed of in
proper sites, like in aquifers, in deep oceans or in
depleted oil and gas fields. Of course, zero-
emission is an ideal and desirable target, however
leakage is unavoidable. This is discussed here.

In this paper, two concepts are introduced:

i. The stack downwards. The common
features to zero-emission cycles are the use of
CO,; as the working fluid and O, as the fuel oxi-
dizer. In order not to release CO; in the atmos-
phere, we make a knot in the stack or better, we
turn the power plant upside down (see Figure.I),
so the emissions are avoided and the combustion
products are dealt with as effluents, possibly
contaminated with NOx, SOy, particles, and
toxics. The objective is to keep the effluents
under total control. Such zero-emission cycles
all require an air separation unit (ASU) (Iantov-
ski et al., 1997 a,b,c).

Let us mention that a Rankine cycle oper-
ating on CO, instead of H,O with external com-
bustion was proposed for the first time by
Hochstein (1940). An improvement of this con-
cept with internal combustion was proposed
much later by Lorentzen and Pettersen (1990).
The MATIANT cycle combines the both.

ii. Grave-into-the-cradle. We take the fos-
sil fuels from the bowels of the earth, so we must
also send back the products of their combustion
(Marchetti, 1979). :

In the MATIANT concept, the removed CO,
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Figure 1: stack downwards and grave-into-the-cradle concepts

flow is liquid and at high pressure. We can
consequently use it in applications where pres-
surized liquid CO, is required, as is the case in
extraction of oil. CO, is used to increase the oil
recovery efficiency. The higher the CO, injec-
tion pressure, the higher this efficiency. The oil
well is then more depleted and the CO,, sepa-
rated from the extracted mixture CO,/oil mix-
ture, can be reinjected in the depleted well,
Hence the waste (CO,) in its final storage is
replacing the fuel which produced it in the fuel
site. So a closed fuel/CO, cycle is set up (Fig-
ure.1). This has to be considered as a concept,
the technical feasibility and the associated tech-
nical issues are the subject of a separate study.

3. Cycle Diagram and Layout of the Plant

The MATIANT gas cycle is shown on the
T-s diagram in Figure 2 and the layout of the
corresponding plant is in Figure.3 (lantovski
and Mathieu, 1996, Iantovski et al. 1996, Ian-
tovski et al. 1997a). It comprises a supercritical
part (2-3-4-5-6) combined with a regenerative
CO, Brayton cycle with reheat (6-7-8-9-10-11-
12-1-2).

The combustion takes place along the iso-
bar 7-8. The fuel is injected at the proper pres-
sure P, in the burners as well as the mixture of
the working fluid CO; and O, at 7. At exit 8 of
the combustion chamber (1300°C), the mixture
CO,/H,O is expanded along 8-9 and then
reheated up to the temperature 10 in a second
combustion chamber where other fractions of

fuel and O, are injected at Ps. At 10, the fluid
contains the combustion products in stoichi-
ometric proportions, namely 8% CO, and 6%
H,O in addition to the 100% CO, circulating
along the total cycle. This fluid is expanded
along 10-11. These two expanders produce
electricity. The fluid is then cooled from 11 to
12 in a recuperator where it gives up its heat to
2. CO, gas flows first at the higher cycle pres-
sure P; and after expansion in 5-6 at the pres-
sure P, of the combustion chamber. CO, is
expanded along 5-6, in a steam-like turbine and
generates electricity. As to O, its total through-
put is 10% of the CO, mass flow rate which is
around 7% and is injected at 7 and another 3%
is injected at 9 for the reheat process. The O,
can be reheated in the recuperator from its tem-
perature at the ASU outlet up to the temperature
at the inlet of the burners 7 and 9 of the com-
bustion chambers.

At the recuperator outlet, the water is con-
densed in a cooler and extracted in a CO,/H,O
separator. A very small amount of CO, (around
0,5% of the total flow) is dissolved in the re-
moved water, (Rasmussen, 1998).

The remaining gas is then CO, and it is
compressed in a 4 staged compressor with inter-
cooling along 1-4 above the CO, saturation line
in order to carry out a compression as close as
possible to isothermal as possible.

At 4, the excess CO, (about 8% of the re-
circulated CO, mass flow rate) is removed in
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Figure 2 : Cycle representation in (T-s)

The CO, saturation curve is at the bottom (left)
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Figure 3: Layout of the plant

liquid or supercritical state through a valve,
without any energy consuming and costly system
as it is the case in a CO, scrubber or membranes
installed in the flue gas.
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Basically, the effluents, possibly contami-
nated, remain under control. At this stage of the
modeling, the cooling of the hot parts of the
cycle is not included yet but in this analysis, a







