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Abstract: This paper presents innovative thermodynamic cy-
cles with high-efficient, zero-emission energy production. The
main aim of this work is to show the role of nano-phenomena in
the enhancement of the efficiency and the power of thermody-
namic cycles. For that purpose, the cycles using oxy-combustion
and spray-ejected condensation are first studied and, secondly,
hybrid cycles using fuel cells and gas turbines are presented. The
role of nano-phenomena in such devices is also discussed.

1. Introduction

Increasing stringent standards on the emission limit values of the harmful products
of combustion from energy systems induced the development of new energy technolo-
gies. Moreover, we have to generate electricity at the highest efficiency and at the
minimum emission level of both nitrogen and carbon oxides (Ziółkowski, 2012). In
this framework, Clean Gas Technology (CGT) has been developed. In Clean Gas
Technology cycles, the enhancement of efficiency and power is to be obtained via
the compactification of device dimensions and the use of the so-called direct con-
version. Appropriate candidates are plants based on the gas-steam combined cycles
arrangement within the innovative thermodynamical cycle generally based on the use
of different nano-flow phenomena (Ziółkowski P., 2013).

In a conventional combined cycle, a steam turbine has a separate heat source and
does not directly convert the fuel into electric energy. The energy is transferred from
flue gasses to the turbine through a multi-pressure steam generator (HRSG) which
produces steam that, in turn, powers the turbine and the generator. This separation
of functions enables steam turbines to operate independently from the gas turbine.
Therefore some advantages of steam turbines as for instance unusually high drop of
pressure from 22 MPa to 500 Pa cannot be fully explored in the whole conversion
process (Ziółkowski, 2012).

In the following paper, the first innovative cycle is presented. It is based on a
compact combined cycle dedicated only to clean electricity production which turns
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the combined heat and power plants into a power plant. It can be done by removing
the HRSG from a heat exchanger between the flue gases and the working water,
and by replacing the combustion chamber with the internal direct steam producer.
Such combined gas and steam turbines can keep their main performance specifications
suchg as high pressure (22 MPa) and high temperature (1100oC). Up to now there
is no steam turbine with such high temperature of a working medium, and similarly
there are no gas turbines with such extremely high pressure. Since this concept can
be simply and naturally connected with the concept of oxycombustion, there is a
thermodynamical base for a zero-emission gas-steam turboset.

In Section 2, the high-efficient gas-steam turbine with a zero-emission cycle will
be presented and analysed. In that case, the working fluid contains only the mixture
of CO2 and H2O what leads to the direct separation of CO2.

In Section 3, a second innovative cycle leading to highly-efficient, zero-emission
energy production is described. It is based on a combination of simple cycles ordered
in conversion cascades. The enhancement of efficiency and power is to be obtained via
the compactification of device dimensions and with the use of the so-called direct con-
version. For instance, fuel cells are profitable modern devices being the best examples
of useful machinery where the complex conversion of energy at nano-scale takes place.
Especially, we observe such conversion at the high temperature solid oxide fuel cell
(SOFC) that is built from ceramic nanomaterials (Karcz M., 2010). Anode supported
fuel cell consists mainly of two nanoporous electrodes (cermets, lanthanum strontium
manganite) separated by a thin, very dense solid electrolyte (yttria-stabilized zirconia
or perovskite-type material). Finding a mathematical model of a SOFC operating at
temperatures as high as 1000oC is a serious challenge both for nanomechanics as for
nano-thermo-chemistry (Badur J., 2011).

In Section 4, the role of nano-flows phenomena is described.

2. Zero-emission cycle via a steam-gas turbine

In principle, the oxy-combustion and capture of CO2 can be accomplished more easily
and cheaply than post-combustion removal of CO2 from the exhaust gases emitted
by a conventional coal plant. The promise of more efficient carbon capture is one
of the main reasons that led to the development of clean gas technology (CGT).
This concept is based on the introduction of compact nanotechnology devices leading
to removing large-scale devices like Heat Recovery Steam Generator, Low Pressure
Condenser (Ziółkowski P., 2013).

The first innovation is to change the combustion diffusional mode from the clas-
sic one into the one based on the oxygen nano-enriched air. Simultaneously the
phenomenon of nano-removal of heat revised from oxygen-hydrocarbon combustion
process occurs. This phenomenon is governed by adequate water injection (water-
nano-jets) into the combustion zone. It leads directly to high enthalpy of flue gases
which contain only CO2 and steam (Fig. 1).

The second novel element is a Dual Brayton Cycle used for steam condensation
and compression of CO2. The enhanced condensation is based on nano-injection of
cold water condensate and a jet compression of CO2. High efficiency is obtained due
to the compactness of the process within the turbine low part and the exhaust hood,
as well as the heat recuperation.
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Wet and hot exhaust gases at the atmospheric pressure (from the gas turbine or
from the fuel cell) are able to generate extra turbine power by expanding to the nega-
tive pressure (it is the expansion, which is very similar to the expansion in the steam
turbine) (Lemański, 2007). The gas mixture, at that level, is still a high temperature
fluid and it needs to be cooled. It is all done by using a special regenerative heat
exchanger (HE). After pre-cooling, the steam should condensate (or just a part of it).
The pressure of gases is lower than the atmospheric one and that is why the exhaust
needs to be compressed in the compressor (C). The compressed gases are directed to
the second pre-cooling heat exchanger and the second condenser, which dries them
out. Moreover the battery of devices closing the cycle consists of the turbine (GT),
the heat exchanger (HE) and the compressor (C). The cycle described above is the
inversed Brayton cycle (IBC) which is presented in Fig. 1.

As it was mentioned, in the condenser (CON), working fluid is separated from
water and CO2. Next, the ”clean” CO2 goes to the compressor (CCO2), where it is first
compressed then cooled and condensated. The resulting liquid carbon may be sold or
might be used as a fracturing fluid (Ziółkowski P., 2013). The main disadvantage of the
whole system is the need for an air separating station (ASU) to supply combustion
chamber with pure oxygen. Moreover the 95% oxy-combustion eliminates almost
entirely the problem of the NOx emission. Additionally, the nitrogen turbine (GTN2)
might be used and would be fuelled from the oxygen and nitrogen separating station.

Technical realisation of the IBC may cause such problems as the increase of low
pressure part size in the gas turbine. The IBC turbine runs in negative pressure
conditions, which in turn causes that the end part needs to be as big as a low pressure
steam turbine. The increase of the diameter is caused by the necessity to reduce the
axial velocity of the flowing gases through the blading system. Likewise the nature of
the exchanger work needs more complex geometry to decrease the loss of movement
(Lemański, 2007).

3. Zero-emission cycle with SOFC and gas turbine

In the actual context of increasing pressures on zero-emission technologies the fuel
cell systems will play a major role. Since the fuel cell, like SOFC, operates without
the Carnot limit of efficiency, the systems build on the fuel cells can approach more
effective energy conversion processes than the conventional ones. One known system
combining SOFC and gas turbine working with the power of 300 kW has been devel-
oped by Siemens Westinghouse (Fig. 2). Yet another system leading to the advanced
zero-emission power plants has been prepared and tested recently by Lemański (2007).
Their concept is to combine high-temperature solid oxide fuel cells (SOFC) with gas
shifting and post-combustion of the rest of the fuel within one chamber. Since the
efficiency of pSOFC/GT system depends mainly on the pressure level used, Lemański
has proposed a system with double levels of pressure and double SOFC; one working
in the higher and one in the lower pressure. The ratio of both pressures changes from
a ratio of 1 to 3.8 and it depends on the additional heat exchange between high and
low pressure parts. The electrical efficiency of the double pressure pSOFC/GT system
is calculated for a different pressure. It has been found that when the pressure ratio is
increased, the efficiency of SOFC is decreasing while the efficiency of the gas turbine
increases. Yet, the total efficiency of the system increases, mainly due to higher inlet
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Fig. 1. Schematic diagram of the double Brayton cycle with use enhancement energy
conversion (ASU – air separation unit, WCC – wet combustion chamber, SNS
– condenser spray-ejector, C – compressor, GT – gas turbine, HE – heat ex-
changer , G – electric generator, M – motor, CON – condenser, P – pump,
GTN2 – additional gas turbine of N2, CCO2 – compressor of CO2, R – gas-
water separator).

parameters for the gas turbine (Badur J., 2005; Lemański M., 2004).
Additionally, the fuel cell-CO2 capture technology from hydrocarbon sources might

have an impact on energy economics, as well as on our evolving energy resource mix
and on the renewable energy development.

The high temperature solid oxide fuel cell is built mainly of nanomaterials. It
consists of two porous electrodes separated by a dense solid electrolyte. Finding a
solid-state material that operates at temperatures as high as 1000oC is a serious chal-
lenge. Especially, porous ceramics, being double phase electrodes, needs advanced
mathematical modelling which includes some nano-flow effects. The phenomenolog-
ical description of a combination of a huge number of single nano-channels can be
given by three geometrical parameters of porous body: the porosity factor, the mean
pore radius, and the tortuosity. The tortuosity is defined as the ratio of the porous
channel length to the straight distance between the end surfaces of the control vol-
ume. The tortuosity together with the porosity factor indicate the ratio of the active
surface to the volume electrodes. The mean radius of pores is the basic parameter
determining nano-flows. All these parameters are used to characterise the flow inside
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such porous media and they are traditionally used in 3D models (for instance the dif-
fusive transport of species throughout a fuel cell). The main diffusion mechanism, i.e.
molecular diffusion, Knudsen diffusion and Darcy’s pressure diffusion, Polet electrical
diffusion are generally functions of the above mentioned nano-geometrical parameters
(Badur J., 2011; Karcz M., 2010).

Yet another new concept is to use some oxygen enriched mixture instead of air.
It can be done if one replaces the ASU unit with an oxygen separation by modern
technique called the Mixed Conducting Membranes (MCM), which produce pure oxy-
gen from the air. These membranes act similarly to the cathode in a SOFC which
can conduct ions via non-porous, metallic oxides that operate at high temperatures
(here > 700◦C). In comparison with cathode materials, MCM has high oxygen flux
and selectivity. The use of the MCM reactor instead of ASU indicates its integration
into conventional gas turbine combustion. Similarly to SOFC, the classical cham-
ber in an ordinary gas turbine is replaced with the MCM-reactor, which includes a
combustion chamber, a ’low’ temperature heat exchanger, an MCM membrane and a
high temperature heat exchanger. The concept allows theoretically 100% CO2 cap-
ture while increasing the cycle efficiency up to 50%, and in this case will have less
than 1 ppm v/v NOx in the oxygen depleted outlet air (Badur J., 2011).

Fig. 2. The scheme of hybrid pSOFC/GT used in commercial application by Siemens
Westinghouse (SOFC – solid oxide fuel cells, CC – combustion chamber, C –
compressor, GT – gas turbine, HE – heat exchanger , V – valve, P – pump)
(Lemański, 2007).
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4. Role of nano-flows phenomena

Despite the huge progress in the design of such experimental devices, there is an ap-
parent lack of understanding of the energy conversion enhancement in its theoretical
background. This is revealed by the discrepancy between numerical predictions and
measurements. Typically the discrepancy increases with the growth of a medium
rarefaction, and the channel hydraulic diameter. That is, the flow slip seems to oc-
cur when the channel’s diameter is comparable with the mean free path of molecules
(which is defined as a Knudsen number), obtained either through the increased rar-
efaction or decreased channel diameter.. This rule also stands for other phenomena,
when their influence on the bulk flow is not negligible. By the last statement it is un-
derstood, that although the phenomena may be present in large-scaled devices, they
seem to be of insignificant importance. When the boundary layer however extends to
the bulk, as it takes place in micro and nano channels, the wall effects alter the entire
flow field (Badur J., 2011).

More than velocity slip may account for the enhanced flow phenomenon, the con-
centration, thermal, pressure, electric charge or phase progress may have considerable
impact on the flow, efficiency, and the power performance increase. Apart from the
co-current and counter-current velocity profile influences observed in the micro and
nano-flows, there exist phenomena enacting on the temperature or concentration con-
tinuity occurring in the temperature and concentration jumps in the direction normal
to the fluid – a solid interface. These discontinuities are non-negligible due to strong
wall domination in the micro and nano flows.

5. Summary

This paper presented innovative thermodynamic cycles with highly-efficient zero-
emission energy production. In these cycles, the enhancement of efficiency and power
are to be obtained through the compactification of device dimensions and the use
of the so-called direct conversion. Firstly the zero-emission cycle via a steam-gas
turbine has been described showing that the concept of power plant with the use oxy-
combustion and spray-ejected condensation. Secondly, the zero-emission cycle with
SOFC and gas turbine has been presented showing that the concept of SOFC with
MCM-reactor allows for 100% CO2 capture while increasing the cycle efficiency up
to 50%. Finally, the nano-flows phenomena have been shown to have a significant
impact on the enhancement of the energy conversion. Further experimental and the-
oretical investigations in this field are required to establish the form and the value of
the model parameters.
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