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Abstract

The global warming issue is becoming more and more important in the
public opinion, because its effects on everyday life of the entire mankind are
starting to become appreciable. On the next (2009) December will be held in
Copenhagen the fifteenth United Nations Climate Change Conference which
is expected to be crucial for the future choices to deal with the anthropogenic
greenhouse gases issue.

The power generation sector is one of the most important contributors to
the emissions of greenhouse gases (of which the carbon dioxide is the main
anthropogenic example), and it is facing in the last decades a problem that
will exacerbate surely the already alarming effect on the global warming: the
rapid increase of the world power demand.

For these reasons the carbon capture topic is gaining nowadays a lot of
attention, especially in the industrial sector, since it will be a strategic field for
the power generation in the short-medium term. In fact, it is really likely that
will be introduced soon a so-called “cap and trade” system, with the trading of
pollution licences related to the CO2 emissions, as the USA president Obama
has recently proposed to the Congress. This option would turn out in a
completely new scenario in the power generation sector with novel, cleaner
concepts being economically more attractive than the conventional ones.

This project investigates the performance of a novel thermodynamic cycle
with carbon capture, called Advanced Zero Emissions Power plant (AZEP),
which has been analysed in the open literature just partially and superficially
up to now. Since this project is part of a bigger one in which several carbon
capture novel cycles options will be compared, the main objective is to provide
a flexible, modular, modern computational tool, called eAZEP, developed
from scratch. The second objective is the evaluation of the four main layouts
of the AZEP concept as a stand alone power plant, assessing their inclination
to be included in an unfired combined cycle featured with an Heat Recovery
Steam Generator (HRSG). A final, third objective is the development of a
routine for the off-design performance calculation to be included in on old
pre-existing computational tool.
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Abstract

The original contribution of this work to the knowledge on the topic
comprises

1. the conception of two new layouts for the AZEP cycle (the Post Expan-
sion Heat exchanger layouts);

2. the performance evaluation of the long term potential for the power
plant;

3. a sensitivity analysis of the thermodynamic concept.

The best suitable arrangements of the plant layout are identified together
with the main parameters which influence their performance, both for the
combined cycle perspective implementation and for the stand alone option.

Thanks to the flexibility of eAZEP will be easy to consider, in a future
work, a pretty wide number of alternative concepts and investigate more
cycle parameters in order to broaden the conclusions obtained in this work.
Moreover the combined cycle off-design new routine must be debugged and
validated.
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An expert is a person who has made all the mistakes
that can be made in a very narrow field.

— Niels Bohr

To Marta, “my wittiest mistake”.
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Chapter 1

Introduction

According to the sixth EEA1 energy and environment report of the 2008 [8],
the effect of the energy production and use on the environment and the health
is still one of the most important issues in Europe.

The 80% of the greenhouse gases and atmospheric pollutant are generated
by the energetic sector and, in particular, the power generation from fossil
fuels is still the main source of the climate change.

In the last years has been detected a gradual reduction in the pollu-
tant emissions (including the greenhouse gases) accordingly with the aim
agreed the 9 March 2007 by the European Commission called “20-20-20”, that
turned into a political constraint for all the European Union countries. The
aforementioned aim consists in the achievement, within the 2020, of:

• the 20% of reduction in the CO2 emissions;

• the 20% of increase in the energetic efficiency;

• the 20% of power generation from renewable resources over the total
generation.

Among the main contributors to the reduction of the emissions, there are
the gradual substitution of the coal with the oil and the natural gas, a more
efficient production of energy and heat, a larger and larger use of renewable
energies, together with the application of new technologies.

Notwithstanding this positive trend, the EEA reports that if the European
countries would stick to the present policies, the energy consumption would
still increase of the 26% within the 2030, confirming the fossil fuels as the
main source of energy supply. Moreover, according to a recent speech of

1European Environment Agency.
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Introduction

the IEA2 Deputy Executive Director Richard Jones, in order to keep the
same trend of the productive growth of the last decades, the world would
need seven times the current capacity of the Saudi Arabia until the 2030 (see
http://www.iea.org/Textbase/speech/2009/Jones/appea.pdf).

On the other hand, the climate change issue generated just by the past
and present consumption of fossil fuels is already an alarming problem at
present, and it will be discussed very lively in the upcoming fifteenth United
Nations Climate Change Conference that will be held in Copenhagen on next
December (http://en.cop15.dk/).

The project presented in this work slots in the background outlined above
and, particularly, its main objective is the provide a computational tool
(the program eAZEP) to evaluate a novel thermodynamic cycle with carbon
capture (called AZEP3), able to contrast the climate change generated by the
fossil fuels with a reasonable penalty on the performance.

The AZEP concept would permit a significant improvement in the field of
the the oxy-fuel combustion cycles (the family of concepts it belongs to) since
it employs a multi-disciplinary knowledge (including, for example, advanced
chemical engineering ideas) to bring its performance closer to the reference
conventional power plant. Unfortunately, up to now, because of the complexity
and the novelty of the concept, the AZEP cycle has been investigated in the
open literature just partially and superficially.

The software eAZEP is intended to allow its user to fill this gap in the
knowledge enabling her or him to consider several different layouts of the
power plant with relative little effort and to evaluate the influence of its
numerous characteristic parameters on the performance. This goal has been
achieved to benefit the bigger project of which this one is part of.

In summary the objectives of this work are (sorted by relevance):

1. the development of eAZEP a flexible, modular, modern computational
tool, written in Fortran from scratch;

2. the use of eAZEP in order to investigate the potential of the main AZEP
layouts for different technological levels;

3. the development of a routine for the off-design performance calculation of
the steam plant to be used for the AZEP combined cycle implementation.

The project is founded by E.ON UK as part of its commitment to the
climate change issue.

2International Energy Agency.
3Advanced Zero Emissions Power Plant.
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Chapter 2

Literature survey

The carbon capture and sequestration (the main framework in which the
project is included) is a fairly new topic although it is becoming more and more
popular for its strategic potential importance for the power generation market
in the future short-medium term. In the next sections will be described
increasingly in more detail the object of this project and finally will be
presented in details the AZEP concept.

2.1 Carbon capture concepts for the power
generation

There are several strategies that has been investigated for the CO2 capture
in the power generation field, but there is a general agreement [7, 9, 6, 3] in
dividing them in three main categories:

• pre-combustion capture;

• oxy-fuel combustion;

• post-combustion capture.

The first category includes a number of processes (steam reforming, gasi-
fication, partial oxidation [7, 6]) that roughly could be described in the
transformation of the fuel in a mixture of CO2 and H2 (with CO, sometimes),
using the latter as a fuel and separating the CO2 before the combustion with
a chemical or a physical method.

The oxy-fuel principle operates the combustion in a pure (or almost pure)
oxygen environment (achieving, in this way, also the advantage to avoid the
production of nitrogen and sulphur oxides), and requires the recirculation

3



2.2 The oxy-fuel cycles Literature survey

of the exhaust gas in order to dilute the reactive mixture and obtain, after
the combustion, an acceptable temperature [9]. In all these concepts the flue
gas is basically constituted by steam and carbon dioxide, so it is simple to
separate the steam by condensation [7]. There are several options to carry
out the oxy-fuel combustion, they will be described in the next section.

The post-combustion processes are the most mature: they exploit physical
or chemical techniques in order to capture the CO2 from the exhaust gas of a
conventional combustion. The main problem here is the low concentration of
the carbon dioxide that requires the use of large and expensive devices [7]
affecting remarkably also the thermodynamic performance of the power
plant because of the pressure loss through them [9]. The aforementioned
techniques vary from the chemical absorption (the most popular choice),
physical absorption or adsorption and the use of solid chemicals [7, 9] till the
application of membranes or distillation processes [3].

All the described strategies are energy demanding and require also, in
many cases, a significant aggravation for the capital costs of the power plant.
In fact the pre-combustion processes reduce the heating value of the fuel, the
oxy-fuel approach requires efforts for the oxygen production and the post-
combustion option involves energy also for the regeneration of the chemicals,
used in the most popular choice [3].

2.2 The oxy-fuel cycles

The oxygen-fuel combustion has been applied to the glass melting and the steel
and aluminium industry [6] but, to the knowledge of the author, there is no
industrial application of this concept for what concerns the power generation
sector. The options available in this field are several and comprise (among
others less important) [3]

• the semi-closed cycle (also known as the “oxy-fuel combined cycle”);

• the Chemical Looping Combustion cycle;

• the electrochemical reactions in fuel cells;

• the concept object of our project: the AZEP cycle.

The common feature of them is the composition of the exhaust gas that is
mainly made up of steam and carbon dioxide.

The semi-closed cycle concept (Figure 2.1) shows several similarities with
the conventional combined cycle: the heat of the exhaust gas is released in
a Heat Recovery Steam Generator after the combustion process, but the

4



Literature survey 2.2 The oxy-fuel cycles

Figure 2.1. A simple process flow diagram of the “oxy-fuel combined cycle” con-
cept [1].

Figure 2.2. Process flow diagram of the Chemical Looping Combustion cycle [1].

reaction with the fuel is carried out with pure oxygen. As shown in the figure,
there is a remarkable quantity (about the 90%) of flue gas recirculated at the
inlet of the compressor, in order to lower the combustor outlet temperature
to an acceptable value.

The oxygen supplied for the reaction is produced in a dedicated device
(the Air Separation Unit) with a cryogenic process that results in a loss of
electrical efficiency of about 10% [7]. Moreover there are studies on chemical
cycles for the oxygen generation [9].

In the Chemical Looping Combustion concept (Figure 2.2), the oxy-fuel
process is carried out by an oxygen carrier (a metal oxide) that circulates
between two reactors, one for the oxidation and the other for the reduction.
The reactors environment is kept as close as possible to the thermodynamic
equilibrium [1].

5
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Figure 2.3. Integration of a Solid Oxide Fuel Cell (SOFC) with a gas turbine
(simplified process flow diagram) [1].

Figure 2.4. A simple process flow diagram of the Advanced Zero Emissions Power
plant concept [1].

In another oxy-fuel option (Figure 2.3), a Solid Oxide Fuel Cell can
operate the reaction of the air previously compressed and pre-heated with
fuel, exploiting just its oxygen. It is important that the anode and cathode
flows are not mixing in order to have just steam and carbon dioxide in the
exhaust mixture. An afterburner is needed (as well as a stream of air bled from
the compressor) to complete the oxidation of the fuel, that is just partially
carried out in the fuel cell [1].

Finally, the Advanced Zero Emissions Power plant (AZEP) will be dis-
cussed thoroughly in the next section, anyway a very brief and simple descrip-
tion will be given here. The cycle (Figure 2.4) adopts a special membrane to
substitute a conventional combustor; so the new device operates the separa-
tion of the oxygen from the air, the combustion of the fuel with pure oxygen
and, finally, transfers the heat of combustion to the oxygen-depleted air.

6
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Figure 2.5. The process flow diagram of the AZEP cycle basic concept [2].

2.3 The Advanced Zero Emissions Power plant

The AZEP cycle is one of the most promising oxy-fuel concepts and, although
there are several studies that investigated its potential, at the moment, there
is no extensive knowledge on its application and its key parameters that
affects significantly its performance.

In the last section the basic idea of this novel cycle is showed, so now will
be presented a more comprehensive process flow sheet (Figure 2.5) in which
the membrane is sketched in more detail. As represented, the “membrane
reactor” comprises a Mixed Conductive Membrane together with a combustor
and a Bleed gas Heat Exchanger (sometimes referred to the acronym BHX).
As detailed in the Figure 2.6, the central device of the membrane reactor is
actually made up of three parts: a Low and High Temperature Heat Exchanger
(respectively LTHX and HTHX) and the membrane itself that performs at
the same time the oxygen mass transfer and the heat exchange.

The insertion of the LTHX and the HTHX, respectively before and after the
membrane is necessary to keep its temperature as constant as possible at the
optimal value for the oxygen transport. Basically the higher is the temperature
of the membrane, the higher is the mass of the oxygen depleted from the
compressed air, as will be shown in Equation (3.54), so in theory would be
desirable to boost it as much as possible also to reduce the exchange area [10].
Unfortunately the aforementioned temperature is limited to about 1200 ◦C
by the degradation of the device and the HTHX is necessary to reduce the
difference between the combustor outlet temperature of a conventional power

7
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Figure 2.6. A detailed view of the membrane reactor [3].

plant and the turbine inlet temperature of the AZEP cycle [10, 11, 1, 3, 5, 6, 7].
This limitation turns out in the constitutional disadvantage of the AZEP
concept versus the reference thermodynamic cycle.

Moreover comparing Figure 2.4 to Figure 2.5, could be observed that in
the second diagram the stream of flue gas is conveyed to the Heat Recovery
Steam Generator instead of being expanded in a CO2/H2O turbine (first
diagram). The two figures represent different implementations of the AZEP
cycle: the concept with the flue gas turbine is stated to be better performing
than the other, but it requires the development of a novel kind of gas turbine
working with a significantly different mixture of gas than the conventional
nitrogen-based air turbines [7, 5]. Moreover, a CO2/H2O turbine is not
available at the moment on the market and its development would require
great efforts in terms of time and money. So the scheme of Figure 2.5 could
be more interesting in the short term, even if it achieves reduced performance.

Another popular option often considered alongside the “standard” AZEP
cycle, is the modification of the layout with the insertion of a conventional
afterburner before the expansion of the oxygen-depleted stream (Figure 2.7).
In fact, the air at the outlet of the membrane still retains a quantity of
oxygen capable to react with additional fuel, increasing the turbine inlet
temperature and reaching values close to the conventional case. In this way
the performance of the power plant are more similar to the reference one but
the payback is the incapability to capture all the generated CO2. For this
reason this concept is usually called “AZEP 85%” since the plant is designed to
capture just the 85% of the carbon dioxide originated in the energy conversion
process [3, 1].

The Bleed gas Heat Exchanger is adopted to increase slightly the inlet
temperature at the turbine of the oxygen-depleted air stream, but mainly to

8



Literature survey 2.3 The Advanced Zero Emissions Power plant

Figure 2.7. The alternative AZEP layout with a conventional afterburner before
the expansion of the oxygen-deplated air flow [3].

reduce the temperature of the flue gas that could be unacceptable for the
Heat Recovery Steam Generator or (less likely) for the CO2/H2O turbine.

The literature values available prescribe that about the 10% of the bleed
flow is conveyed to the BHX, a range of 40%–50% of the oxygen present
in the air is, on the whole, transferred to the oxy-fuel combustor in the
membrane (with a concentration of about 10% of O2 at the combustor inlet)
and about the 90% of the flue gas is recirculated via the High Temperature
Heat Exchanger to the membrane and then to the combustor [10].

Some investigations are present in the literature about the performance
of the AZEP cycle, but usually they are not extensive and not completely
explanatory about the computational assumptions.

A first study [11] reports a penalty of the 4.5 points for the thermal
efficiency of a 50 MW combined cycle plant, according to the AZEP 100%
layout, and less than 3.0 points for the AZEP 85%; there are no specifications
about the bottoming cycle characteristic parameters. It is also considered
a 400 MW combined cycle computation, where the reference engine is a
Siemens V94.3A plant. It results in a higher reduction in the efficiency
(compared to the smaller size case) that is 4.5 percentage points for the
AZEP 85% concept and it is not specified in the 100% CO2 capture case.
The concentration of the NOx in the oxygen-depleted stream is claimed to be
lower than 1 ppm in volume in the AZEP 100% layout.

All the computations assume that the flue gas goes to the Heat Recovery
Steam Generator without any CO2/H2O turbine and that the compression
of the CO2 for the storage is included in the overall balance. Other useful
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assumptions reported in the paper are the plant pressure ratio of about 18,
approximately 10% of oxygen concentration in the recirculation flow, the
pressure difference over the membrane below 0.5 bar, about 10% of the flue
gas conveyed to the Bleed gas Heat Exchanger, the outlet temperature of
the oxygen-depleted air from the High Temperature Heat Exchanger that is
about 1200 ◦C and the specification that the CO2 is first compressed from
the flue gas pressure, liquefied and then pumped to 100 bar.

Other investigations [1] report a thermal efficiency of 50% for the AZEP 100%
and 53% for the AZEP 85% with the reference engine, GE9351FA, giving
57%. The bottoming cycle modelled is a triple pressure steam plant with
reheat where the pressure levels are 111, 27 and 4 bar and it is supposed to
have a turbine able to expand the oxy-fuel combustion exhaust gas with a
polytropic efficiency of the 87%. The authors do not specify the output power
but includes in the performance computation the CO2 preparation for the
storage, operated by four inter-cooled stages of compression to 200 bar.

In another paper [3] is investigated again the effect of the power plant size
on the performance, while comparing the conventional combined cycle and
the AZEP one without CO2/H2O turbine. A 50 MW plant is referred to the
conventional Siemens SGT800 gas turbine coupled with a dual pressure steam
cycle (80 bar and 510 ◦C for the high pressure level). The AZEP 100% has
4.6 points of reduction in the thermal efficiency, while the AZEP 85% (with
a turbine inlet temperature of 1327 ◦C) results in less than three percentage
points of penalty. The reference plant for the 400 MW is a Siemens SGT5-
4000F engine with a triple pressure Heat Recovery Steam Generator with
reheat of about 130, 30, 5 bar and 560, 545, 240 ◦C. The AZEP 100% gives
a too low exhaust gas temperature for the triple pressure bottoming cycle,
so it is used the dual pressure reference cycle of the 50 MW case; it turns
out in a reduction of more than eight points on the efficiency percentage;
the AZEP 85%, instead, shows a penalty of about 4%. The power output
reduction is about a quarter of the reference case in the AZEP 100% and,
respectively, 10 and 100 MW for the 50 and 400 MW for the AZEP 85%.

A similar study [5] was carried out in comparison with a conventional
Siemens V94.3A combined cycle with an efficiency of 57.9% and considers
again the AZEP layout without the CO2/H2O turbine. For what concerns
the 100% case (with a turbine inlet temperature of 1200 ◦C) the efficiency
drops of 8.3 percentage points, instead in the AZEP 85%, the efficiency is
claimed to be 53.4%.

Although other interesting investigations could be referenced [12, 13, 6] the
common problem faced when browsing the literature data on this topic, is the
lack of specification for some computational assumption and (most important)
the effect that the main cycle parameters determine to the performance and
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the extent of application of a certain AZEP cycle. In fact, must be observed
(and this could appear even more clearly looking at the process flow diagram
of Figure 3.1) that the choice to adopt or not a CO2/H2O turbine and also
the advantage in inserting the Bleed gas Heat Exchanger are driven by cycle
parameters as the recirculated flue gas pressure, or the mass flow bled from
the compressor. Consequently, also the application of a specified AZEP
cycle is affected by these parameters that, in the literature, not only are not
considered in a sensitivity analysis, but are always completely neglected.

In the scope of this project will be carried out with eAZEP a sensitivity
analysis (in analogy with what is usually done for the conventional power
plants) in order to investigate the capability of the different AZEP layout
arrangements for the power generation purposes.
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Chapter 3

Methods

3.1 The physical model

The Process Flow Diagram of the modelled power plant (Figure 3.1) shows
the logical representation that eAZEP has of the different layouts that could
be considered. The single-shaft engine is made up of 35 stations (34 represent
air/gas mixtures plus 1 for the fuel mixture) of which just 25 are showed
in the PFD. The remaining stations not present in the picture concerns the
carbon dioxide compression and pumping process for storage purposes; in
particular there is a condenser that eliminates the steam present in the flue
gas, four inter-cooled stages of compression up to the CO2 critical pressure,
one last cooler that makes the carbon dioxide liquid and a final pumping
station to the storage pressure.

For every station eAZEP figures five flow quantities:

1. the mass flow W ;

2. the pressure p;

3. the temperature T ;

4. the specific enthalpy h;

5. the composition f .

Since the composition is a vector with five components (at least for the air
and the gas stations; of two components for the fuel), see Section 3.1.1 at
page 21, there are nine scalar quantities describing each air/gas station and six
quantities for the fuel. This turns out in a system of roughly1 34 · 9 + 6 = 312

1Actually not all the stations quantities could be strictly considered unknowns as, for
instance, the inlet conditions at station 1.
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Figure 3.1. The process flow diagram of the AZEP cycle.

scalar unknowns for the same number of equations, in order to solve the
complete model of the AZEP cycle.

Actually Figure 3.1 includes all the layouts that, at the moment, eAZEP
can represent and none of them will use all the components drawn in the
figure. There are four possible layouts to be considered.

Simple Bleed gas Heat exchanger layout: the Post Expansion Heat ex-
changer (PEHX) is not present in the layout (eAZEP will simply bypass
it on both the streams) as well as the flue gas turbine between stations 19
and 22.

Bleed gas Heat exchanger layout with flue gas turbine: the Post Ex-
pansion Heat exchanger (PEHX) is bypassed again but the turbine is
present.

Simple Post Expansion Heat exchanger layout: this is an original con-
tribution of this work. At the knowledge of the author there are no
studies about this arrangement which looks very attractive, especially
for combined cycle purposes (see Section 4). In this option the is no
mass flow bled at the outlet of the compressor (there is no stream at
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station 20) and the flue gas turbine and the Bleed gas Heat exchanger
are skipped. This means that there is no actual mixing at the inlet of
the air turbine, since the mass flow at station 21 is zero.

This layout was conceived observing that for some combinations of the
operating parameters, the temperature at the inlet of the air turbine is
lowered and not increased by the adiabatic mixing between stations 7
and 21. So the PEHX layout idea is to keep the stream at the inlet of
the air turbine equal to station 7 and to cool the flue gas with an heat
exchanger after the turbine expansion. If a lower pressure of the streams
in the heat exchangers is slightly detrimental for the heat exchange
coefficient [14], on the other hand the device works at remarkable lower
temperatures that makes it very cheaper.

Post Expansion Heat exchanger layout with flue gas turbine: this op-
tion avoids to bypass the flue gas turbine in the PEHX arrangement
described before.

The kind of streams that go through the power plant could be classified
according to the composition in:

Air stations: describe the behaviour of the standard or oxygen depleted air
(the blue lines);

Exhaust gas stations: the result of the oxy-fuel combustion (mainly carbon
dioxide and steam) and their mixture with oxygen (red lines);

Fuel station: the black line at the inlet of the combustion chamber.

Now will be described in details the physical model adopted for each
component of the power plant, starting from the model of the operating
fluids.

3.1.1 Operating fluids

Gas behaviour

All the operating fluids are mixtures of perfect gases; this means that they
behave according to the ideal gas law

p v = RT (3.1)

The gas constant R of each of them is

R =
R
M

(3.2)
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where R = 8314.3 J/kmol K is the ideal gas constant andM is the molecular
weight of the compound.

Moreover the specific heat of each gas is not considered constant, but
depends just on the temperature{

cp = cp(T ) = dh/dT

cv = cv(T ) = du/dT
(3.3)

so, in order to obtain the finite expression of the specific enthalpy and the
specific internal energy, will be necessary to transform the previous equations{

dh = cp(T ) dT

du = cv(T ) dT

thus 
h(T ) =

∫ T

Tr

cp(T ) dT + hr

u(T ) =

∫ T

Tr

cv(T ) dT + ur

(3.4)

where the subscript “r” indicates an arbitrary reference state where ur = u(Tr)
e hr = h(Tr).

In this work will be used just the specific enthalpy (not the internal energy)
and the reference enthalpy hr is assumed to be the enthalpy of formation of
the compound at the standard state2 hr ≡ h0

f . The enthalpy of formation of
a chemical compound is defined as the heat that must be supplied (if it is
positive) or removed (if negative) in a stoichiometric reaction starting from
the constituent elements in their natural forms. Thus, the standard enthalpy
of formation of stable compounds at the standard state is zero, as for example
the oxygen and nitrogen in the molecular form (O2 and N2).

Therefore the specific enthalpy can be broken up in two components:

h(T ) = hs(T ) + h0
f (3.5)

where h(T ) is the total enthalpy (or, simply, enthalpy) and hs(T ) is the
l’sensible enthalpy, that is the amount of the total enthalpy dependant on the
temperature.

While performing the energy balance of a component, it is necessary to
consider the enthalpy of formation every time that the chemical composition
of the working fluid is changing across the component, or when a substance

2T0 = 298.15 K and p0 = 1atm = 101.325 kPa.
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is changing its phase. Examples of the first case are the combustion chamber
and the membrane of the power plant studied in this work; the second case
could be observed in a humidification tower, for example.

Differently, in the devices where the fluid composition and phase state are
constant, since the enthalpy of formation is a constant that can be neglected,
it is easier to evaluate just the variations in the sensible enthalpy (equal to
zero at the standard state).

The program is able to figure both the total enthalpy and the sensible
one, simply setting a logical variable (see page 21 for details).

Mixtures of gas

In order to calculate the properties of the working fluid it is necessary to deal
with mixtures of gas, so must be known its composition and the values of the
properties for every gas that constitutes the mixture. Will be supposed that
the gases behave as described in the previous subsection, and that they are
in thermodynamic equilibrium.

In order to describe the composition of a given mixture of gas made up of
N components, there are two options.

Gravimetric analysis: it is based on the mass of each component; it speci-
fies the mass fraction of each gas fi according to this definition:

fi =
mi

N∑
i=1

mi

=
mi

mtot

(3.6)

where mi is the mass of each component and mtot is the total mass of
the mixture.

Molar analysis: it indicates the number of moles of each component, speci-
fying the molar fractions, χi:

χi =
ni
N∑
i=1

ni

=
ni
ntot

(3.7)

where ni is the number of moles of each component and ntot is the
total number of moles3.

3It is possible, with a bit of basic algebra, obtain fi from χi and vice versa.
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The average molecular weight of the mixture, Mm = mtot/ntot, can be
evaluated from the mass fractions, with this formula

Mm =
1

N∑
i=1

fi
Mi

(3.8)

while the average ideal gas constant could be obtained with the following
equation

Rm =
R
Mm

(3.9)

It is necessary to distinguish between extensive and intensive properties
in order to evaluate them for the gaseous mixture.

Extensive properties: the mixture value is obtained simply adding up the
values for each component; it is particularly useful for the calculation
of the mass and the volume:

mtot =
N∑
i=1

mi Vtot =
N∑
i=1

Vi

Intensive properties: in this case must be performed the weighted mean of
the quantities, where the weights are the mass fractions (if the property
is referred to the unit of mass) or the molar fractions (if the property is
referred to the single mole of mixture).

For example, the software will perform the following computation in
order to figure the specific enthalpy of the air (ha), starting from the
mass composition (fi) and the enthalpy of the components (hi):

ha =
N∑
i=1

fi hi (3.10)

Although the pressure is an intensive quantity, the previous rule does not
apply directly. Since the mixture is made up of ideal gases, the Dalton law
applies: the pressure of the mixture is the sum of the pressures that each
constituent gas would have in the same conditions of temperature and volume
of the mixture, if it would be alone. That is, for the air:

pa =
N∑
i=1

pi(Ta, Va) (3.11)

18



Methods 3.1 The physical model

Moreover since for both the constituent gas and the mixture, the ideal
gas law applies — Equation (3.1) — it is possible to obtain the pressure as
p = nRT/V , in order to express conveniently the pressure ratio between the
component and the mixture; for the air: pi/pa. Applying the law (3.11):

pi
pa

=
ni��RTa/��Va

na��RTa/��Va

=
ni
na

= χi

that is
pi = χi pa (3.12)

where χi pa is called partial pressure (coinciding with the component pressure
pi for an ideal gas).

Since the computer program does not deal with molar fractions explicitly
(all the specific quantities figured are referred to the unit of mass), the
expression used directly by the computational code can be easily derived

pi =

fi
Mi

N∑
i=1

fi
Mi

pa (3.13)

where only the mass fractions appear.
A number of the previous equations are referred to the air but, obviously,

they are still valid for every mixture of ideal gas (as the fuel or the exhausted
gas).

Polynomial expression of the thermodynamic properties

A polynomial can express the specific heat at constant pressure as a function
of the temperature for every gas constituting the mixture of the working fluid.
The model selected for the implementation was developed by the NASA [15]:

cp,i(T )

Ri

=
a1,i

T 2
+
a2,i

T 2
+ a3,i + a4,i T + a5,i T

2 + a6,i T
3 + a7,i T

4 (3.14)

The specific enthalpy as a function of the temperature in a polynomial form,
can be obtained starting from the previous expression and integrating the
equation dhi = cp,i dT :

hi(T )

Ri

= −a1,i

T
+ a2,i lnT + a3,i T + a4,i

T 2

2
+ a5,i

T 3

3
+ a6,i

T 4

4
+

+ a7,i
T 5

5
+ b1,i

(3.15)
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where b1,i is an integration constant.

The coefficients are taken from the NASA Glenn Research Center
database that comprises more than 2000 chemical species divided
among gases, liquids, solids and ions [15]. Those values were determined
applying a least squares regression analysis on experimental data or
using thermodynamic functions that include, at the same time, the
specific heat at constant pressure, the entropy and the enthalpy. A
previous version of this model (declared obsolescent in the 1994) had
two coefficients less in every polynomial.

This database has been massively used in a computer program called
Chemical Equilibrium with Applications (CEA), now available on the
NASA website4 as a new version called CEAgui; the compounds coeffi-
cients used in the model of this work were extracted exactly from the
CEAgui.

For the substances constituting the working fluid (Ar, CO2, N2, O2, H2O(g),
CH4) the coefficients are given for temperature ranges5: from 200 K to 1000 K,
from 1000 K to 6000 K and (just for some species, but of no use for the model
of this work) from 6000 K to 20 000 K.

It is useful to observe that the Equations (3.14) and (3.15) are equally
applicable if referred to both the mass fractions and the molar units since the
coefficients are non-dimensional quantities and — thanks to the Equation (3.2)
— the following equalities stands:

cp,i
Ri

=
ĉp,i
R

and
hi
Ri

=
ĥi
R

where ĉp,i and ĥi are the same quantities at the left-hand side, but referred
to the unit of kilomole.

The output of the Equation (3.15) is the total enthalpy, the sum of the
sensible enthalpy and the formation enthalpy — see Equation (3.5). For the
thermodynamic transformations with constant enthalpy of formation (see
page 16 for details), could be evaluated just the variations of the sensible
enthalpy in order to avoid round-off errors; in fact the enthalpy of formation
is often remarkably bigger than the sensible enthalpy associated with the
temperature change. Moreover in this way it is pursued another advantage in

4http://www.grc.nasa.gov/WWW/CEAWeb/ceaHome.htm.
5The integration constant b1,i, present in the formula of the specific enthalpy, is obtained

exactly imposing the continuity of the integrated function at the common bounds of these
intervals.
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debugging the program: we can check the convergence to obviously wrong
values just with “a glance”.

In order to evaluate just the sensible enthalpy it is necessary to call the
function that figures the enthalpy (h_air) setting the logical variable total
to .FALSE., then the Equation (3.15) will be modified in the following way

hi,s(T ) = Ri

(
−a1,i

T
+ a2,i lnT + a3,i T+a4,i

T 2

2
+ a5,i

T 3

3
+ a6,i

T 4

4
+

+ a7,i
T 5

5
+ b1,i

)
−
ĥ0

f,i

Mi

(3.16)

Mixtures composition

The composition of the ambient air flowing across the stations 1, 2, 3, 4,
17 and 18 (see Figure 3.1) is described by a vector of five components fa,
according to the gravimetric analysis:

fa =
{
fAr, fCO2

, fN2
, fO2

, fH2O

}
(3.17)

Although the program is able to take into account the effect of humidity, the
ambient air will be considered as dry (fH2O = 0), while the other components
of the vector are listed in the Table 3.1.

Table 3.1. The mass fractions of the dry ambient air constituents (five significant
digits) [16].

Compound Mass fraction (fi)

Ar 0.01282600
CO2 0.00045584
N2 0.75527000
O2 0.23145000

For what concerns the fuel (natural gas), its composition vector ff com-
prises two components

ff =
{
fCH4

, fN2

}
(3.18)

with the following mass fractions

Compound Mass fraction (fi)

CH4 0.9292
N2 0.0708
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In reality the natural gas is made up of several components (mainly hydrocar-
bons) where the methane is anyway the most abundant. The aforementioned
mass composition has been obtained from the balance between the methane
and inert gas (the nitrogen) in order to match the average calorific value of
the commercial natural gas [16].

In the plant layout there are two components that change the composition
of the flows in a not straightforward way:

• a mixer before the station 7 (as shown in Figure 3.1);

• the membrane in which takes place the extraction of the oxygen from
one side and its injection in the other (see Figure 3.6).

In both cases, supposing to know all the quantities at the inlet stations,
in order to determine the composition at the outlet, we construct the output
vector fout component by component, applying the following formula for every
constituent gas:

f iout =
f iin Win + f im\eWm\e

Win +Wm\e
(3.19)

where the subscript m\e stands for “mixed or extracted”. This means that
the formula is valid in the algebraic sense and thus the mass flow will have the
positive sign if mixed (stations 7 and 9, for the flue gas side of the membrane)
or negative (station 9 for the air side of the MCM).

Of course the procedure shown above could be applicable for the injection
or extraction of every component of the gas mixture (for example to take into
account the humidity of the air), but it will not be used in any other case.

3.1.2 Power plant components

Will be now described the elements that, assembled, constitute the power
plant. Their different disposition determines the layouts available of which
just the most interesting and promising sub set will be considered. For
every component is supposed to know the inlet station and some parameters
specified case by case.

Compressors

The eAZEP compressors (Figure 3.2) are turbomachineries which have the
pressure ratio π, the polytropic ηy, and the mechanical efficiency ηm defined.
The thermodynamic transformation of the working fluid is considered adiabatic
because the heat rate leaking from the machinery to the surroundings is
negligible compared to the compression work.
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Figure 3.2. A generic process flow diagram for the eAZEP compressors.

Since there are no mass flow variations, neither composition changes,
results

Wout = Win (3.20)
fout = fin (3.21)

and, obviously (from the definition of the pressure ratio)

pout = π pin (3.22)

In order to determine the final temperature Tout is necessary to take into
account the variation of the specific heat at constant pressure with the
temperature, according to the implemented model of the working fluids.
Considering this aspect, can be proofed (see Appendix A) that the equation
describing the compression of an ideal gas in which appears the polytropic
efficiency is

ηy,c (sout − sin) = R ln

(
pout

pin

)
(3.23)

Since the entropy is a function of the temperature, must be found the
temperature Tout which gives the sout able to satisfy the last equality. Must
be observed that before to start the root finding process to calculate Tout,
must be evaluated the average gas constant R from the composition vector
(see Section 3.1.1)

R = Rgas(fin) (3.24)

Then it is straightforward to calculate the outlet enthalpy and the com-
pressor work:

hout = hgas(Tout,fout) (3.25)

Pc =
Win

ηm

(hout − hin) (3.26)
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Turbines

The solving procedure for a generic turbine (Figure 3.3) is very similar to the
previous, thus the expansion is considered adiabatic with negligible variation
of the kinetic energy and the gravitational energy between the inlet and
the outlet. The main difference compared to the compressor case is that is
supposed to be known the outlet pressure of the turbine (this substitutes
the need to know the pressure ratio as a parameter). Furthermore the
turbine element contains also the electric generator efficiency ηel, as additional
parameter compared to the compressor.

Figure 3.3. A generic process flow diagram for the eAZEP turbines.

Thus, the mass flow and the composition are constant along the machinery

Wout = Win (3.27)
fout = fin (3.28)

and also the average gas constant is simply figured

R = Rgas(fin) (3.29)

For the determination of the final temperature Tout, the equation describ-
ing the thermodynamic process is very similar to the compressor one (see
Appendix A)

(sin − sout)

ηy,t

= R ln

(
pin

pout

)
(3.30)

and so sout brings the required Tout.
Finally the outlet enthalpy and the turbine work are calculated:

hout = hgas(Tout,fout) (3.31)
Pt = ηm ηelWin (hin − hout) (3.32)

Heat exchangers

The design criterion for the eAZEP heat exchangers (Figure 3.4) is based on
the ε-Ntu method [17, 18], considering all them as perfect counter-current
devices.
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Figure 3.4. A generic process flow diagram for the eAZEP heat exchangers.

First of all the mass flow and the composition, which are constant, are
calculated at the output both on the cold and on the hot side

Wout,c = Win,c (3.33)
Wout,h = Win,h (3.34)
fout,c = fin,c (3.35)
fout,h = fin,h (3.36)

Then since the pneumatic efficiencies on both sides are known (ηπ,c and ηπ,h),
the output pressures reads

pout,c = ηπ,c pin,c (3.37)
pout,h = ηπ,h pin,h (3.38)

In this way is now possible to estimate the overall heat transfer coefficient
U which is dependent on the pressure of the low pressure side (almost always
the flue gas side). In fact for a gas-gas heat exchanger, U can be estimated
starting from the pressure of the cold and hot side; in particular U spans
between 100 to 300 W/m2 K according to the low pressure side increasing from 1
to 20 bar [14]. Thus is possible to determine U starting from the averaged lower
pressure side value (almost always the hot side), with a linear interpolation.
Must be clarified that the program checks first which side has the lower
average pressure and then it figures the overall heat transfer coefficient.

Then it is well-known from the heat transfer fundamentals that the
fluid with the lower heat capacity rate, experience the larger variation of
temperature in an heat exchanger. The ε-Ntu method is based also on this
observation, so it is necessary to set the fluid with the minimum and the
maximum heat capacity rate, Ċmin and Ċmax. Unfortunately Ċ depends on
the temperature

Ċ = W cp(T,f) (3.39)

25



3.1 The physical model Methods

that is changing along the device (the specific heat at constant pressure cp is
changing) and, since Tout is unknown, in turn, the goes for the outlet value of
cp as well as for the corresponding heat capacity rate. Thus the real Ċ value
is replaced with an estimated one C̃ evaluated on the span of a ∆Thx (usually
30 K), considering that generally the variation with the temperature of the cp
is not very considerable over a span of tens kelvin of difference. Then

C̃out,c = Cgas(Wout,c, Tin,c −∆Thx,fout,c) (3.40)

C̃out,h = Cgas(Wout,h, Tin,h + ∆Thx,fout,h) (3.41)

so that

C̃c =
Ċin,c + C̃out,c

2
(3.42)

C̃h =
Ċin,h + C̃out,h

2
(3.43)

making possible the assignment of the Ċmin and Ċmax, although on an approx-
imated basis.

It is possible to evaluate the ideal thermal heat rate Q̇id

Q̇id = Wmin

[
hair(Tin,h, fmin1)− hair(Tin,c, fmin2)

]
(3.44)

based on the following case analysis:

• if Ċc = Ċmax then

– min1 = in, h

– min2 = out, h;

• if Ċh = Ċmax then

– min1 = out, c

– min2 = in, c.

Starting from the design point number of thermal units Ntu, the heat
exchange area A is easily figured:

A =
Ntu Ċmax

U
(3.45)

as well as the efficiency of the device ε [17, 18, 14]

ε =
1− exp

[
−(1− Ċmin/Ċmax)Ntu

]
1− (Ċmin/Ċmax) exp

[
−(1− Ċmin/Ċmax)Ntu

] (3.46)

There are two limiting cases
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• for Ċmin/Ċmax = 1 the previous equation is indeterminate, applying
L’Hôpital’s rule results [17, 18]

ε =
Ntu

Ntu + 1
(3.47)

• for Ċmin/Ċmax = 0 the efficiency formula reads

ε = 1− e−Ntu (3.48)

As will be shown in the next section, the Mixed Conductive Membrane
follows a slightly different calculation process while evaluating the area and
the number of thermal units, for its behaviour as an heat exchanger; the
efficiency formula will be applied in the same way.

The output specific enthalpies are then figured

hout,c =
Win,c hin,c + ε Q̇id

Wout,c

(3.49)

hout,h =
Win,h hin,h − ε Q̇id

Wout,h

(3.50)

with the corresponding temperatures

Tout,c = Tgas(hout,c) (3.51)
Tout,h = Tgas(hout,h) (3.52)

The membrane

Figure 3.5. The theoretical Mixed Conductive Membrane process flow diagram.

The Mixed Conductive Membrane is the most important and complicated
device of the power plant. It performs the extraction of the oxygen (the
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light blue line in Figure 3.5) from the compressed air flow (dark blue and
grey line) transferring it to an almost oxygen-free gas stream (the red line).
The compressed air stream will be called feed flow while the flue gas stream
permeate flow. The peculiarity of this device is that, at the same time of the
mass transfer, takes place the counter-current heat exchange between the two
flows, turning out in a remarkable increase of the model complexity. The
outcome of the previous observations is that the quantities describing the
streams crossing the membrane are all varying continuously along it, then the
conventional design criteria are, in principle, inapplicable to this component.

In order to take into account the complex thermodynamic transformations
of the device, it is considered consistent with the overall accuracy of the
power plant model the application of the superimposition principle: the
corresponding process flow diagram is shown in Figure 3.6. Applying the
superimposition principle, the membrane process is divided into two sub-
processes: an adiabatic transfer of oxygen from the feed flow to the permeate
flow and the heat exchange.

Figure 3.6. The eAZEP Mixed Conductive Membrane process flow diagram.

For what concerns the calculation of the device, it is actually the sum of
the heat exchanger (Section 3.1.2, Page 24) plus the mixer solving procedures
(Section 3.1.2, Page 31). For this reason, the reader is invited to bear on the
corresponding sub-process section. Here will be outlined just the additional
calculations required.

Should be observed that the membrane surface Amcm must satisfy, at the
same time, the mass transfer and the heat transfer constraint. Thus the
number of thermal units for the MCM Ntu,mcm is not a design parameter, but
it is determined by the equation that drives the mass transfer through the
membrane. It is the Nernst-Einstein formula, a simple case of integration of
the Wagner equation [19, 20, 21]:

jO2
=

σRT
4Ln2 F2

ln
pF

O2

pP
O2

(3.53)

where6

6Although all the quantities are expressed in SI units of measure, the author prefer to
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jO2
is the oxygen flux (mol/m2 s);

σ is the membrane electric conductivity (S/m);

R is the ideal gas constant (J/mol K);

T is the membrane absolute temperature (K);

L is the membrane thickness (m);

n is the valency number of the element permeated (in this case we deal with
oxygen, then, n = 2) (0);

F is the Faraday constant (mol/C);

pF
O2

is the partial pressure of the oxygen on the feed side (Pa);

pP
O2

is the partial pressure of the oxygen on the permeate side (Pa).

Since the oxygen mass flow W24 in kg/s (instead of the oxygen flux) is
needed explicitly, the previous equation is modified accordingly (substituting
also n = 2)

W24 =
σRT
16LF2

ln
pF

O2

pP
O2

AmcmMO2
(3.54)

where Amcm is the overall permeation area andMO2
is the molecular weight

of the oxygen.
The quantities T , pF

O2
, pP

O2
are not constant along the membrane but

they are varying continuously, so it is impossible to apply the last expression
directly. In order to simplify the calculation procedure of the device and
to keep the demand of the computational resources at the same order of
magnitude of the other components of the power plant, a lumped approach for
the model of the membrane has been adopted. This means that the following
quantities are considered constant and equal to their average value:

T̂ =
T4 + T6 + T11 + T13

4

p̂F
O2

=
p

(4)
O2

+ p
(6)
O2

2

p̂P
O2

=
p

(11)
O2

+ p
(13)
O2

2

(3.55)

indicate them explicitly.
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Must be noticed that the oxygen partial pressure is evaluated starting from
the flow composition (known once the design-point value of W24 is set).
Consequently, substituting in the Equation (3.54) the approximations (3.55),
the final formula actually implemented for the membrane calculation is
obtained:

W24 =
σR T̂
16LF2

ln
p̂F

O2

p̂P
O2

AmcmMO2
(3.56)

The oxygen mass flow to extract is a cycle design parameter, so the
overall heat exchange area (coinciding with the permeation area) Amcm can
be determined from the last equation. Then Ntu,mcm can be obtained from
the values of Umcm, Amcm and Ċmin,mcm

Ntu,mcm =
Umcm Amcm

Ċmin,mcm

(3.57)

In this way the calculation can proceed according to the description given
in the Section 3.1.2 at Page 24 with the evaluation of the efficiency of the
membrane εmcm as heat exchanger.

Splitters

The splitters (Figure 3.7) divide a main flow into two streams of the same
composition according to a ratio specified as a component parameter. This
parameter is the outlet mass flow of the first output station Wsplit.

Figure 3.7. A generic process flow diagram for the eAZEP splitters.

Then the mathematical model is quite simple. First of all the program
checks if Wsplit is greater than the inlet mass flow and, if so, prompts an error.
If everything is right, the procedure sets the outlet mass flows

Wout1 = Wsplit (3.58)
Wout2 = Win −Wsplit (3.59)

It is possible also to specify a pneumatic efficiency for the process on each
side (ηπ1 and ηπ2)

pout1 = ηπ1 pin (3.60)
pout2 = ηπ2 pin (3.61)
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The assignment of the remaining quantities (temperature, specific enthalpy,
composition) is banal

Tout1 = Tin (3.62)
Tout2 = Tin (3.63)
hout1 = hin (3.64)
hout2 = hin (3.65)
fout1 = fin (3.66)
fout2 = fin (3.67)

Mixers

The eAZEP mixers (Figure 3.8) model the adiabatic mixing of two flows.

Figure 3.8. A generic process flow diagram for the eAZEP mixers.

The solving process starts with the evaluation of the outlet mass flow

Wout = Win1 +Win2 (3.68)

The output pressure is the weighted average of the inlet pressures (where the
weights are the mass flows) since considering the momentum equation was
considered unnecessarily too accurate for the overall degree of accuracy of
the plant model

pout =
Win1 pin1 +Win2 pin2

Wout

(3.69)

The outlet composition, instead, implements Equation (3.19)

fout =
fin1 Win1 + fin2 Win2

Wout

(3.70)

The exit specific enthalpy reads

hout =
Win1 hin1 +Win2 hin2

Wout

(3.71)

while the outlet temperature is obtained from the enthalpy just figured

Tout = Tgas(hout) (3.72)
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Combustors

The combustor device (Figure 3.9) is the heat input device for the power plant.
It is modeled as an adiabatic and perfect reactor (there are no unburned com-
pounds at the outlet) since nowadays the industrial state-of-the-art guarantee
heat leakages and combustion losses (due to incomplete chemical reactions)
lower than the 1% of the heat rate introduced into the device.

Figure 3.9. A generic process flow diagram for the eAZEP combustors.

The outlet temperature is a design parameter and its choice is driven by
combustion stability reasons. In fact, the composition of the typical AZEP
combustor inlet gas mixture increases the ignition delay and reduces the flame
speed, turning out in a remarkable reduction in the reactivity of the oxygen-
gas mixture [10, 22]. In order to contrast this issue, a suitable combustor
outlet temperature must be set.

It is supposed that the fuel (natural gas) is always available at a sufficient
pressure for the injection in the combustion chamber (usually some extra
kilopascals more than the reactor pressure are enough). Must be noticed that
the potential correction of this assumption would be marginal since it would
include the work of an auxiliary compressor for the fuel. Instead, for what
concerns the thermodynamic properties of the fuel, as shown in Section 3.1.1,
they are not dependent on the pressure.

The first outlet quantity evaluated is the final pressure from the pneumatic
efficiency of the device ηπ,cc

pout = ηπ,cc pin (3.73)

Then, since both the inlet fuel temperature Tf and its composition vector
ff are known as input parameters, also the fuel specific enthalpy hf has been
figured at the program initialization (see Section 3.3.5)

hf = hgas(Tf ,ff) (3.74)

The combustion involves only the methane (in the natural gas) and the
oxygen (in the inlet gas mixture) according to this basic chemical reaction

CH4 + 2 O2 −→ 2 H2O + CO2 (3.75)
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determining at the outlet a deep variation of the composition for the working
fluid. This vector fout is dependent on the inlet compositions fin, on the fuel
composition ff and on the gas fuel ratio α defined as follows

α =
Win

Wf

(3.76)

Can be proofed (see Appendix B) that the outlet composition vector fout

has this expression

f out
Ar = f in

Ar

α

α + 1

f out
CO2

= f in
CO2

α

α + 1
+
MCO2

MCH4

f f
CH4

α + 1

f out
O2

= f in
O2

α− αs
α + 1

f out
N2

= f in
N2

α

α + 1
+

f f
N2

α + 1

f out
H2O = f in

H2O

α

α + 1
+
MH2O

MCH4

2 f f
CH4

α + 1

(3.77)

under the hypothesis of the Section 3.1.1 about the components of the gas
mixture for the inlet flow fin and the fuel ff . In the last set of equalities
there is the stoichiometric gas fuel ratio αs that, for the reaction (3.75), is

αs =
2 f f

CH4

f in
O2

MO2

MCH4

(3.78)

However, although fin is known, α and the output vector fout can be
determined just solving a system of equations including the previous (3.77),
the device energy balance where α is given explicitly

α + 1

α
hout = hin +

hf

α
(3.79)

and the output enthalpy

hout = hgas(Tout,fout) (3.80)

remembering that Tout is a cycle input parameter. It is interesting to observe
that in the energy balance there is no explicit reference to the fuel calorific
value because the total specific enthalpies are considered. If, instead, the same
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energetic balance would be expressed with the use of the sensible enthalpies
hs, it would be

Wout hout,s = Win hin,s +Wf

(
hf,s +Hl

)
(3.81)

where Hl is the lower heating value of the fuel derived exactly from the
enthalpy of formation of the reactants and supposing that the water vapour
generated by the chemical reaction would not condense.

Thanks to the heating value definition (or, equally, to the concept of en-
thalpy of formation), the heat input Q̇in is evaluated calculating the enthalpies
at standard conditions (see Section 3.1.1)

Q̇in = Win hin(T0,fin) +Wf hf(T0,ff)−Wout hout(T0,fout) (3.82)

Since were obtained fout, hout, α and αs with the solution of the previous
system of equations, then it is possible to figure the fuel mass flow

Wf =
Win

α
(3.83)

and the output mass flow

Wout = Win +Wf (3.84)

The bypass components

This component is used just to skip a certain device in the plant layout. It
has just one input and one output station, this means that must be applied
two times (for each stream) if a component that involve four stations (like, for
instance, an heat exchanger) has to be skipped. Mathematically the bypass
element simply equals the output quantities to the input one; it is considered
useless to analytically specify each trivial equality.

3.2 Solving strategy

The performance evaluation of the power plant will require the solution of the
equations that describe the behaviour of its components, that is a system of
equations to solve just in a numerical way, since most of them are non-linear.
In this case the solving strategies are basically two:

1. methods based on the iterative sequential substitution of the unknowns;

2. methods based on the simultaneous root finding (they are an extension,
in the multi-dimensional case, of the Newton-Raphson method).
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Each of the two has advantages and disadvantages. The sequential iteration
allows to follow the fluid transformations along its path through the plant
(useful feature during the debugging), requires less computational resources
and a smaller number of starting guess for the root.

On the contrary, the simultaneous root finding allows a modular setting-
up of the program simply assembling, in any order, the equations of the
system. This makes remarkably easier to edit the model, simply including or
erasing equations; on the other hand, however, it requires more computational
resources and a guess of the root reasonably good in order to avoid the
divergence of the method.

In this work a sequential iterative process has been chosen, so the several
possible implementations of this method will be described in the following
sections.

3.2.1 Iterative sequential methods

Given a system of non-linear equations described by the arrays of the functions
f = {f1, f2, . . . , fn} and the unknowns x = {x1, x2, . . . , xn}

f1(x1, x2, . . . , xn) = 0

f2(x1, x2, . . . , xn) = 0

...
fn(x1, x2, . . . , xn) = 0

it is always possible to give every equation explicitly for an unknown
x1 = F1(x1, x2, . . . , xn)

x2 = F2(x1, x2, . . . , xn)

...
xn = Fn(x1, x2, . . . , xn)

(3.85)

Then a guess of the root x(1) can be substituted in the system (3.85), yelding
to a new approximation of the solution x(2) that will be introduced again
in the array F = {F1, F2, . . . , Fn} for the next iteration. So, obtained the
solution at the k iteration, the solution at the k + 1 step is:

xk+1
1 = F1(xk1, x

k
2, . . . , x

k
n)

xk+1
2 = F2(xk1, x

k
2, . . . , x

k
n)

...
xk+1
n = Fn(xk1, x

k
2, . . . , x

k
n)

(3.86)
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This way to proceed is called the Jacobi method (because of the analogy with
the solving algorithm for linear systems of equations that brings the same
name).

If it is used the Gauss-Seidel method, instead, at the iteration k + 1 will
be: 

xk+1
1 = F1(xk1, x

k
2, . . . , x

k
n)

xk+1
2 = F2(xk+1

1 , xk2, . . . , x
k
n)

...
xk+1
n = Fn(xk+1

1 , xk+1
2 , . . . , xkn)

(3.87)

that is, the components of the unknown array already figured during the
iteration k + 1, are immediately used to determine the remaining ones. Can
be proofed that both methods converge, if the starting guess x(1) is close
enough to the root of the system.

Although in general is necessary to provide an array of guesses, in several
cases the modelling of thermodynamic cycles requires to specify just a few
components xi of the entire array x(1). In these cases, in fact, the plant layout
is arranged as a “chain” of components where the equations of an element can
be solved starting from the solution of the preceding component. In these
cases is possible to reduce remarkably the number of the guesses required, at
the price of solving the system of equations following the working fluid path
along the power plant. This last aspect is definitely a loss of flexibility, but
provides also a big advantage for the debugging of the algorithm (especially
for very complicated layout like the AZEP one).

Moreover this approach has the other advantage to allow the algorithm
designer to choose conveniently the quantities to guess, in order to give a good
estimate on the values and, eventually, turning out in an higher probability
to drive to convergence the solving process. Of course, choosing this approach
requires to apply compulsorily the Gauss-Seidel method.

3.2.2 non-linear one-dimensional root finding

The choice of the iterative sequential method, moves the non-linear root
finding problem from the multi-dimensional case to the one-dimensional
scenario; this helps remarkably the convergence of the solving process. This
advantage is explained by the fact that for a one-dimensional equation

f(x) = 0

it is possible to “trap” one or more roots between two values xa and xb such
that

f(xa) f(xb) < 0 (3.88)
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This approach, known as bracketing, prevents the solving strategy from failure.
Unfortunately there is no general method to bracket the root for a generic
function, but there are two main techniques always valid.

Bracketing strategies

One possibility is to set two starting values xa, xb and, first of all, to check if
the bracketing condition is satisfied. If not (f(xa) f(xb) ≥ 0), the searching
interval will be expanded. Will be called xζ the generic bound to “move”,
where ζ will coincide with a or b according to the point where the function
will take its smaller absolute value.

The process must be repeated until the condition (3.88) results satisfied.
Thus, considering the generic iteration i and detected the xiζ , the interval
expansion is obtained starting from xiζ plus the product of a factor F times
the range amplitude A:

xi+1
ζ = xiζ + F · A (3.89)

The aforementioned amplitude A depends on ζ

• if ζ = a, then A = xb − xa;

• if ζ = b, then A = xa − xb;

while F is determined as a function of the percentage deviation ξ that the
function experience in the last interval extension of the bound xζ :

ξ =
f(µi)− f(µi−1)

f(µi)
· 100 (3.90)

where

µ = xa if ζ = a

µ = xb if ζ = b

Finally, must be applied the following case analysis:

• if ξ ∈
[
0%, 50%

]
, then F = 3;

• if ξ ∈
]
50%, 150%

]
, then F = 1.6;

• if ξ > 150%, then F = 0.5.
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Since the ξ definition includes informations obtained in the previous iteration
(µi−1), for the first application of the algorithm with each bound it is set
F = 1.6.

The procedure must be repeated, considering the new bounds, until the
condition (3.88) is satisfied (so the bracketing strategy is successful) or if the
maximum number of iterations allowed is exceeded (in the case of this work,
fifty).

Alternatively, it is possible to search for roots inside the interval with
bounds xa and xb. The starting range is divided in an increasing number
of equal parts, checking for each of them if the condition (3.88) results true.
Following this approach, it is possible to find more than one root in the
starting interval; if so, the program lists every range containing a root and
prompts the user to choose one. Also this iterative process keeps running
until one or more roots are found or the starting interval is divided in the
maximum number of subintervals described (in this case fifty).

The computational program combines both the described bracketing
strategies, using the other when the first fails (see Section 3.3.2).

The Brent method

When an interval that contains a root is detected, there are several methods
to find the solution7. These strategies differ for the speed and the robustness
to reach the solution.

Generally, the non-linear root finding methods that ensure convergence
proceed slowly (for example, the bisection method), while the strategies
that quickly pounce on the solution could equally diverge suddenly (it is the
case of the Newton-Raphson algorithm), if special countermeasures are not
implemented to avoid their failure.

The solving strategy chosen in this work, ascribed to Richard Brent, has
become very popular since it conjugates a higher convergence speed than the
simple bisection method (called super-linear convergence), with the certainty
to obtain the desired solution. Brent, in the first half of the Seventies,
improved a method conceived by Theodorus Dekker in the previous decade.

The Dekker method This algorithm requires, of course, the root bracketing
between two bounds a0, b0 and, for each iteration i, three points are considered:

bi : the guess of the root for the function f in the current iteration (that is,
the the bound where the function takes the smaller absolute value);

7For an overview of the main methods that will be referenced also later, please see the
Chapter 9 of the Volume 1 in [4].
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ai : the other bound of the interval containing the root;

bi−1 : bi of the previous iteration.

The method proceeds considering two candidates to replace one of the bounds
in the next iteration:

• s = bi −
bi − bi−1

f(bi)− f(bi−1)
f(bi) , according to the secant method;

• m =
ai + bi

2
, according to the bisection method.

If the s value is between bi and m, it becomes the new bi (bi+1 = s), otherwise
the midpoint m is chosen (bi+1 = m).

Then must be choose the value of ai+1 for the next iteration. If f(ai) and
f(bi+1) take opposite sign, the same point is confirmed ai+1 = ai, otherwise
f(bi+1) and f(bi) will have opposite sign, so it is set ai+1 = bi. Finally must
be decided in which point (between ai+1 e bi+1) the function takes the value
closer to the x-axis: if |f(ai+1)| < |f(bi+1)|, the values of ai+1 and bi+1 will
be swapped.

The Dekker method owns some very good properties.

• It is a robust algorithm: since it exploits the root bracketing, the new
point determined for the next iteration can not go out of the interval
where the solution is included; moreover it shrinks the interval range
more and more.

• It avoids that the simple application of the secant method moves the
next calculation point far from the bound with lower absolute value on
the y-axis. In this way it avoids that the convergence process moves
away from the zone where the function is going to reach zero. If this
danger is detected, the algorithm takes a bisection step.

• It benefits from the quick convergence rate of the secant method when
it is proceeding in the “right” direction.

The example in Figure 3.10 shows a case when a “traditional” method (as, for
instance, the secant or the false position) would require a lot more iterations to
find the root than the Dekker method that, instead, would use some bisection
steps to speed up the process. Please note that in the case of the secant
algorithm application, the process would even diverge.

These cases are usually related to discontinuities or to functions that
shows important non-linearities in the proximity of the root. In fact, both the
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Figure 3.10. Example where the Dekker method is much more efficient than the
secant or the false position to find the root [4].

secant and the false position methods perform a linear interpolation between
two points of the function (different in each method). When the hypothesis
of the linear behaviour is not satisfied, the algorithm lose efficiency.

Thus the Dekker method is very valuable, however there are some cases
in which even a so sophisticated strategy could result not very efficient.
An example (taken from http://en.wikipedia.org/wiki/Brent_method)
is given by the function f(x) = (x+ 3) (x− 1)2, if it is desired to find the root
x = −3 starting from a bracketing interval wider than [−3, 1] (Figure 3.11).

Brent’s modifications Brent noticed that functions with sharp fluctuations
of the second derivative in the proximity of the root (like in Figure 3.11) can
trick the Dekker algorythm, moving the point bi of an arbitrary quantity and,
then, converging slowly. In order to avoid this problem, he thought to add
a test about the speed of the converging process for the linear interpolation
steps. If this convergence is not quick enough, a bisection step is taken.

Before to describe in more detail this aspect, must be outlined that Brent
improved further also Dekker’s interpolation method. He substituted the
linear interpolation (that requires two points to determine the line that
approximates the function) with a quadratic interpolation (that requires three
points to determine a parabola able to describe with a smaller error even
sharp slope variations). This improvement enhance slightly the efficiency of
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Figure 3.11. Example in which the Dekker method requires more iterations
than Brent’s one (source: http://en.wikipedia.org/wiki/Brent_
method).

the algorithm.
Considered three points a, b, and c, with the corresponding values taken

by the function f(a), f(b), and f(c), they can be interpolated by a parabola,
that is a quadratic function of x. The next point of the root finding algorithm
will be the value of x where the parabola intersects the x-axis. Unfortunately
the curve may not cross at all the axis: in fact, a quadratic function not
necessarily has real roots8.

Thus, to obtain a function that intersects always the x-axis, it is necessary
to interpolate the aforementioned three points with a parabola in y, namely
perform an inverse quadratic interpolation. In this way it is obtained a curve
P (y) that is the quadratic interpolation of f−1(x) and provides the next point
for the iterative process in y = 0 (x = P (0)).

According to this point of view, the point s obtained by the inverse
quadratic interpolation, is determined with the following

s = b+
P

Q
(3.91)

where, substituting the terms

R =
f(b)

f(c)
, S =

f(b)

f(a)
, T =

f(a)

f(c)
, (3.92)

8In other cases, this could be considered as an advantage since an algorithm, known as
Müller’s method, uses exactly the complex roots of a quadratic function to approximate
the complex zeros of a given f(x) [4, 23].
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results
P = S [T (R− T ) (c− b)− (1−R) (b− a)],

Q = (T − 1) (R− 1) (S − 1).
(3.93)

Must be clarified that b is the counterpart of bi for the Dekker algorythm, c
corresponds to ai and a stands for the aforementioned bi−1.

Basically b is the guess of the root and P/Q is a correction. The quadratic
interpolation is very effective just when the function behaves regularly, while
it gives a completely wrong estimate of the root when Q is close to zero. The
Brent method guards against this danger checking where the interpolation
would bring the working point before to accept it. Then the condition set by
Dekker is substituted by other two:

1. the correction P/Q must provide a result between b and c (the bounds
that contain the root);

2. the convergence rate of the method must be quick enough; quantita-
tively:

2P < min
(

3mQ− |T ·Q| , |(b− a)Q|
)

(3.94)

with

T = 2 Em |b|+
Emax

2
(3.95)

where Em is the machine precision9 and Emax is the maximum error
allowed for the solution.

If both the conditions are not satisfied, a bisection step is taken. Please note
that for the first iteration (when just two points are available instead of the
usual three) and when a = c, is not possible to determine the parabola of the
inverse quadratic interpolation, so the secant method is used. Finally, the
root finding process is however stopped if the solution is not reached in the
maximum number of iterations allowed (in this case one hundred).

For what concerns the efficiency of the method, must be observed that
the main “quality leap” offered by the Brent version compared to the Dekker
one, is the second additional condition to satisfy, while it is less sensitive
the positive contribution of the inverse quadratic interpolation instead of the
linear one.

9This quantity is easily implemented in a portable fashion (once for every machine),
thanks to the intrinsic function EPSILON included in the Fortran 90 standard.
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Comparison with other root finding methods Although the Brent method
is the most popular root finding algorithm, there are other valuable alterna-
tives that could be considered. In this excerpt it will be briefly compared to
two good competitors: the Newton-Raphson and the Ridders method.

The Newton-Raphson algorithm is maybe the most famous root finding
strategy for non-linear equations, but requires the knowledge of the function
first derivative in the point of application. If the derivative is known, the
Newton-Raphson method performs the best convergence rate possible: the
exact number of decimal digits doubles at every iteration; this behaviour is
called quadratic convergence.

Its picking is not prevented by the global convergence difficulties that
characterise it, in fact they are overtaken simply including the algorithm in a
bracketing strategy. The problem for the adoption of the Newton-Raphson
strategy is the knowledge of the first derivative of the function that is being
solved. In some cases it is analytically complicated or computationally very
expensive to obtain the derivative, so may seem a smart walkaround to
approximate it with the finite difference quotient of the function between the
point considered and another one very close to it

f ′(x) ≈ f(x+ dx)− f(x)

dx

This way to proceed is not advisable at least for two reasons [4].

1. For each iteration two function evaluations are performed then, at best,
the rate of convergence would be

√
2. This value is lower than the

convergence rate of the secant method that, can be proofed, is equal to
the golden ratio [4].

2. The choice of dx is critical: if it is too small, it will be cancelled by
the round-off error, instead if it is too big the convergence rate results
simply linear, equal to the one obtained without updating the starting
value of f ′(x).

About this last observation must be noticed that, for several functions,
the first derivative converges to the machine precision before the f(x),
so it is completely useless to update its value in the following iterations.
In this cases the convergence rate is just linear and then the advantage
of the Newton-Raphson method compared to the other ones results
reduced [4].

Then, if the goal is to implement a root finding algorithm working with a
wide variety of equations (like in the case of this work), the Newton-Raphson
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method must be excluded, unless one wants to provide for every function to
resolve the analytic expression of the first derivative. On the other hand, for
specific cases, could be affordable to use the Newton-Raphson method. In
this work the routine that extracts the n-th root of a floating point number
(Section 3.3.5), applies implicitly the Newton-Raphson strategy with the
analytic derivative.

Another valuable competitor of the Brent method is the Ridders one (more
details in [4]). The big advantage of the latter is the simple implementation:
the entire algorithm is based on a single formula able to provide the next guess
of the root. The output of the Ridders formula has excellent properties: it is
surely included in the bracketing interval, the convergence rate is super-linear
and can generally deal with functions with sharp slope variations.

Unfortunately there are cases when the Brent method is more robust
and/or efficient than the Ridders one, but the payback (as previously shown)
is a remarkable increase of complexity.

Convergence criterion The iterative process must be stopped when the
guess is close enough to the root. When setting a convergence criterion must
be kept in mind that floating point numbers are represented in computers
by a fixed number of binary digits. This means that although a function can
analytically intersects the x-axis, the value figured by a computer would never
reach exactly zero, whatever floating point value of x would be considered.
So it is important to decide which is the acceptable accuracy of the solution:
if, for instance, a convergence below the absolute value of 10−6 is sensible for
a root in the proximity of 1, it is surely impossible to be satisfied if the root
is close to 1026 [4].

Thus would be considerate to set case by case the accuracy required for
the solution; it could be chosen according to the physical process modeled
by the function to solve. As easily deducible, this way to proceed is not
practical if the aim is to put the solver in a black box. So one way out is
to consider a convergence criterion based on an non-dimensional, relative
error. This procedure works very well almost in every circumstance but
when the root is close to the value zero. Since for several physical and
thermodynamic quantities is improbable (and sometimes impossible) to reach
zero, in engineering applications the convergence criterion is usually based on
an non-dimensional error.

For this work, this choice has been pursued to test the convergence of the
system of equations, while was not applicable to the Brent method since, in
that case, the convergence was tested satisfying the condition

|mi| ≤ T (3.96)
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where the term T is defined, Equation (3.95), from an accuracy based on
absolute terms Emax. So, considering that all the variables in eAZEP have
fifteen significant figures, Emax was set to 10−9.

3.2.3 eAZEP solving sequence

In this section will be described in details how eAZEP proceeds during the
execution of the calculation routine. Before the actual start of the solving
procedure, there is an initialization where the input file parameters are
read and assigned to the corresponding cycle component or variable, the
composition of pure oxygen is assigned to the station 24 and are set the flags
handling the plant layout of the cycle and the output file printing.

Then the pressure ratio of the flue gas recirculation compressor is initially
set starting from the pneumatic efficiencies ηπ on the flue gas recirculation
path

πflue =
1

ηπ,cc · ηπ,17 · ηh
π,HTHX · ηP

π,mcm · ηh
π,LTHX

(3.97)

where

ηπ,17 is the pneumatic efficiency for the splitting of the stream at station 17;

ηh
π,HTHX is the pneumatic efficiency on the hot side through the HTHX;

ηP
π,MCM is the pneumatic efficiency of the Mixed Conductive Membrane on

the permeate side;

ηh
π,LTHX is the pneumatic efficiency on the hot side through the LTHX.

The only pressure loss not considered yet is the one derived by the mixing of
the oxygen with the permeate flow, Equation (3.69); it will be determined
later since it depends also on the mass flow W12 which is it still unknown.

The fuel station is completely assigned except for the mass flow which
will be determined in the combustor solving subroutine. Then the program
checks a set of conditions.

• If the final CO2 storage pressure is higher than its critical one, if not
the carbon dioxide would not be stored as a liquid.

• If the flag of the PEHX layout is on and if so sets a bypass for the BHX.

• If the flue gas turbine flag is on and the pressure on the permeate side
is set as lower than 10 atm prompts an error stopping the execution of
the program.
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The next step of eAZEP is the assignment of the ambient conditions
(specified in the input file) to the station 1; the mass flow W1 is set as the
engine inlet mass flow (specified in the input file). By the ambient conditions
is also figured the theoretical quantity of the oxygen removable from the air
W th

O2

W th
O2

= W1 f
(1)
O2

(3.98)

and then the actual mass flow of oxygen transferred, obtained from an input
factor ω

W24 = ωW th
O2

(3.99)

Then are assigned the remaining quantities depending on the other input
parameters

• p11 as the specified permeate side pressure;

• T16 as the specified Combustor Outlet Temperature;

• W11 as the specified fraction of the engine inlet mass flow.

The main compressor and the bleed splitter routines are then called,
delivering the values for station 2 and the compressor work10 Pc the former,
the stations 3 and 20 the latter. The air turbine exit pressure p9 is assigned
with different expressions according to the layout considered.

• Bleed Heat exchanger layouts

p9 =
pamb

ηπ,HRSG

(3.100)

• Post Expansion Heat exchanger layouts

p9 =
pamb

ηπ,HRSG ηc
π,PEHX

(3.101)

where pamb is the ambient pressure, ηπ,HRSG is the pneumatic efficiency of
the HRSG and ηc

π,PEHX is the pneumatic efficiency of the PEHX on the cold
side11.

There are three imbricated loops in the eAZEP solving sequence:
10Following a widespread ambiguous tradition, also in this work sometimes will be

used the term “work” when referred to the mechanical power (measure in watts) which
characterise a turbomachinery.

11Actually the PEHX cold and hot side are not precisely defined (especially when is
present the flue gas turbine) because in some conditions could happen that the air stream
is hotter than the flue gas one. Although this situation is quite infrequent, must be
remembered this clarification that does not affect anything in the calculation process.
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• the outer loop is based on T11;

• the intermediate loop on f11 (actually five parallel scalar loops);

• the inner loop on T4.

The three corresponding quantities are initially guessed. From their values,
eAZEP figures some derived quantities used just in the first iteration; they are

• the remaining quantities of station 4

W4 = W3 (3.102)
p4 = ηc

π,LTHX p3 (3.103)
f4 = f3 (3.104)

h4 = hgas(T4,f4) (3.105)

• the specific enthalpy at station 11

h11 = hgas(T11,f11) (3.106)

• the mass flow, the pressure and the composition at station 5

W5 = W4 −W24 (3.107)
p5 = p4 (3.108)

f5 =
f4W4 + f24W24

W5

(3.109)

Should be observed that the last formula is the application of Equation (3.19).
Then the average oxygen partial pressure on the feed side of the Mixed

Conductive Membrane p̂F
O2

is figured applying the second formula in (3.55).
Now starts the iterative process: the outer loop starts and immediately after
(without any additional calculation), starts the intermediate loop. Because
it is based on the vector composition f11 it is possible to figure the average
oxygen partial pressure on the permeate side of the MCM p̂P

O2
applying the

third formula in (3.55). Then eAZEP checks that p̂P
O2
≤ p̂F

O2
and if not prompts

and error and stops the execution of the program.
Now starts the inner loop (based on T4): the station 5 is completely

figured, the temperature and the specific enthalpy were missing

T5 = T4 (3.110)
h5 = hgas(T5,f5) (3.111)
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In this way the routine that treats the Mixed Conductive Membrane as an
heat exchanger is called returning the stations 6 and 12 and its characteristic
parameters: the overall area, the Number of Thermal Units and the heat
transfer efficiency. Then the temperature and the specific enthalpy of the
station 24 are figured, the first from the first formula in (3.55) and the second
with the usual expression

h24 = hgas(T24,f24) (3.112)

in this way is now possible to obtain the conditions at station 13 with
the adiabatic mixing of the oxygen (station 24) with the flue gas stream
(station 12). The inner loop is closed calling the LTHX routine that returns
characteristic parameters of the heat exchanger (area, Number of Thermal
Units and heat transfer efficiency) and the output stations: the number 14
and 4. So the new value of T4 is used to restart the loop until it converges.

Once the inner loop is closed is possible to now the actual value of
the pressure ratio for the flue gas recirculation compressor partially set by
Equation (3.97). Now is possible to add also the pressure loss due to the
adiabatic mixing of the oxygen which was previously figured. Then is possible
to call the routine describing the thermodynamic transformations of the
recirculation compressor obtaining the conditions in the outlet station 15 and
the work absorbed by it P c

flue.
Solving the combustion chamber routine is possible to close the intermedi-

ate loop based on the composition of the flue gas f11 equal to f16. In fact
the solving routine of the combustion chamber gives

• the conditions at station 16;

• the gas fuel ratio α and, in turn, the fuel mass flow Wf ;

• the stoichiometric gas fuel ratio αs;

• the input heat rate Q̇in

Before to iterate again with the new value of f11, the specific enthalpy at
station 11 is updated

h11 = hgas(T11,f11) (3.113)

Then eAZEP is able to figure the mass flow to spill from the flue gas
recirculation “ring” W18 in order to keep constant W11 at its design value

W18 = W24 +Wf (3.114)

According to this information the splitter routine is called returning the
conditions at station 18 and 17. Then even the last loop is closed calling the
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heat exchanger routine referred to the HTHX. The result of this last action is
the calculation of the heat exchange area, the Number of Thermal Units and
the heat exchange efficiency of the HTHX with the values of the quantities of
station 11 and station 7.

When even the T11 converges starts the procedure to follow the correct
path for the different AZEP layouts. If the PEHX flag is on, eAZEP skips
the BHX on both the streams (air and flue gas), otherwise it calls of course
the BHX routine. In both cases the stations 19 and 21 are completely known
and, just in the second case, are figured the design point parameters of the
Bleed Heat exchanger. Then the mixer and the air turbine routine are called
one after the other resolving the stations 8 and 9, respectively, and providing
the power output of the turbine Pt.

When the flue gas turbine flag is on, the program, at this point, figures
the outlet pressure of the turbine differently if the PEHX is present or not

p22 =
pamb

ηπ,HRSG

(3.115)

p22 =
pamb

ηπ,HRSG ηh
π,PEHX

(3.116)

where the first equation refers to the BHX layout and the second to the PEHX
one12. Then the flue gas turbine routine is called returning the conditions
at station 22 and the power output P t

flue of the expander. Now is possible
to figure the provisional power output Po of the plant (not including the
compression and pumping energetic expense yet) which reads in this case

Po = Pt + P t
flue − Pc − P c

flue (3.117)

If the flue gas turbine flag is off, the corresponding component is skipped
setting the station 22 equal to the station 19 and figuring the provisional
power output

Po = Pt − Pc − P c
flue (3.118)

Then is the presence of the PEHX that must be checked. If eAZEP detects
it, runs the corresponding routine which returns the values for stations 10
and 23 and the design usual parameters of the heat exchanger. If not, the
component is bypassed with both the streams.

Here starts the CO2 compression processes for the storage. The station 25
describes the flue gas at the end of the condensation at the cooler design

12Again, in the pneumatic efficiency of the PEHX is considered the hot stream the flue
gas one, as in the majority of the cases happens. Anyway can seldom happen that is not so,
in that case the soundness of the calculation is not affected but it is just a nomenclature
issue.
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point temperature Tcooler (the process is supposed to be capable to eliminate
all the steam in the flue gas)

W25 = W23 −W23 f
(23)
H2O (3.119)

p25 = p23 ηπ,cooler (3.120)
T25 = Tcooler (3.121)

f25 =
W23 f23 −W23 f

(23)
H2O

W25

(3.122)

h25 = hgas(T25,f25) (3.123)

Then the pressure ratio for each of the four inter-cooled stages of compression
πiic is figured distributing equally the overall pressure ratio

πiic =
4

√
pcr

CO2

p25

(3.124)

where pcr
CO2

is the critical pressure of the carbon dioxide. Each of the πiic
is raised to take into account the pneumatic efficiency of the inter-coolers
ηiπ,cooler. In this way eAZEP calls four times, alternatively, the compressor
stage routine and the cooler one (where the gas achieve again the cooling
design point temperature) describing the compression process till the critical
temperature. With the last cooling process (at the critical pressure), the
carbon dioxide becomes liquid and the small fractions of oxygen and nitrogen
still present in the flue gas are expelled. Thus since station 32 is the outlet of
the fourth (and last) compressor stage, at the end of the last cooling process
(station 33) the quantities are figured as follows

W33 = W32 − (W32 f
(32)
O2

+W32 f
(32)
N2

) (3.125)

p33 = p32 ηπ,cooler (3.126)
T33 = Tcooler (3.127)

f33 =
W32 f32 − (W32 f

(32)
O2

+W32 f
(32)
N2

)

W25

(3.128)

h33 = hgas(T33,f33) (3.129)

The final pumping process to the storage pressure (specified as an input
parameter), is simulated calling the corresponding routine which gives the
final conditions at station 34 and the power required to carry out the pumping.

In this way the overall power output can be finally assessed taking into
account also the power required for the compression stages and the final
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pumping. Then the overall thermal efficiency of the power plant ηo is given as

ηo =
Po

Q̇in

(3.130)

3.3 Code analysis

The eAZEP code is written according to the standard Fortran 95 (with just a
few enhancements derived from the 2003 one) and comprises five modules

1. the therm_air module;

2. the nonlin_eq module;

3. the cycle_param module;

4. the components module;

5. the cycle module.

Each of them is stored in a different file and often contains several module
procedures. The main routine of the program clears the sceen, sets a few
variables that handles the output of eAZEP, and then calls just two routines
of the module cycle: initialize and DP_main; they will be described later
in detail. In particular DP_main manages the entire calculation process.

3.3.1 The therm_air module

This module contains

• a library of thermodynamic routines;

• the thermodynamic quantities used throughout the program (the molec-
ular weights of the gases, the enthalpies of formation, the universal gas
constant, the polynomial coefficients for the perfect gas model);

• the definition of the derived data type air and fuel that describe the
gas stations and the fuel station;

• the parameter that sets the desired precision for the floating point vari-
ables in the program (by the intrinsic function SELECTED_REAL_KIND).

The derived data type air and fuel comprise five variables (Page 14).

1. T: the absolute temperature;
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2. p: the pressure;

3. W: the mass flow;

4. h: the specific enthalpy;

5. f: the composition vector, it is the only variable that distinguish the
air to the fuel since they can have a different number of elements
(components).

There are eleven module procedures in therm_air.

1. molar_frac_air (function): it simply returns the i-th component molar
fraction, provided the vectorial mass composition f of a gas comprising
the same compounds (or part of them) present in the air.

2. p_part (function): it returns the partial pressure of the i-th component
for a gas mixture of composition f at the bulk pressure ptot. The
evaluation is based on the assumption that the Dalton law is valid for the
mixture, Equation (3.12). It is the implementation of Equation (3.13)
with the use of the function molar_frac_air.

3. R_calc (function): provides the average ideal gas constant starting from
the composition vector f, Equation (3.9).

4. cp_air (function): it performs the evaluation of the specific heat at
constant pressure cp for a mixture of perfect gas according to the model
presented in the Section 3.1.1. The input variables are the temperature
of the mixture T and the composition vector f.

5. heat_capacity_rate (function): starting from the mass flow W, the
temperature T, and the composition vector f, it performs the heat capac-
ity rate evaluation Ċ calling the function cp_air. See Equation (3.39).

6. hair (function): figures the specific enthalpy of a generic mixure of
gas (see Section 3.1.1) provided the temperature T and the composition
vector f. It contains a flag total (a logical variable) that allows the
user to switch the output from the sensible enthalpy to the total one
(see Page 21).

7. sair (function): it provides the specific entropy of a generic mixture
of gas starting from the temperature T and the composition vector f,
exploiting the same theory of Section 3.1.1, from where its expression is
derived.
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8. hfuel (function): it is very similar to hair, but with the difference that
the composition vector ff, relative to the fuel, not necessarily would
have the same number of components as gaseous compounds.

9. sfuel (function): it is the counterpart of sair for the fuel, that can
have a different number of gaseous components.

10. fgas (subroutine): it determines the chemical composition after the
combustion with natural gas (see Section 3.1.2). The input variables
are the inlet composition vectors of the gas fa and the fuel ff, and the
gas fuel ratio alfa. It returns the flue gas composition at the outlet of
the combustor fg and the stoichiometric gas fuel ratio alfas.

11. mix_split_gas (function): returns the output composition after the
mixing or the extraction of a mass flow W_mix_split of composition
f_mix_split, from the inlet mass flow W_in of composition f_in. It is
the implementation of the Equation (3.19).

3.3.2 The nonlin_eq module

This module contains the eAZEP numerical solver that implements the algo-
rithms showed in Section 3.2.2. It contains four main module procedures and
two internal subroutine arranged in the following way:

• solve;

• search_root:

– find_factor;

• multiple_roots:

– isolate_roots;

• brent;

where the routine solve manages the two bracketing strategies (the sub-
routines search_root and multiple_roots) together with the root finding
function brent. The search_root procedure implements the bracketing
strategy of the interval expansion, while multiple_roots implements the
one that scans the internal part of the interval.

The function solve requires seven input arguments (six mandatory and
one optional).
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f: is the function expressed in the canonical form and dependent from just
one variable, f(x) = 0;

x1 and x2: are the bounds setting the interval where the root (or more than
one) must lie to be acceptable;

unk: is a string containing the symbol of the unknown quantity;

um: again a string containing the unit of measure of the unknown quantity;

show: it is a logical variable that allows to print on the screen the intermediate
results while the program is root finding (could be useful to activate it
during the debugging);

xhp: it is the optional argument that, if present, is the starting point for the
root finding.

The function solve, first of all, checks if xhp is present. If so, it
calls search_root and, if any bracketing interval is found, then it calls
multiple_roots. The subroutine search_root, in this case, starts testing
the bracketing condition from the neighbourhood of xhp and expands the
searching interval or until the achievement of the maximum number of itera-
tions allowed, or when the interval bounds coincides with the limits x1 and
x2.

The multiple_roots procedure, as said, looks inside the interval between
x1 and x2 checking the bracketing condition. If even this attempt fails (maxi-
mum number of subintervals exceeded), the solver makes two last attempts:
tests if the condition (3.88) for the two bounds x1 and x2 is satisfied and
calls search_root starting from x1 and x2 midpoint instead from xhp.

If xhp is not present, the first step is the testing of the bracketing condition
between x1 and x2. If not so, multiple_roots is called; if it fails, the last
attempt is to call search_root starting from the midpoint of x1 and x2.

Of course, if a bracketing interval is detected, the subroutines search_root
or multiple_roots, call the function brent sending to it the bracketing
interval in order to find the root. As said in Section 3.2.2, if multiple_roots
finds more than one interval, the user is prompted to select one.

If after all these attempts, no root is found, the solver prints on the screen
a message where it specifies which quantity generated the error and stops the
execution of the program.

3.3.3 The cycle_param module

This module contains all the parameters that influence the power plant
behaviour:
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• all the input file variables;

• the stations array;

• the flags that allow to change the layout of the power plant and manage
the output of the calculation results;

• a few output quantities not included in the components derived data
types.

Although very simple, the cycle_param module is very important to share
informations between the components and cycle modules, exploiting the
Fortran 90 “use association” feature.

3.3.4 The components module

This module defines

• the derived data types for every component in eAZEP;

• a pointer for each derived data type;

• a library of procedures that describe their behaviour;

The derived data types are seven.

1. compressor (pointer compr): indicates a compressor turbomachinery.
It comprises seven variables.

(a) sn_in (input): the inlet station number;

(b) sn_out (output): the outlet station number;

(c) R (output): the average gas constant for the working fluid;

(d) pr (input): the pressure ratio;

(e) eta_y (input): the polytropic efficiency;

(f) eta_m (input): the mechanical efficiency;

(g) power (output): the power absorbed.

2. turbine (pointer turb): it is a turbomachinery expander where the
final pressure is supposed to be known and stored in the outlet station
variable. It is made up by seven variables too.

(a) sn_in (input): the inlet station number;

(b) sn_out (output): the outlet station number;
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(c) R (output): the average gas constant for the working fluid;

(d) eta_y (input): the polytropic efficiency;

(e) eta_m (input): the mechanical efficiency;

(f) eta_el (input): the electric generator efficiency, if present;

(g) power (output): the power output.

3. heat_exchanger (pointer hx): describes an heat exchanger with 12
variables.

(a) name (input): the name of the heat exchanger;

(b) sn_C_in (input): the inlet cold stream station number;

(c) sn_C_out (output): the outlet cold stream station number;

(d) sn_H_in (input): the inlet heat stream station number;

(e) sn_H_out (output): the outlet heat stream station number;

(f) eta_pi_c (input): the pneumatic efficiency for the cold side;

(g) eta_pi_h (input): the pneumatic efficiency for the hot side;

(h) U (output): the overall heat transfer coefficient;

(i) A (output): the heat transfer area;

(j) NTU (input): the number of thermal units for the device.

(k) eps (output): the efficiency of the heat transfer;

(l) show (input): a flag to handle the printing on the screen of addi-
tional informations.

4. splitter (pointer split): indicates a splitter like it was presented in
Section 3.1.2. It comprises six variables.

(a) sn_in (input): the inlet station number;

(b) sn_out1 (output): the first outlet station number;

(c) sn_out2 (output): the second outlet station number;

(d) eta_pi1 (input): the pneumatic efficiency for the first stream;

(e) eta_pi1 (input): the pneumatic efficiency for the second stream;

(f) W_split1 (input): the outlet mass flow for the first stream.

5. mixer (pointer mix): a component that adiabatically mix two streams.
It is described by four elements:

56



Methods 3.3 Code analysis

(a) sn_in1 (input): the first inlet station number;

(b) sn_in2 (input): the second inlet station number;

(c) sn_out (output): the outlet station number;

(d) show (input): a flag to handle the printing on the screen of addi-
tional informations.

6. combustor (pointer cc): it has seven variables:

(a) sn_in (input): the inlet station number;

(b) sn_fuel (input): the fuel station number;

(c) sn_out (output): the outlet station number;

(d) eta_pi (input): the pneumatic efficiency;

(e) Q_in (output): the heat input;

(f) gas_fuel_ratio (output): the gas fuel ratio of the combustion
process;

(g) gfr_stoich (output): the stoichiometric gas fuel ratio.

7. bypass (pointer skip): simply comprises two variables:

(a) sn_in (input): the inlet station number;

(b) sn_out (output): the outlet station number;

The pointers are necessary in order to call dynamically (via the targets
defined in the module cycle) the same component routines for all the devices
of the power plant of the same kind. For example the same subroutine
DP_compressor is called for the main compressor of the cycle, for the flue
gas recirculation compressor and for every compression stage of the carbon
dioxide before the storage. This will be achieved pointing compr to the target
corresponding to each of these devices.

The twelve routines that prescribe the behaviour of the devices are the
direct implementation of the thermodynamic model described in detail in
Section 3.1. Since also their names are self-explanatory, they will be just
listed with their reference section.

1. DP_compressor, subroutine (Section 3.1.2, Page 22);

2. DP_compr_Tout, function;

3. DP_turbine, subroutine (Section 3.1.2, Page 24);

4. DP_turbine_Tout, function;
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5. DP_heat_exchangers, subroutine (Section 3.1.2, Page 24);

6. overall_heat_transf_coef, function;

7. DP_mcm, subroutine (Section 3.1.2, Page 27);

8. DP_mcm_diff, function;

9. DP_splitter, subroutine (Section 3.1.2, Page 30);

10. DP_mixer, subroutine (Section 3.1.2, Page 31);

11. T_hair, function (this routine is called both by DP_heat_exchangers
and DP_mixer);

12. DP_combustor, subroutine (Section 3.1.2, Page 32);

13. DP_comb_balance, function;

14. skip_component, subroutine (Section 3.1.2, Page 34).

About the six functions DP_compr_Tout, DP_turbine_Tout, DP_mcm_diff,
DP_comb_balance, overall_heat_transf_coef, T_hair, it is interesting to
explain why they are not incorporated inside the corresponding component
subroutine. In order to exploit the advantage to have the non-linear equations
solver in a black box, it is necessary to provide to it the equation in the
canonical form (f(x) = 0) as a function with just one argument, the unknown
(see Section 3.3.2).

Unfortunately all the non-linear equations that comprise the eAZEP model
are not only dependent on the unknown, but also on quantities calculated
just at run time, so it is necessary to pass them to the function to be solved
during the execution of the program. This action can not be performed
with the usual scheme with actual and dummy arguments and the call of
the routine, because the function would be no more dependent on a single
argument. Moreover it is not possible to set a number of arguments for the
function resolved by solve because they would change from case to case.

The solution to this problem is to pass all the other variables but the
unknown with the “use association”, namely including in the same scoping
unit (a module) all the variables needed and the function to solve itself.

3.3.5 The cycle module

This module contains the core routine of the calculation process. Analytically
in the cycle module
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• are defined the 23 target components that represent all the eAZEP
devices and other auxiliary variables;

• there are five module procedures that manage the solving process from
an high level point of view.

Amongst the variables, the most important are the 23 components that
will be grouped according to their kind.

• Kind compressor:

– main_compr, the main engine compressor;

– fan, the flue gas recirculation compressor;

– CO2_compr1, CO2_compr2, CO2_compr3, CO2_compr4, the four CO2
compressor stages.

• Kind splitter:

– bleed_splitter, the splitter at the outlet of the main compressor;

– flue_gas_splitter, the splitter at the outlet of the combustion
chamber.

• Kind heat_exchanger:

– mcm, the Mixed Conductive Membrane modeled as a pure heat
exchanger;

– lthx, the Low Temperature Heat Exchanger;

– hthx, the High Temperature Heat Exchanger;

– bhx, the Bleed Heat Exchanger;

– pehx, the Post Expansion Heat Exchanger.

• Kind combustor: just one component, combustion_chamber.

• Kind mixer:

– O2_mix, the mixer that takes into account the adiabatic mixing
of the oxygen with the permeate flow in the Mixed Conductive
Membrane;

– inlet_turb_mix, the mixer at the inlet of the air turbine.

• Kind turbine:

– main_turb, the air turbine;

59



3.3 Code analysis Methods

– flue_turb, the flue gas turbine.

• Kind bypass:

– bhx_air, the bypass of the Bleed Heat Exchanger for the air flow;

– bhx_flue, the bypass of the Bleed Heat Exchanger for the flue gas
flow;

– flue_turb_skip, the bypass of the flue gas turbine;

– pehx_air, the bypass of the Post Expansion Heat Exchanger for
the air flow;

– pehx_flue, the bypass of the Post Expansion Heat Exchanger for
the flue gas flow.

The five module procedures are described below.

1. initialize: this subroutine

– reads all the 56 input file parameters (from cycle_param.txt);
– defines all the component variables listed above in order to

arrange them in the correct layout of the power plant and
stores the cycle parameters into them;

– sets the initial values for the flags of the different layouts and
the output file printing;

– sets the fuel station variables (except the mass flow, still
unknown) and the oxygen station composition.

2. DP_main: the subroutine implements the cycle solving sequence
described in details in Section 3.2.3.

3. nth_root: it is an ancillary function that returns the n-th root
of a floating point variable. It implements13 the Newton-Raphson
method (Section 3.2.2) to increase the performance of the the
program. The routine is necessary to determine the equally dis-
tributed pressure ratio of the inter-cooled CO2 compression for
storage purposes (Section 3.2.3).

4. output_file: this subroutine creates an output file containing

– the layout chosen for the power plant calculation;
– the performance results;
– all the stations values;
– a list of the computational assumptions.

13See http://en.wikipedia.org/wiki/Nth_root_algorithm for details.
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Figure 3.12. Heat transfer diagram of the single pressure HRSG module.

It prints an output file for every successful calculation run.

5. center: this simple ancillary function permits to centre a given
string on a generic 80 columns output device (a printer, the console,
an output file).

3.4 Steam plant off-design model

As additional contribution of this project to the main one investigating several
low carbon concepts for power generation, the off-design core routine of an
unfired steam plant — provided with an Heat Recovery Steam Generator
(HRSG) — has been re-wrote from scratch. The new routine has the aim to
improve the robustness of the algorithm at part-load. Since this steam plant
model is the bottoming part of the AZEP cycle, another objective is to ease
the interfacing between the topping and bottoming codes.

Now will be described the algorithm developed and implemented for a
single level pressure HRSG since more complicated layouts (multi-pressure
HRSG with reheat) could be modularly constructed gathering several single
pressure modules [24].

The exhaust gas (see Figure 3.12) release heat starting from the inlet of
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the HRSG (station 1) to the stack (station 4), while the feed water (station 8)
first increases its temperature, changes phase turning into steam (station 10
to 11), and finally (station 5) achieves the steam turbine inlet temperature14.

The algorithm adopts an iterative sequential strategy (see Section 3.2)
using the same root finding solver for the solution of the one-dimensional
non-linear equations (Section 3.3.2). The solving strategy comprises three
iterative loops arranged in a main one and two inner cycles; the iterations
of the former are counted with the Roman numerals while the latter use the
Arabic numerals.

Since the success of the solving strategy is remarkably dependent on the
starting point, the initial guess is always based on temperature assumptions
that are more easily predictable. The initialization of the procedure begins
guessing T5 and T11 starting from T1 (an input quantity); these assumptions
are made just once at the start of the algorithm

T
(1)
5 = T1 −∆Tguess,5

T
(I)
11 = T

(1)
5 −∆Tguess,11

(3.131)

where ∆Tguess,5 and ∆Tguess,11 are two parameters suitably chosen. Please note
that since T5 is denoted with the Arabic numeral, it is going to be “corrected”
in one of the inner loops, while T11 will be processed in a similar way in the
main loop.

The iterative solution procedure starts with the evaluation of the temper-
ature and the specific enthalpy at the inlet of the evaporator (respectively
T

(I)
10 and h(I)

10 ) since the former is equal to T (I)
11 (the substance is changing its

phase) and the latter is just dependent on the temperature (the conditions at
station 11 are on the saturation curve of the liquid):

T
(I)
10 = T

(I)
11 (3.132)

h
(I)
10 = hsat(T

(I)
10 ) (3.133)

Moreover, again from the T (I)
11 and the saturation conditions, it is possible to

know the pressure of the steam throughout the HRSG p
(I)
5 and the specific

enthalpy h(I)
11

p
(I)
5 = psat(T

(I)
11 ) (3.134)

h
(I)
11 = hsat(T

(I)
11 ) (3.135)

14Further details about the thermodynamic processes in a combined cycle HRSG, could
be found in [25].
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The first imbricated loop (governed by T5) starts with the evaluation of
the specific enthalpy h(1)

5 and the mass of steam flowing through the plant
W

(1)
s ; the first is based on the knowledge of T (1)

5 and p(I)
5 , the second is related

with a Stodola-like choking relation at the steam turbine inlet [24]:

h
(1)
5 = hsteam(T

(1)
5 , p

(I)
5 ) (3.136)

W (1)
s =

p
(I)
5 κAin√
T

(1)
5

(3.137)

where κ is a characteristic constant and Ain is the turbine inlet area; both
the variables are known from the design point performance calculation.

In order to close the first inner loop, we need to resolve the equations
describing the superheater behaviour. So from its energy balance, it is possible
to figure the enthalpy of the flue gas h2

Wg

(
h1 − h(1)

2

)
= W (1)

s

(
h

(1)
5 − h

(I)
11

)
thus

h
(1)
2 = h1 −

W
(1)
s

Wg

(
h

(1)
5 − h

(I)
11

)
(3.138)

and then the corresponding temperature T (1)
2

T
(1)
2 = Tgas(h

(1)
2 ) (3.139)

From the design criterion of the superheater (based on the logarithmic mean
temperature difference ∆Tlm,sh) T

(2)
5 is obtained

Wg

(
h1 − h(1)

2

)
= Ush Ash ∆Tlm,sh

∆Tlm,sh =

(
T1 − T (2)

5

)
−
(
T

(1)
2 − T (I)

11

)
ln

T1−T (2)
5

T
(1)
2 −T

(I)
11

(3.140)

Then it is possible to start the second iteration from the Equation (3.136),
where h(2)

5 is calculated from T
(2)
5 .

At the end of the convergence process for this first inner loop, the program
figures: W (I)

s , T (I)
2 , h(I)

2 , T (I)
5 , h(I)

5 . Subsequently the steam turbine and the
condenser routine are called, returning the values of T (I)

8 and h(I)
8 . Before to
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start the second imbricated loop, it is necessary to guess the starting value of
T9, namely T (1)

9 , and its corresponding specific enthalpy h(1)
9

T
(1)
9 = T

(I)
10 −∆Tguess,9 (3.141)

h
(1)
9 = hwater(T

(1)
9 , p

(I)
5 ) (3.142)

The second loop starts with the energetic balance of the evaporator useful
to determine h(1)

3

Wg

(
h

(I)
2 − h

(1)
3

)
= W (I)

s

(
h

(I)
11 − h

(1)
9

)
that yields to

h
(1)
3 = h

(I)
2 −

W
(I)
s

Wg

(
h

(I)
11 − h

(1)
9

)
(3.143)

Once obtained straightforwardly T (1)
3

T
(1)
3 = Tgas(h

(1)
3 ) (3.144)

it is possible to determine T (1)
4 utilising the logarithmic difference temperature

formula in the economizer

W (I)
s

(
h

(1)
9 − h

(I)
8

)
= Ueco Aeco ∆Tlm,eco

∆Tlm,eco =

(
T

(1)
3 − T (1)

9

)
−
(
T

(1)
4 − T (I)

8

)
ln

T
(1)
3 −T

(1)
9

T
(1)
4 −T

(I)
8

(3.145)

and, then, the corresponding h(1)
4

h
(1)
4 = hgas(T

(1)
4 ) (3.146)

The energy balance of the economizer

Wg

(
h

(1)
3 − h

(1)
4

)
= W (I)

s

(
h

(2)
9 − h

(I)
8

)
allows to close the second inner loop with the determination of h(2)

9

h
(2)
9 = h

(I)
8 +

Wg

W
(I)
s

(
h

(1)
3 − h

(1)
4

)
(3.147)

Then the program checks if there is steaming in the economizer, comparing
the h(2)

9 with the h(I)
10 , and showing a warning if so. If the convergence is
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not reached, the iterative procedure starts again from the Equation (3.143),
otherwise T (I)

9 is determined from the h(I)
9

T
(I)
9 = Tgas(h

(I)
9 ) (3.148)

and the other output variables are: T (I)
9 , h(I)

3 , T (I)
4 , h(I)

4 .
In order to close the main loop, the program use the last equation avail-

able calculating the T (II)
11 from the logarithmic mean difference temperature

equation for the evaporator

Wg

(
h

(I)
2 − h

(I)
3

)
= Uev Aev ∆Tlm,ev

∆Tlm,ev =

(
T

(1)
2 − T (II)

11

)
−
(
T

(I)
3 − T

(I)
9

)
ln

T
(1)
2 −T

(II)
11

T
(I)
3 −T

(I)
9

(3.149)

Thus the iterative process goes back to Equation (3.132) substituting the new
T

(II)
11 value. The last operations performed after the solution of the entire set

of equations are the determination of the heat rate transferred in the heat
exchangers (namely in the superheater Q̇su, in the evaporator Q̇ev and in the
economizer Q̇eco)

Q̇su = Wg (h1 − h2)

Q̇ev = Wg (h2 − h3)

Q̇eco = Wg (h3 − h4)

(3.150)

and the test for the steaming at the economizer outlet

h9 < h10 (3.151)

65



66



Chapter 4

Results and discussion

In this chapter are showed the results aimed to investigate the sensitivity
of the AZEP cycle in the regards of its (many) parameters utilising eAZEP.
Thanks to the flexibility of the software, it is possible to consider up to four
layouts (see Section 3.1), all with complete carbon dioxide capture:

1. the Bleed Heat Exchanger (BHX) layout without the flue gas turbine;

2. the Post Expansion Heat Exchanger (PEHX) layout without the flue
gas turbine;

3. the Bleed Heat Exchanger (BHX) layout with the flue gas turbine;

4. the Post Expansion Heat Exchanger (PEHX) layout with the flue gas
turbine.

Among the several output quantities to consider in the study, are chosen
the four most important according to the opinion of the author. The quantities
are

1. the overall thermal efficiency ηo — Equation (3.130);

2. the overall power output Po — see Section 3.2.3;

3. the exhaust gas temperature on the flue gas side — the temperature at
stations 19, 22, or 23 of Figure 3.1;

4. the Mixed Conductive Membrane average temperature — defined in
the first of the Equations (3.55).
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The reason for the picking of the last two variables is, respectively, the need to
assess the AZEP capability to be integrated in a combined cycle arrangement
and the critical role that the temperature plays in the lifing of the membrane
(the most expensive and characteristic component of the power plant).

Without any doubt it would have been very interesting to present and
comment also the results about other quantities. An example is the oxygen
mass fraction present in the flue gas (deriving from the excess of oxygen in
the combustive mixture, compared to the stoichiometric quantity) because
it overloads unnecessarily the CO2 compression process; or the exhaust
temperature on the air side, in order to assess more completely the integration
attitude of the AZEP to fit in a combined cycle arrangement. Several other
examples can be presented, but the limited amount of time available for the
research project required to make choices driven by the relevance.

4.1 Computational assumptions

The reference engine chosen to carry out the study is a single-shaft land-based
gas turbine with similar features to the GE9FA and the Siemens V94.3A. This
choice is due to the previous literature studies that considered mainly these
two engine as reference; moreover the two power plants are not so different
in terms of characteristic parameters. Although this work is focused on the
study of the AZEP cycle alone and not on the combined cycle arrangement
(as did in the literature studies), the choice of this engine has been done
mostly to support the main “Advanced Low Carbon Power Systems” project
on its further steps.

The performance data of the reference power plant are summarized in
Table 4.1. They are calculated using the same routines of the eAZEP compo-
nents, considering a simple gas turbine cycle without blade cooling and intake
pressure loss.

The AZEP parameters that remain constant throughout the study (be-
sides the quantities derived from the reference engine) are listed, instead, in
Table 4.2. Must be pointed out that the conductivity and the thickness of the
Mixed Conductive Membrane active material, were directly chosen from the
open literature, since they belong to a different field where the author does not
have the same “sensitivity” that allowed him to choose the other quantities.
Nonetheless there is a pretty broad agreement [26, 27, 2, 21] on the values that
should be used for these critical parameters of the AZEP cycle. Moreover,
again by the literature [26, 10], has been suggested an higher pneumatic
efficiency of the membrane (compared to the other heat exchangers) since
the current state-of-the-art for these devices is based on ceramic monolith
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Table 4.1. Reference engine data.

Parameter Value

Inlet mass flow 640 kg/s

Pressure ratio 17
Combustor outlet temperature 1570 K
Combustion chamber pneumatic efficiency 0.99
Compressor polytropic efficiency 0.84
Turbine polytropic efficiency 0.88
Compressor and turbine mechanical efficiency 0.998
Electric generator efficiency 0.98
Turbine outlet temperature 874.12 K
Overall LHV thermal efficiency 37.04%
Power output 256.12 MW

structures with high surface-to-volume ratio and low Reynolds flow numbers.
The values of the Number of Thermal Units for the heat exchangers were
suggested, as well, from literature data [14].

4.2 Sensitivity analysis

When considering the effect of an AZEP parameter on its performance, it is
useful to investigate at the same time the effect of the sweep gas pressure. In
fact, in many cases, the pressure of the flue gas recirculation “ring” affects
remarkably the performance of the power plant and decides also if would
be possible to add or not a flue gas turbine in the plant layout. For this
reason, for each parameter considered, has been undertaken a study keeping
the Mixed Conductive Membrane inlet pressure on the permeate side equal
to the outlet pressure of the main compressor. This approach traces out,
basically, the usual investigations carried out in the open literature.

Another possibility is to keep the permeate side pressure close to the
atmospheric value. At the knowledge of the author, this possibility has always
been discarded in the literature study most probably because of its difficult
industrial implementation in the short-medium term. The main issue in this
case is the mechanical stability of the Mixed Conductive Membrane materials
that could be remarkably compromised by the mechanical loading caused by
the high pressure ratio between the feed and the permeate side (to broaden
the matter there is a study in [27]; see also for a less detailed description [2]).

Keeping in mind that this additional study is purely theoretic (for the
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Table 4.2. AZEP parameters kept constant for the parametric study.

Parameter Value

Flue gas intercooler exit temperature (for CO2 storage) 300 K
CO2 storage pressure 100 atm
Heat exchangers pneumatic efficiency (both sides) 0.98
Flue gas intercooler pneumatic efficiency 0.98
MCM pneumatic efficiency (both sides) 0.99
HRSG pneumatic efficiency 0.96
Number of Thermal Units (all heat exchangers) 3
Flue gas recirculation compressor polytropic efficiency 0.83
Flue gas recirculation compressor mechanical efficiency 0.99
Flue gas turbine polytropic efficiency 0.86
Flue gas compressor and turbine mechanical efficiency 0.998
CO2 pump overall efficiency 0.85
MCM active material conductivity 10 S/m

MCM active material thickness 30 µm

present state-of-the-art of the Mixed Conductive Membranes technology), it
appeared interesting to investigate also the long-term potential of the AZEP
technology which turned out to be very promising.

Since the pressure of the permeate side of the membrane is kept at 1.1 atm
(just to avoid parts of the power plant working at lower pressure than the
ambient because of the pressure losses), the flue gas turbine options are not
applicable to this case.

4.2.1 Main compressor pressure ratio effect

The main compressor pressure ratio is the parameter which more than any
other is strictly correlated to the flue gas side pressure of the power plant. The
linkage between the two quantities is mainly the Nernst-Einstein formula —
Equation (3.53) — which affects the Mixed Conductive Membrane behaviour
(see Section 3.1.2).

Permeate side pressure equal to the compressor outlet pressure

The trend of the thermal efficiency for the four layouts follows the reference
cycle one (Figure 4.1), showing an optimum pressure ratio in agreement with
the basic theory of the gas turbines. The optimal value is lower for less
performing layouts (without flue gas turbine), exacerbating their inferiority
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Figure 4.1. AZEP overall thermal efficiencies as a function of the main compressor
pressure ratio, with the reference engine performance.

at high pressure ratio. In the study of the overall power output (Figure 4.2),
again the AZEP cycles resemble the behaviour of the reference engine but in
this case there is no relative worsening with the increase of the pressure ratio:
the power output curves are simply shifted on the y-axis.

Both the graphs show that the insertion of the flue gas turbine reduces
remarkably the gap between the base case and the AZEP even halving it, and
it is more beneficial for the PEHX that profit by the more rational scheme
where after the expansion of both the streams, they equalize their temperature.
This last aspect is also very important in evaluating the best layout for the
AZEP combined cycle arrangement where the inlet HRSG temperature is
very important.

In that regard, leaving out the depleted air stream temperature that is
always similar to the reference engine exhaust temperature, and looking at
the flue gas temperatures (Figure 4.3) results evident that again the best
choice is the PEHX arrangement with the flue gas turbine, while the simple
BHX layout shows temperatures unacceptably high. Moreover the BHX
option shows an opposite trend, compared to the other options, because the
particular arrangement of its layout connects “directly” the flue gas combustor
outlet temperature with the increasing compressor outlet temperature (see
Figure 3.1). About the simple PEHX layout must be said that could be
considered very interesting its slightly higher exhaust temperature than the
conventional one, since it could be exploited by the most advanced HRSG
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Figure 4.2. Power output of the eAZEP layouts for different values of the main
compressor pressure ratio, compared with the reference case data.

and steam turbine technology for the bottoming cycle.

Another very important variable to check is the temperature of the mem-
brane that, if too high, reduces rapidly the life of this very expensive device
(see Section 2.3). Unfortunately (Figure 4.4), just the PEHX layouts comply
with the temperature constraint of 1473 K and not for every value of the pres-
sure ratio. Must be said, however, that when the aforementioned condition is
not respected, the values of the pressure ratio are absolutely not tipical of a
land-based gas turbine to be coupled with an HRSG. Moreover the almost
complete superimposition of the curves for the layouts with or without the flue
gas turbine, shows how the membrane temperature is almost “protected” from
external perturbations by the heat exchangers that surrounds it (Section 2.3).

All the results showed since now were obtained with a recirculated flue
gas mass flow of about 596 kg/s and varying the percentage of the oxygen
depleted between the 28% and the 41% of the theoretical amount removable
from the compressed air. The quantity is variable because with the increase
of the pressure ratio, the area required to transfer a certain amount of oxygen
increase as well and, in some cases, it achieves unacceptable values (a limit of
1000 m2 was set in eAZEP). There is also a lower limit for the oxygen fraction
transferred due to the stoichiometric quantity required to reach the combustor
outlet temperature.
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Figure 4.3. Flue gas HRSG inlet temperature for the AZEP cycles and the refer-
ence engine as a function of the main compressor pressure ratio.
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Figure 4.4. Average temperature of the MCM for the eAZEP layouts compared to
its limit of 1200 ◦C [5, 6, 7], when the main compressor pressure ratio
is increasing.

73



4.2 Sensitivity analysis Results and discussion

20 30 40 50

compressor pressure ratio

25

30

35

40

45

50

e
ffi

ci
e
n
cy

 (
%

)

BHX low p
PEHX low p
Reference eng

Figure 4.5. AZEP overall thermal efficiencies as a function of the main compressor
pressure ratio, with the reference engine data, keeping the permeate
side pressure almost atmospheric.

Low constant permeate side pressure

For the study that keeps the flue gas side pressure constant (and close to
the ambient value), has been considered the depletion of the 50% of the
theoretical amount of oxygen removable and the same flue gas mass flow of
the previous study (about 596 kg/s). The efficiency and the power output
results are very interesting (Figures 4.5 and 4.6).

Although at the reference engine pressure ratio π the efficiency of the
AZEP cycle is lower than the base case, the BHX layout equals at π = 22.5
the conventional power plant and exceeds clearly the 45% (46.13% exactly) at
pressure ratio 45. The trend is similar for the PEHX layout which equals the
reference engine at π = 32 and shows the maximum efficiency (43.07%) at
the maximum pressure ratio. As usual, the PEHX option is less performing
than the BHX one.

In the power output chart is even more definite the advantage of the
AZEP cycle upon the reference engine. The rapid decline of the base engine
performance contrasts with the AZEP constant increase which achieves almost
the 340 MW for the BHX layout at the maximum pressure ratio; this value is
almost the double (187.69 MW) of the corresponding power output for the
reference power plant.

Analysing also in this case the exhaust flue gas temperature directed to
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Figure 4.6. Power output of the eAZEP layouts for increasing values of the main
compressor pressure ratio and at constant atmospheric pressure on
the permeate side. The results are compared with the reference case
data.

the HRSG inlet (Figure 4.7) and the temperature of the Mixed Conductive
Membrane (Figure 4.8), the observations to point out are not different from the
ones expressed for the previous study. The values of the flue gas HRSG inlet
temperature and the membrane average temperature, confirm the superiority
of the PEHX solution and show how already for main compressor pressure
ratios higher than 18.5, the temperature of the MCM exceeds the suggested
limit for the BHX layout. Consistently, also the flue gas exhaust temperature
assumes unacceptable values for the direct delivery of the stream to the
HRSG.

4.2.2 Combustor outlet temperature effect

This study investigates the range between 1400 and 1600 K of the flue gas
temperature at the outlet of the combustor (also referenced as COT — Com-
bustor Outlet Temperature). With the increase of the COT required, the
fraction of the oxygen mass flow extracted over the theoretical one is increased
accordingly, in order to avoid the achievement of a gas fuel ratio value lower
than stoichiometric. This expedient is not necessary in the low permeate side
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Figure 4.7. Flue gas HRSG inlet temperature for the AZEP cycles and the refer-
ence power plant as a function of the main compressor pressure ratio.
The pressure on the permeate side is kept constant and almost at
ambient pressure.
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Figure 4.8. Average temperature of the MCM in the eAZEP layouts compared
to the limit of 1200 ◦C [5, 6, 7], when the main compressor pressure
ratio is increasing and the permeate side pressure of the power plant
is constant, equal to the atmospheric pressure.
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Figure 4.9. AZEP overall thermal efficiencies as a function of the combustor outlet
temperature, with the reference engine performance.

pressure case, since the fraction of the oxygen extracted is kept high enough1

(0.5) to be always higher than the stoichiometric quantity.
Must be remembered, anyway, that in the AZEP cycle the combustor

outlet temperature can not be too low since the combustive mixture at the
inlet of the combustion chamber is quite different from the conventional
compressed air case (see Section 3.1.2).

Permeate side pressure equal to the compressor outlet pressure

The results concerning the efficiency (Figure 4.9) and the output work (Fig-
ure 4.10) show that the main performance trends of the AZEP cycles follow
pretty accurately the reference power plant behaviour. The gap, for what
concerns both the quantities studied, is not dependent on the COT but just
on the plant layout. The charts confirm how the PEHX with the flue gas
turbine arrangement is the best choice (especially in the regards of the power
output) and that with the adoption of the additional turbine, the BHX and
the PEHX layout efficiencies approach to very similar values. On the other
hand, there is an important difference on the power output between the two
layouts with the flue gas turbine included.

About the flue gas exhaust temperature (Figure 4.11) there is nothing

1Thanks to the high oxygen partial pressure ratio over the membrane, that resulted in
reasonable permeate areas of the membrane.
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Figure 4.10. Power output of the eAZEP layouts for different values of the com-
bustor outlet temperature, compared with the reference case data.

new to observe excluding the observations already expressed in the previous
section: the two PEHX layouts are the most suitable options. Analysing the
average Mixed Conductive Membrane temperature chart (Figure 4.12) the
flue gas turbine insertion in the layout is confirmed to not affect the studied
variable behaviour. In every case there is a good safety margin between the
limit and the figured temperature of the membrane; again, it results confirmed
that the BHX layouts show higher MCM temperatures than the PEHX ones.

The results showed in Figures 4.9, 4.10, 4.11, and 4.12 were obtained
considering a flue gas recirculated mass flow of 448 kg/s and the extraction
of the oxygen mass flow spanning from 30% to the 38% of the theoretical
removable quantity for the BHX layout and up to the 40% for the PEHX
option. As explained above, the percentage was required to increase in
accordance with the increase of the combustor outlet temperature.

Low constant permeate side pressure

The results concerning the near atmospheric pressure on the flue gas side of
the power plant, confirm clearly the behaviour of the corresponding “high”
pressure study. This is especially true for the temperature at the inlet of
the HRSG — flue gas side — (Figure 4.15) and the one of the membrane
(Figure 4.16) that show also a quantitative agreement with the previous study.
The only small difference to describe regards only the BHX layout that shows

78



Results and discussion 4.2 Sensitivity analysis

1350 1400 1450 1500 1550 1600 1650

combustor outlet temperature (K)

500

600

700

800

900

1000

1100

1200

Fl
u
e
 g

a
s 

in
le

t 
H

R
S

G
 t

e
m

p
e
ra

tu
re

 (
K

)

BHX
PEHX
BHX CO2 turb
PEHX CO2 turb
Reference eng

Figure 4.11. Flue gas HRSG inlet temperature for the AZEP cycles and the
reference engine as a function of the combustor outlet temperature.
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Figure 4.12. Average temperature of the MCM compared to its limit of 1200 ◦C [5,
6, 7], with the variation of the combustor outlet temperature.
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Figure 4.13. AZEP overall thermal efficiencies as a function of the combustor
outlet temperature, with the reference engine data, keeping the
permeate side pressure almost atmospheric.

a slightly higher temperature for the exhaust and a slightly lower one for the
membrane.

The efficiencies (Figure 4.13) increase, as expected, their values but the
trend remains completely consistent with the higher pressure permeate side
study. In the power output results (Figure 4.14) the remarkable reduction of
the gap in the regards of the reference case is clearly visible.

This part of the study has been carried out with the same value of the
flue gas recirculated mass flow of the previous series of calculations (448 kg/s)
and transferring the 50% of the theoretical removable quantity of oxygen.

As a general comment, also in this case the increase of the combustion
outlet temperature improve greatly the performance of the AZEP cycles
following the results of the classic gas turbine theory (represented by the
reference engine).

4.2.3 Recirculation flue gas mass flow effect

The mass flow of flue gas recirculated in the power plant is another “degree
of freedom” available for the designer of an AZEP cycle and, of course, has
an effect on its performance. For the sake of generality, eAZEP adopts an
non-dimensional parameter to describe the amount of flue gas recirculated in
the power plant (W17 in the eAZEP process flow diagram, Figure 3.1). The

80



Results and discussion 4.2 Sensitivity analysis

1350 1400 1450 1500 1550 1600 1650

combustor outlet temperature (K)

160

180

200

220

240

260

280

Po
w

e
r 

o
u
tp

u
t 

(M
W

)

BHX low p
PEHX low p
Reference eng

Figure 4.14. Power output of the eAZEP layouts for increasing values of the
combustor outlet temperature and at constant atmospheric pressure
on the permeate side. The results are compared with the reference
case data.
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Figure 4.15. Flue gas HRSG inlet temperature for the AZEP cycles and the refer-
ence power plant as a function of the combustor outlet temperature.
The pressure on the permeate side is kept constant at almost ambient
pressure.

81



4.2 Sensitivity analysis Results and discussion

1350 1400 1450 1500 1550 1600 1650

combustor outlet temperature (K)

1150

1200

1250

1300

1350

1400

1450

1500

A
v
e
ra

g
e
 M

C
M

 t
e
m

p
e
ra

tu
re

 (
K

)

BHX low p
PEHX low p
Limit

Figure 4.16. Average temperature of the MCM compared to its limit of 1200 ◦C [5,
6, 7], when the combustor outlet temperature is increasing and the
permeate side pressure of the power plant is constant equal to the
atmospheric pressure.

mass flow conveyed towards the HTHX is referred to the engine inlet one
Win,eng, giving the desired non-dimensional parameter ρ

ρ =
W17

Win,eng

(4.1)

In this study the ρ value is varying from 0.5 to 0.95 when the pressure
on the permeate side is equal to the compressor outlet pressure, while its
lower limit is moved to 0.3 in the case of the ambient pressure permeate side
simulation. The choice to pick different bounds is basically influenced by the
convergence limitations of the solving process; the consequent inference is
that the power plant at higher pressure on the permeate side has a restricted
operating range. Moreover, both the PEHX layouts, do not converge with ρ
lower than 0.6, this should be taken into account in the flexibility assessment
of the power plant.

Because of the diluting effect of the recirculation mass flow, while ρ is
increasing, the oxygen fraction of the gas at the combustor inlet is reducing
and it could become lower than stoichiometric. For this reason the fraction
of the oxygen depleted from the feed flow has been increased from the 32%
to the 38.3% for the BHX layout and from 38% to the 42.9% for the PEHX
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Figure 4.17. AZEP overall thermal efficiencies as a function of the recirculated
flue gas mass flow expressed as a fraction over the inlet engine mass
flow. The reference engine value is reported.

option. As usual, the low pressure permeate side arrangement worked without
showing any problem at constant rate (50%).

Permeate side pressure equal to the compressor outlet pressure

The effect of the flue gas recirculated mass flow on the efficiency (Figure 4.17)
shows a mild effect almost of the same type for all the eAZEP layouts. All
the trends show an optimal ρ more or less close to the same values (around
0.6, higher for the PEHX arrangement, lower for the BHX option), and
independent from the addition of the flue gas turbine. Considering instead
the values of the efficiencies, the presence of the second turbine cancels the
difference between the two layouts.

This last observation is no more valid analysing the results for the power
output (Figure 4.18) where the simple BHX and PEHX plants deliver similar
results and there is an important difference between the two layouts featured
with the additional turbine. Also in this case there is an optimal recirculated
mass flow for the variable being analysed; interestingly the optimal ρ is the
same for the efficiencies and for the overall power output.

The exhaust flue gas temperature (Figure 4.19) is not affected by the vari-
ation of the recirculated mass flow, mainly because it is driven by the devices
that are outside the flue gas recirculation path, devices whose behaviour is
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Figure 4.18. Power output of the eAZEP layouts for different fractions of the
recirculated mass flow over the inlet engine mass flow. The value for
reference engine case is reported.

actually not influenced by the increase or decrease of ρ. In particular the
PEHX layouts are basically not sensitive to it. On the quantitative side,
the characteristic “footprint” of each layout is reproduced also in this case,
confirming the AZEP featured with the PEHX as the best option on this
point of view.

The average temperature of the Mixed Conductive Membrane, instead,
is hugely dependent on the flue gas recirculated mass flow (Figure 4.20),
increasing its temperature more and more. With higher ρ, in fact, the heat
capacity rate of the hot gas at the inlet of the membrane increase, determining
the rapid approach to the limit temperature of 1473 K. Again the turbines
do not influence the variation of the temperature and the BHX option shows
higher temperatures than the PEHX.

It is useful to observe as the proportionality between the two quantities (ρ
and the average MCM temperature) is not linear but pseudo-logarithmic and
how the BHX and the PEHX layouts reduce their difference at higher ρ. Both
the observations could be explained by the increase of the aforementioned
heat capacity rate of flue gases (the hot stream for every heat exchanger)
that determines higher temperatures throughout the power plant and, in
particular, also in the Mixed Conductive Membrane.
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Figure 4.19. Flue gas HRSG inlet temperature for the AZEP cycles as a function
of the fraction of the recirculated mass flow over the inlet engine
mass flow. The corresponding reference engine value is reported.
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Figure 4.20. Average temperature of the MCM compared to its limit of 1200 ◦C [5,
6, 7], when the fraction of the recirculated mass flow over the inlet
engine mass flow is increasing.
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Low constant permeate side pressure

The analysis of the results obtained for the atmospheric pressure on the
permeate side of the power plant, shows again a very interesting trend for the
overall efficiency (Figure 4.21). The AZEP layouts, keeping roughly constant
the same gap between them, approach rapidly the reference engine efficiency
with the increase of ρ; in particular the BHX scheme (as usual, the better
performing on this aspect) achieves an efficiency just 0.3% lower than the
base case (ρ = 0.95).

This behaviour is easily explained observing that the increased oxygen
partial pressure ratio across the Mixed Conductive Membrane, moves the
optimal ρ described in the previous study to higher values. Since an high
optimal value of ρ implies a larger heat capacity rate of the hot streams in
the heat exchangers, it determines higher temperatures in the power plant
and, in turn, also an higher temperature at the inlet of the air turbine. This
last achievement explains why the family of power plants with the permeate
side at nearly ambient pressure could reach higher efficiencies.

The AZEP cycles power output show an even stronger improvement
(Figure 4.22) achieving better performance than the reference case for the
highest values of ρ. Must be observed that the difference between the two
layouts is reducing with the increase of the flue mass flow recirculated.

The dependence of the flue gas exhaust temperature (Figure 4.23) shows
an initial rapid increase (at low values of ρ) and then a stabilization at the
typical layout values: over the 1200 K for the BHX option, and slightly higher
than the reference values (more than 900 K) for the PEHX one. In both cases,
even in the range of their typical values, the temperatures are higher than
the average obtained in all the studies.

The temperature of the Mixed Conductive Membrane (Figure 4.24) re-
sembles the same trend of the previous study undertook for the plant with
the pressure on the permeate side as high as the compressor outlet one but,
since the range where ρ is varying is wider, it gives a more complete picture.
In fact can be observed as at high and low values of ρ the difference in the
membrane temperature for the two layouts reduces remarkably while during
the “approach” to the limit temperature, they respond with different readiness
(the BHX layout quicker than the PEHX one).

4.2.4 Compressor bleed mass flow effect

When considering the effect of the mass flow bled from the compressor outlet
and addressed to be heated up (or, equally, to cool down the flue gas), can
obviously be considered just the BHX layout. Also in this case, in agreement
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Figure 4.21. AZEP overall thermal efficiencies as a function of the recirculated
flue gas mass flow expressed as a fraction over the inlet engine mass
flow. The permeate side pressure is constant and almost atmospheric.
The reference engine corresponding value is represented.
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Figure 4.22. Power output of the eAZEP layouts for increasing values of the
recirculated flue gas mass flow expressed as a fraction over the
inlet engine mass flow. The results suppose a constant atmospheric
pressure on the permeate side and are compared with the reference
case value.
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Figure 4.23. Flue gas HRSG inlet temperature for the AZEP cycles as a function
of the recirculated flue gas mass flow expressed as a fraction over the
inlet engine mass flow. The pressure on the permeate side is kept
constant and almost at ambient pressure. The reference power plant
value is included for comparison purposes.

with the internal representation of the quantity in eAZEP, the bleed mass flow
(W20 in the Process Flow Diagram of Figure 3.1) has been expressed with an
non-dimensional fraction β where the reference mass flow is the engine inlet
one:

β =
W20

Win,eng

(4.2)

The fraction of the bled mass flow has been changed from 0.01 to 0.2.
All the results presented in this section are obtained with a recirculated flue
gas mass flow of 448 kg/s and a constant oxygen removal rate of 50% for the
ambient pressure permeate side case.

In the first study (with the pressure on the permeate side equal to the
value at the outlet of the compressor) since the air mass flow is reducing more
and more with the increase of β, the average oxygen partial pressure on the
feed side is reducing accordingly. This last conclusion is true if the removal
rate of the oxygen is kept constant. So, under these assumptions, at high β
can happen that the average oxygen partial pressure on the feed side become
so close to the permeate partial pressure to require an area too large to be
acceptable — Equation (3.56). This is why is necessary to gradually reduce
the percentage of the oxygen removed over the theoretical amount while the
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Figure 4.24. Average temperature of the MCM compared to its limit of 1200 ◦C [5,
6, 7], when the recirculated flue gas mass flow (expressed as a fraction
over the inlet engine mass flow) is increasing. The permeate side
pressure of the power plant is constant and equal to the atmospheric
pressure.

bleed mass flow is increasing. Quantitatively the aforementioned percentage
is reduced from the 40% for the smallest β to 32.4% for β = 0.2.

Permeate side pressure equal to the compressor outlet pressure

The efficiency trends of the BHX layouts in this case (Figure 4.25) are easily
predictable. The base AZEP cycle shows an optimal value of the bled mass
flow, around the 15%, where the other important result is the remarkable
reduction of the exhaust flue gas temperature (Figure 4.27). So, for combined
cycle applications, the β fine tuning can make the simple BHX layout a close
competitor of the simple PEHX option. Unfortunately, the power output
shows (Figure 4.26) a drop very important also where the efficiency is still
quite high (β > 0.16).

As predictable, the increase of the bleed mass flow has a detrimental effect
on the layout with the additional turbine because the flue gas become cooler
and cooler, reducing the entry temperature of the flue gas expander. Then
the efficiency shows a slight reduction, more sensitive at higher β, while the
power output drops constantly and definitely. There are no different effects
on the flue gas exhaust temperature than usual: the trend of the scheme with
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Figure 4.25. AZEP overall thermal efficiencies as a function of the mass flow bled
from the compressor expressed as a fraction of the inlet engine mass
flow. The reference engine value is also reported.
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Figure 4.26. Power output of the eAZEP layouts for different fractions of the mass
flow bled from the compressor over the inlet engine mass flow. The
reference case value is reported.
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Figure 4.27. Flue gas HRSG inlet temperature for the AZEP cycles as a function
of the fraction of the bled mass flow from the compressor over the
inlet engine mass flow. The corresponding reference engine value is
reported.

the additional turbine is the same of the simple BHX but it is shifted lower
on the temperature axis of about 500 K.

As usual, the Mixed Conductive Membrane is not affected at all by the
insertion of the additional turbine and its average temperature (Figure 4.28)
study shows on the chart no difference for the two layouts. It is interesting
to notice how the prescribed limit of the MCM temperature is approached
rapidly while the bleed mass flow increase. This effect is due to the reduced
heat capacity rate of the air stream (the cold flow) that gives way to the
heating effect of the hot stream.

Low constant permeate side pressure

When considering the pressure on the permeate side very low (slightly higher
than the ambient pressure), as often happens, it is possible to have a more
complete picture of the trends and the response of the power plant when the
parameter object of the study is varying. In fact, observing the results for
the efficiency (Figure 4.29), it is undisguised that the optimal β is moved at
higher values giving the possibility to the AZEP cycle to achieve an higher
efficiency than its counterpart in the higher pressure permeate side study.

Anyway the most interesting results chart of this series is surely the power
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Figure 4.28. Average temperature of the MCM compared to its limit of 1200 ◦C [5,
6, 7], when the fraction of the mass flow bled from the compressor
outlet over the inlet engine mass flow is increasing.

output one (Figure 4.30) where is clear how there is an optimal β also for the
output work of the power plant. Since this optimal value is lower compared
with its counterpart for the efficiency study, it was less marked in the higher
pressure permeate side study. The reasons for this results are mainly related
with the effect of the BHX on the inlet temperature of the air turbine which
is influenced also by the outlet temperature of the air stream in the HTHX.

Very interesting is also to notice how the exhaust flue gas temperature
can be effectively reduced very remarkably with the increase of just a few
percentage points of the bleed mass flow fraction (Figure 4.31). Unfortunately,
should be also pointed out that in order to bring the exhaust temperature
below 1000 K (β > 0.18) must be accepted a penalty on the power output;
altogether it results, anyhow, a good compromise.

Also in this case the average temperature of the Mixed Conductive Mem-
brane increase rapidly with the increase of the mass flow bled from the
compressor (Figure 4.32). The trend also in this case is explainable with the
reduction of the heat capacity rate of the cold stream through the membrane.
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Figure 4.29. AZEP overall thermal efficiencies as a function of the mass flow bled
from the compressor expressed as a fraction over the inlet engine mass
flow. The permeate side pressure is constant and almost atmospheric.
The reference engine corresponding value is represented.
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Figure 4.30. Power output of the eAZEP layouts for increasing values of the mass
flow bled from the compressor as a fraction over the inlet engine
mass flow. The results suppose a constant atmospheric pressure on
the permeate side and are compared with the reference case value.
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Figure 4.31. Flue gas HRSG inlet temperature for the AZEP cycles as a function
of the mass flow bled from the compressor expressed as a fraction
over the inlet engine mass flow. The pressure on the permeate side is
kept constant and almost at ambient pressure. The reference power
plant value is included for comparison purposes.

4.3 Conclusions

Carrying out a comparison based on the results highlighted in the singular
studies, among the layouts available in eAZEP, the best choice is undoubtedly
the PEHX option with the flue gas additional turbine. In fact, not only it
shows the best performance as a stand alone thermodynamic cycle, but it
also provides the flue gas stream at the optimal conditions for its exploitation
in a combined cycle plant featured with an HRSG.

Discarding, instead, the expensive implementation of the additional tur-
bine, the choice between the BHX and the PEHX layout is not straightforward.
If on one hand the BHX option shows better efficiencies and higher power
output for a fixed set of conditions, on the other it always suffers from too
high exhaust temperature on the flue gas side and from a similar tendency for
the membrane temperature. Has been showed in the last section that with
the tuning of the mass flow bled from the compressor, is possible to soothe
this trouble but, for a fixed exhaust temperature, the PEHX layout could be
better performing.

From a rational point of view, the PEHX scheme suits better the combined
cycle arrangement since it equalizes the temperature of the depleted air stream
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Figure 4.32. Average temperature of the MCM compared to its limit of 1200 ◦C [5,
6, 7], when the mass flow bled from the compressor outlet (expressed
as a fraction over the inlet engine mass flow) is increasing. The
permeate side pressure of the power plant is constant and equal to
the atmospheric value.

and the flue gas stream optimising their thermal energy available in the HRSG.
This advantage is just partially perceptible in the results reported; in fact,
the exhaust temperature on the air side is not presented being usually closer
to the conventional exhaust temperatures. It is likely that the lower efficiency
and power output obtained by the stand-alone AZEP with PEHX layout,
would be paid back by the better performance of the bottoming cycle.

One last conclusion can be pointed out from the series of the results
obtained. Every effort spent in the enhancement of the mechanical and
thermal properties of the Mixed Conductive Membrane materials are profusely
repaid on the thermodynamic point of view allowing the reduction of the
permeate side pressure and, then, boosting the performance of the power
plant. Unfortunately this technological breakthrough is to be hoped in the
best case scenario for the medium term view.

Summarizing, at the present technological state-of-the-art of the AZEP
cycle components, the PEHX with the flue gas turbine arrangement is clearly
the best option when investigating the complete sequestration of the carbon
dioxide. Between the options without the additional turbine, the PEHX
solution appears more suitable for the combined cycle integration, while
the BHX arrangement seems more attractive for a stand alone power plant.
Potential further studies surely would clarify especially this last point.
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Chapter 5

Conclusions

A literature review was carried out to outline the basic aspects of the carbon
capture techniques in the power generation sector. It showed that there are
three main options in the topic:

• the pre-combustion capture;

• the oxy-fuel combustion;

• the post-combustion capture.

They were described briefly before to focus on the oxy-fuel cycles. Four
concepts of this last category were considered:

• the semi-closed cycle;

• the Chemical Looping Combustion cycle;

• the electrochemical reactions in fuel cells;

• the AZEP cycle.

The last one is the object of this project, so was performed a broad literature
survey on it and a detailed description of the cycle showing that

• there are no extensive studies dedicated only to the AZEP concept;

• most of the literature does not detail completely the computational
assumptions;

• there is no evidence of a sensitivity analysis that investigates the po-
tential of the cycle for different applications and highlights the key
parameters that affect its performance.
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Conclusions

Consequently, the objectives of this project are

• to provide a flexible, modular, modern computational tool (the eAZEP
program) to investigate the AZEP cycle potential;

• to evaluate several AZEP layouts assessing their performance as a
function of the cycle characteristic parameters and the technological
level of the components (especially the Mixed Conductive Membrane);

• to provide a completely new off-design calculation routine for the bot-
toming steam plant to be used in the AZEP combined cycle arrangement.

All the efforts are strictly correlated to the main objective to contribute at
the larger “Advanced Low Carbon Power Systems” project in order to provide
computational tools and simulation results.

All the goals are achieved, mostly thanks to the development and use of
eAZEP. The numerical results of the simulations show that

• the PEHX layout with the flue gas additional turbine is the best config-
uration of the AZEP cycle;

• between the simple layouts, without additional expander, the BHX
option suits better stand-alone applications while the PEHX shows a
better attitude for the combined cycle implementation;

• the improvement of the Mixed Conductive Membrane technological
level can boost the overall plant performance at very competitive ranks,
thanks to the reduction of the permeate side pressure.

Should be emphasized that this work contributed with original concepts
to the knowledge about the topic. In particular, at the knowledge of the
author, the following ideas are not present in the open literature

• the Post Expansion Heat exchanger layouts;

• the performance evaluation of the power plant for high values of the
pressure ratio across the Mixed Conductive Membrane;

• a sensitivity analysis of the AZEP cycle.
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Chapter 6

Future work

After the development of eAZEP, the most natural and easy step to carry out
is to broaden the sensitivity analysis of the cycle considering

• more characteristic cycle parameters, also exploiting the results provided
in this work which can suggest the quantities to investigate further;

• more layouts, as for instance the AZEP 85%, thanks to the modular
structure of eAZEP that makes this task straightforward.

Can be also interesting to refine the membrane model improving the
lumped approximation with the substitution of the Mixed Conductive Mem-
brane with a series of devices which will bring more accurate results with the
discretization of the process. In order to avoid an excessive increase of the
computational effort for the membrane only, an appropriate numerical model
in order to solve this particular application should be chosen and implemented;
although eAZEP is able to provide its solver.

For the sake of accuracy, should be desirable to implement a precise
model of the steam (at least in the flue gas mixture) in order to improve the
reliability of the results. Must be observed, in fact, that especially in the
flue gas of the AZEP cycle the oxygen fraction in the mixture is far higher
than usual (even in comparison to the flue gas of a conventional gas turbine
engine) and a model based just on the dependence from the temperature like
the one implemented in eAZEP, could become not accurate enough for certain
steam concentrations. The suggested model is the International Association
for the Properties of Water and Steam (IAPWS) Industrial Formulation 1997
(IF-97)1 that should provide a valuable model at a reasonable computational
cost.

1http://www.iapws.org/relguide/IF97-Rev.pdf.
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Future work

Without any doubt eAZEP should also be integrated with a combined cycle
computational model in order to expand, correct and quantify the qualitative
conclusions given in this work about the different layouts for combined cycle
purposes, and also to compare the results with the few literature data.

It would be undoubtedly useful to carry out also a thermo-economic
analysis of the cycle based on eAZEP in order to assess the profitability of
the different industrial implementations of the alternative plant layouts.
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Appendix A

Turbomachinery processes with
real gas effect

In this chapter will be shown the derivation of the formula used to determine
the output temperature of a turbomachinery. Since we are taking into account
the variation of the specific heat at constant pressure with the temperature,
it is necessary to correlate the polytropic efficiency with a thermodynamic
function dependent from the temperature. Will be shown that it coincides
with the entropy, considering the operating fluids model adopted in this work.

The proof will be carried out for a compression process, but it is applicable
similarly for an expansion. Consider the first law of thermodynamics applied
to the device (supposed adiabatic) both in the thermal and mechanical form

W = h2 − h1 (A.1)

W =

∫ 2

1

v dp+Ww (A.2)

where W is the specific work and Ww is the work lost in the process between
the states 1 and 2. Considering the differential form of the previous expressions

dW = dh2 − dh1 = dh (A.3)
dW = v dp+ dWw (A.4)

results that
dh = dW = v dp+ dWw (A.5)

but since
dh = cp dT (A.6)

results
cp dT = v dp+ dWw (A.7)
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For a compressor, the polytropic efficiency ηy,c is expressed as

ηy,c =
v dp

dW
(A.8)

and substituting the Equation (A.4) gives

ηy,c =
v dp

v dp+ dWw

(A.9)

After simple algebraic passages, results

dWw =
v dp

ηy,c

− v dp (A.10)

Substituting the last expression of dWw in Equation (A.7)

cp dT = �
��v dp+

v dp

ηy,c

−�
��v dp

yelds to
ηy,c cp dT = v dp (A.11)

Since the gas behaves according to the ideal gas law, the specific volume can
be substituted

v =
RT
p

thus
ηy,c cp dT =

RT
p

dp (A.12)

that results in
ηy,c cp

dT

T
= R dp

p
(A.13)

Integrating the previous equality between the states 1 and 2∫ 2

1

ηy,c cp
dT

T
=

∫ 2

1

R dp

p
(A.14)

ηy,c

∫ 2

1

cp
dT

T
= R

∫ 2

1

dp

p
(A.15)

it is possible to obtain the final formula starting from the definition of the
entropy for an ideal gas

s2 − s1 =

∫ 2

1

cp
dT

T
−R

∫ 2

1

dp

p
(A.16)
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Turbomachinery processes with real gas effect

So, since in this work 1 the model of the thermodynamic functions for the
working fluid is not dependent on the pressure, the second addend must be
cancelled

s2 − s1 =

∫ 2

1

cp
dT

T

and the previous equality could be directly substituted in the Equation (A.15)

ηy,c (s2 − s1) = R ln

(
p2

p1

)
(A.17)

The proof is very similar for a turbine, the only difference is the definition
of the polytropic efficiency ηy,t in the case of an expansion

ηy,t =
v dp+ dWw

v dp
(A.18)

The final result for a turbine reads:

(s1 − s2)

ηy,t

= R ln

(
p1

p2

)
(A.19)

1Please note that the subsequent derivations are no more valid if it is adopted a different
model where the entropy is function of the pressure, too.
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Appendix B

Combustor outlet composition for
a gas-methane reaction

In this chapter will be showed analytically how to obtain the final composition
vector at the end of the combustion phase in a generic reactor (Figure B.1)
that has no losses for imperfect combustion and for heat leakage. The inlet
fluid is supposed to be a mixture comprised of argon, carbon dioxide, oxygen,
nitrogen, and steam, while the fuel is a mixture of methane and nitrogen.

Figure B.1. The process flow diagram for a generic combustor.

The chemical reaction of the active species is the following

CH4 + 2 O2 −→ 2 H2O + CO2 (B.1)
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Combustor outlet composition for a gas-methane reaction

and the final result that will be proofed is

f out
Ar = f in

Ar

α

α + 1

f out
CO2

= f in
CO2

α

α + 1
+
MCO2

MCH4

f f
CH4

α + 1

f out
O2

= f in
O2

α− αs
α + 1

f out
N2

= f in
N2

α

α + 1
+

f f
N2

α + 1

f out
H2O = f in

H2O

α

α + 1
+
MH2O

MCH4

2 f f
CH4

α + 1

(B.2)

The starting point is from the mass balance of the device

Win +Wf = Wout (B.3)

and combines it with the definition of the gas-fuel-ratio α

α =
Win

Wf

(B.4)

so that
Wout = Win

α + 1

α
(B.5)

Since the component is supposed to work at steady state, the same formula
could be re-written referred to the unit of time

mout = min
α + 1

α
(B.6)

where m is the mass. Taking the reciprocal of both sides of the equality, it is
obtained

1

mout

=
1

min

α

α + 1
(B.7)

From this equation follows a different proof for each of the gas components.

B.1 Argon and other inert gas

Multiplying both the sides of Equation (B.7) by the mass of the argon mAr

that is an inert gas and then remains constant before and after the reaction
(mAr = min

Ar = mout
Ar ), results

mAr

mout

=
mAr

min

α

α + 1
(B.8)
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Combustor outlet composition for a gas-methane reaction

Remembering the definition of the mass fraction fi = mi/mtot, the final formula
is obtained

f out
Ar = f in

Ar

α

α + 1
(B.9)

The same procedure can be followed for the inlet quantities of the carbon
dioxide and steam: they actually behave passively in the regards of the
reaction. In fact this model does not include any chemical equilibrium effect
that would be affected by a potential high concentration of CO2 or H2O.

B.2 Nitrogen

Although the nitrogen is an inert gas, the proof in the previous section can not
be applied exactly for it because in the fuel is present an additional fraction
of nitrogen f f

N2
.

Thus multiplying both the sides of Equation (B.7) by the final mass of
nitrogen mout

N2

mout
N2

mout

=
mout

N2

min

α

α + 1
(B.10)

and simply observing that mout
N2

= min
N2

+mf
N2

results

f out
N2

=
min

N2
+mf

N2

min

α

α + 1
(B.11)

Multiplying and dividing by the total fuel mass mf the right-hand side of the
previous expression rearranged

f out
N2

= f in
N2

α

α + 1
+
mf

N2

mf

mf

min

α

α + 1
(B.12)

and remembering that α = min/mf

f out
N2

= f in
N2

α

α + 1
+ f f

N2

1

α

α

α + 1
(B.13)

it is possible to write the final formula

f out
N2

= f in
N2

α

α + 1
+

f f
N2

α + 1
(B.14)

107



Combustor outlet composition for a gas-methane reaction

B.3 Carbon dioxide

As usual, the first step is to multiply Equation (B.7) by the final mass of
carbon dioxide mout

CO2

mout
CO2

mout

=
mout

CO2

min

α

α + 1
(B.15)

Observing that the final CO2 mass is the sum of the inlet quantity plus its
stoichiometric mass ms

CO2
derived from the complete chemical reaction (B.1),

results
mout

CO2

mout

=
min

CO2
+ms

CO2

min

α

α + 1
(B.16)

that rearranged gives

f out
CO2

=

(
f in

CO2
+
ms

CO2

min

)
α

α + 1
(B.17)

Expanding the expression and substituting α in the last term at the right-hand
side

f out
CO2

= f in
CO2

α

α + 1
+
ms

CO2

min

min

mf

1

α + 1
(B.18)

remembering that mf = mCH4/f f
CH4

results

f out
CO2

= f in
CO2

α

α + 1
+
ms

CO2

min

min

mCH4

f f
CH4

α + 1
(B.19)

Cancelling and using the molar expression of the mass m = n · M it is
obtained

f out
CO2

= f in
CO2

α

α + 1
+
ns

CO2
MCO2

nCH4
MCH4

f f
CH4

α + 1
(B.20)

and since in the stoichiometric reaction one mole of carbon dioxide and one
mole of methane are involved, it is possible to derive the final expression
present in (B.2)

f out
CO2

= f in
CO2

α

α + 1
+
MCO2

MCH4

f f
CH4

α + 1
(B.21)

B.4 Oxygen

In order to make the proof easier, it is better to derive the stoichiometric
gas-fuel-ratio αs for the combustion reaction first. Starting from its definition
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it is possible to carry out same simple derivations

αs =
ms

in

ms
f

=
ms

in

ms
CH4

f f
CH4

=
ns

inMin
gas

ns
CH4
MCH4

f f
CH4

(B.22)

Remembering the molar fraction definition for the oxygen χO2
= nO2/ngas and

that the stoichiometric molar ratio between the oxygen and the methane is
2/1 — Reaction (B.1) — results

αs =
2 f f

CH4

χO2

Mgas

MCH4

(B.23)

that, after a bit of algebra, turns out in the desired final expression of the
stoichiometric gas-fuel-ratio

αs =
2 f f

CH4

f in
O2

MO2

MCH4

(B.24)

Returning back to the main proof, it is necessary to multiply Equation (B.7)
by the final mass of oxygen mout

O2

mout
O2

mout

=
mout

O2

min

α

α + 1
(B.25)

since the final amount of oxygen is the excess of the stoichiometric quantity
mout

O2
= min

O2
−ms

O2
, results

f out
O2

=
min

O2
−ms

O2

min

α

α + 1
(B.26)

that becomes

f out
O2

=
1

α + 1

(
α f in

O2
− α

ms
O2

min

)
(B.27)

and finally making f in
O2

explicit on the right-hand side, results

f out
O2

=
f in

O2

α + 1

(
α− α

ms
O2

min

1

f in
O2

)
(B.28)

Considering now just the last addend between the parentheses

α
ms

O2

min

1

f in
O2
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it is possible to substitute f in
O2

and α

min

mf

ms
O2

min

min

min
O2

=
min

mCH4

f f
CH4

ms
O2

min
O2

(B.29)

substituting the mass as a product of the number of moles times the molecular
weight, results

nin
gasMgas

ns
CH4
MCH4

ns
O2
MO2

nin
O2
MO2

f f
CH4

(B.30)

In the last expression is possible to substitute the definition of χO2
and the

stoichiometric oxygen-methane molar ratio (equal to 2)

2 f f
CH4

χO2

Mgas

MCH4

(B.31)

This is the stoichiometric gas-fuel-ratio as shown in Equation (B.23). So

α
ms

O2

min

1

f in
O2

= αs (B.32)

that substituted in the formula (B.28) gives the final expression

f out
O2

= f in
O2

α− αs
α + 1

(B.33)

B.5 Water vapour

The proof is very similar to the carbon dioxide one (must be used just the
corresponding notation), so they will not be commented. The starting point
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is, as always, Equation (B.7).

mout
H2O

mout

=
mout

H2O

min

α

α + 1
(B.34)

mout
H2O

mout

=
min

H2O +ms
H2O

min

α

α + 1
(B.35)

f out
H2O =

(
f in

H2O +
ms

H2O

min

)
α

α + 1
(B.36)

f out
H2O = f in

H2O

α

α + 1
+
ms

H2O

min

min

mf

1

α + 1
(B.37)

f out
H2O = f in

H2O

α

α + 1
+
ms

H2O

min

min

mCH4

f f
CH4

α + 1
(B.38)

f out
H2O = f in

H2O

α

α + 1
+
ns

H2OMH2O

nCH4
MCH4

f f
CH4

α + 1
(B.39)

Before to derive the final expression, must be noticed that the steam-methane
molar fration in Reaction (B.1) is 2; thus

f out
H2O = f in

H2O

α

α + 1
+
MH2O

MCH4

2 f f
CH4

α + 1
(B.40)
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