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Background and objective

In recent years, a power cycle, the semi-closed recuperated cycle (SCRC), has been proposed as
an alternative to the widely used combined cycle gas turbine (CCGT) plant. The SCRC
technology may have advantages over the CCGT such as an increased power density and being
well suited for CO, capture. Simplicity and flexibility could be other positives with the
technology. An increased power density could make the technology interesting for powering
offshore oil and gas installations.

The objectives of the thesis work are to model and simulate an SCRC plant and to compare it
with a CCGT plant. A process simulation tool like EBSILON Professional should be used.

The following tasks are to be considered:

1. Literature study related to CCGT, pressurized HRSG, and SCRC.

2. Design and build a process models of a CCGT plant to use as reference plant.

3. Process simulation of the CCGT plant to produce results such as power output, net plant
efficiency, and exhaust gas composition.

4. Design and build a process models of an SCRC plant.

5. Process simulation of the SCRC plant to produce results such as power output, net plant

efficiency, and exhaust gas composition.

Evaluate the results by comparing the different techologies.

7. List some of the challenges with the SCRC technology and propose future work.

&
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Abstract

Nowadays, the combined cycle gas turbine (CCGThesmost used technology for electric
power generation among the plants that producérieiég from fossil fuels. There are several
advantages that made the widespread of this teappolThe most important benefits in
comparison with conventional thermoelectric plaarts a higher efficiency, its flexibility, and

acceptable NQand CQ emissions.

However, in recent years, a power cycle has beggested as a new choice outperforming the
widely used CCGT plants. The most recent propasat iair breathing semi-closed recuperated
cycle (SCRC) which, although it has been proposezkshe 1980s, has not been yet practically
developed. Such plants have an efficiency potesimllar to CCGTs. Flexibility operation,
power density, its simplicity, and an increased @owensity could be advantages over the
CCGT plants as well as being well suited for Gsapture. Furthermore, a SCRC does not
require any inexistent technology that has not lpgewed before in large CCGTs or gas turbine
plants (GT).

Hence, a comparison between a CCGT plant and tilevative SCRC technology has been
developed in this project. For achieving this obyex; a SCRC was designed on the basis of
recent studies, and a CCGT was based on theorgmerdting plants. The simulations of these
models were carried out using EBSILON®ProfessioAtier comparing both thermodynamic
cycles and seeing the advantages and inconveniericke semi-closed cycle studied, a
sensitivity analysis of the SCRC was developedrdento know how determined changes in
the design point influenced on the plant. To codelthis project, the most relevant aspects

regarding potential, future work, and challengethwhie SCRC technology were listed.
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1 Introduction

The climate goal of limiting warming to 2 °C is le@aing more difficult and more costly with
each year goes by (International Energy Agency,2P0Intensify policies that support
environmental protection in a global context, mautarly in terms of reducing greenhouse-gas
emissions are currently of importance. Securingrutenergy supplies and mitigating their

environmental impact are crucial issues becausieenf direct contribution to climate change.

Representing 41 % of the carbon emissions in 20E0power sector is the largest contributor
in terms of CQ emissions (International Energy Agency, 2012). 8dees that raise the cost of

fossil fuels such as establishing £fice, leads to an increase of the value of eneffigiency

in power generation. Currently there are many ioefit power plants in operation around the
world that contribute to higher emissions. There also policies to reduce pollution from

power plants in operation, which can have the sdamogneffect of closing these inefficient

plants.

Nowadays, the combined cycle gas turbine (CCGTiesamts a high percentage of the total
electric power generation, among the plants tradyce electricity from fossil fuels. Compared

to thermoelectric plants, they offer a higher e#incy and acceptable G@missions.

The global CQ emissions due to fossil-fuel combustion reache@ 3flgatonnes in 2011,
number which corresponds to the highest value amsy@nternational Energy Agency, 2012).
The CQ concentration has increased over last years,asdendency of growing need to be
mitigated. This is the reason why the interestamag low-carbon and high-energy-efficiency
technologies are in the spotlight.

The suggestion of a new technology that is webleslifor CQ capture becomes interesting if
the objective is to put the energy production imare sustainable path. In this sense, this
technology represents an advantage over the exdéDd@&Ts. The recent proposal consists in
an air breathing semi-closed recuperated cycle (§Gfhich, although it has been proposed
since the 1980s, has not yet been practically dpeel.

1.1 Formulation of the problem and objectives

In an electrical market in which CCGTs are widetyeeded and where the interest of lowLO
emissions is growing, a technology that permitsG@k capture has a crucial importance in the

future. The SCRC technology can cover these enwiemttal interests while offering a high
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efficiency, being a competitive alternative to C&GThe possible advantages of the SCRC

over CCGTs results are an interesting topic foegtigation.

The primary objective of this thesis is to comptre extended CCGT technology with the
innovative SCRC by using the simulation tool EBSN®Professional. The other goals of the

work are listed below:

* Aliterature study of CCGTs, pressurized HRSGs 8GR Cs.

Design, simulate, and validate the two cycles psepo
» Develop a sensitivity analysis of the SCRC.

« Compare and evaluate the results obtained in thmilgiions and the sensitivity

analysis.
* Propose future work and the challenges with the S@Rhnology.
1.2 Risk assessment

Any risk assessment for the work regarding thisithéas been required due to the fact that

during the writing there have not been performeglahoratory work or excursions.
1.3 Contribution work

The main contributions of this thesis are listetbbe

Modeling and simulation with EBSILON®Profession&dlboCCGT and a SCRC.
* Give illustrative but not exact values of a SCRCley

* Analysis of the influence of different variables thfe SCRC such as changes in

turbomachinery’s efficiency.

* Analysis of the results and list of the advantaged inconveniences that SCRC

technology might provide.
1.4 Limitations

The results of this study are limited to electyigeneration in onshore cases. The assumptions
and hypothesis made and the simulation software r@luenced the results obtained, and

some of them might be reviewed.
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1.5 Structure of the report

The report is structured in four different parts.

1.

Theoretical part. In this part, the CCGT and SCREhnologies, and a proposal of a
pressurized HRSG are described. It also includastacomparison of such cycles, as

well as the modelling of the proposed thermodynaryales.

. Simulation and results. In this part the resultsawied in the simulations of the cycles

modelled are presented, analyzed and compared.

Sensitivity analysis of the semi-closed recuperaiete.

. Conclusion. The last part of the report includesdhallenges, potential and future work

for the SCRC technology.

17



2 The combined cycle gas turbine
2.1 What is a combined cycle gas turbine

A combined gas turbine and steam cycle (CCGT) esuthion of two thermal power cycles.
Nowadays, the combination used for commercial payeeeration is a gas-topping cycle with
a steam-bottoming cycle which operates at lowerptrature level than the gas cycle
(Kehlhofer et al., 2009). The Brayton cycle cor@sgs to a gas turbine, whereas the cycle
corresponding to a conventional steam turbine ésRlankine cycle. Both technologies are
connected by a heat recovery steam generator (HRSG)

Currently, a combined cycle gas turbine is capabbhieving a net power efficiency close to
60 % (Bolland, 2009).

o

r Stack
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e | i
— Feed Pump

Gas Turbine Hot Gases from GT

Figure 2.1 Common combined cycle gas turbine plarfZwebek and Pilidis, 2003)

Figure 2.1 shows the simplest combined cycle confition. As it can be appreciated,
atmospheric air is taken by the gas turbine (Ghe &ir is compressed in a compressor, and
afterwards it is mixed with the fuel in the comlmrsthamber. The exhaust gases are expanded

in a turbine, which is connected to a generatoredadtricity is produced.

The HRSG uses the heat from the high temperatutteedfue gas in order to raise steam. The
steam raised supplies a steam turbine with theo&generating additional electric power. After

the turbine there is a condenser and a feed punghwhpulses the water to the HRSG again.

The most common tendency is to couple the gasnerand the steam turbine to a common
shaft, so that jointly drive the same generator.

18



2.2 Main components
2.2.1 Gas turbine
A simple gas turbine (GT) is comprised of threetises: a compressor, a combustor and a

turbine. The typical net efficiency for large GTedsin power plants is in the range 35-40 %
(Bolland, 2009).

Figure 2.2 Temperature — entropy diagram of a gasurbine. Processes:-%2 compression (power
required); 2»3 combustion; 3»4 expansion (power generation). The turbine typiggénerates twice
the power consumed by the compressor (Bolland,)2009

A GT operates on the principle of the open Braybyele (Figure 2.2). First the air is
compressed to a pressure of 14 to 30 bar, depengioig the gas turbine used (Kehlhofer et
al., 2009). The compressed air burns the fuel enciimbustor chamber, producing a hot gas
with a temperature normally higher than 1000 °Ch{Kefer et al., 2009). Finally, the hot gas
is expanded in the turbine, which drives the cosgwe and the generator. The hot gas leaves
the turbine at slightly above atmospheric pressaand,with a temperature in the range 450-650
°C (Bolland, 2009).

It is worthwhile to comment the operation of thebine. First, the pressure energy contained
in the hot gas is converted to kinetic energy tisattkthe stator. Then the kinetic energy is
converted to power due to the rotation of the shifts conversion takes place in the rotor,

which is connected to the generator (Bolland, 2009)
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Turbine inlet temperature

This temperature depends upon the type of GT wsellit is preferably as high as possible in
order to obtain high cycle efficiency and specjfmwer. This temperature is limited by the

materials and the cooling system of the GT. Withdhm to limit the turbine inlet temperature

(TIT), the combustion takes place with an excessaéio between 2.5-3.0 (Bolland, 2009).

Fuels for gas turbines

Natural gas (NG) is the most common fuel used mtgebines. Around 80 % of installed gas
turbine capacity use NG, while approximately 18r&a@perated on light oil and distillates, and
2 % use residual oil (Bolland, 2009).

The lower heating value (LHV) is an important prapef the fuel. This number corresponds
to the magnitude of the enthalpy of combustion ioleth when all the water formed by
combustion is vapor (Moran and Shapiro, 2006).s Mailue defines the mass flow of the fuel
which has to be supplied to the GT. Thus, the Gi€iehcy is influenced by the LHV.

From a technical point of view, gaseous hydrocariets are more beneficial than liquid fuels
with respect to plant performance, pollution engedievels and plant availability. There are
fuel specifications for GT in order to prevent higinperature corrosion, fuel system problems
and ash deposition (Bolland, 2009).

In that respect, NG with little sulphur content amul fuel-bound nitrogen is the best option.
CCGT are also able to burn liquid fuels with the aif producing when NG is not available or

to better negotiate the NG price.
2.2.2 Heat recovery steam generator

As its name suggests, the aim of the HRSG is tdyme steam while the flue gas temperature
is reduced. The temperature and pressure of thengbeoduced in a combined cycle with NG
as fuel vary respectively in the range 450-460R€ 20-170 bar (Bolland, 2009).

There are many alternative configurations of an BRSormally the configuration of the steam
cycle depends on design criteria such as cost,diyppplication, performance or efficiency. In
large combined cycle plants (400-500 MW), the cyglesually designed with a triple-pressure
reheat steam, which permits to use lower tempersitoir the flue gas. This reduce the flue gas
temperature to around 80 °C (Bolland, 2009) ancetheiency of the combined cycle.

2 The relation between the gas turbine net powesutind the air flow rate is known as specific powe
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Simple-pressure HRSG description

The simplest configuration is explained here. hsists in a simple-pressure HRSG. In this
case the HRSG has three different heat exchangiersewhich transfer the heat from the hot

exhaust gas to the water/steam cycle.

Firstly, the subcooled water is pre-heated in asnemizer to near its saturated estate. The
water is not at saturated conditions in order méevaporation in the economizer at off-design
conditions. Obviously, this saturation temperatiepends on the pressure of the water flowing
though the exchanger. Afterwards, the water is teaa boiler/evaporator. Here the water is
evaporated at constant temperature and pressutbe &ind, the steam from the evaporator is

heated up in a superheater, and its enthalpy isased.

There are two main reasons for superheating tlaensbefore entering into the steam turbine.
Firstly, to accomplish the limit of moisture conter the steam turbine exit and reduce the risk
of erosion. Secondly, because the presence ofdliojuthe turbine could reduce the power
output by slowing down the blades (Kehlhofer et @009). Moreover, superheating is
interesting for increasing the TIT, which depentiergly on the enthalpy at high pressures.
An increase in the TIT contributes to an incredsth® steam turbine power output.

TQ diagram

The profiles for the heat transfer process betwberwater/steam and the flue gas are usually
illustrated in a TQ-diagram. The three differenbes of a single-pressure HRSG commented

above are indicated in Figure 2.3.
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Figure 2.3 TQ diagram for a single-pressure HRSG (8land, 2009)

A relevant parameter is the so-called pinch pdins defined as the minimum temperature
difference between the exhaust gas and the wathimva given pressure. It is important the
location of the pinch point because it limits howah steam can be produced. It depends on

the flue gas inlet temperature into the HRSG aedtiessure of the water/steam.

Much of the heat transfer area is situated negpitieh point. The pinch point is inversely over-
proportional to the heat transfer area. This méaatswith lower pinch points, the area is higher
but the exhaust heat is used better and more stegenerated. For high-efficiency plants,
pinch points are often in the range 8-12 K (Bolla2@09).

Pressure drop

The pressure drop in the HRSG is compensated bcesase of the pressure at the gas turbine
outlet. Therefore, the gas turbine produces lesg.vitis means that the power generation in
the gas turbine is very sensitive to a changeerptiessure drop of the HRSG.
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2.2.3 Steam turbine

The steam produced in the HRSG is expanded inamstarbine (ST) to around 40 mbar
(Bolland, 2009). In the turbine, some of the enenfjiyhe steam is converted to power. The
work carried out by the ST depends on the enthdilfigrence between the inlet and outlet of

the turbine.

Lower exit pressures are preferred due to the aseref the ST power output. Nevertheless,
this pressure is limited by the type of coolingteys used in the CCGT. On the other hand, the
steam temperature before entering into the ST isherrange 450-570 °C. The largest

temperature value is limited by the material of 8ie

As combined-cycle plants habitually generate staamore than one pressure level, the ST has
multiple inlets depending upon the number of pressevels. For instance, in the case of an
HRSG with three-pressure levels and reheat, theviBhave three inlets, two outlets and one

crossover.

The type of steam turbine used depends on the usfatiee generated steam. Much more

interesting for this thesis, the condensing staatniries are used for power generation.
Moisture content

The percent moisture can be defined as the ratibeomass of liquid to the total mass of the
steam, and it represents the quality of the stdAongn and Shapiro, 2006). A common practice
is to maintain at least 87 % quality at the turbéxé (Bolland, 2009). This permits to avoid
erosion in the turbine blades. If the steam pasfingugh the turbine has a moisture content
too high, the liquid droplets can erode the turltiteeles, with the consequently decrease in the

turbine efficiency and an increase of the needrfamtenance.
Reheat

After the expansion of the steam in the high-presS8T, it is normally reheated in the HRSG
before further expansion. This practice permitsaatiygeous operating pressures in the boiler

and condenser, and yet offset the problem of loalityuof the steam at ST exit.
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2.2.4 Cooling system

The cooling system of a CCGT has the function ofdemsing the steam by heat transferring
from the steam to the cooling fluid. There are ¢hitendamentally cooling configurations:

» Evaporative cooling with wet or hybrid cooling towe
* Once-through water cooling using river water orweger
» Direct air cooling in an air cooled condenser

Habitually, the type of cooling system used in aGdCdepends on the available supply of
cooling water because the once-through water-cootedienser is often the most economic
cooling technology. In this case, after the wates kerved as a heat sink, it is returned to the
water source (river, sea, or cooling pond) fromahkihwas taken. The maximum increase of the
cooling water temperature that flows through a emseér is normally in the range 10-15 K
(Bolland, 2009).

2.2.5 Feedwater tank and deaerator

The condensed water is pumped to a higher pressuikethe feedwater tank. Here the
condensed water is mixed with makeup-water in oraeover the leakages through the steam
cycle. Normally the mixed water is heated up in HRSG, and afterwards it enters into the
deaerator.

The deaeration is the removal of nhon-condensaldesysuch as G@nd Q from the water or
steam. Its function is very important because th@saponents can cause corrosion of the
devices and piping. It utilizes two different priples: the first one is the fact that the soluilit

of a gas in a solution decreases when the temperaitreases; the second one is the Henry’s
Law, which affirm that the gas solubility in a stitun decreases when the gas partial pressure

above the solution decreases (Bolland, 2009).
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2.3 Emissions

By producing in a CCGT using NG as fuel, carborxiie (CQ) and nitrogen oxides (N®

are the mainly emissions which can negatively affbe environment (see Table 2.1).
Concentration levels of these substances in thawstigas depend on the fuel composition.
Sulfur dioxide (SQ) emissions usually are negligible because of #wernl low content of
sulfur in the NG. The high excess air ratios typiwhGTs enables practically a complete
combustion, which leads to a very low level of umi@a constituents such as carbon monoxide
(CO) or unburned hydrocarbons (UHC) (Lieuwen andg;£013).

Table 2.1 Typical emissions of a CCGT without C&capture (Rao, 2012)

SO, emissions (g/MWh) negligible
NOx emissions (g/MWh) 84.8
Particulate matter emissions (g/MWh) negligible
CQO, emissions (kg/MWh) 372.0

Regarding heat emissions, thermal energy is reetdethe environment through stacks,
condensers, and off-gases. Noise emissions areonstdered as a problem from a technical

standpoint, because of the currently available stioinsulation technology (Bolland, 2009).
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3 The pressurized heat recovery steam generator

After a long literature study regarding pressurikedt recovery steam generators, it was found
that a patent related to this topic developed byi@Resources Canada (NRCan) was filed in
2008 (Clements, 2009). In this patent a direct uresed combustion process for Steam

Assisted Gravity Drainage (SAGD) proposals is desck.

The technology developed consists in a direct presesd combustion process. In this process,
the combustion takes place with nearly pure oxyaeoxidizer (oxy-fuel combustion) and at

high pressures in the range of 100 bar or highan&da's Oil Sands Innovation Alliance, 2015).
The stream generated is composed basically of @@l steam due to the combustion

characteristics and the recycled flue gases (Ca2013).

After the combustion process, the products of tmhluustion are lead to a direct contact steam
generator (DCSG). In this device, steam is produmedirectly contacting water with the hot
and pressurized gas, causing the evaporation ofisiier. Hence, the need to use boiler tubes

as in common steam generators is avoided.

After this, the SAGD would take place. The SAGDqige consists in pumping this flue gas
obtained underground in order to aid in bitumenaetion (Clements, 2009). This part would

not be explained because such information is beylo@dcope of this project.

It is worthwhile to mention that the combustion lcbtake place with air, but this practice has
the disadvantage that the steam produced has lguaity due to the fact that the flue gas
contents nitrogen, which leads to a decrease oh#a available for evaporation of water
(Cairns, 2013).

As the pressures in such technology are considehagh, it was necessary to prove whether
direct steam generation was possible in a presrenvironment. And NRCan was the
company who brought this project. Early, pilots &vdeveloped to the member companies of
Canada's Oil Sands Innovation Alliance (COSIA), ahhis working in the testing of DCSG
technology with actual SAGD-produced water (Cars@d’ Sands Innovation Alliance, 2015).

It can be concluded that the DCSG is an alternaiivéhe existing heat recovery steam
generators. Researchers are currently testing ighe gressures in this new technology. For
instance, CanmetENERGY is developing the steamrggae technology known as the High
Pressure Oxy-fired direct contact steam generatibtrOx/DCSG) (Cairns, 2013).
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4 The air breathing semi-closed recuperated cycle
4.1 Overview of the semi-closed combined cycles

The supercharging concept it is not a novelty iddas practice permits to operate at elevated
compressor inlet pressure with the advantage wfreehpower density. It is widespread applied
in Diesel and Otto motors. However, superchargsmgurrently not used for thermal power

generating cycles despite the important role thetgul the closed cycles in this field.

The supercharged cycles’ history started in 1938 thie commercialization of the closed cycle
gas turbines, which had the capability to use dirgys due to the fact that the heat is transferred
via heat exchanger to the cycle fluid (Wettste®il®. This machinery still has a potential for
technologies such as solar or nuclear, in whichptature limitation of the heat exchanger
does not matter. For other applications where @mraeneg this temperature was necessary, the
idea of the semi-closed cycles with internal conibusappeared around the 1940s (Wettstein,
2013). The concept semi-closed refers to the faat most of the flue gas is recirculated,

whereas the excess gas is removed.

These cycles use a fluid circulation in a closezplaand therefore supercharging is possible.

An internal combustion fed with injected oxidizexdafuel generates their heat input.

In the 1980s, limiting C®emissions came into the focus (Wettstein, 201Bjs & the reason
why using a semi-closed cycle with internal andrrstaichiometric combustion (so-called
oxyfuel cycles) became interesting. Such cyclesigio process the remaining gr the

carbon capture and storage (CCS). Even thoughrtiduption of technically pure oxygen is

expensive, the oxyfuel cycles are only economicmih@ning a fuel with high carbon content.

The use of ambient air as oxidizer in the semiatlosycle with internal combustion was also
an attractive idea at that time. Working with dliowas a high power density and a power control

by changing the pressure instead of the temperature

More recently, the absorption of G®om the exhaust gas of existing CCGTs was dewslop
As in an open cycle gas turbines the concentratibi€O, in the exhaust gas is low, a
recirculation of cooled exhaust gas into the corsgwe (EGR) has been suggested (Bolland and
Seether, 1992). At a given flame temperature, thastice reduces NCformation rate in the

combustor.

Finally, the air breathing supercharged semi-clasadte were firstly developed by a group of

engineers from the University of Florida. Since ldte 1990s, they have been working on two
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variations of an air breathing supercharged seose cycle. The basic cycle is called HPRTE
(high pressure regenerative turbine engine), aadther, which incorporates a refrigeration
loop, is named POWER (power, water extraction afidgeration) (Wettstein, 2013).

The idea used in this current thesis about arraathing semi-closed recuperated cycle (SCRC)
for electric power generation is subject to the sunggested by H.U. Frutschi (2005). Later on,
different cycle options of the SCRC allowing €&bsorption were patented (Wettstein et al.,
2010).

Last years, descriptions of the SCRC and its autiti opportunities have been published in
different papers (Enge et al., 2006, Wettstein 320 ettstein, 2014b). The application of such

cycle for naval propulsion also has been recengbpjared (Wettstein, 2014a).
4.2 What is an air breathing semi-closed recuperate  d cycle

Frutschi’'s basic idea (2005) of an air breathingliselosed recuperated cycle (SCRC) is
illustrated in Figure 4.1. A detailed descriptidrtlee cycle is presented in Chapter 6.

The charger group ATL2 sucks up atmospheric ao the closed loop and also expands the
excess of the flue gas to ambient pressure. The graup ATL1 operates at a high pressure
level and drives the main generator, producing po¥éarge part of the main turbine exhaust
gas is constantly recirculated. Thus, a low oxyged high-CQ concentration in the stack is
reached. This is lately useful for driving a £&bsorption (Wettstein, 2013).
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Figure 4.1 Basic SCRC scheme of the Frutschi paterfey features: (1) compressor; (2) turbine;
(3) drive shaft; (4) main generator; (5) recupeargi®) combustor; (7) after-cooler; (11) bypassreal
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The pressure vessel

Recently, the pressurized part of the SCRC arrargém a common pressure vessel has been
proposed (Wettstein, 2013). Regarding the main ig¢me it can be arranged in the vessel as

seen in Figure 4.2, or a shaft sealing can be asddarrange the generator outside the vessel.

open loop cooling fluid

Pressure Vessel to turbine and combustor cooled flue gas Recuperator
Combustor recirculating flow
Diffuser After-cooler
\ \ \ Condenser

/
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LP and
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Generator
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Charger Group A
Intercooler Turbine water condensed
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waterg LRl I excess gas to ambient
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Figure 4.2 SCRC arrangement in a common pressure sgel (Wettstein, 2013)

This suggestion is useful in order to attenuatehilgh pressure of the casings. As the vessel
operates at the pressure at the charger comp@si$et, which can take values around 4-6 bar,
it sees internally only the low temperature of &fier-cooler discharge. Strictly speaking, the
vessel is exposed to nearly ambient temperatuegnially and externally, and therefore the
need for a heat resistant design or insulatiorvisded. The use of a vessel also simplify the
design of the recuperator, which has only to begdes taking into account its own pressure

drop.
4.3 Main components

First of all, it is worthwhile to mention that tbbaracteristics of this flue gas circulating thrbug

the devices has to be taken into account when miegighe machinery and pipes.
The SCRC is composed by two different parts whrehcennected by the recuperator.

The so-called charger group arranges a chargerressgr and a discharge turbine connected
to a generator, which permits to produce electower. As these machines work at low

pressures, current turbomachinery can be usedsipéhnt.
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The second part is the pressurized group, whicludes an after-cooler, a compressor, a
combustion chamber and a turbine. The turbomachuoyrates at considerably high pressures
and with lower pressure ratios compared to GTs.celeturbochargers or micro-turbines can
be useful (Frutschi, 2005), but they have to béghesl to support thermal and pressure stresses.
Regarding the after-cooler, it also has to be daesigo support high pressures. Finally, it is
worthwhile to comment the combustor design. It maoperate with an oxidizer inlet
temperature in the range 850-900 °C. This is theae why one of the best options is to use
the second combustor in sequential combustion gdsines (Wettstein, 2013). These
combustors can operate at an even higher oxidemapérature level and with low oxygen
content (Guethe et al., 2011).

The element that connect both loops is called re@ipr. It is defined as a type of heat
exchanger in which a liquid or gas is separatewh famother gas or liquid by a wall. In this case
the heat is exchanged between two gases. The einengyhe hot gas is conducted by this wall
to the cold gas (Moran and Shapiro, 2006). Thesgperators can take different forms such as
the ones shown in Figure 4.3. There is an oper issgarding the recuperator design, because
it has to support high pressures and temperatlihesefore this device has to be designed with

resistant materials.
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Figure 4.3 Common heat exchanger formga) Direct contact;lf) tube-within-a-tube counterflowg)
tube-within-a-tube parallel flowgd() cross-flow (Moran and Shapiro, 2006)
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4.4 Fuels and emissions

As it occurs in CCGTs, any gaseous or liquid hydrbon can be used in this technology (Enge

et al., 2006). A study using a liquid as fuel wagied out by Wettstein (2014a).

The emissions will depend on the fuel used. Buhgusiatural gas might be one of the best
possibilities, at least for onshore electricity gwotion. Due to the near stoichiometric
combustion that takes place in the combustor, dl smatent of Q in the flue gas is detected,
while the CQ concentration is substantially high. The recirtialaof the flue gas in the main
loop leads to a high content ot NA typical composition of the exhaust gas is présenn
Table 4.1.

Table 4.1 Typical SCRC'’s exhaust gas composition (®ttstein, 2013)

Ar mass fraction (%) 1.32
N> mass fraction (%) 77.29
02 mass fraction (%) 1.56
CO; mass fraction (%) 15.17
H,O mass fraction (%) 4.67

These are therefore the main emissions of the S@R&h burning natural gas. In the table
presented above N{Oparticulate matters and unburned hydrocarbone wet considered. The
concentration of UHCs might be higher compared @3Ts because of the low air excess at
which the combustion takes place. The high cordéhk in the burnt gas might produce more
NOy than in a CCGT plant. Although these componentiserdischarged gas are probably more
concentrated than in a CCGT, the low amount ofdfldischarged leads probably to low

emissions per kW generated.

Regarding the C&content in the excess gas, carbon capture aragt¢CCS) finalities, such
as CQ absorption (Wettstein, 2013) are options that kbégltechnology to almost zero-CO

emissions.

And finally, noise and heat emissions are alsogmssin this cycle. The first one is easy to
solve by using current acoustic insulation techgglo
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5 Main differences between a common CCGT plantand  the

proposed SCRC plant

In order to understand both technologies, besidea finderstanding how they operate, it is

important to know the main differences between them

One of the most important difference is the typett@drmodynamic cycle that takes each
technology. A CCGT is composed of two differentrthedynamic cycles: the Brayton cycle
(GT), which in this case operates as an open cyld, the Rankine closed cycle, which
corresponds to the steam turbine. The open cyotarethe working fluid every cycle, whereas
the closed cycle reuses the fluid continuously.

Contrarily, the SCRC consists of one thermodynaryide: it is called a semi-closed cycle.
Such cycle recirculates nearly the 70% of the wagKluid (Wettstein, 2013). The excess of
gas is discharged out of the closed loop and feeslis mixed with the recirculated flow

mentioned above. One consequence of this recironlet that the inlet air flow rate needed in
this cycle is approximately 2.5 times lower thanancommon CCGT (Wettstein, 2013,
Wettstein, 2014b). Thus, the SCRC has a high spgmiver related to the inlet air rate.

Furthermore, it is easy to realise that each tdogyauses different machinery.

Firstly, if the main group of a CCGT plant is comgrhwith the supercharged part of a SCRC

plant, there are several differences that have toamsidered.

The gas turbine used in a CCGT plant encompassiesmber combustor, a compressor and a
turbine that drives the generator through the siAdtier the turbine, there is the HRSG used for
steam generation. All these machines work at lagguire. The main group of the semi-closed
cycle includes the compressor, the recuperator¢congbustor, the turbine, the drain, and the
after-cooler. As all of this machinery work at higinessure, the characteristics of these
components cannot be the same as the ones usechiman CCGT.

On the one hand, this supercharged part uses tuabger or micro-turbine components instead
of the conventional turbines and compressors. Theeetwo main reasons for using such

turbomachinery: the high pressure of these compsenand the low pressure ratio.

Concerning the recuperator of a SCRC, its funasdn heat up the fluid work before entering
in the combustor. Producing steam is the functiothe HRSG. It is worthwhile to comment

that in the recuperator the pressures and tempesate notably higher than in an HRSG.
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The CCGT plant’s condenser works at low pressurd,icondenses all the working fluid,
which in this case is water. In contrast, the SGR&ter-cooler operates at high pressure, and
the fluid that is cooled down is a mixture of wakxhaust gas and air. Only the water from the

mixture is condensed and, afterwards, it is drained

In these two last cases, the heat exchangers araftdr-cooler need to be recovered by heat-

resistant materials, which have the aim of suppgrtine high pressures and temperatures.

It is also significant the sizes of the recuperatiod the after-cooler. As a result of the high
pressure in these devices, the heat transfer cieffs are increased. Consequently, less area is
needed to transmit the same amount of heat (Wiett&@13). The work of Enge et al. (2006)
reveals that the recuperator and after-cooler simespproximately 2.5 times smaller than the
HRSG and the condenser sizes of a CCGT plant.

Another machinery dissimilarity between both tedbgees resides in the combustor. The
SCRC'’s combustor operates at high inlet temperdiettstein, 2013). It is the reason why
the fuel is preheated using a fuel gas compreaadrthe reason for using the second combustor
in sequential-combustion GT (Wettstein, 2013). kemnore, the SCRC’s combustion is near
stoichiometric conditions, and the g@oncentration of the exhaust gases is higher ithan

conventional CCGT plant, which works with excessiof

Finally, if the bottoming steam cycle from a CCGam is compared with the charger group
of a SCRC, there are also some dissimilaritieshiage to be considered. The most important
difference is that in the semi-closed cycle, indtefithe steam turbine and the conventional
condenser that constitute the CCGT bottoming cyitlere are a charger compressor and a
discharge turbine. The charger compressor cangxeatie as the one used in a common CCGT,
because of the similar inlet pressure (Wettstédi32. The discharge turbine could be the same
as the one used in a CCGT plant, but taking intesickeration that the compression ratio is
lower and the gas flow that flows through the tonebhas a higher content @O

Table 5.1 sums up the main dissimilarities comnteadeove as well as others, and it gives

representative data for each plant.

Three different sources (Bolland, 2009, Kehlhotealg 2009, Wettstein, 2013) have been used
in order to obtain the CCGT-quantitative valuesR&=quantitative numbers are built on the
study done by Wettstein (2013). The order of maglgtof these values are the same as the
data obtained in other similar studies such as E2@@6) and Wettstein (2014b).
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Table 5.1. Main differences between a common CCGTnhd the proposed SCRC

CCGT SCRC
Number of thermodynamic cycles 2 1
Steam cycle Yes No
Brayton open cycle

Rankine closed cycle
60.0 % (at full plant  54.5 % (with bottoming

Sort of thermodynamic cycle Semi-closed cycle

Net thermal efficiency?

output) cycle to 62 %)
(Sk?](/elfg)lg power related to the inlet air rate 200 1450
Turbomachinery volume reduction factor® 1 2-3
Recirculation factor (%) 0.0 70.6
, , Fresh air + exhaust
Main compressor flow Fresh air
gases
Main compressor inlet pressure (bar) 1 6
Main compressor pressure ratio 19-35 8-12
Heating up the fluid
HRSG/recuperator function Steam production work before entering in
the combustor
HRSG/recuperator hot end temperature 20-40 8

difference (K)

Heat exchange requirement in
HRSG/recuperator related to the power 100 131
output (%Y

Needed for high load,
but not at part load
below 50% power

Normally not necessary

Fuel compressor
for natural gas fuel

Fuel preheat temperature (°C) - 250
Oxygen excess factor in combustor 2.2-3.0 11
Combustor pressure (bar) 19-35 54
Exergy loss in combustion (%) 25 22
Ar molar fraction in exhaust gas (%) 0.90 0.96
N2 molar fraction in exhaust gas (%) 74.94 80.09
O molar fraction in exhaust gas (%) 12.91 1.42
H.O molar fraction in exhaust gas (%) 7.40 7.53

®The net thermal efficienayis given byn= Wyt plant/ (gye - LHV) WhereW,,e; ,1an: is the net power developed
by the planting, represents the fuel consumption, &ty is the lower heating value of the fuel.

* The specific power related to the inlet air ratgiven by the relatioW,et piant/Mqir WhereWhet piant is the net
power developed by the plant an;, represents the inlet air rate.

SENGE, Y. O., WIRSUM, M. & WETTSTEIN, H. E. 2006h& Potential of Recuperated Semiclosed C¢les.
ASME Turbo Expo 2006: Power for Land, Sea, and Barcelona, Spain: American Society of Mechanical

Engineers.

® The heat exchange requirement in HRSG/recupereitited to the power output is given@y Wie piant Where
Q; is the heat power necessary in the HRSG/recupeaatiV, ¢ p1ant IS the net power developed by the plant.
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CCGT SCRC
Carbon dioxide molar fraction in exhaust 384 10.01
gas (%)
Hot gas density at main turbine inlet (kgfm 4.2 10.0
Main turbine exit temperature (°C) 450-650 860
Main turbine exit pressure (bar) 1 54
Condenser/after-cooler pressure (bar) 0.04 54.00
Heat exchange requirement in
condenser/after-cooler related to the power 63 76
output (%)’
HRSG/discharge turbine outlet 90 270

temperature (°C)

" The heat exchange requirement in condenser/aftdecrelated to the power output is given®y Whet piant

whereQ; is the heat power exchanged in the condenserfedt@er andWi,. pian: is the net power developed by

the plant.
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Considering the information above, it could be doded that some of the advantages of the

proposed semi-closed cycle are:

The high specific power.
The reduced size of the machinery.

The characteristics of the exhaust gas discharfael .high CQ.molar fraction in the

exhaust gas and its high temperature permit tcettersuited for the capture of @O
Less thermodynamic losses in combustion.

High density at main turbine inlet.

Nevertheless, some disadvantages of the semi-ctyséel are listed below:

The net-thermal efficiency approached is lower thia@ typical of a conventional

combined cycle plant. This probably happens foeghmain reasons: the high heat
exchange requirement relative to the power ou@it ¢o) (Wettstein, 2013); the need
of using additional machinery such as a fuel cosge and the high temperature after

the discharge turbine.

However, it could be possible to improve the edfiwy incorporating a bottoming cycle

which utilizes the heat of the discharged gas.

Another disadvantage is that the machinery of thesgurized group have to be
recovered by resistant materials in order to sugperhigh pressures and temperatures.

This may increase the cost of these devices.

These advantages and disadvantages will be rearsedmplified after the practical work.

36



6 Design and build process models
6.1 Description of the reference plant

The reference power plant is a typical dual-pressombined cycle. As it can be appreciated
in Figure 6.1, it consists of one large gas turliioen which the exhaust gas (2) is led to the
heat recovery steam generator in order to prodtegs The distribution of economizers,

evaporators and superheaters is made on the héisesaiure references. This is, probably, not

the most optimal distribution.

The steam is raised at two different pressures.higtepressure (HP) steam (15) feeds the HP
turbine. The expanded steam (16) is mixed witHdlhepressure (LP) steam (10). The mixture

(17) enters into the low-pressure turbine, where éxpanded. All this steam (4) goes through
the condenser. The liquid water (5) is pumped @t fpwessure and it goes through the LP

economizer.

At this point, the heated water (7) is separatéal two different flows (8) and (11). The flow
(8) is led to the low-pressure evaporator, andteBra (9) is raised. Afterwards, it goes through

the LP superheater, where it is heated up.

A second pump raises the pressure from (11). Téssprized water (12) is led to the HP-part

of the HRSG, where HP steam is raised and heated up
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Figure 6.1 Scheme of the dual-pressure combined dgagas turbine.Fluid type assigned to each
pipeline: air=yellow, steam=red, liquid water=blgas=purple-red, flue gas=brown, electric line=pink
shaft=green.
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6.2 Assumptions for the reference plant

The combined cycle gas turbine is designed for aip®y in onshore installations, and
consequently with the requirements involved withlit this case, a high efficiency and
flexibility are the most important properties thia¢ plant has to accomplish. Thus, the size of
the turbomachinery, the investment cost and/or Weigre not limited as in offshore

applications.

For all these reasons, and on the basis of thatitee sources, the AE94.3A is the model of
gas turbine chosen for the simulation. This gasimeris available in the VTU Library of the
software used for simulating (EBSILON®Profession&be technical data for the gas turbine

engine selected is summarized up in Table 6.1.

Figure 6.2 AE94-3A body (Ansaldo Energia)

Table 6.1 AE94-3A technical data (natural gas, IS@onditions, base load) (Ansaldo Energia)

Manufacturer Ansaldo Energia
Gas turbine name AE94.3A
Frequency (Hz) 50

Power output at generator terminals(MW) 294
Efficiency at generator terminals (%) 39.7
Heat rate (kJ/kWh) 9068
Exhaust gas mass flow (kg/s) 702
Exhaust gas temperature (°C) 580.0
Cooling duty (MW) 0

The HRSG designed raises steam at two differersispres because of environmental reasons
and efficiency. If a dual-pressure level is comgaiean one-pressure level in an HRSG, the
first one leads to a better exploitation of thetloddhe exhaust gas, and the temperature of the
gas when it is discharged into the atmosphereosrar 70 °C, instead of 100 °C or more. A

typical exhaust gas stack temperature in a higlteificy plant is about 80-100 °C (Bolland,
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2009). Pressures chosen resemble the ones cordasgdo San Severo combined cycle plant
(Ansaldo Energia).

Another crucial assumption is the temperature leetiog HP steam turbine. It cannot be higher
than 570 °C due to material limitations. For theason, this temperature is fixed at 560 °C
(Bolland, 2009).

The rest of values selected as inputs such as dtgames efficiencies are based on theory
about combined cycles (Kehlhofer et al., 2009, &uadl, 2009), and they are all indicated in
Table 6.2.

Table 6.2 List of all the assumptions of the referee plant

Efficiency assumptions (all in %)

HP steam turbine isentropic efficiency 88.0
LP steam turbine isentropic efficiency 88.0
Water pumps isentropic efficiency 80.0
Mechanical efficiency 99.6
Electrical efficiency 98.5
Temperature assumptions (all in °C)

Ambient temperature 15.0
Temperature at HP steam turbine inlet 560.0
External fuel delivery temperature 15.0
Cooling water temperature 15.0
Cooling water temperature after condenser 25.0
Limitation in exhaust gas temperature after HRSG 0.a0
Pinch point temperature difference in evaporator .010
Pressure assumptions (all in bar)

Ambient pressure 1.013
Exhaust gas pressure after GT 1.013
LP steam pressure 4.500
HP steam pressure 118.000
Steam pressure after LP turbine 0.040
External fuel delivery pressure 32.000
Cooling water pressure 2.000
Relative pressure drop assumptions

Pressure drop in heat exchanger (flue gas path) 020.0
Pressure drop in heat exchanger (water/steam path) 0.050
Cooling water pressure drop in condenser 0.050
Pressure drop flue gas until atmosphere 0.045
Pressure drop at gas turbine intake 0.010
General cycle data assumptions

Ambient air relative humidity (%) 60.0
LP superheater effectiveness (%) 80.0
Fuel LHV (kJ/kg) 50015

For the calculations, the model contemplates lodsEsses in the mixing point are unimportant
due to the fact that the difference between masesfimixed is high, ergo it is negligible. Heat
losses are not included.
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Argon (Ar), nitrogen (N), oxygen (Q), steam (HO) and carbon dioxide (Care the gas-
composition vectors considered for the calculatiartie cycle. Regarding the fuel used in this
model, pure methane (GHis assumed and it is considered to be at extdughldelivery
conditions (32 bar and 15 °C). The air is at IS@ditions (see Table 6.3).

Table 6.3 ISO conditions

Sea level

Temperature (°C) 15.0
Pressure (bar) 1.013
Relative humidity (%) 60
Ar mass fraction (%) 1.28
N, mass fraction (%) 75.15
O, mass fraction (%) 22.90
H,O mass fraction (%) 0.63
CO, mass fraction (%) 0.04

The table used for determining the water/steameats is IAPWS-IF97. The formulation for
the gas table considers real gas far &, Ar, CO, CQ, SQ, and FBDR formulation for the

fuel gas. The air and exhaust gases are considesedases.
6.3 Description of the semi-closed recuperated cycl e

Two different variants of the semi-closed recupstatycle have been considered: a first one
with one intercooler in the main group (see Fighi®, and a second one with intercooling in
the charger group and main group (see Figure Bglpoth alternatives are very similar, the

following detailed description corresponds to tlaeiant with one intercooler.

The description of the cycle (Wettstein, 2013) dwls in the sense of flow, starting at the

compressor inlet.

Firstly, fresh atmospheric air (13) is compressedhe charger compressor. Then, this high
pressure air flow (14) is mixed into the superckdrtpop. The mixture (16) goes through the

after-cooler, where it is cooled-down. Excess whatam the mixture is condensed out.

After that, the high pressure cool fluid (1) is qgmessed in the main compressor. There is an

inter-cooler between the LP and HP main compressors

The flow (5) is heated up in the recuperator aridrafards it is mixed with the fuel in the

combustor. The exhaust gases from the combust)aré/mMmixed with a lower temperature gas
(8) extracted from the high pressure path of tieeperator. This is done for supplying cooling
systems of the combustor and the main turbine.flbwe(9) is expanded in the main turbine,

which drives the main compressor and the main geoer
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The low pressure fluid from the main turbine (19)ead to the recuperator with the purpose of
transferring heat to the high pressure fluid (5céss fluid (11) is discharged from the low

pressure path of the recuperator into the dischargee, which drives the charger compressor
and a second electric generator. Over there, tie i expanded and additional electric power

is produced.
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Figure 6.3 Scheme of the semi-closed recuperatecctsywith one intercooler
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6.4 Assumptions for the semi-closed recuperated cyc le plant

The semi-closed recuperated cycle is designedderabing onshore. As it has been designed,
the cooling fluid temperature is fixed at 550 °QuisTtemperature depends strongly on the
design of the recuperator, and consequently omxbess discharge fluid temperature. This is

the reason why it will affect the subsequent seiisitanalysis done.

The design considers pressure losses in the diffdeyices, additionally to mechanical friction
losses in the turbomachinery, and generator lossies.and outlet losses are considered extra
with pressure drops. Pressure drops are considsreglative to the particular input pressure as
percentages. The temperature drop by mixing freshta the semi-closed cycle is negligible
because the differences between mass flows mixecoarsiderably big. Apart from this, losses
in the cooling fluid mixing point are consideredpast of the main turbine efficiency, which is

considerably lower. The model does not incorponaia losses.

Isentropic efficiencies are selected accordingh® d¢urrent status of large commercial gas
turbines, and taking in to account the ones assuip&tlettstein (2013, 2014b).

The turbine inlet temperature (TIT) is selectedl&860 °C, as in the intercooled variant of
Wettstein (2014b). The aim of this TIT value isrtake easier the later validation of the results.

Due to the low content of oxygen in the gas cirgngain the main loop, the oxygen excess in
the combustor is considered 1.12. This lambda va@reesponds to the safety margin for

enough formation of oxide layers that protect ths wirbine environment (Wettstein, 2013).

Like in the reference case, ArpND,, HO and CQ are the gas-composition vectors considered
for the calculations in the cycle. The air thatriest into the cycle is at ISO conditions (see

Table 6.3), and the fuel gas is pure methanes@Hexternal delivery conditions (32 bar and

15 °C).

The air and the flue gas are considered real dasealculating their state values. Nevertheless,
since real material values are not available fbreal gases, FDBR gas table is used for the
fuel. For water and steam lines, the table us&dRWS-97.

When the net efficiency is calculated, auxiliarysteyn power consumption (cooling water
pumps) is not considered because it representslh gancentage of the thermodynamic power
output (0.15 % for variant 1, and 0.22 % for vatian
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All these assumptions affect the calculation ofrieethermal efficiencyr(), which has been

defined as follows:

N (%): Wnet,plant

——.100 Equation 6.1
mfue]'LHV ( q )

where Wyt pliant IS the net power developed by the plant in kKW

Me,e represents the fuel consumption in kg/s
LHV is the lower heating value of the fuel in kJ/kg

The fuel gas preheating temperature can be reat$ind heat extracted from the cycle. For
this reason, extra heat injection is not consideiredEquation 6.1. A calculation for

corroborating this is done afterwards.

Table 6.4 contains the assumptions for this ma@deihese assumptions take into consideration

the theory and literature about existing SCRC studi

Table 6.4 List of the assumptions of the SCRC

Efficiency assumptions (all in %)

Charger LP compressor isentropic efficiency 90.0
Charger HP compressor isentropic efficiency 90.0
Discharge turbine isentropic efficiency 90.0
Main LP compressor isentropic efficiency 91.0
Main HP compressor isentropic efficiency 91.0
Main turbine isentropic efficiency 86.0
Fuel gas compressor isentropic efficiency 83.0
Water pumps isentropic efficiency 80.0
Mechanical efficiency 99.6
Electrical efficiency 98.5
Combustion efficiency 99.0
Mass flow assumptions (all in kg/s)

Air mass flow into charger compressor 266
Cooling water flow in intercooler 2500
Cooling water flow in after-cooler 2500
Temperature assumptions (all in °C)

Ambient temperature 15.0
Temperature at cooling fluid discharge from recapar 550.0
Temperature downstream after-cooler 20.0
Temperature at discharge turbine inlet 411.5
Temperature downstream intercooler 20.0
Temperature difference at recuperator hot end 8.0
External fuel delivery temperature 15.0
Fuel gas preheating temperature 120.0
Cooling water temperature 15.0
Limitation on cooling water outlet temperature 25.0
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Pressure assumptions (all in bar)

Ambient pressure 1.013
External fuel delivery pressure 32.000
Cooling water pressure 2.000
Pressure ratio assumptions

Pressure ratio of charger compressor (total) 6.00
Pressure ratio of LP charger compressor 2.54
Pressure ratio of main compressor (total) 9.80
Pressure ratio of LP main compressor 3.15
Relative pressure drop assumptions (all in %)

Pressure drop in the charger compressor inlet 1.0
Pressure drop in the after-cooler 3.0
Pressure drop in the recuperatprflow (HP)? 5.0
Pressure drop in the recuperator down flow {LP) 3.0
Pressure drop in intercooler 3.0
Pressure drop in the combustor 4.0
Pressure drop in the charger turbine exhaust system 4.0
Pressure drop in the fuel system 10.0
Cooling water pressure drop through heat exchangers 2.5
General cycle data assumptions

Air humidity (%) 60
Oxygen excess factor in combustor 1.12
Fuel LHV (kJ/kg) 50015
Recirculation ratio (%) 67.5
Cooling air ratio for main turbine (%) 7.0

8 The recuperator is composed of three heat exchangke pressure drop in each exchanger is the phirtdof
the total pressure drop indicated in the table.

9 The same as the indicated in footnote 7 is consitleere.
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7 Process simulation of the CCGT plant
7.1 Simulation software

The aim of the simulation process of this thesi®idevelop a reference combined cycle gas
turbine case and a semi-closed recuperated cyadeder to compare them. Subsequently, a
sensitivity analysis of the SCRC is made with time af knowing the impact that variations in

a certain parameter have on the model.

EBSILON®Professional (version 10.06) is the sofevased for the simulations commented
above. This software permits to simulate thermodynacycle processes and is used for

engineering, designing and optimizing plants (STHAt&rgy Services GmbH).
7.2 Results

A scheme of the combined cycle plant designed,thadesults displayed by EBSILON are

shown in Figure 7.1.

Studying the different outputs in the steam cyitlean be concluded that most of the fluid goes
through the HP path of the HRSG (91 kg/s), and aniyiodest load becomes LP steam (27
kg/s). Thus, more heat is exchanged in the HPgfdhte HRSG. The reason for using a dual-
pressure HRSG are first to decrease the temperattthie flue gas stack, which has to be minor
than 100 °C, and second to extract more heat fnerflie gas. Using one-pressure level HRSG,
the temperature is over this number, and therdfwralifference between the gas discharged

temperature and the ambient temperature is inalease

The steam quality (x=0.88) at the exit of the tnebis a restrictive parameter of the cycle. To

maintain at least 87 % of the quality (x=0.87 & turbine exit is indispensable to avoid erosion

in turbine blades. Therefore, if the quality of theture passing through the turbine becomes
lower, the impact of the liquid droplets of thelid-steam mixture can erode the turbine blades.
This leads to a decrease of the turbine efficieaag, an increase of the need for maintenance
(Moran and Shapiro, 2006).

The exhaust gas composition is a relevant outpatder to know if greenhouse gas emission
limits in places for electricity generation are @tplished. This result can also be useful for
comparing the plant designed with other cycleemms of pollution. This will be commented
after obtaining the rest of the results.
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Figure 7.1 Results of the CCGT designedRelevant outputs not marked in the scheme: ait (teat
ISO conditions flow = 687 kg/s; fuel flow (15 °C2 ®ar) = 15 kg/s; net power output = 427 MW,
Qursg = 395 MW; Qcondenser = 254 MW; flue gas composition (mole %):> N 74.51, Q= 12.42,

Ar = 0.89, HO = 8.43, CQZ 3.75 (0.0582 kgjzlngLUE GAS)-
Using the data displayed by EBSILON, the efficiegyis later calculated as follows:

Wnetplant .
%) =——=-100 Equation 7.1
LICOR (Eq )

where W piant IS the net power developed by the plant in kW

Mg, e represents the fuel consumption in kg/s

LHV is the lower heating value of the fuel in kJ/kg
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Equation 7.2 represents the specific power reletede air inlet flow rate (SP).

Wnet,plant

SP (kJ/kg air)= (Equation 7.2)

air
where Wyt plant IS the net power of the plant in kW

m,; IS the air mass flow rate in kg/s

The specific CQflow rate in the flue gas related to the powepot{CO2R) is:

m ‘X
CO2R (kg/kWh)= —=b ST 7% 3600 (Equation 7.3)

net,plant

where m,, gr IS the mass flow after the gas turbine in kg/s
Xco,Is the CQmass concentration in the flue gas
Whetplant IS the net power of the plant in kW

The heat exchange in HRSG or condenser is giv&mimation 7.4.

Heat exchange in HRSG/condenser (%)= WL -100 (Equation 7.4)
net,plant

where Q; is the heat power exchanged in the HRSG/condendeti

Whet,piant IS the net power developed by the plant in kW

The results after applying these formulas are ctadpn Table 7.1. The table reveals that the

net efficiency of the cycle designed is toleralaled it is at the same level as combined cycle

plants in operation.

Table 7.1 Properties of the CCGT calculated

Plant net power (MW) 427
Plant net efficiency (%) 57.7
Specific power related to the air inlet flow rakd/kg) 622
Specific CQ flow rate in flue gas related to the power outfgrk\Wh) 0.344
Heat exchange in HRSG related to power output (%) 92.4
Heat exchange in condenser related to power o(#put 59.3

The heat requirement is noticeably higher in that mecovery steam generator than in the

condenser. This means that most of the heat exehakgs place in the HRSG. Accordingly,

the HRSG is an important device to pay attentiowlien designing the CCGT.

50



Concerning the specific GGlow rate contained in the flue gas related togbeer output, the
value obtained should not be preferably over 450My (LIlywodraeth Cymru Welsh
Government, 2014). This limit value takes into é¢dasation proposed carbon pollution
standards. United States Environmental Protectigen8y (EPA) proposed an emission limit
for CO; at 1000 Ib/MWh for larger electric utility genearsg units (United States
Environmental Protection Agency, 2014). In this @iation, it takes a value of 344 g/kWh.

Thus, it represents acceptable emissions of CO

When using natural gas as a fuel, another greeehand pollutant gases such as\(de
liberated during the combustion. Methaseapes to atmosphere can also occur. Nevertheless,

the model proposed does not contemplate theseiemsss

Last but not less important, some representatiagrdms of the cycle are presented. T-q
diagram for the dual-pressure heat system is disgdlan Figure 7.2. The diagram is precisely
linked with the chosen pressures at which the stmamaised. In case the pressures were
different, the HRSG would work in a different manaed the diagram would be considerably

changed.

As expected, the temperature remains constantglesaporations. The LP steam boils at a
lower temperature than the HP steam, and theréfavedifferent pinch points between the
exhaust gas and the saturated steam temperaturée cituated in the graphic. Additionally,
exploring Table 7.2 and Figure 7.2, it can be aféid that most of the heat exchange takes place
in the HP path of the HRSG.

Table 7.2 Table of results for the HRSG

Cold end temperature difference (K) 50.8
Hot end temperature difference (K) 25.0
HP pinch point temperature difference (K) 10.0
LP pinch point temperature difference (K) 10.0
LP economizer thermal power (MW) 57
HP economizer thermal power (MW) 78
LP evaporator thermal power (MW) 59
HP evaporator thermal power (MW) 112
LP superheater thermal power (MW) 16
HP superheater thermal power (MW) 75

Considering only one part of the HRSG (HP or LR) g comparing the thermal powers in
evaporator, superheater and economizer of this gpagt can deduce that the evaporator is the

device where most of the heat is exchanged.
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In Figure 7.3 the temperature — specific entrogghm for the dual-pressure combined cycle
is plotted. It is relevant to comment that the daag presented does not consider the gas turbine

cycle.

The complete cycle is included in Appendix. The &/€le shown is an approximation due to

the fact that the diagrams for the gas turbine ehas the VTU Library are not available in the

software.
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7.3 Validation of the reference case

The results of the simulated cycle are comparabkxisting and operating combined cycles,
for instance San Severo combined cycle plant. plaist produces roughly the same electricity
as the simulated one, and it uses the same motlebafie, which is an important characteristic

for the validation of the model.

San Severo 1 x 400 MW combined cycle plant (Ans&dergia) is situated in Italy. The plant
reaches over 57 % of efficiency. The plant is cosggioof a 1+1 combined cycle unit. The unit
consists of one AE94.3A gas turbine, one MT15 staainine, and a 50THR generator. The
configuration of these components is in single tsWith air condenser as cooling system. The
main fuel of the gas turbine AE94.3A x 280 MW-50 H4znatural gas. The steam turbine
produces 135 MW at base load (50 Hz). The steamsgsd at three different pressures: 118.00,
30.30 and 4.63 bar. The heat recovery steam gemenat three pressure levels, natural

circulation and a drum type with integrated daerato

Figure 7.4 San Severo combined cycle plant (Ansaldtnergia)

The data available for the plant is limited. Howg\tke simulation were made on the basis of
literature sources with realistic assumptions. Hetite outputs obtained with EBSILON were
the ones expected, and they agree with the typadales of a common combined cycle gas

turbine.

The discrepancies that appear are expected sistlg the assumptions for our model are most
likely not corresponding to the real plant. Theigeof the HRSG is also different. As it has
an important impact into the cycle, discrepancrespeerfectly expected. Moreover, a certain

overall incertitude in the calculations and thewafe is always present.

After analyzing our model and the real plant asa®possible, it is concluded that the plant

simulated could be considered reliable and it sftarceptable output results.
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8 Process simulation of the SCRC plant
8.1 Simulation

As in the reference case, the simulation has heewith the software EBSILON®professional
(version 10.2). As commented in Chapter 6, twoedéht alternatives of the semi-closed

recuperated cycle are simulated:
» Variant 1: semi-closed recuperated cycle with artercooler in the pressurized group.

e Variant 2: semi-closed recuperated cycle with tdeling after each low-pressure

COmpressor.
8.2 Results of variant 1

For the semi-closed recuperated cycle with intdmgan the main loop, the results are not
explained because of their similarity with the augpof the SCRC with two intercoolers.

For having a global vision of the plant, the madévant results are shown visually in Figure
8.1. For comprehending the thermodynamic cycletéhgerature — specific entropy graphic
is pointed out in Figure 8.2. The graphic TQ fag tecuperator is the same as the one shown
in Figure 8.7. Moreover, Table 8.2 includes thé oéshe outputs and data calculated using the
same equations applied for the other variant. Tompiete stream table is included in

Appendix.

Like in the other case, the heat that could beaetdd from the exit cooling water of the after-
cooler is calculated. This fluid contains energgwgh (80 MW) in order to cover the energy
necessary for preheating the cooling fluid (2 MW).

Table 8.1 Cooling water temperatures in after-cooleand intercooler of variant 1

Cooling water temperatures (all in °C) In Out
After-cooler water temperature 15.0 32.6
Intercooler water temperature (main group) 15.0 24.4

Qu,after—cooler = MewCpAT = 2500.0 Ke/ .42 k]/kgK- (32.6 — 25.0)K = 79 800 kW

Not all the energy that could be extracted fromdbeling fluid is used for preheating. There
is a possibility to increase the water rate in oidenot loss energy, and accomplishing the

limitations in water cooling.
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Table 8.2 Results of the SCRC with intercooling ithe main loop

Net power (MW)

Recuperator thermal power (MW)

After-cooler thermal power (MW)

Main turbine thermodynamic power (MW)

Main compressor thermodynamic power (MW)
Charger compressor thermodynamic power (MW)
Discharge turbine thermodynamic power (MW)

Fuel gas compressor power (MW)

Combustor thermal power (MW)

Main group intercooler heat discharge (MW)

Power necessary for preheating the fuel (MW)
Condensed water flow rate in after-cooler (kg/s)
Condensed water in charger group intercooler (kg/s)
Condensed water in main group intercooler (kg/s)
Totally condensed water flow rate (kg/s)

Methane fuel flow rate (kg/s)

Main turbine exit flow rate (kg/s)

Hot gas density at main turbine inlet (kgym

Data calculated

Plant net efficiency (%)

Specific power related to the air inlet flow rakd/kg)
Specific CQ flow rate in discharge related to the power oufggtkWh)
Heat exchange in recuperator related to power ooy
Heat exchange in after-cooler related to poweruth)
Heat exchange in main group intercooler relatgabtwer output (%)

421
711
184
617
193
58
64

716
99

921
0.0
3 1
23.2
14.3
791.2
9.9

58.8
1583
0.337
169.0
43.6
23.4
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8.3 Results of variant 2

The following stream table gives information abptgssures, temperatures, mass flows, and

compositions for each of the points studied in SCRC

Table 8.3 Stream table of the second varianNumbering in accordance with Figure 6.4 in Chapter
Composition of the gas is important to follow besmwf its changes. For streams 3, 17 and 19, the
composition percentage does not take into condidarthe water extracted. Therefore the total is no
100%.

Composition (mole %)

Stream P

nr (bar) T((CC) m(kgls) Ar N, O, CO, H,O (g) HzO ()

1 5.897 20.0 778 0.996 83.376 8.164 7.068 0.397 000.0
2 18.576 141.1 778 0.996 83.376 8.164 7.068 0.397 0.000
3 18.019 20.0 778 0.996 83.376 8.164 7.068 0.129 0.003
4 18.019 20.0 777 0.999 83.600 8.185 7.087 0.130 0.000
5 57.792 1434 777 0.999 83.600 8.185 7.087 0.130 0.000
6 5495 993.6 722 0.999 83.600 8.185 7.087 0.130 0000.

7 52.752 1664.9 737 0.963 80.652 0.846 10.362 7.176 0.000
8 55.881 550.0 54 0.999 83.600 8.185 7.087 0.130 0.000
9 52.752 1595.8 791 0.966 80.852 1.343 10.140 6.699 0.000

10 6.266 997.9 791 0.966 80.852 1.343 10.140 6.6990.000
11 6.141 4115 257 0.966 80.852 1.343 10.140 6.6990.000
12 1.014 185.1 257 0.966 80.852 1.343 10.140 6.6990.000
13 1.013 15.0 266 0.924 77.393 20.646 0.026 1.010 .0000
14 6.079 113.8 266 0.925 77.450 20.661 0.026 0.9370.000
15 6.079 1514 534 0.966 80.852 1.343 10.140 6.6990.000
16 6.079 139.2 800 0.952 79.714 7.805 6.757 4.772 .0000
17 5.897 20.0 800 0.952 79.714 7.805 6.757 0.379 0440.
18 2574 1134 266 0.924 77.393 20.646 0.026 1.0100.000
19 2.496 20.0 266 0.924 77.393 20.646 0.026 0.936 .0010
20 2.496 20.0 266 0.925 77.450 20.661 0.026 0.937 .0000

As it can be appreciated in Table 8.3, the compwsdf the gas presents a wide range of values
with considerable changes. This occurs due to akvemsons: the water extraction after

intercoolers and after-cooler, the recirculatiortted most part of the flue gas, and the mix of

the cooling fluid into the exhaust gas after thembastor.

Starting at stream number 1, which correspondsdatain LP compressor inlet flow, it can be
appreciated that the fluid compressed has a camdilyelower content of oxygen ¢ and
higher carbon dioxide (C{pand water (EO) concentrations compared to ISO air composition
(stream 13). As expected, the composition remaamstant until the condensed water in the
intercooler is extracted (stream 4). Through tleeiperator (HP and LP paths) the composition
is also conserved. The most important change irposition is when it is combined with fuel,
and combustion takes place. The contents of &@ HO in stream 7 are considerably higher

because of the combustion reaction, which liberdtesmentioned components. On the other
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hand, very low values of £are detected. After the cooling fluid mixing po{stream 9) the
composition is again altered, but the changes@are;mpronounced. This cycle produces a near
stoichiometric composition in the discharged fl(stteam 11), and its GQraction represents
10.14 % by mole of the exhaust flow. For this readte SCRC is characteristically carbon
capture and storage (CCS) ready.

Concerning mass flows, most part of the flue gagdgculated and only meager part of the
flue gas is led to the discharge turbine (257 kg¥bjch is slightly lower than the air introduced
into the pressurized loop (266 kg/s) but with memergy. Mass flows through turbomachinery

in the main loop are around 700-800 kg/s.
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In order to understand variations in temperatuned pressures, different diagrams are
presented below using the values indicated in T&8Be and their corresponding specific
volume data. Each point of the thermodynamic cigcsiown with its matching stream number
(see Figure 6.4 in Chapter 6). The descriptionagheprocess is explained under each graphic
for better understanding. In all charts the seroset loop is easy to recognise, as well as the

charger group.

The first chart reveals the temperature versusifipeolume graphic, whereas the relation
between pressure and specific volume is illustratede second one. There are not isothermal,

isochoric, or isobaric processes, apart from midng splitting (where P and T are constants).

The first chart (Figure 8.3) shows that the temipeeaafter combustor (7) presents the highest
value as expected. This high value justifies thaling fluid (8) use, which permits to reduce
the TIT approaching 1600 °C (9). The amount of iogofluid and the temperature at which it
is discharged could be useful to regulate the mi&ln The excess fluid point could also be

discharged at different temperature, and it isfaélp choose the desired discharger TIT.

Regarding Figure 8.4, it can be comprehended Heattain group turbomachinery works at
considerably high pressures, and this will be @usihen designing the different devices.
Variances in pressures are due to pressure drapsdened in the machinery, and obviously

due to the existence of compressors and turbines.

When pressures reached by the charger and the coaipressors are compared, it can be
noticed that the pressure reached by the main gsorgasonably higher (57.8 bar). If needed,
this pressure could be increased or decreaseddmgiiy the values of compressors’ pressure

ratios, affecting probably the efficiency of thecley

The same occurs if pressure differences beforeadigdl main and discharge turbines are
contrasted. Therefore, the power output providedhieymain turbine is considerably higher

than the power output of the discharge turbine.
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Temperature versus specific volume
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Figure 8.3 Temperature — specific volume diagram afhe second variantProcesseq13—18) air
compression in LP charger compressor—P®) intercooling; (26+~14) compression in HP charger
compressor; (14-16) mixing compressed air into recirculated ga$—+€1) mixture after-cooling;
(1—2) mixture compression in LP main compressor>4) intercooling; (4-5) mixture compression
in HP main compressor; {56) mixture compressed heating up in HP path of pertor; (6-7)
combustion; (#9) mixing cooling fluid into flue gas; (310) flue gas expansion in main turbine;
(10—15) flue gas cooling down in LP path of recuperatbit—12) discharged flue gas expansion in
discharge turbine.
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Pressure versus specific volume
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Figure 8.4 Pressure — specific volume diagram of éhsecond variant.Processes: (1318) air
compression in LP charger compressor—28) intercooling; (20—14) compression in HP charger
compressor; (14-16) mixing compressed air into recirculated gas; (16—1) mixture after-cooling;
(1—2) mixture compression in LP main compressor; (2—4) intercooling; (4—5) mixture compression
in HP main compressor; £56) mixture compressed heating up in HP path of recuperator; (6—7)
combustion; (#9) mixing cooling fluid into flue gas; (310) flue gas expansion in main turbine;
(10—15) flue gas cooling down in LP path of recuperator; (11—12) discharged flue gas expansion in
discharge turbine.
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The temperature — specific entropy diagram is giveRigure 8.6. It helps overviewing the
thermodynamics of the cycle studied. The diagraowsithe same tendency as the one found
in literature (Wettstein, 2014b), which is presenteFigure 8.5.
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Figure 8.5 Temperature — specific entropy diagram foan intercooled SCRC (Wettstein, 2014b)
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Figure 8.6 Temperature — specific entropy diagram fothe second variant
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The rest of the data for variant 2 are presentédhbie 8.4.

Water is condensed and extracted from the gas,hwhians that this cycle produces water.
This water could be profitable, especially when phemnt is situated in arid zones and an air

cooling system is applied.

One of the important characteristics of the cysléhe density of the gas at main turbine inlet.
As shown in table, this value is high, which pesnitat more mass flow can go through the
turbomachinery and therefore, more power outpubegoroduced. Without using so much fuel

and introducing 266 kg/s of air, it is possiblgtoduce electric power around 420 MW.

Table 8.4 Results of the second variant

Net power (MW) 427
Recuperator thermal power (MW) 711
After-cooler thermal power (MW) 152
Main turbine thermodynamic power (MW) 617
Main compressor thermodynamic power (MW) 193
Charger compressor thermodynamic power (MW) 52
Discharge turbine thermodynamic power (MW) 64
Fuel gas compressor power (MW) 2
Combustor thermal power (MW) 716
Main group intercooler heat discharge (MW) 99
Charger group intercooler heat discharge (MW) 25
Power necessary for preheating the fuel (MW) 2
Condensed water flow rate in after-cooler (kg/s) .821
Condensed water in charger group intercooler (kg/s) 0.1
Condensed water in main group intercooler (kg/s) 3 1.
Totally condensed water flow rate (kg/s) 23.2
Methane fuel flow rate (kg/s) 14.3
Main turbine exit flow rate (kg/s) 791.2
Hot gas density at main turbine inlet (kgJm 9.9

As we move ahead, different important outcomesaleulated with the numbers presented in
this table.

The most important value is the net efficiencyha plant. As it was commented in Chapter 6,
the efficiency is calculated as the net power peceduby the plant divided by the fuel
consumption and its LHV. Cooling water pumps poarer not considered because their power
required are negligible compared to the power dutfpnother important thing that affects
efficiency calculation is if there is enough enengyhe cycle in order to preheat the fuel until
120 °C. If this energy extracted is not enough etifieiency of the plant should be calculated
taking into consideration the heat necessary thgatit. Table 8.5 is used for corroborating

that the energy can be extracted from the energtagwed in the cooling water.
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Table 8.5 Cooling water temperatures in after-cooleand intercoolers

Cooling water temperatures (all in °C) In Out

After-cooler water temperature 15.0 29.6
Intercooler water temperature (charger group) 15.0 17.4
Intercooler water temperature (main group) 15.0 24.4

Due to environmental reasons, the cooling watelebtémperature was limited at 25 °C.
Examining the table, the after-cooler’s water dutenperature excess this limit, and the energy

that could be extracted is approximately 48 MW
Quafter—cooler = MewCpAT = 2500.0 kg/ .42 k]/kgK. (29.6 — 25.0)K = 48 300 kW

Hence, it is demonstrated that there is enoughggrtbat could be extracted from the cooling
fluid in order to cover the 2 MW necessary for ma&ing. Therefore, the equation for
calculating the net efficiency is valid.

In case that this energy would not have been endhghheat of the gas after the discharge

turbine could be used to increase the fuel tempegab 120 °C.

Another output is the specific power (SP) relatedhie air inlet flow rate. It is calculated as

follows:

W,
SP (KJ/kg air) = —swplant (Equation 8.1)

air
where Wyt plant IS the net power of the plant in kw

m,;. IS the air mass flow rate in kg/s

The specific CQflow rate in discharge related to the power outpCO2R):

m -(1-RR)-x
CO2R (kg/kWh)= ou 1 (L RR)%eo, 5 0 (Equation 8.2)

Wnet,plant

where . vr IS the mass flow after the main turbine in kg/s
RR is the recirculation ratio

Xco,1s the CQmass concentration in the discharged fluid

Whet plant IS the net power of the plant in kW
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Finally, the heat exchange in recuperator/aftelerdiatercooler is given b¥;/Wyet piant
whereQ; is the heat power exchanged in the recuperataredta@er/intercooler in kW, and

Whetplant IS the net power developed by the plant in kW.

The results are shown in Table 8.6. From the ptedaiata, it can be appreciated that the plant
offers a high efficiency. The specific power wobkluseful when comparing with other cycles.
The low value of the specific power reduces the sizinlet and outlet ducts.

Table 8.6 Properties of the SCRC calculated

Net efficiency (%) 59.6

Specific power related to the air inlet flow rakd/kg) 1605
Specific CQ flow rate in discharge related to the power oufggtkWh) 0.332
Heat exchange in recuperator related to power o 166.6
Heat exchange in after-cooler related to poweruuth) 35.7

Heat exchange in charger group intercooler reletgumbwer output (%) 6.0
Heat exchange in main group intercooler relatgabtwer output (%) 23.4

The comparison between heats exchanged in theedepiesents that the highest value is in
the recuperator, followed by the after-cooler, aftdrwards the intercoolers. As the recuperator
is the device where most heat exchange occurs,réquired more heat exchange area, and

therefore its size is substantially higher thandimeension of the intercoolers and after-cooler.

A TQ diagram of the recuperator is plotted in Feg8r7. It shows the temperature distribution
along the length of the heat exchanger, as wethadotal heat transferred to the fluid. The
recuperator is composed by three different hedtaaxgers. For this reason each heat exchanger
is represented by a different steep line. The gaklline almost holds the same steep along the

recuperator.

The temperatures indicated in Table 8.7 corresptmtise points represented in Figure 8.7. It
is worthwhile to comment that the hot end and euld differences between both gases are very

small, what could mean that the heat is betteritechf

Depending on how the recuperator is designed, taphic and temperature differences

commented would change.

Table 8.7 Characteristics of the recuperator

Temperature differences in recuperator (all in K)

at hot end 8.0
at cooling fluid discharge point 63.8
at excess fluid discharge point 80.2
at cold end 4.3
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Figure 8.7 TQ diagram of the recuperator of the saand variant. Red lines refer to the hot flue gas
in the LP path, and blue lines to the cold gashen HIP path. The temperature difference within the
recuperator remains higher while two temperatunetpipoints appear at the hot and cold end of the
recuperator.
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8.4 Comparison between variants

After analysing the results of the two semi-closecluperated cycles, it can be concluded that
intercooling in both compressors offers a clearaatlyge with respect to efficiency and power

density.

Intercooling in only one of the compressors leaws thigher temperature difference in the
mixing point. Therefore, the after-cooler’'s workcigases approximately 22 %, and less water
Is condensed. The absence of intercooling resultsare work for the charger compressor and

a decrease in the efficiency (58.8 % in varianbd 89.6 % in variant 2).

Moreover, if losses in the mixing point would haween considered, in the first variant the
losses would be larger because of a higher difteréamtemperature in the mixing point. Thus,
the efficiency would decrease again.

For its point forward, intercooling in both compsess will be the option to best study due to

its potential.
8.5 Validation of the SCRC models

The results of the second variant designed, whictsiders intercooling in both compressors,
are compared to the outcomes of a similar studyethout by Wettstein (2014b). The objective
of this comparison is to validate the semi-closecuperated cycle modelled. The designed
model was made on the basis of this literature, datd for this reason it is the best study to

compare to.

Most of the input values of the model were chossasonably close to the ones used in the
study mentioned above. It has to take the assungptitoconsideration because not all the
assumptions from the designed plant were the sa@hese different considerations (see Table
8.8) and miscalculations of the software will irdhce the existing error between the literature
data and the results displayed by EBSILON. Howewemparing these numbers will give a
relevant check according to efficiency, exhaust gamposition, specific power, and heat
exchange in recuperator and intercooler relatethégpower output. The performance of the
simulated cycles will be considered valid if thesnionportant results calculated by the program

are in within the range of 5% of the outcomes efstudy.
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Table 8.8 Differences between considerations madethe SCRC model and the literature data

Variant 2 Wettstein
Type of gas considered real ideal
Turbomachinery's efficiencies isentropic polytraphi
Cooling fluid mixing point before turbine  middlerhine
Cooling water temperature (°C) 15.0 20.0
Temperature after intercooling (°C) 20.0 25.0
Temperature at cooling fluid discharge from recafmr(°C) 550.0 500.0
Temperature at discharge turbine inlet (°C) 411.5 05.8
Cooling air ratio for main turbine (%) 7.0 12.0
Fuel LHV (kJ/kg) 50015 50000

Table 8.9 shows the comparison of the exhaustagasposition after the main turbine between
the model simulated and the data found in litematlihe relative error is less than 2.5 %-points
for all the elements except for the oxygen, whaser éepresents approximately 23 %. This is
principally due to the cooling fluid recirculatioate, which was an inlet value. It was chosen
lower than in the literature case (7 % instead )2Tis was made in order to obtain a turbine
inlet temperature around 1600 °C. Therefore, the @fdcentration is incremented 2.3 %-

points.

Table 8.9 Verification table for the flue gas’ compsition

Fluid composition at main Out of main turbine
turbine outlet (mass %)  Simulation Literature
Argon (Ar) 1.32 1.32
Nitrogen (N, 77.74 77.57
Oxygen (Q) 1.48 1.93
Carbon dioxide (C¢) 15.32 14.97
Steam (HO) 4.14 4.21
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In the following table the results from the compan between the study and simulation data
are presented.

Table 8.10 Verification table for the second variah Relative error data is pointed out in third column.
Relative errors higher than 5 % are indicated th Most of the results are in the range considered.

Relative

Variant 2  Wettstein error (%)

Net efficiency (%) 59.6 59.5 0.2
Net power (MW) 427 417 2.3
Recuperator thermal power (MW) 711 615 15.8
After-cooler thermal power (MW) 152 154 1.0
Specific CQ flow rate in discharge related to the

power output (kg/kWh) 0.332 0.332 0.0
Totally condensed water flow rate (kg/s) 23 22 3.8
Methane fuel flow rate (kg/s) 14 14 2.1
Main turbine exit flow rate (kg/s) 791 793 0.2
Hot gas density at main turbine inlet (kgjym 9.9 10.3 4.1
Main turbine thermodynamic power (MW) 617 606 1.7
Main compressor thermodynamic power (MW) 193 192 6 0.
Charger compressor thermodynamic power (MW) 52 52 50
Discharge turbine thermodynamic power (MW) 64 63 6 0.
Fuel gas compressor power (MW) 2 2 0.2
Main group intercooler heat discharge (MW) 99 101 22
Charger group intercooler heat discharge (MW) 25 29 13.4
Temperature differences in the recuperator

.at cooling fluid discharge point (K) 63.8 77.2 17.4
.at excess fluid discharge point (K) 80.2 82.4 2.6
.at cold end (K) 4.3 8.1 47.4
Temperatures in the cycle (all in °C)

Recuperator hot end exit temperature 993.6 888.6 11.8
Main turbine inlet temperature 1595.8 1597.8 0.1
Main turbine average exit temperature 997.9 896.6 11.3
Discharge turbine average exit temperature 185.1 1.818 1.8
Charger LP compressor average exit temperature 4113 1136 0.2
Charger HP compressor average exit temperature 8113 1139 0.1
Main LP compressor average exit temperature 1411 41.41 0.2
Main HP compressor average exit temperature 143.4 4261 0.5
Other data

Specific power related to the external air inletfl

rate (kd/kg) 1605 1569 2.3
Heat exchange in recuperator related to power 166.6 1473 13.1
output (%)

Heat exchange in after-cooler related to power 35 7 36.9 33
output (%)

Heat exchange in charger group intercooler related 6.0 71 15.3
to power output (%)

Heat exchange in main group intercooler related to 234 241 31
power output (%)

Combustor thermal power (MW) 716 701 2.1
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From the above presented data could be conclud@edhére is an acceptable match between
these values. A major difference appears in reaipes characteristics principally due to the

different design and considerations made for thigae.

On the other hand, in variant 2 the cooling gas mased with the flue gas from combustor
before entering in the main turbine. In Wettstestigdy it was mixed when the exhaust gas was
going through the main turbine. Therefore, in TéhE0 can be appreciated a higher error in

the average exit temperature.

The heat exchange in the low-pressure intercodser r@presents a considerable error. This
could be because the cooling water and its floneweensidered different (15 °C and 2500 kg/s

respectively).

All the other data are comparable and they hawetative error lower than 5 %. Regardless of
these discrepancies commented above, and takmgaaebunt their causes, the results are very

close to the Wettstein’s study, and this fact \atkd the second model.

For the first case, there is not data availabld wibse assumptions. However, as this model
was built on the same basis of the validated abawe,its results were the expected ones, it

could be considered valid.
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9 Evaluate the results by comparing the different

technologies

As it was concluded in Chapter 8, when the variahtte SCRC were compared, intercooling
in the pressurized and charger groups leads to@fiben terms of efficiency. The same occurs
when intercooling the well-known combined cycle ¢gadbines. This is the reason why the
reference CCGT and the SCRC intercooled in bothpga@re contrasted in this chapter.

Both simulated plants present identical power ougma a comparable fuel consumption. The
fact is that the SCRC technology is supposed tonme advanced equipment than the CCGT
mainly due to the larger TIT, which is around 16@ Hence, the SCRC designed reaches

efficiencies about 60 %, while the CCGT designessents a considerably lower value.

The evolution of the CCGTs efficiency from its appance until the year 2005 is presented in
Figure 9.1. The slight increase of the plant edficly tendency during the last years might be
extrapolated to future years, when the SCRC tedgyolill be developed. Analysing the first
and the second (Figure 9.2) graphics, TITs arog011700 °C will be probably reached in
the future. Hence, the efficiency of the CCGT teatbgy could approach values in the range
62-64 %.
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Figure 9.1 Transition of plant efficiency of convetional thermal power plant and combined cycle
power plant (Ishikawa et al., 2008)The improvement in the CCGT technology leads tinarease
of the efficiency.
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Being aware of this technological difference thgults are presented in Table 9.1. It gives an
overview of the SCRC technology compared to a ctl@€GT. The differences between these

technologies commented afterwards will probablya&nin the future.

It is worthwhile to mention that the simulation puts match with the values shown in the
theoretic Table 5.1 (Chapter 5).

Table 9.1 Comparison of the output values for thewo technologies studiedEstimate numbers are
indicated with an asterisk (*).

CCGT SCRC

Net efficiency (%) 57.7 59.6
Net power (MW) 427 427
Main compressor pressure ratio (total) 20.4* 8.9
Oxygen excess factor in combustor 2.41* 1.1
Methane fuel flow rate (kg/s) 15 14
Totally condensed water flow rate (kg/s) 0 23
Fuel gas compressor power (MW) 0 2
Combustor thermal power (MW) 971* 716
Main (gas) turbine inlet temperature 1363.9* 1595.8
Hot gas density at main turbine inlet (kgjym 4.3* 9.9
Main gas turbine exit flow rate (kg/s) 702 791
Main (gas) turbine average exit temperature 585.0 997.9
Flue gas stack temperature/ discharge turbine gearsit temperature 79.8 185.1
Hot end temperature difference in the HRSG/recupera 25.0 8.0
Cold end temperature difference in the HRSG/reatper 50.7 4.3
Heat exchange in HRSG/recuperator related to powgaut (%) 92.4 166.6
Heat exchange in condenser/after-cooler relat@dweer output (%) 59.3 35.7
Specific power related to the air inlet flow rakd/kg) 622 1605
Specific CQ flow rate in discharge related to the power oufggtkWh) 0.344 0.332
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Specific power

The SCRC offers a high specific power comparetiédGCGT technology. The specific power
related to the air inlet flow rate reaches aroul BJ/kg in the CCGT simulated, which is
considerably lower than the specific power of tl@RE with around 1600 kJ/kg. This means
that in a SCRC the inlet and outlet ducts can bk temarkably smaller.

Heat exchange requirement

The large heat exchanged requirement of the HRS@dezator related to the power output is
interpreted as a bigger size of the HRSG compaoedh¢ heat exchange area of the

condenser/after-cooler.

The heat requirement in the recuperator represbat$66.6 % of the power output, while in
the HRSG it is around 92 %. However, the heat exghan the CCGT occurs at ambient
pressure compared to a pressure of around 6 liae RCRC case. The heat transfer coefficient
increases at high pressures. Hence, the recugersiwe of the SCRC will be smaller than the
HRSG in the CCGT studied. The mentioned deducsaso applicable to the condenser of a
CCGT and the after-cooler of a SCRC. ThereforeSIGRC has a considerably lower footprint
than the CCGT because of the higher power densityecequipment.

Pinch temperature point

Another relevant discrepancy between the HRSGeo€&@GT and the recuperator of the SCRC
is noticed by comparing the TQ diagrams displajethe SCRC two temperature pinch points
occur at the hot and cold end of the recuperatalevihe temperature difference within the

recuperator remains higher. However, in the CCG& tivo pinch points appear after heating
up the steam in the superheaters. In CCGT techpdthagsituation of these pinch points depend

strongly on the pressures at which the steam dyoed.
Condensed water

The SCRC technology is relevant in arid environreelthile the CCGT lose all the water
produced by combustion through the stack, the SER@Guces condensed water. It is for this
reason that if a cooling technology is applied,glant can still export water. For instance this
water could be used for cleaning tasks.
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Flue gas composition

As it can be appreciated in Table 9.2, thee@@d Q mole contents in gases out of the stack of
the SCRC represents respectively 10.1 % and 1.8 ttecexhaust gas, while these fractions
are 3.8 % and 12.4 % by mole in the CCGT technol@ythe one hand, the SCRC is well
suited for CQ capture because of the near stoichiometric cortippsind the high temperature
of the gases out of the stack. Therefore, the S@Rlahology pollute less than a CCGT, which
directly discharges the G@roduced into the atmosphere. On the other h&wedptv content

of Oz in the recirculated fluid of the SCRC can causeasion in some machinery of the cycle,

and resistant materials should be used.

Table 9.2 Molar fractions of the exhaust flow out bthe stack

Molar fraction (mole %) CCGT SCRC
Argon (Ar) 0.89 0.97
Nitrogen (N) 74.51 80.85
Oxygen (Q) 12.42 1.34
Water (HO) 8.43 6.70
Carbon dioxide (C¢) 3.75 10.14

Other

The high pressures and temperatures in the maihineag of the SCRC leads to use resistant
materials in these devices. As it was seen in theébe mitigation of the high pressure of the
casings is to arrange the high pressure partsamenon pressure vessel. Therefore, this vessel
avoid the need for a heat resistant design oratisuml. This probably results in an increase of
the cost of the SCRC.

Finally, an advantage of the CCGT is the fact itsabehavior in direct is well known, whereas

the big scale of a SCRC have still to make the &tap theory to practice.
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Table 9.3 summarizes all the advantages and incogvees of the SCRC compared to the
CCGT. As a conclusion, SCRC plants are a good ofitihe objective of the plant is to reduce

emissions at the same time that a high efficieaayeeded.

Table 9.3 Advantages and inconveniences of the SCR&hnology

Advantages Disadvantages
High efficiency Use of resistant materials in sae®ices
Reduced size and weight of the machinery Laowedhtent in the recirculated gas
Pinch points situated at the hot and cold

Possible corrosion

ends

High CG: content in discharge at high Expensive

temperature

Low emissions Not proved practically

Useful in arid conditions Limitation in TIT

Water production Pressure and temperature limiiatio
No extra bottoming cycle fluid Fuel compressor rezkd

High specific power

Smaller pipes in intake discharge points
Low footprint

High power density
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10 Sensitivity analysis

As it was concluded in Chapter 8, the semi-clossdiperated cycle with intercooling in all
compressors is the variant most interesting to @mgnt. A sensitivity analysis of this variant
is carried out with the aim of knowing how this mavould respond to particular changes.

The method followed for doing the sensitivity arsdyis to make small variations in one
variable fixed during the modelling process, witiie other characteristics are upkeep constant
as in the base case. The results of these vaigatienused to comprehend how they influence
the power output and efficiency of the plant.

As the model was designed, the cooling fluid terapge was fixed at 550 °C. This temperature
depends strongly on the design of the recuperafitize point where the fluid is discharged.
When modelling, the temperature desired of theingdluid was reached by choosing the hot
end temperature difference in recuperator (diffeedmetween temperatures of streams 10 and
6 in Figure 6.4), and the cooling recirculatiorerffixed at 7 % in the base case). It is for this
reason that during the sensitivity analysis itasessary to approximate this temperature to 550
°C by changing the temperature difference mentiatede. The error derived of this procedure

is negligible, and only affects some hundredthsfiltiency, power output, and temperatures.
10.1 Influence of the recirculation ratio

Recirculation ratio changes have a strong influemcéhe efficiency of the cycle. Figure 10.1
affirms that the efficiency is roughly inverselyoportional to the recirculation ratio. The power
output shows the same tendency (see Figure 1(th]y.i9 due to the increasing or decreasing

of the turbine inlet temperature.

When augmenting the quantity of recirculated flaie TIT is increased because there is more
amount of fluid to heat up. As it can be appredateFigure 10.3, recirculation ratios higher
than 67.5 correspond to a TITs above 1600 °C. Naygdhere are not so many gas turbines

operating that can support so high temperatures.

For all these reasons, regulating this temperatndethe power output of the plant can be done
by changing the rate of the recirculation ratiothié highest efficiency possible is the aim of
the plant, a lower recirculation ratios that ledg¢asonable TITs should be chosen.
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Figure 10.1 Efficiency — recirculation ratio graphic of the SCRC.Higher efficiencies are reached
with low values of pressure ratios.
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Figure 10.2 Power output — recirculation ratio gragic for the SCRC. The power output can be
regulated by changing the recirculation ratio.
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Figure 10.3 Turbine inlet temperature — recirculaton ratio graphic of the SCRC.The hot gas
temperature at the main turbine can be increaseddmcing the recirculating ratio, and vice-versa.

10.2 Influence of pressure ratios

The effect of changes in pressure ratios of thenraad charger group is relevant because it is

an easy way to change the operation of the plant.

The results of variances of the pressure ratilb@fmain compressor are shown in Figure 10.4
and Figure 10.5. As it can be appreciated, thespresratio of the main loop has a large
influence on the power output and efficiency of thle. Efficiency and power output

decrease, roughly in proportion to the compresgesqure ratio. This is due to the main turbine

inlet temperature diminution.

If the turbine inlet temperature would not be affected by this change, it might be concluded
that a small pressure ratio is always profitablevéitheless, the TIT increases when the
pressure ratio decreases. In this case, for peesatios lower than 9.8 the TIT is above 1600
°C. As it was commented before, it is difficult azmbtly to use gas turbines that can support
these temperatures. An easy way to reduce thicdilild be increasing the cooling fluid ratio,
or discharging the flue gas from the recuperatbigtier temperature, but the efficiency would
be reduced in both cases. Choosing the lower preesatio that allows a reasonable TIT could

be the best solution if it is not desired to modifg recuperator’s design.

The power output could be regulated by changingptiessure ratio of the main group, but

taking into consideration how the efficiency of thele would affect.
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Figure 10.4 Efficiency — pressure ratio of HP loographic of the SCRC.The efficiency decreases
if the pressure ratio increases, and vice-versa.
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Figure 10.5 Power output — pressure ratio of HP Igw graphic of the SCRC.The power output
decreases if the pressure ratio increases, and/ersa.

Besides, if the pressure ratio changed correspntte compressor of the charger group, the
response of the plant is totally different. Thaadincy remains practically constant with low-

pressure ratio variances, as Figure 10.6 showspiidssure ratio variations are in the range of
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3.2-7.0. The largest value is chosen because higties than 7.0 led to TITs quite higher than
1600 °C. On the other hand, for lower ratios thah the fuel compressor is not necessary

anymore (the pressure of the fuel deliberated imleqgr higher than the pressure required in

combustor).
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3.0 35 4.0 4.5 5.0 55 6.0 6.5 7.0

Pressure ratio (-)

Figure 10.6 Efficiency — pressure ratio of LP loomraphic of the SCRC.The efficiency remains
almost constant with the pressure ratio.

Practically, this means that the power output ctndadegulated by changing the pressure ratio
of the charger compressor maintaining the effigyeriiclosses in the mixing point had been
considered, the efficiency would be diminished Ibsea of the differences between
temperatures of the mixed gases. However, thiscteguin efficiency might be not very
significant since the mass flow introduced in tHelBlop is considerably small compared to the

flow recirculated.

Another propriety of the cycle is that it coulddepressurized easily by changing this pressure
ratio. This is important in case that the chargenpressor would not work due to technical

problems or a maintenance stop, because the ptamd continue working and producing

energy.
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10.3 Influence of the cooling water temperature

Fluctuations in the cooling water temperature canirfterpreted as alterations in ambient

conditions. In our model, changes in cooling waenperatures are directly related to the

temperature after intercoolers/after-cooler. Thimperature was considered 5 °C higher than
the cooling water temperature. In the base casetaimperatures fixed were 15 °C for the

cooling water, and 20 °C for exit temperaturesitdricoolers and after-cooler.

In the following graphics are represented the ogplater temperature influence on the cycle
efficiency and power output.

A diminution of the cooling water temperature entesthe power output of the plant, because
the charger compressor has to work less. Therefweesfficiency is increased some decimals
and it is possible to reach efficiencies around®0Quantitatively, a reduction of the cooling

water temperature from 15 to 8 °C, increases therthl efficiency to 60.1 %, and the power
output to 430 MW.

Moreover, increasing the cooling water temperakeaes to a marginal increase of the TIT.
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Efficiency (%)
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8.0 10.0 12.0 14.0 16.0 18.0 20.0 220 240

Cooling water temperature (2C)

Figure 10.7 Efficiency — cooling water temperaturegraphic of the SCRC A cooling water
temperature diminution benefits the SCRC efficierasyit occurs in CCGT.
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Figure 10.8 Power output — cooling water temperatug graphic of the SCRCIf the cooling water
decreases its temperature, the power output istligigher.

After interpreting the meaning of these graphitspuld be concluded that these plants would

offer better results if ambient conditions are eoolt would be preferable to situate these plants
in cold places.
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10.4 Influence of turbomachinery’s efficiency

The influence of turbomachinery’s efficiencies be plant efficiency gives useful information
about which efficiency could reach the plant if tnebines and compressors used are more
advanced or not compared to the ones of the base ca

For carrying out the sensitivity analysis, the sadwita ¢0.1 %) is applied in all

turbomachinery. The results are displayed in Figx®.

Efficiency (%)

59.0
-1.0 -0.5 0.0 0.5 1.0

Ad isentropic efficiency (%)

Figure 10.9 Efficiency -Ad isentropic efficiency of the turbomachinery graphc of SCRC.If the
turbomachinery technology is improved, an efficieacound 61 % could be reached.

As it is expected, an increase in the turbomackisesfficiency has a positive effect on the
plant efficiency. By reducing 1 %-point the isemimefficiencies considered in all compressors
and turbines, the efficiency of the plant is realydaut it still keeps high (nearly 59.1 %). In
contrast, if turbomachinery is improved 1 %-poefticiencies around 61 % are achieved.
Therefore, it could be concluded that a progredarimomachinery is beneficial for this cycle,

allowing efficiencies above 60 %.

87



10.5 Conclusion

After making the sensitive analysis, it could betetl that the SCRC studied offers flexibility,
and the capacity of adapting to different energyaleds.

As it has been seen, this technology offers mae time way to control the power output, being
the most useful by changing the pressure ratios @éssequence of this, this technology could

be used as a base load plant, but also could tdogetemand during peak hours.

Another important characteristic is that the maiop can be depressurized easily maintaining
the efficiency almost constant. In case of a maiutee stoppage in the charger group, or one

of the LP compressors is broken, the plant coulldosoduce electricity.

There are some factors that influence on the pMnotifications of water temperatures have
an important effect on the efficiency and powerpaotit A cold environment benefits the plant,
and situating it in a cold place would be advantage The highest efficiency would be reached

during cold seasons.

Finally, the plant efficiency could be considerabhhanced if turbomachinery characteristics
are improved. It has been seen that efficienciggersor to 60 % could be reached with
technology improvement. This technology improvemerdludes a rise in turbine inlet
temperatures, and therefore turbine efficiency.

This sensitivity analysis might be used for subsedicycle optimizations. The best option

might be to choose ratios which allow realistic imaxm pressures and TITs.

The results of this analysis would be applicabitgfants with identical (or at least close) design

conditions.
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11 Challenges with the SCRC technology, potential a nd

future work

Two variants of a semi-closed recuperated cycleefectrical energy generation in onshore
applications were investigated in this thesis: iatercooling only in the pressurized group, and
another one which intercooled the charger and tlaén nstompressors. As it happens in
combined cycle gas turbines, it was corroboratatlitiiercooling benefits the SCRC regarding

efficiency.

A detailed comparison was made theoretically atenabrds practically by simulating both
cycles with EBSILON®Professional. It is worth memting the probably low accuracy of the
outputs displayed by the software.

Regarding the comparison between cycles, the feattthe plants simulated were not at the
same level technologically because the TIT wasidensd higher in the SCRC should be taken
into account. And as it occurs in the CCGT, a highid benefits this technology. A further
increase in TITs represents also a challenge inGGCR

The assumptions in the model could lead to impeecesults. Firstly, the gas circulating
through the main group was considered a real gasad of the ideal mixtures assumed in other
studies. This was done because of the high presama temperatures reached in the SCRC.
This assumption might need to be revised. Anotbeflicting point in the results obtained was
the fact that the limitation around 900 °C at tbeuperator in the SCRC was not accomplished.

However, as the outputs obtained match with therthand other similar studies, they might
be used in future work as illustrative results. yfeenfirm the potential of the SCRC technology

when operational flexibility, efficiency and low &wgions have a relevant interest.

Another contribution of this thesis is the sendyianalysis, which contemplated the influence
on the cycle of variations in recirculation ragwessure ratios, cooling water temperature and
isentropic efficiencies of the turbomachinery. Hwtance, it demonstrated that a 1 %-point
improvement of the efficiencies of the turbomachyjnesults in an increase around 2.3 % of
the plant net efficiency. The influence of otheriables on the cycle might be explored. One

of the most interesting variable is timerease/decrease of the fuel preheat temperature

During the analysis of the SCRC, a maximum presance main TIT were not considered.
Hence, and as it was commented before, the rangmnud variables explored for knowing how

they influenced the cycle (especially pressur@satilid not accomplish these limitations. This
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Is the reason why interpreting the results of #resgivity analysis in a general way, and taking
into account the current technology limitations htige useful fooptimising the cycle.

A simulation considering Nfas a product of the combustion would have giveremealistic
results. Moreover, in this simulation the fuel ypase methane. The advantages/inconveniences
of using another fuel type/qualitymight be interesting to study. The capacity topadeplant

to different fuels allows it to continue produciegergy when the typical fuel used is not
available, and to negotiate fuel prices. Dependipgn the fuel used and its quality, this

technology could be applied to different applicaso

In this thesis the SCRC was applied for onshoresc@khe oil and gas companies have singular
requirements for offshore installations, which iamg ways are different to onshore plants. For
instance, offshore plants are limited of weight apdce, and therefore a high power/weight
ratio is of importance. It is also required a hggbduction, efficiency and reliability. The low
power density, high efficiencies and high powemigein other characteristics that offers the
SCRC technology might cover offshore requisitesuslThthe potential of applying this

technology inoffshore plantsmight be explored.

As it was concluded after the simulation resutie, $CRCs could work in arid places due to its
capacity to produce condensed water under ISO tiongi Therefore, @esign using dry

cooling systemsnight be of interest.

Renewable sources have a relevant paper in theefbecause the other energy sources are
scarce. From an operational viewpoint, the integnadf renewables constitutes a significant
challenge due to the stochastic property of moghefrenewable sources. The production
variability of these technologies — specificallyndipower plants (see Figure 11.1) — have to
be compensated by non-stochastic power plants.e@iyrthis function is carried out by
CCGTs, but it is very costly due to the continuohanges in production levels, and to the fact
that they have to start up and shut down often€Gdll., 2014).

It is necessary a technology flexible enough inghert term to provide backup in the face of
variability and uncertainty. Guaranteeing supplythe medium term by securing adequate

amounts of primary energy is also needed.

And the SCRC technology might be a better alteveatian the CCGTs to handle the so-called
power cycling. This is the reason why a study & SCRC plants in this situation might be
relevant. For achieving this, firsiff-design simulations and latelytransient/dynamic

simulations might be explored.
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Figure 11.1 Electricity production in Spain by souce of primary energy (Gil et al., 2014)It can be
appreciated the high variability production of reaéles sources, and the consequent adaptatioe of th
CCGTs to these changes.

Apart from the importance of the renewable sourcesemissions are in the spotlight. In order
to reduce carbon emissions, one option isSGfe capture. The flue gas contains a high €0
concentration and the required low temperature aetaction for driving a C®absorption
(Wettstein, 2013). The absorption process of the €@tained in the discharged gas of the

SCRC was not considered as part of this currenkyvasrd might be further investigated.

There are still open issues that might be explbefdre launching this product. Regarding the
devices’ design of a SCRC plant, the high-preskwel and temperatures might be a design
challenge. A detailed study of arranging the prezed part in one vessel might be further
investigated in its mechanical and thermal aspects.

The design of the recuperator is another conflecpoint of this technology due to the high
pressures and temperatures at which it works.driiiboretical part of the thesis, the existence
of a pressurized direct contact steam generatorfowasd. The characteristics at which this
device works match with the gas that flows throaglecuperator of a SCRC (low Gontent,
high CQ, and high pressures). The idea of applying a ainidchnology in the recuperator of
the SCRC might be explored.

A study of asafety operation and maintenancef the semi-closed cycle is another open issue.
It would be an interesting study due to the higbspures in the cycle, and especially when

handling fuel gas under high pressure.
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Finally, the creation of a firgmall unit sizewould be interesting for demonstrating that this
technology can make the step from theory to pracfio carry this out it would be necessary
to first study more conservative designs. To chdrga small to big scale, atonomicstudy

might be done. This study could include the besiapation of the cycle taking into account

the equilibrium between costs of the plant andgh lefficiency.
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12 Conclusion

Full-plant simulations of two variants of the ndyekemi-closed recuperated cycle, the
intercooled variant comparison to a common combityale power plant, and a sensitivity
analysis of determined variables for this variaet@esented herein. The design of the cycles
were applied to onshore cases. Thus, the resuttstten comparison of both cycles were

discussed taking into account the basic needs ohahore plant.

This comparison showed that the SCRC technologhlesto reach high efficiencies and power
output at probably the same level than an adva@€@T plant. The advantages compared to

the CCGT technology are mainly four:
1. Its capacity of production water under ISO conditio
2. Its simplicity and the avoidance of a bottomingleyftuid.
3. The reduced size of the machinery and therefolewsr footprint.

4. Low CO; emissions due to the fact that the propertieb®fiischarged fluid (high GO
content and temperature) make this technologyseit® use absorption methods for

capturing the C@

The lately sensitivity analysis of the SCRC modemanstrated the capacity of this plant to
control the power output by different ways, whi@nde translated as an inherent property of
flexibility. As it occurs in CCGTSs, it was seen tl@nanges in the cooling water temperature
have a high influence on the plant’s efficiencyndty, it was concluded that the plant
efficiency could be considerably enhanced if turbomnery characteristics are improved.

To summarize, the SCRCs could outperformance feréifit aspects the CCGTs and could be
of relevant importance in a period that clean sesiare of vital importance. SCRC technology
offers a flexibility that could face future energgmands while offering high efficiencies and

low emissions if the C&@is captured.

Its low power density leads to think that this tealogy might be applicable in other cases such
as in offshore plants. There are still lines ofastigation that might be explored before

launching this technology, but its potential isacle
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Appendix

Table 0.1 Stream table of the first variant (SCRC)Numbering in accordance with Figure 6.3 in
Chapter 6.

Composition (mole %)

Stream

nr (b';r) TEC) m(kgls) Ar N, O, CO, H, 0 H,0()
1 5897 200 778 100 83376 8164 7.068 0397 00.00
> 18576 1411 778 100 83376 8164 7.068  0.397 0000.
3 18019 200 778 100 83376 8164 7.068 0129 030.0
4 18019 200 777 100 83.600 8185 7.087  0.130 000.0
5 57792 1434 777 100 83.600 8185 7.087  0.130 0000.
6 54950 9936 722  1.00 83600 8185 7.087  0.130 0000.
7 52752 16649 737 096 80.652 0.846 10362  7.1760.000
8 55881 5500 54 100 83.600 8185 7.087 0130 000.0
9 52752 15958 791  0.97 80852 1.343 10.140  6.6990.000

10 6.266  997.9 791 0.97 80.852 1.343 10.140 6.699 .0000
11 6.141 4115 257 0.97 80.852 1.343 10.140 6.699 .0000
12 1.014 185.1 257 0.97 80.852 1.343 10.140 6.699 .0000
13 1.013 15.0 266 092 77.393 20.646 0.026 1.010 0000.
14 6.079 227.7 266 092 77.393 20.646 0.026 1.010 .0000
15 6.079 1514 534 0.97 80.852 1.343 10.140 6.990 .0000
16 6.079 176.2 800 095 79.694 7.803 6.756 4.795 0000.
17 5.897 20.0 800 0.95 79.694 7.803 6.756 0.379 440.0
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Figure 0.1 Temperature — specific entropy diagram fothe first variant (SCRC)
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