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Highlights:

o A validated process model of the micro gas turbine is presented.

¢ A validated CQinjected micro gas turbine model is presented.

o EGR is evaluated as mean to enhance thedo@ent and reduce amount of flue gas.

o Effect of CQ enrichment on the pilot-scale g€apture plant is evaluated.

o Effect of CQ enrichment on the thermodynamic properties of turbo machinery is assessed.



Abstract

Gas turbines are a viable and secure option both economically and environmentalipliored heat
and power generation. Process modelling of a micro gas turbine fom{@ction and exhaust gas
recirculation (EGR) is performed. Further, this study is extended to assesdféct of theCO,
injection on the pilot-scale GCQrapture plant integrated witdn micro gas turbine. In addition, the
impact of the EGR on the thermodynamic properties of the fluid at different locations of the micro gas
turbine is also evaluated. The micro gas turbine angigéction models are validated against the set
of experimental data and the performance analysis of the EGR cycle nest{®s enhancement to
5.04 mol% and 3.5 mol%, respectively. The increasegdo@centration in the flue gas, results in the
specific reboiler duty decrease by 20.5 % for pilot-scalg €pture plant at 9% CO, capture rate
for 30 wt. % MEA aqueous solution. The process system analysis for the validated modisigrasu
much better comprehension of the impact of the &thancemerdn the process behaviour.

Keywords. Micro gas turbine; Process modellir@Q, injection; Exhaust gas recirculation; Specific
reboiler duty.

Nomenclature

CCs carbon capture and storage

CDT compressor discharge temperature
Co specific heat at constant pressure
C, specific heat at constant volume
DLN dry low NG,

EGR exhaust gas recirculation

H head

m mass flow rate

MGT micro gas turbine

N rotational speed

P pressure

PACT Pilot-scale Advanced Capture Technology
r pressure ratio

R universal gas constant

R&D research and development

T temperature

TIT turbine inlet temperature

TOT turbine outlet temperature

UHC unburned hydrocarbons

z compressibility factor

Y ratio of specific heats ()

d pressure ratio

0 temperature ratio

Subscripts

cr corrected

in inlet

out outlet

ref reference condition

1.1. Introduction

The energy trend across the globe is changing due to the overwhelming concern regarding emission of
greenhouse gases from the power generation gector (IEA, 2012). The contribvticaientional



power generation system, including coal- and natural gas- power generation, is iradbal g
transition stage towards more sustainable systems, as towards low or zero carbom emistrs
However, natural gas-fired power plants are a secure and viable option both econoanidally
environmentally a# results in less oxides of carbon, nitrogen and sulphur in comparison to coal-fired
power plants. Increased urbanization results in an escalated power demand and thus hawhifiéd to a
to natural gas-fired power plants around the globe to meet both the increasangddamd reduced
emissions targets. In addition, post-combustion carbon capture technology needsegratettvith

a natural gas-fired power plant to reduce the carbon emissions with the mast teghnology, the
amine absorption system. However, the integration of the natural gas-fired plamt with amine-
based carbon capture resultsammajor energy penalty due to the |d®O, concentration in the
exhaust gas frora natural gas-fired power plant. Literature reports various innovations totiralna
gas-fired power generation systém (Heppenstall, [IR68llikkas, 2005); however, most of them deal
with efficiency enhancement rather than the enriching of the exhaust gas witH@@ver, exhaust
gas recirculatior] (Earnest, 1981) is the one of the innovative solitiatesaling with the low C©
concentrations in the exhaust gas from natural gas-fired power plants.

The benefits of the EGR system are well known as it enhances theo@g@ntration of the exhaust
gas and reduces the exhaust gas flow [rate (Ali et al. |[20ildt al., 2015h). Both of these benefits
results in the reduced penalty on the integration of the amine-based carbon cagdaumevdth the
natural gas-fired power generation plant in EGR mode. The specific flugasfe of a gas turbine
systemis much higher at about 1.5 kg/MW in comparisonatsteam boiler system at about 0.95
kg/MW and EGR can considerably reduce the flue gas flow rate, thus regultingwer load on the
amine-base€O, capture system when integrated (Jonshagen et al.| 2010). The decrease in the mass
flow can be accounted for by the changing temperature at the compressor inléhaineeycled
stream is at a higher temperature, and to achieve the same combustor tempatatueesmount of
cooler air is required (Li et al., 201|1a). The application of the EGR resulte iincreased MACH
numbers at the inlet and outlet tips of the compressor rotor due to the chatigethermodynamic
properties of the fluid strearh (Jonshagen et al., R010) however, thessecwill not pose severe
issues to the turbo machinefy (Jonshagen et al.,[2011). In addition, the increaseQ®, the
concentration in the working stream of the gas turbine, due to the EGR, reghksdhange of the
thermodynamic properties of the fluid stream, both in the turbo machinery and the combustan sect
of the gas turbing (Ali et al., 2015b). Also, the recycled stream resutsigher water content at the
combustor inlet, which can be controlled by the condenser present in the recyc{fAli et al.|
). Further, the injection of the recycle stream can be done at various ldcathengas turbine,
resulting in different control algorithms due to the imbalance on the phafet(Al., 2015p). An
important consideration for EGR operation is that the maximum amount @xtteist gas to be
circulated is still undefined, as with an increas¢he EGR, the combustion kinetics, stability, and
emissions issues arise. The increase in EGR cays&iar@ation at the combustor inlet with issues in
terms of flame stability and increased emissions of unburned hydrocarbons (UHC) andeD
concentration falls to 14 mol% at the combustor iplet (Ditaranto et al.|[Féet et al., 20009).
Moreover, the experimentation with a DLN F-class gas turbine combustor shows theg&rbten
for EGR up to 35% {EIKady et al., 200|9). Hence, the recommendedc@ncentration at the
combustor inlet should be higher than 16 mol% to hegtable combustion operation in the gas
turbine system with EGR (Bolland and Mathieu, 1I9P&aranto et al., 20q¢EIKady et al., 2009
|Evu|et et al., 200|9). Further, modifications that are recommended in the literatuad BGR
applicability include; changes in the premixedness, control system and vanmatton design of the
pilots for the burners to reach higher levels of the EGR perceptage (Eéaily 2009). Technical
modifications to the combustor design may result in more oxidant injectiapume oxygen stream




with different distribution levels which will result imhigher EGR percentage and much higher, CO
levels in the flue gas. In addition, the guarantee issues from the gas tudnnfacturers should be
the priority for the safe operation and redesign of the combustor and/orhthle gas turbine
structure.

Work has been performed regarding the effect of the EGR on the perforofagas-fired power
plants integrated with post-combustion capture systems with emphasis on the ety and
reduction in cost of the combined systém (Belaissaoui et al.|Biiy®k et al., 2013 Biliyok and
Yeung, 2018 Botero et al., 20q9Canepa and Wang, 20]16anepa et al., 20}f3onshagen et al.,
2011)(Jonshagen et al., 20110 et al., 20114Li et al., 2011l SipAkcz and Assadi, 2010|[SipAkcz et
al., 201]|Sip6cz and Tobiesen, 20I'2u et al., 201B). However, most of the work was performed on
commercial-scale natural gas-fired power plants operated with EGR and then itdioriegith a
post-combustion capture plant.

This paper focuses on the micro gas turbine whiehlasv emission, reliable and efficient combined
heat and power generation system that competes with the combined heat andepiprerating
engines. Further, the micro gas turbine (MGT) is a good and accessible optiesefarch purposes
and the performance outcomes can provide recommendations for the commercial-scaldngss tur
However, the C®concentration in the exhaust gas of the micro gas turbine is mueh lbvanges
from 1.5 to 1.8 mol% while the commercial-scale natural gas-fired turbines lveo@Gcentrations

in the range 3.8 to 4.4 mol% (Canepa et al., 013t al., 20114Li et al., 2011b[Sip6cz and
[Tobiesen, 2012). Regarding MGT, the impact of the EGR on the emissions andnpec®rfor
different kinds of fuel by analysing through CFD modelling, is reported iritérature| (Cameretti ¢t
[al., 2009|Cameretti et al., 2013). It is important to note that some work on the efféw &GR on
the performance, and sensitivity analysis of the ambient temperature forGiiewith EGR have
been reported in the literature (Akram et al., 4AIBet al., 2014{Ali et al., 2015 Majoumerd et al.}
[2014(Nikpey et al., 201§)Further, the literature reports the varying optimum EGR from 40 to 55 %
through different process modelling tools.

1.2.Novelty

In this paper, the EGR has been investigated by injectingt@@he MGT inlet which is further
integrated with the amine-based Ce&apture plant. The performance evaluation of MGT and amine-
based CQ@capture plant for CQenriched working stream will result in a better understanding of the
effect of the EGR and assist in reaching the optimum conditions for operation.

Due to the limited literature found in this field, an extensive study needs tafberga on the effect

of the CO, on the performance of the MGT, along with the effect on the amine-l@&B8edapture

plant. Studying the behaviour of the MGT, along v@i@. injection in full detail, is necessary to fully
comprehend the optimum performance of the MGT in the innovative mode of the EGR operation
Hence, this study focuses on the evaluation of the impact of these parameters on timamesfof

the MGT and amine-based ¢®@apture plant for COinjected and/or EGR operated MGT. The
impact of the C@ enrichment on the thermodynamic properties of the working stream atediff
locations of the MGT is also investigated to assess the behaviour of the innovative EGR cycle.

This paper is structured as follows. In Section 2, the process description atbnipevimodelling
strategy is described in detail and also the methodology is presented. In Section 3datiervalf

the MGT for base case and €ijection is presented along with the set of comprehensive data and
then the modelling of the MGT with EGR is presented. Further, thet effethe EGR on the



thermodynamic properties of the working stream at different locations of the iM@&aluated. In
addition, the impact of the GQnjection on the pilot-scale GCcapture plant is also evaluated.
Finally, in Section 4, comprehensive conalunsi are drawn from the detailed investigation.

2. Process Description, Modelling Strategy and M ethodology
2.1. Process Description

The Turbec T100 Series 1 micro gas turbine is available at the UKCCS ReseamhRiletiscale
Advanced Capture Technology (PACT) facility located in Sheffield, UK. Taebdc MGT isa
combined heat and power machine watbapability of 100 kW of electrical power and 165 k\\of
thermal power. The MGT compromises of a centrifugal compressor, a ratiaktand a high speed
generator, all mounted on the same shaft. The lean premixed emission type comifinetbmish
natural gas, and this resultlow NOG,, CO and UHC. There are two heat exchangers in the MGT to
enhance either the electrical or total efficiency of the MGT. The firdtehe&hanger is recuperator,
which preheats the compressed air, and the second heat exchamgas-kguid heat exchanger to
generate thermal power by heating the water. The components of the MGT are shown in Figure 1.

The air at ambient conditions of the temperature and the pressure is compressed toearptiesstir

4.5:1 through the compressor, and then passed through the recuperator for preheatinghérough t
exhaust gases of the turbine. The preheated compressed air is mixed with tHegaatimathe
combustor. The combustion products at a turbine inlet temperature (TIPL3¢{ands through the
turbine with the turbine outlet temperature (TOT) to remain fixed a65@ndat near atmospheric
pressure. Thus, the turbine drives both the compressor and the generatareasralhe same shaft.

The exhaust gases pass through the recuperator which boosts the electricatyetigipreheating

the compressed air. Then, the exhaust gases are used to generate the thermaltetriof hot

water by heating the water in the gas-liquid heat exchanger.

The exhaust gas from the MGT is split; one part of the exhaust gas is fornatedtlot-scale CO
capture plant and the other is sent to the chimney to be vented in to the atmddphgritot-scale
CO, capture plant is capable of capturing 1 ton per day of I&@ed on MEA as aqueous solvent.
The pilot-scale C@capture plant is based on liquid absorption of, @@m flue gas and equipped
with a flue gas desulphurization unit; however, for the present cadgyftassed. The pilot-scalzO,
capture plant consists of absorber, stripper and water wash colinam&at exchangers as cross heat
exchanger, reboiler, condenser, lean amine cooler; the pumps for lean and rich awgné sol
circulation; and the solvent tanks for fresh and spent solvents. The componeagtgpitiftthcale CQ
capture are shown in Figure 1. The columns are filled with random INTALOX Nietaér Packing
(IMTP25). The plant is equipped with thorough instrumentation to record the rparfoe of the
plant. More details can be found in the Iiterattrre (Akram et al.,|2016).

The flue gas enters the bottom of the absorber in which it interdttsh& amine solvent flowing
down from the top. The treated gas is washed-off of any traces of the amine sothienwater wash
column before emitting it to the atmosphere. The rich amine solvent from the ahisottoen is
pumped through the cross heat exchanger and then entered the stripper column forettie sol
regeneration. The CQrich stream is released from the stripper top while the regenerated solvent
flows down to the bottom for recirculation.

The CQ is injected at the compressor inlet of the MGT from the €iGrage vessel. The pressure of
the CQ stream is slightly higher than atmospheric at the compressor inlet in ordastre better



mixing of the CQ stream with the air. The G@njection stream is displayed Figure 1 and the flow
rate of the C@can be varied from 0 td25 kg/hr to check the performance at different enrichment
levels.

2.2. Process Simulation Strategy

The combined heat and power model of the MGT and pilot-scajec@giure plant are developed in
Aspen HYSYS V8.6. The property package for the estimation of the thermodynamic progerties
the gas turbine section is the Peng-Robinson equation of state. The minimizahentatbt Gibbs
free energy is used as a criterion for the chemical equilibrium in the comboststimate the
composition of the components of the flue gas. The details of the thermodynanties Bxfayton
cycle can be found in the literatufe (Ali et al,, 2p14) and therefore not eepieathis paper. Further,
the property package used for the model developed for thénf&@tion in MGT, as well as the MGT
model with EGR, is the Peng-Robinson equation of state. The MGT model and the MGT ntiodel wi
CO, injection are validated with extensive experimental data and the MGT mottelE@R is
developed after satisfactory validation of the above two models. The property pamkéue filot-
scale CQ capture plant model is the Acid Gas property package based on Electroljjte N
details of the thermodynamic property package, chemistry, chemical equilibriunmatid keactions
and their respective data, and correlations for mass transfer, pressure drop taulaindeea can be
found in the literatur¢ (Akram et al., 2016).

2.2.1. Base Case Mode

The base case model of the MGT is developed in the steady-state at the ISO conditioh8YI$O,
with the power output 100 kWand at the rotational speed 70000 rpm. The composition of the natural
gas, along with the net calorific value, is shown in Table 1. The composition of tiseshivwn in
Table 2 with relative humidity 60 %. The TOT is fixed by varying the fiog} rate to the inlet of the
combustor, and is kept constant at 685 For TOT, the value of 64% is chosen instead of 65G
(Turbec, 2000) as the mean value of the TOT measured walC6diiring the experimesitwith a
maximum mean standard deviation of 1.23 for both with and without @{@ction. Instead of
constant isentropic efficiency of the compressor and the turbine in the MGT model, erfistiact
maps have been used in the MGT modelling to reduce the number of assumptions thatheave t
made for the estimation of the isentropic efficiencies of the compressor entiriine. The
characteristic maps help in the reduction of the number of variablesedairset the degree of
freedom of the model to zero, as compared to the previously reported MGT modeisalAl2014

Ali et al., 20151)). The details of the characteristic maps can be found in Section 2.2.2.

The base case model results are summarised in Table 3 and the results are presemted for t
developed models, one with constant isentropic efficiency of the compressor and turtihres gther

in which characteristic maps are implemented. The model result without mapsimsplifed model

in which the efficiency of the compressor and turbine of the MGT is fixed. Funthender to satisfy

the degree of freedom of the components of the model, more specifications in terms of the
temperature and/or pressure are required to solve the case. In addition, theatotpgedis a
parameter that cannot be accounted for in MGT model without maps. The detailedntiodels the
characteristic maps as explained in Section 2.2.2. The inclusion of the characteristiednaps the
number of specifications in the model, and allows the rotational speed to be accouritestdad of
efficiency, temperature and/or pressure; only the rotational speed is specified thesohagel.



The model results with characteristic maps are in good agreemenhsvittanufacturer’s reference
data|(Turbec, 2040) as indicated in Table 3, and the already published results of the nubdedev

for the MGT through different process modelling tools (Ali et al., #&diet al., 2015k De Paepe &t

al., 2012|Delattin et al., 200@<autz and Hansen, 20[)¥ajoumerd et al., 20]Nikpey et al., 2014
Nikpey Somehsaraei et al., 2Q[Parente et al., 2003). The comparison of the present model results
with the previously published model results are presented in Table A. 1 imdipge The model is

then tested agashthe set of experimental data for various power outputs in order to indtease
model robustness.

2.2.2. Characteristic Maps

Characteristic maps indicate the performance of the machine in terms ofidhdlow rate, pressure
ratio or head and isentropic efficiency at various rotational speed levels wiatttene. These are
available for the Series 2 of the Turbec T100 series, anid@porated into the MGT model. They
assistin the estimation of the isentropic efficiency in the MGT model for each apgnabint, by
specifying either the rotational speed or the pressure ratio of the MGT and thepavtreeters are
estimated. They are mostly presented in terms of the non-dimensional and correctedepgramet
which assistén the reduction of the number of variables required to specify the operatingptiiat
system. These corrected parameters can be converted to the normal ones by the followamg equa
Boyce, 201#Cumpsty, 200Hunecke, 199fSaravanamuttoo et al., 2401):

N
Ner = ry (1)

Mjpcr = —— (2)

where N is the rotational speed,is the mass flow rat® is the temperature ratio defined by equation
(3) and & is the pressure ratio defined by equation (4). The subscript “cr” indicates the corrected
values of the parameter, and “in” indicates the parameter at the inlet of the compressor.

Tin

6= ()
Pin
6= ref (4)

where T is the temperature, P is the pressure arditheript “ref” indicates the reference condition
which depends on the vendor specification. More details of the performance maps can bed in (De
[Paepe et al., 20]|Rlikpey Somehsaraei et al., 2014). However, Aspen HYSYS uses the head in terms
of the pressure ratio for the inclusion of the characteristics mapthatoodel. The pressure ratio is
converted into the head, by the following equation:

y-1
— Y T |(Beut) v _
H= L 2RT, [( o) 1] (4)
where H is the head, the amount of energy required to boost the gas from ouneepesss, R to a
higher pressure level,R v is the ratio of the specific heats/(g); ¢, is the specific heat at constant
pressure; cis the specific heat at constant volume; z is the compressibilityr;f&tte the universal
gas constant; and,Tis the inlet temperature.



Due to the injection of the recirculated exhaust gas at different locations irGfiethk operation of

the MGT might be outside the operating envelope of the characteristic maps for both songunds
turbine. As the injection at different locations results am imbalance of the shaft, due to the
differencein the flow rate through the compressor and turbine section of the MGT, the operating point
of the MGT may move away from the surge curve. This deviation can be estimaieghtthe surge
margin and is defined by the equatjon (Walsh and Fletcher) 2004):

Surge margin = |—2tsuree 1] x 100 (5)

Toperating point
where r is the pressure ratio at constant flow rate.

2.2.3. CO;injection and/or EGR Modelling

Due to the low concentration of the €fd the exhaust gas from the MGT, as indicated in Table 3
which implies that the exhaust gas of the MGT needs to be enhanced in terms dD.the C
concentration. The most viable method is through either injecti@Opfat the compressor inlet or
through exhaust gas recirculation in which part of the exhaust gas ishemligh the splitter; dried
through the condenser and recirculated back to the compressor inlet of the MGiErmatc of the
MGT with EGR is shown in Figure 2. The recycle loop consists of the splitter, conderosger lfan

and filter. The condenser acts in two ways: to decrease the temperature of ¢healreirgam and to
remove the water from the recycled stream depending on the temperature specified.pEnaties

of the recycled stream is maintained at’C5at the compressor inlet. The recycled stream can only be
injected backinto the system if its pressure is slightly higher than the live pressure aftrsam
where it is injected, and this is achieved by the booster fan which increases theepitess the
condenser pressure back to the live pressure of the stream. The slightly higher pressure of the recycled
stream allows better mixing of the recycled stream with the airfilféieassists in the removal of any

of the solid contaminants present in the recycle stream. The amount of the exhaasirgasted

can be defined by the following expression:

Amount of recirculated exhaust gas (5)

EGR ratio =

Amount of exhaust gas

In addition, the thermodynamic properties of the working stream for the EGR ardgateshtat
different locations of the MGT, namely:

i.  Compressor inlet.

ii.  Compressor outlet/recuperator air side inlet.
iii. Combustor outlet/turbine inlet.
iv.  Turbine outlet/recuperator gas side inlet.

The thermodynamic properties investigated include; mass density, heat capacigentropic co-
efficient (y = cp/c,); to bette apprehend the effect of the EGR on the performance of the MGT for
recycling the exhaust gas other than just injecting @@he MGT.

2.3. Methodology

This paper deals with process modelling and simulation analysis of the MGT ietegitt a pilot-

scale amine-based G@apture plant. The experimental data obtained through the PACT facility is
used only to validate the MGT base case and the MGT with igj€ction models. Similarly the
experimental data of the pilot-scale amine-based @@ture plant is used to validate the model of the



pilot-scale amine-based G@apture planaspresented ip (Akram et al., 2416). However, the exhaust
gas recirculation to the MGT is analysed only through modelling and sioniatiSection 3.3, after
testing the MGT against extensive validation in Sections 3.1 and 3.2. Further, the idtegsat®f

the MGT with the pilot-scale amine-based L€apture plant is analysed through modelling and
simulation for varying rates of GOnjection as presented in Section 3.4. In conclusion, the effect of
CO, enhancement on the performance of the MGT integrated with pilot-scale amine-based CO
capture plant is analysed in this paper.

3. Resaults and Discussion
3.1. MGT model validation

The base case model is validated against the set of experimental data obtained ddoebel 100

Series 1 of the MGT through the PACT core facility and the elecpmaér output is varied from 50

to 80 kW, to access different operational modes. These experimental results are perfotimed wi
substantial additional instrumentation other than the default instrumentétioe BIGT in order to

better comprehend the behaviour of the MGT at different power outputs. The moideiaréormed

for each power output to evaluate the performance for each operational scenario and the result
obtained from the modelling are compared with the mean values of the experynaeidiured data
points. The measured versus modelled results for some of the selected parametezs ir&igure

3. The mean percentage absolute deviation for the model results for all thiieguantestigated

such as the compressor discharge temperature (CDT), turbine inlet temperatpressondischarge
pressure, flue gas composition for £and Q and power output, in comparison to the measured
values are: 1.02, 3.54, 1.97, 1.75, 4.72 and 0.02 %, respectively. Figure 3 shows that the model results
are in good agreement with the experimental data.

3.2MGT model validation with CO injection

The CQ concentration at the exhaust of the MGT is low, in the range 1.51 to 1.69 mol@stastéd
in Figure 3 (c) and this will cause a major energy penalty when integratedheittQ capture
system. This drawback is avoided either by injecting @@ the MGT or by recycling the exhaust
gas back to the gas turbine, which results in the enrichment eff@QOmproved CQ capture
efficiency. The steady state model developed is extended to study the effegtairic@®ment.

The MGT model is also validated against the set of experimental data foin{éCtion at the
compressor inlet of the MGT at different part load conditions for varying iojectites of CQ
injection. The CQflow rate is varied for each part load condition from 0 to 125 kg/hr to aduess t
behaviour of the C@injection for different operatia modes. The process modelling is performed
for variousCGQ, injection for each part load condition to evaluate the process performanice of t
different operational scenarios and the results obtained from the proodsiimg are compared with
mean values of the experimentally measured data points. The measured versus nestdibetbr
some of the selected parameters are shown in Figure 4. The mean percentageckvsatiate for

the parameters investigated are within the acceptable range, such as the compselaoyedi
temperature (CDT), compressor discharge pressure, flue gas composition,fandCQ and power
output, in comparison to the measured values are: 1.81, 1.54, 2.73, 2.29 and 0.02 %, respectively.
Figure 4 shows that the model results are in good agreement with the experimental data.

The minimum and maximur@O, concentration observed during the modelling of, @fection in
MGT is 1.48 and 5.04 mol% in comparison to the mean experimental values of 1.48 and 4.98 mol%,
respectively for the power output of 50 k\W'he minimum @ observed in the flue gas is 17.60 and



17.11 mol% for measured and simulated cases at their@ation rate of 125 kg/hr, respectively,
with the Q content at the combustor inlet of 19.96 mol%. Thec@ntent at the combustor inlet is
much higher than the limited oxygen to be present at the combustor inlet as reptreetiterature

Bolland and Mathieu, 19ﬂ®itaranto et al., 20QfEIKady et al., ZOOﬁ?EvuIet et al., 2009).

3.3.Effect of theEGR ratio

The more real application is to recycle the part of the exhaust gasoothekcompressor inlet which

is termed as EGR. The EGR ratio is varied to check its impact on the system aec®through the
splitter in the model to adjust the amount of the EGR ratio defined by Equation (5). Théngadsdel

done at the ISO conditions and electrical power output is maintained at 1nkKMYOT is fixed at
645°C. The location for the recycle and process conditions of the recycle straleaidy optimised

by the authof (Ali et al., 2015a). The increase in the EGR ratio increases @ exhaust gas with a
decrease in ©concentration both at the combustor inlet and exhaust gas, as shown in Figure 5 (a).
The decrease in {xoncentration at the combustor inlet causest@rvation, which will affect the
combustion stability with higher UHC and CO emissions at the outlet. Theadéwy trend of the O

at the combustor inlet and outlet is shown in Figure 5T{& modelling suggests that EGR < 55 %

should be maintained to remain within the oxygen levels recommended for efficient combustion
(Ditaranto et al., 20Q$EIKady et al., 200QEvulet et al., 2009), and this results in S&richment

from 1.6 mol% in the base case MGT cycle to 3.5 mol% in the EGR cycle. Ftindk&GR system
results in the decrease of the total mass flow of the flue gas, wHiahfluence the performance of

the CQ capture system. The results of the EGR model at 55 % EGR are given iMTabie flue

gas composition of the MGT with EGR for different EGR ratios is shown inr&i® (b). The
increase in CQcomposition in the exhaust gas is almost by a factor of 2.2 and is approyithatel
same as reported in the literatdre (Biliyok and Yeung, P0bBshagen et al., 20[18ip6cz and
[Tobiesen, 201)2) for EGR equipped commercial scale natural gas-fired power Plantlectrical
efficiency decrease is 7.6 % for the EGR cycle in comparison to the base caseyW&TThis
decrease is due to the power consumption by the booster fan in the recycle loop. However, the exhaust
gas flow rate decreases by 55 % of the base case MGT cycle while the effiefalicy increases by

1.6 %.

The change in the composition of the stream affects the thermodynamic propettieswairking
stream, which affects the performance of the MGT. As defined in Section 2n23thitee
thermodynamic properties are chosen to check the performance of the MGT for thedchang
composition of the working stream at different locations. The thermodynamic propertkferent
locations of the MGT are shown in Figure 6.

The mass density of fluid decreases with the increase of the EGR as shown in Higpe @ll
locations due to the increased content of @Qhe fluid. However, this effect is more pronounced at
higher temperatures and pressures. This effect also depends on the concentrét®notbier
participating constituent’s in the fluid at the particular location. As it is observed, for the EGR 065
%, the mass density of the fluid increases by 5 and 0.2 % at the compressamdrti@tbine outlet,
however, the increase is up to 22 and 20 % at the recuperator inlet and tldiinEhie effect of the
increased C@content on the heat capacity of the fluid at different locations of the MGdss
pronouncedAs, increase of 1.5 % is observed at the gas turbine inlet for the heat capawiyer,
this increased heat capacity results in the higher heat duty of the sgouperd G/L heat exchanger.
The effect of the EGR on heat capacity for different locations of the MGHhown in Figure 6 (b).
Further, the isentropic coefficient of the fluid at different locationshefMGT decreases witan
increase of EGR as shown in Figure 6 (c). The increase of the isentropic coefiicikess



pronounced and an average 0.5 % decrease is observed for the EGR percentage of 55 %afhus, it
be concluded that the performance of the MGT for the EGR cycle can be better conguiddyend
understanding the behaviour of the fluid for the increased ¢@@tent in the working fluid of the
MGT.

3.4. Effect of CO, enrichment on the validated pilot-scale CO, capture plant

The process model of the pilot-scale @pture plant has already been validated against the set of
experimental data from the PACT facility as reported in the litergtureaAlet al., 2016). The
performance of the pilot-scale G@apture plant is reported for MEA far30 wt. % solvent with 90

% CO, capture rate. The slip stream of the exhaust gas of the micro gas turbinetis@emith CQ

before entering the pilot-scale ¢€apture plant. The CQroncentration in the flue gas entering the
absorber varies from 5.5 to 9.9 mol%, thus representing the wider range BGR operation. The

model results are in good agreement with the measured values as the mean percentage absolute
deviation is within the acceptable range. The mean percentage absolute devidkiemitdr and lean

loading, rich and lean MEA concentration and specific reboiler duty are 2.4, 0.2, 1.9, 0.1 and 2.0 %,
respectively.

The slip stream of the micro gas turbine is sent to the pilot-scale&@®ure plant for the removal of
CQO, from the flue gas. The G@njection in MGT is varied from 0 to 125 kg/hr and its effect through
slip stream on the performance of the pilot-scalg €4pture plant is investigated through modelling.
The MGT with CQ injection is considered for integration with the pilot-scale, @@pture plant
which also covers the GQoncentration range of the MGT with EGR, since, the maximum CO
concentration for C@injection in the MGT results in 4.91 mol%, which is higher than the CO
concentration of 3.5 mol% observed during the MGT with EGR case. The flow rdte fifie gas
entering the absorber is fixed at the value of 400 kg/hr and the&ure rate is fixed at 90 % and
the solvent employed is MEA with 30 wt. % aqueous solution. The lean loading isafiXe? mol
CO,/mol MEA for all the cases. The solvent flow rate was estimated based 80 #%eCQ capture
rate, and also it has been verified by the literafure (Agbonghae et al|, 2014)., Fhetisetvent flow
rate varies from 404 kg/hr at no injection of the,@®©600 kg/hr at C@injection of 125 kg/hr.

The effect of the C@enrichment is clear from the results as shown in Figure 7 and Figure 8. The
effect of the CQ@injection on the specific reboiler duty is shown in Figure 7 and it is observed that the
specific reboiler duty decreases with an incrdasthe CQ concentration in the flue gas. The £O
concentration increases by a factor 3.5 times in comparison to thec@entration without
injection, which results in the specific reboiler duty decrease by 20.5 % foinféCtion at the rate of

125 kg/hr. The effect of the G@njection on the specific reboiler duty along with Gfntent in flue

gas for the pilot-scale GCcapture plant coupled with MGT is shown in Figure 7. The specific
reboiler duty decreases from 10.2 to 8.1 GJA®D CO, concentration increase from 1.42 to 4.91
mol%, respectively. This results androp of 5.9 % in the specific reboiler duty per unit percentage
increase in C@®concentration, based @nlinear fit equation. Also the drop in specific reboiler duty
wasobserved experimentally for the similar pilot-scale,@@pture planf (Akram et al., 2Q1&kram |
[etal., 2015). The drop of 7.1 % per unit percentage increase;indb@entration was observed when
the CO, concentration was increased from 5.5 to 9.9 mpl% (Akram et al.| 2016). Sjtierldrop

of 7.5 % per unit percentage decrease in @@ concentration was observed when 166,
concentration was increased from 4.5 to 11.5 mpl% (Akram et al.| 2015). In addition,pthé dny

2.9 % per unit percentage decrease in, @@s observed when tl@&0, concentration increases from
5.46 to 13.37 mol% with a decrease in the specific reboiler duty from 5.01 to 3/8506J
respectively| (Notz et al., 20]L.2). Also, the specific reboiler duty of 8.3 GJ/&€@.5 mol% CQ




concentration in the literature (Akram et al., 2015) through experimentation valitiatestimated
specific reboiler duty of 8.1 GJ/tG@t 4.91 mol% C@concentrations in the present paper. Further,
the present sharp drop in specific reboiler duty is in line with temture reported trend (Li et gl.,
[20114) and higher than the reported dfop (Ali et al., P016) in the specific rethoilerfor a
commercial-scale natural gas fired power plant coupleda@f, capture plant with EGR.

The specific reboiler duty decreases due to the higher partial presshee@Btat the higher C®
injection rate of 125 kg/hr. Since, the flowrate of the flue gas remains cqorib&@atmount of the CO
in the constant flue gas increases and this results in a large doviegrésulting in more CQo be
absorbed by the solvent and then regenerated at lower specific reboiler duty. Therefoighethe
CO, partial pressure results ahigher driving force witha higher CQ loading in the solvent, hence
favouring the capture reactign (Li et al., 20[L1a). Since, the presersqaleCO, capture facility is
of 8 m packing height with a random type packing, the specific reboilgredtitnated for suchlow
range of the C@concentration is the same as that predicted in the literature (Akrain 2016
Akram et al., 201Mangalapally et al., 2008orken et al., 2014Notz et al., 201fThimsen et al |
%) for similar kinds of facilities, but keeping in mind their vaegatpberating conditions including
the L/G ratio, packing height, absorber inlet temperatures, lean solvent |laadingtrength and
stripper pressure.

With the increase in COcomposition, amine loading increases and also the difference between rich
and lean loading increases. This indicates that the amount of thebS@bed also increases. The
increased loading results in lesser steam being required in the stripper, soetiteratign in the
stripper is becoming easier with the reduced energy requirement in the rebditer ifacreased CO
composition. The increased rich loading results in the increased cyclic capadityith it the
specific reboiler duty decreases. The rich amine loading increases by 42 % fonumagiQ
injection of 125 kg/hr. The effect of the G@jection on the rich loading along with GGontent in

flue gas for the pilot-scale G@apture plant coupled with MGT is shown in Figure 8.

In conclusion, the power generation system with, @@hancement integratédto a CO, capture
system wil suffer a small reduction in efficiency as reported in the literature. The UStBepa of
Energy Repor{ (NETL, 2010) reportechumber of case studies for different commercial-scale gas
turbines with and without EGR being coupledt@O, capture system. They found approximately 0.5
% point improvement in efficiencies when EGR is applied. Further, NGCC am@i®, capture
system results in 8.1 % reduction in the total thermal energy consumption in therrebtile CQ
capture plant when EGR is appIiEd (Lietal., qulb). It is found that the efficiencies ays higher

by 2 to 3 % points than without the EGR sys‘em (Canepa et al), 2013).

4. Conclusions
This study has investigated the effecto@, injection and EGR on the behaviour of the MGT coupled
with the pilot-scale C@capture plantThe following conclusions can be made:

e The process system analysis assists in better understanding of the procéssofdétai
system under consideration. The detailed analysis, modelling and simulation outcomes are an
accurate demonstration for the evaluation of the optimized micro gas turbine EGR mode
configuration with pilot-scale C{rapture plant.

e The increase in COcomposition in the exhaust gas is almost a factor 3.5 and 2.2 times for
CO, injection in MGT and EGR, respectively. The Ljection results in the CO
concentration increase to 5.04 mol% from 1.48 mol%, which will benefit on itsatitay
with pilot-scale CQ@ capture plant.



e The EGR results in the G@oncentration enhancement to 3.5 mol% from 1.6 mol% in the
base case with55 % decrease in the exhaust gas flow, which will benefit its integrattn wi
the carbon capture system.

e The increased C{content due to EGR, affects the thermodynamic properties of the fluid at
different locations of the MGT.

o The enhancement of the @©@oncentration due to the injection of €@ MGT results in
lower specific reboiler duty by 20.5 % for the pilot-scale,C@pture plant.
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Appendix A

Table A 1: Comparison of the present model with the published MGT models uffiergit process simulatiosoftware’s.

Parente etal., Kautzand Delattinetal., De Paepeet Majoumerdet Alietal, Igﬂaigug?ﬁtrgfg Present Model
2003 Hansen, 2007 2008 al., 2013 al., 2014 2015 2000) '

Electrical power [kW] 101 100 100 KJ/kg 100 100 100 100 100
Thermal output [kVy] N/A N/A N/A 186.7 170 153.3 165 165
Electrical efficiency [%] 27.8 30 30.8 307 31 32.1 30 30.2
Overall efficiency [%] N/A N/A N/A 57.3 84 81.2 80 79.9
CG, in flue gas [mol%] N/A N/A N/A N/A 1.6 1.6 N/A 1.6

O, in flue gas [mol%] N/A N/A N/A N/A N/A 17.3 N/A 17.5
Flue gas flow rate [kg/s] N/A 0.79 0.8 0.735 0.771 0.7 0.80 0.8
Fuel consumption [KW] 44 MJ/kg 333 N/A 8.13 g/s 321 312 333 331
Rotational speed [rpm] N/A N/A 100% 69679 69675 N/A 70000 70000
Pressure ratio N/A 4.5 4.3 46 4.4 4.5 4.5 45
Turbine inlet temperaturé] 950 950 930 9254 948 945 950 948
Turbine outlet temperaturé] N/A 650 640 645 650 644 650 645
Compressor discharge temperatf@][ N/A 214 N/A 210.1 N/A 216.9 N/A 212.4
Software Used In-house Code Aspen Plus Aspen Plus Aspen IPSEpro Aspen N/A Aspen

HYSYS HYSYS




Table 1: Natural gas composition and calorific value.

Component Mole Percentage
CH, 90.6

C.Hg 5.1

CiHg 1.3

i-C4H1o 0.2

n-C4H1o 0.2

CGO, 1.4

N, 1.1

Net Calorific Value (kJ/mol) 897.3

Table 2: Air composition.

Component Mole Percentage
N, 77.3

O, 20.7

Ar 0.9

CGo, 0.03

H,0 (relative humidity, %) 60

Table 3: Performance of the MGT base case model at ISO conditions.

Parameter Manufacturer data Model results without Model results with
(Turbec, 2000) maps (Ali et al., maps
2015b)
Electrical power [kKW] 100 100 100
Thermal output (hot water) [k} 165 153 165
Electrical efficiency [%] 30 32.1 30.2
Overall efficiency [%] 80 81.2 79.9
COin flue gas [mol%] N/A 1.6 1.6
O, in flue gas [mol%] N/A 17.3 17.5
Flue gas flow rate [kg/s] 0.80 0.7 0.8
Fuel consumption [kKW] 333 312 331
Rotational speed [rpm] 70000 N/A 70000
Pressure ratio 4.5 4.5 4.5
Turbine inlet temperaturé] 950 945 948
Turbine outlet temperaturé] 650 644 645

Table 4 Performance of the EGR cycle at ISO conditions.

Parameter

Model results

Electrical power [kW]

Thermal output (hot water) [k
Electrical efficiency [%]

Overall efficiency [%]

COyin flue gas [mol%]

O, in flue gas [mol%]

Flue gas flow rate [kg/s]

EGR percentage [%]

Rotational speed [rpm]
Turbine inlet temperaturé]
Turbine outlet temperaturé]

100
185
28
81
3.5
13.8
04
55
70000
922
645
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Figure 4: Measured (filled) as a function of the simulated (hollow) resuld@injection in MGT (a)
Compressor discharge temperature; (b) Compressor discharge press0é®; rfw)lar composition in flue gas
and (d) Q@ molar composition in flue gas.
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Figure 7: Effect of CQinjection on the specific reboiler duty (solid line) along with,@®Oflue gas (dashed
line) of the pilot-scale CQcapture plant.
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Figure 8:Effect of CQ injection on the rich amine loading (solid line) along with,@®flue gas (dashed line)
for the pilot-scale C@capture plant.



