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Performance viability of a natural gasfired combined cycle power plant integrated with post-
combustion CO, capture at part-load and temporary non-captur e oper ations

Fatemeh Rezazad@hWilliam F Galé, Kevin J Hughe Mohamed Pourkashantan

¥Energy Research Institute, School of Chemical andeBm&Engineering, University of Leeds, Leeds, LS2 9JT, tMepartment of
Mechanical Engineering, University of Sheffield, Stedd, S1 3JD, UK

Abstract

Natural gas combined cycle (NGCC) power plants fitted with carbon capture andes{G@8§)
technologies are projected to operagmid-merit plants in the future of the decarbonised energy
market. This projection stems from an inherent characteristic of the NGCGE pfdmeting flexible in
operation and able to rapidly change their output power. Therefore, it is exthedtdte NGCC-CCS
plants will continue to operate flexibly for a range of operational lcaus$;therefore compliment the
intermittent electricity generation of other low carbon plants to securalptam the quality of
electricity supply. This study aims to evaluate the performance of a triple gré8S@C power plant

fitted with a post combustion G@apture plant (PCC) at power plant part loads, and assess the effect
of the temporary shutdown of the PCC plant. Steady state simulations of thratedeggant at part
loads were performed, as well as the integrated plant in non-capture operatieg These
demonstrated that the PCC steady state performance is viable at part loads downHoG&%ér,
operation in non-capture mode revealed a negative impact on the steam turbine performance,
especially on the low pressure (LP) and intermediate pressure (IP) cylinders, as thellcold end.
Suggesting that it is not beneficial to operate in the non-capture mode, regardiesvitable
situations where the PCC or the £€@mpression unit trip.

Keyword: combined cycle power plant, post-combustior, C&pture plant, part load operation, non-
capture operation, steam turbine, liquid and vapour distribution

1. Introduction

To effectively reduce energy-related £®missions up to 2050, global electricity networks are
expected to have to incorporate many different low carbon power generation techndpdiés
likelihood and timelinego utilise different low-carbon power generation options, e.g. renewable
resources and nuclear vary for different types of technology. However, thigediffering rates at
which new low carbon plants can be commissioned, and the risks associated with them, e.qg.
intermittencies associated with renewable energy resources, it is likelyosisdtfuelled power
plants, renewables and in some countries nuclear will co-exist for a signifiedaotl and so it is
important to reduce greenhouse gas emissions from fossil-fuelled power plaatsfole, early
deployment of fossil-fuelled plants equipped with carbon capture and st@&ge technology, or
retrofitting existing ones, will help to mitigate the risk to energy security imposed by thectcnd
economic uncertainties in renewable and future nuclear plants, whilstcetilributing to
decarbonisation. Indeed, CCS may well increase the likely contributiofsssif-fuelled power
plants to electrity generation in the future, compared with scenarios without CCS. This advancement
also requires fossil-fuelled power generation fitted with CCS to beblexin terms of power output

to efficiently match the varying demands of the electricity network [2].

Favoured in climate change mitigation strategies due to it<Clowemission rate per unit of energy
produced, relative to other fossil fuels, natural gas is expected to accoargifmificant proportion
of the future electricity generation market. Furthermore, natural gas jpteves are well-positioned
for flexible operation, due to the speed with which they can follow the elgctnigiwork demands.
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Having the quickest start-up/shut-down rates arabfugsil-fuelled plants, natural gas power plants
are thus ideally suited to accommodate needs for variable power output in the dutime
decarbonised electricity market. Furthermore, natural gas plants are relagisglto build and do not
suffer from some of the key limitations of alternative means of accommodatiableatemand, e.g.
limited availability of sites for pumped storage. Thus, it is likely thase plants will not operate
continuously at full load [3,4] especially as the marginal cost of electgeiberation is relatively
high for natural gas plants. If stringent £@duction strategies are to be pursued [5], a suitable
carbon capture technology route, e.g. post combustigrc@dure based on chemical absorption, will
be anindispensable part of such power plants. Therefore, the suitability of ileegs to operate in
peak power, and especially mid-merit markets should be assessed at the desidpy stagfully
evaluating their part load behaviours and responses, and the implications of therddoeungled
temporarily from the C@capture plant. The present paper focusses on mid-merit power generation.

Thereis a limited amount of information available on the additional constraints thiatthie power
plant flexibility with PCC, in terms of start-up; shut down and part load performaric@®[Bnprove
the flexibility of fossil-fuelled power plants fitted with PCC, thdldwing suggestions have been
evaluated and published in the public domain:

- Application of solvent storage to postpone the solvent regeneration ptocadater time,
allowing the power plant to increase or decrease load as per its originalipéaogvn rates;
[4-11]

- Temporary shutdown of the G@apture plant in order to benefit from fluctuating electricity
prices by avoiding the need for steam supply for solvent regeneration [4,7,9,11]

- Varying the CQ capture rate with respect to electricity market price and clagedeto the
CO, emissions [4,7,1,01]

Although the above mentioned alternatives allow the plant to generatepewtes, or operate with
their original ramp up/down rates when required, all of them require exitalaavestment in terms

of additional equipment or over-sized capacity of some major units [3,12]. In coattlagtigh there

are limits to its flexibility constrained by design, operation and controh@fchemical process
involved, the post combustion G@apture process is capable of following the load of the power plant
via using advanced control systems [2,R,18 key factor will then be to imm® appropriate
operational procedures on the capture plant performance at times whele figdbation is necessary
[2,4]. Having satisfied this requirement, another aspect that needs to be fuiéfled delivering
flexibility in power generation with PCC in place is the operabilityhef power plant in general, and
the low-pressureLf) steam turbine section in particular at times that @@ capture unit is
temporarily shut down. Since no steam is required for solvent regeneration, such cendition
correspond t@ substantial increase in the steam flow available atEheirbine cylinder. This option
requires the balance of the plant to be appropriately designed and stoedrumodate the increased
steam flow in the LP turbine and the cold end i.e. condenser. Moreover, the generatoe sinst
accordingly to handle the extra electricity generation during non-capture operation [4,11,14]

This paper focuses on the particular casemdtural gas combined cycle (NGCC) power plant, which

is favoured for its high efficiency and low capital costs, operatingaytbst combustion C{xapture

plant using aqueous monoethanolamine (MEA) as its solvent. The performance viability is assessed of
the NGCC and PCC at power plant part Bddr two process options of with and without €O
capture. The first aim is to verify whether and how the PCC plant will opergiawagr plant part

loads and identify key process parameters that must be taken into considieragostable and
efficient operation. In addition, the performance of the NGCC at part load whelgrated with the
capture plant is important especially at its key process interfacehgittapture plant, i.e. the steam



90 supply interface. Furthermore, the performance of the NGCC plant, espéugally? steam turbine,
91 during non-capture operation will be studied since there wilklo@nsiderable amount of steam
92 available at the LP turbine inlet. Issues required to be considered in the NGCQ glas¢ of non-
93 capture operation are addressed. Moreover, the potential impact on the perforntaech afteam
94  turbine section and the condenser during the non-capture operation will be discussed.

95 In Section 2, an overview of a reference NGCC power plant with no CCS optionatdyhrt loads
96 is presented to simulate the operation of such plant in the actual electachket Section 3 covers
97 the methodology applied to size a full-scale PCC unit based on a validated rate-bgsed CO
98 absorption/desorption model. Section 4 presents the simulation of the PCC unit at power plant full and
99 part load. The methodology applied to simulate the &@fnpression unit and the calculations related
100 to its electricity consumption at part load are covered in Section 5. The simulatitts w#sthe
101  NGCC plant fitted with the PCC at full and part load are presented in Sé&ctiand finally, the
102 discussion on the results and operational procedures required for the non-capture operation ar
103  presented in Section 7.

104 2. Standard NGCC configuration and perfor mance study

105  This section provides an overview of the reference NGCC power plant wi@Oa@apture facility
106 that operates at full and part load. The focus is on the main features related variability of
107  performance parameters at part load, and the impact of part load operation on the planiemetyeff
108 Based on the information provided in this sectitwe, impact of the PCC integration on the NGCC
109  performance will be evaluated.

110 A nominal 650 MW natural gas combined cycle (NGCC) power plant is modelled in Aspen Plus
111 Vv8.4. The power plant comprises two General Electric 7 Frame (GE 7F.05) gassui®in), two

112  triple pressure levels with single reheat cycle heat recovery steam gendiRS8G) and one

113  condensing steam turbine (ST) in a multi-shaft arrangement. The net power outiplaint is 634

114 MW when fed with natural gas with the input parameters defined in Table Indthelled NGCC in

115  Aspen is a replica of the plant originally defined and modelled by DoE/NETL [16{ @&T-PRO

116 and THERMOFLEX simulating software [16]. Applying GT-PRO for combined cycle pgiamnt

117  simulations reflects a realistic performance of existing technologies, and the casube considered

118  highly reliable at both full-load and part-load operatifing.

119 Table 1: Input data for NGCC power plant simulafibs]
Parameter Value
Inlet air flow rate [tonne/hr] 3623
Compressor pressure ratio [-] 17.05
Compressor polytrophic efficiency [%)] 85
Inlet air temperature [°C] 15
Fuel inlet pressure [MPa] 2.76
Fuel inlet temperature [°C] 38
Fuel composition [vol%]

Methane (Ch) 93.1
Ethane (&) 3.2
Propane(s) 0.7
n-Butane (¢H1o) 0.4
Carbon Dioxide (C& 1.0
Nitrogen (M) 1.6
Fuel lower heating value (LHV) [MJ/kg] 4722
Gas turbine entry temperature [°C] 1360

Flue gas composition [mol. %]
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N 74.39

(0} 12.37

CO, 3.905

HO 8.434

Ar 0.895
Steam turbine efficiency HP/IP [%)] 88.03-92.37
Steam turbine efficiency LP [%)] 93.67
Condenser pressure [kPa] 4.8
HRSG pressure drop[kPa] 3.6

To reduce the load of a gas turbine in a combined cycle arrangement, the fuel and tirwaasast
be simultaneously decreased while maintaining a high turbine exit temperatunsute high steam
cycle efficiency. Reduction in the gas turbine load leads to the reductimessfures and mass flow
rates in the water/steam cycle. The preferred method to control a combined cyctdastdsadown
to 50% is the sliding pressure control mode. This method ensures good utilisatimn edthaust
energy and therefore relatively higher efficiency at part loads. Below 168% the live steam
pressure is held constant by means of the steam turbine inlet valvesttbdtidge considerable
throttling losses and thus higher stack losses [19].

For the study in hand, NGCC part load calculations have been based on purely sliding pressur
operation down to the 60% load of t&d. The reason for this limit is that although for combined
cycles in general the minimum technical load is around 40-50% of the design cagidoiter loads,

the impact on the cost of electricity is more pronounced, as the cost for fuainptiosurepresents a
significant portion in the economics of a NGCC plant [3]. Moreover, thenmimi load for a stable

and efficient operation of the main air compressors is generally around 70%-75% [RIGTa part

load simulations revealed that the inlet air mass flow rate at GT 60%sloaaily 75% of that at the

GT full load.

The full and part load simulation of the NGCC plant at ISO conditions régrida Aspen Plus are
presented in Table 2. The power plant part loads are defined according to tilndigesload varying
from 100% to 60% as indicated in Table 2.

Table 2: full and part load simulation of the refeze NGCC power plant

GT load [%)] 100 90 80 70 60
GTs output [MWe] 420.80 380.80 339.60 298.00 256.40
ST output [MWe] 229.7 224.1 215.4 206.5 195.7
Gross plant power output [MWe] 650 604.9 555.0 504.5 452.1
Gross power output relative to full-load cas 100 93 85.35 77.46 69.4
(0]
Auxiliary power consumption [MWe] 16.5 16.5 16.3 16 15.8
Net plant power output [MWe] 633.5 588.4 538.7 488.5 436.3
Net power plant electrical efficiency 57.25 56.75 55.84 54.86 53.67
Flue gas flow rate [tamehr] 3706.82 3481.80 3313.52 3021.30 2783.88
Flue gas flow relative to full-load case [%] 100 93.93 89.40 81.50 75.10
[\ 74.39 74.4 74.41 74.43 74.45
(0} 12.37 12.39 12.43 12.48 12.55
CO; 3.905 3.896 3.88 3.856 3.822
HO 8.434 8.417 8.386 8.34 8.275
Ar 0.895 0.895 0.895 0.895 0.895
Total steam flow to LP turbine [toghr] 579.54 558.96 532.35 507.20 480.12

3. PCC plant configuration and performance study

A standard PCC unit using MEA was modelled in Aspen Plus V.8.4 to capture 98¢ 6IQ
emitted from the aforementioned 650 MW NGCC plant at 100% load operation. Figiveslag
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schematic overview of the compled§sCC-PCC plant with a C®compression unit, with the GO
capture plant outlined by the dashed rectangular box. The developed PCC modsaledaup
version of a validated rate-based model of @@, absorption/desorption using 30 wt. % MEA
developed by Rezazadeh et al. 2015 [22]. The validation of thec&fure model at pilot-scale was
performed using the results of two sets of pilot plant experiments of theal@0rption via MEA
solvent with two different types of packing, i.e. Sulzer Mellapak 250Y and SBkecarried out at
the Laboratory of Engineering Thermodynamics in TU Kaiserslautern, Germany][Z324model
results showed a good agreement with the experimental data, and the comparison aflatiersim
results and the experimental data for the two packing material are providexzxégaBeh et al. 2015
[22] . Notz et al. [23], and Mangalapally and Hasse [24] provide detailsegpitot set-up and the
experimental results.
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Based on the knowledge gained from several studies on large-scale post-combustizaptOr@
plants [25-28], and chemical engineering princifl28-31], the process configuration, equipment
sizes and energy requirement of the PCC to remove 90%eQified from the 650MW NGCC power
plant were determined. The capture plant is designed under the assumption tt@E@de gas is

free from NQ and SQ. The selected absorbent is an aqueous solutionwt.3® MEA with the lean

CO; loading of 0.21. The selected lean loading is based on the optimisation study petigrmed
Agbonghae et al. 2014 [27], for MEA-based PCC applications for NGCC plants. The rich CO
loading is also calculated based on the optimum absorber packed column height fpsicetion

[27]. The liquid to gas mass ratio corresponding to the 90% capture rtte design load was
calculated to be 1, using the following equation [27]:

_ FrgXco,9co, MumEga 1— wmea
Frean = 1002 (@ — @ean) (44.009 OmEA ] +z “Lea“) @)
WhereF ¢,nis the mass flow rate of the lean solveiy; is the mass flow rate of the flue gagg,is
the mass fraction of COin the flue gaseco,is the percentage of GOn the flue gas that is
recovered My, iS the molar mass of MEAy, ., and oyeanare the lean and the rich solvent £O

loading, respectivelywygais the mass fraction of the MEA in the unloaded solution, and z is the
number of equivalents per mole of the amine (z is 1 for MEA). [27].

Once the stream conditions have been determined, the diameters of the absorber and kinpyer co
were estimated. The column diameter is a function of the liquid and gas flovamdt#iseir densities
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[32]. To design the PCC plant, two absorber and two stripper columns were cemsitiee design
principle to determine the diameter is based on the flooding limitatiahshanhighest economical
pressure drop to ensure a stable operating condition with proper liquid and gas idistibut

Recommended pressure drop for packed columns ranges from 147 to 490 Pa (15 to 50 millimetre

water) per meter packing [31]. Besides, the gas load corresponding to theumaxiperating
capacity should in general be 5 to 10% below the flooding point [33]. In addittbe tiquid and gas
flow properties, the latter parameter is sensitive to the type of paf¥ahgTo ensure a reliable
operation, the diameter of the absorber column was then fine-tuned to @@€47®&% approach to
flooding for the Sulzer Mellapak 250Y packing. This value corresponds toothhe pilot scale
validated model. A similar method was applied for the stripper column. In tidateai model, the
approach to flooding of the stripper column was 30-35%. Table 3 summarises thetGabmetails

of the Sulzer Mellapak 250Y packing.

Table 3: Geometrical details of columns packing2aB

Packing Geometry

Sulzer Mellapak 250Y

Surface area [Aim?] 256
Void fraction [%)] 98.7
Packing factor [1/m] 66
Side dimension corrugation [m] 0.0171
Corrugation angle [°] 45

Crimp height [m] 0.012

In general, columns with very large diameters are not recommended. To dataxitmeim diameter
for an absorber column under operation is 18.2 m (60 ft) reported by Reddy3d}.arhle absorber
diameter in this work was calculated to be 15 m. Table 4 summarises kepanpoieters for the

CO, capture plant simulation.

Table 4: input data for PCC process simulation

Parameter

Value

Number of Absorber columns

Absorber column diameter [m]

Absorber column height [m]

Absorbent

Absorbent concentration [wt.%]

Absorber column pressure (top stage) [kPa]
Treated gas temperature at absorber exit [°C]
Lean solvent temperatureasorber inlet [°C]
Flue gas temperature at absorber inlet [°C]

Flue gas pressure at absorber inlet

Number of Stripper columns

Stripper column diameter [m]

Stripper column height [m]

Stripper column pressure (top stage) [kPa]
Stripper condenser temperature [°C]

Lean/rich stream heat exchanger approach tempeféa€ire

15
20
MEA
30
101.6
35
40
40
1137.6

20
172.4
35

4. PCC performance at part loads

Steady state simulations of the PCC plant at the power plant fuppamdoads were carried out in
Aspen Plus using the respective flue gas characteristics specified inZT &lokeall load cases, the
flue gas is assumed to be cooled down to 40°C prior to entering the absorber colyar.|l@dds,
the liquid to gas ratios were adjusted to maintain the €@ture rate at 90%. The details of the PCC

simulation at part loads are provided in Table 5.

Table 5 PCC plant process simulation at part load operations
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220

221
222

GT load [%0] 100 90 80 70 60

CO, capture efficiency [%] 90 90 90 90 90
CO; captured [toneh] 2x103.17 2x96 .60 2x91.35 2x82.80 2x75.63
Specific reboiler duty [MJ/kg C 3.64 3.65 3.66 3.70 3.70
Liquid to gas mass ratio 1.00 0.985 0.980 0.972 0.963
Lean solvent C@loading 0.21 0.21 0.21 0.21 0.21
Rich solvent C@loading 0.4761 0.4764 0.4766 0.4770 0.4773
Absorber fraction to flooding [%)] 0.73 0.69 0.65 0.59 0.54
Absorber average pressure dr&ain] 221.6 189.3 169.7 140.2 118.7
Stripper fraction to flooding [%] 0.33 0.31 0.30 0.27 0.24
Stripper liquid hold-up [rf] 3.71 3.60 3.52 3.37 3.24
Reboiler energy requirement [M\V 104.6 97.8 93.0 85.2 77.6
Solvent temperature at Stripper bottom stage [°C 117.4 117.4 117.4 117.4 117.4

4.1. Steam requirementsfor solvent regeneration

The main thermodynamic interface between the NGCC and PCC is the large amateanof
required for solvent regeneration. The extraction point chosen in this studyasdleeid location by
several studies, i.e. IP/LP crossover pipe where the steam is available at a mlessute that
required at the reboiler. [13,35]37

In this work, a 10C approach temperature is assumed in the reboiler to ensure reliable omerdtion
avoid polymerisation of carbamate ions, i.e. thermal degradation of the solventa@eguilibrium
solvent temperature of 117.2°C at the bottom of the stripper for all load easatirated steam at
250 kPa is constantly required in the reboiler. When assuming 10% pressure lossesaincth@ipe
from the crossover pipe to the reboiler inlet, the minimum pressure edaiithe extraction point is
calculated to be 275 kPa, given the stripper pressure at all load cases imb&ldtcdhe extracted
steam is assumed to be routed to the reboiler section via a combined pressure reitluaieg w
superheating system (PRDS). The water required for de-superheating is providegydingex
portion of condensate from the reboiler outlet on the hot side. This integiaiiefined by a dotted
circle in Figure 1. This method has two benefits, first, by recycling a patitre condensate at the
temperature close to the steam saturation temperature, the sensible head tegoeat up the de-
superheating water is minimised; second, a portion of total steam requechipéimented by the
evaporation of the condensate in the de-superheater, resulting in lesser steamrexfaculations
revealed that approximately 13% of the steam required in the rebqilevisied by the evaporation
of the recycled condensate. For all load cases, the extracted steam flow rateamedeparassociated
with the PRDS are provided in Table 6.

Table 8 PCC steam requirements for solvent regenerationlarfdipart loads

GT load [%] 100 90 80 70 60
Total steam required in both reboilers [kg/hr] 345.2 322.8 306.9 281.2 256.3
Steam pressure at reboiler [kPa] 250 250 250 250 250
Steam temperature at reboiler inlet [°C] 127.4 127.4 127.4 127.4 127.4
Total steam extracted from the IP/LP crossover pipe 301.2 281.2 268.1 246.3 224.1
[tonne/hr]

Steam pressure at extraction point [kPa] 337 323 310 295 279
Steam temperature at extraction point [°C] 284.80 286.60 283.10 279.30 282.80
Condensate water required for de-superheating [kg/hr] 44 41.6 38.8 34.9 32.2

4.2. PCC auxiliary consumption

The auxiliary consumption includes the electricity required to runesbleirculating and make-up
pumps, cooling and make-up water pumps, the flue gas blowers and any other rotary equipment



223 involved in the process, with the flue gas blowers as the major consumer. Tabledépthe PCC
224  electricity consumption at various loads.

225 Table 7 CO2 compression unit electricity consumption at foll part loads
GT load [%)] 100 90 80 70 60
PCC electricity consumption [MWe] 15.9 15.3 145 141 133

226 5. CO,compression

227  The produced COwith high purity, i.e. > 98 mol. % CQis expected to be compressed to 11 to 15
228 MPa to be transported for storage [3,38]. This is achieved by means of astagéticompression
229 train with intermediate cooling, and then followed by a pump as a finaltsteleliver theCO,
230  product in liquid phase for storage [3].

231 It is confirmed that the compression process does naa sgelcific constraint on the integrated plant
232  capabilities to operate flexibly and change loads, as the compressors ramp ratetingepetheir
233  types, vary in the order of a few seconds [3]. However, similar to thex& air compressors, at low
234 loads, i.e. less than 70% of the design load, a portion of the compressaduSCbe recycled to
235 maintain the unit operability at the expense of higher auxiliary electricity consumption.

236 CO, compression consumes a great deal of electricity to operate that needs tolieel fiypphe

237  power plant[39]. To calculate theCO, compression auxiliary power consumption, a six-stage
238  centrifugal compression unit with intermediate coolers was modelled in Aspen Plus V8.4. @it vali
239  of the CQ compression model has been ensured by comparing its results with data available in the
240  public domain [15]. The compression train is outlined in Figure 1 by a dotted rectangular shape. Table
241 8 summarises the auxiliary power consumption of the &@®pression unit at various loads.

242 Table 8 the energy requirement of the €& mpression unit at plant full and part load opersi
GT load [%] 100 90 80 70 60
CO, compression electricity consumption [MWe] 18 16.9 15.8 14.5 13.2

243 6. Integrated NGCC-PCC part-load performance

244  Table 9 provides the performance details of M@&CC plant fitted with the PCC at part loads which
245  are evaluated by relating the data from the, €&pture and compression units to the reference NGCC
246  plant data at each load.

247 Table 9: Design and off-design loads of the NGCC pglant with CQ capture plant
GT load [%] 100 90 80 70 60
GTs output [MWe] 420.80 380.80 339.60 298.00 256.40
ST output [MWEe] 184.7 180.0 1734 168.2 160.7
Gross plant power output [MWe] 605.5 560.8 513.0 466.2 417.1
Auxiliary power consumption [MWe] (Inc.
power plant + capture plant + compressiol 52.4 50.3 48.0 45.9 43.4
plant)
Net power plant power output [MWe] 553.1 510.5 465 420.3 373.7
El'l\%a\llle[]mwer loss due to PCC integration 79 76.3 72.3 66.9 61.5
Net Plant Thermal efficiency [%] 50.10 49.37 4833 47.33 46.1
Efficiency penalty{%-point] 7.15 7.38 7.52 7.54 7.59

248 7. Resultsand discussion

249  The first part of this section is dedicated to evaltla¢ PCC performance at part Isad terms of
250 overall energy consumption and solvent circulation rate. In addition, hydraulics of threeabasnd
251 stripper columns in terms of pressure drop, packing wettability and masgettrafficiency are



252  explored. In the second part, the impact of the PCC integration on the NG@« lagg in terms of
253 the net power output and net efficiency penalty are evaluated. Accordingly, paetimf the
254  integration on the steam turbine at part loads is described. Finally, the drawb#w&shon-capture
255  operation on the performance of the NGCC especially on the steam turbine are investigated.

256  7.1. PCC performance evaluation
257  7.1.1. Energy requirement

258  Steady state performance of the PCC at the part loads has been simulated, andtsheresented

259 previously in Table 5. At each load, the liquid to gas ratio was adjusteditdain the C@ capture

260 efficiency at 90%, by which the liquid to gas ratio was reduced to nearly 0.88 &Tt 60% load

261  from its value of 1.00 at the full load. The reduction in the flue gas aculating solvent flow rates

262  at part loads results in lower electricity consumption. This effect is mormpnced at the GT 60%

263 load where the auxiliary power consumption reduced by nearly 18% compared to the full load
264  operation. However, the specific energy required for the solvent regenedatsnnot follow the

265 same trend at part loads. Although the energy required in the reboiler in geneealségcithe

266  reboiler specific energy increases. This is partly due to the change in tlietdiquas ratio from its

267  design value, and partly because of the increased rich solverb&iing at part loads.

268  The rich solvent C@loadings at part loads are provided in Table 5. Despiteunter-intuitive

269  behaviour that might have been expected due to the relatively lowetcd@@osition in the flue gas
270  at part loads, the slight increase in the sol&®4 loading at the end of the absorption process might
271 be due to the improved efficiency in the absorber column. The improved efficientoy absorber
272  simulation is attributed in the relatively smaller height equivalent of a thealrptat (HETP) at lower
273 loads.As presented in Tabl&0, the average HETP of the absorber column at the GT 60% load is
274  reduced by 5.6% compared to that of the full load.

275 Table10: Design and off-design loads of the NGCC pghant with CQ capture plant
GT load [%] 100 90 80 70 60
Absorber column average HETP [m] 0.420 0.414 0.410 0.402 0.396

276  Generally, For structured packings such as Sulzer Mellapak 250Y, HETP inongidséquid and
277  vapour loadings, and the load effect on the HETP is more due to liquid rathesafi@ur loads [30]
278  Furthermore, at higher liquid flow rates, more gas is entrained down the bed, afisiagcy to
279  drop. Due to the structural characteristics of structured packingsntitatbteral movement of fluids
280  at higher gas flow rates, more gas will be carried downstream, which is urdalofor column
281  efficiency [3040]. At part loads, the flue gas and circulating solvent flowsrate simultaneously
282  reduced, while, the liquid load reduction is more pronounced to maintain theaPtDre rate at 90%.
283 This might be a reason for the improved efficiency, i.e. lower HETP, and hertar @) rich
284  loading at lower GT loads. All above statements are valid under the assuript the absorber
285  packed column is evenly wet and uniformly distributed at all loads.

286  For a fixed lean solver€0O, loading, a higher rich solvent G@ading requires more energy to strip
287  the CQ and thus regenerate the solvent. Despite the learida@ing being a fixed design parameter
288 at all loads, the rich CQoading increased at part loads. To retain the leanl@@ing at the bottom
289  of stripper column, more specific energy is therefore required in the reboiler.

290  7.1.2. Column hydraulics

291 The reduction in the flue gas mass flow rate is the major challenge that, aap@re plant
292  experiences at power plant part loads, as this is a crucial design valoe REE. The hydraulics of
293 the absorber and stripper columns should therefore be suitable to withstand variotisnapera
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conditions. To examine the operability of the PCC at part loads, a number of opdnadiameters
were considered for detailed evaluation.

7.1.2.1. Liquid distribution

The process design of the PCC is atNi@CC full-load operation. This means that the @pture
plant is desiged for the highest possible flue gas and circulating solvent flow rates. Agbdesm
section 3, sizing of packed columns at their design points was achieved by mairttaéngaumn
fractional approach to flooding at a reasonable level of 70-75%. Thus, the risloding in the
columns at part loads is nat concern, whereas, the risk of poor irrigation, and uneven flow
distribution (maldistribution) and hence dry patch formation is more prominent.

Uneven flow distribution affects the packed column efficiency [RGccurs when the liquid and/or
vapour flows are low and when less liquid is delivaredome areas than to others, causing a drop in
mass transfer [30,41]. F@m absorber to operate properly, the lean solvent flow rate entering the
column must be high enough to effectively wet the packing to facilitate the raastetrbetween the
gas and liquid streams [42]. The minimum superficial liquid flow rege ( ) that is required to wet

the packing effectively is calculated using the following equatiof [42

L = MWR.p.« (2

sfrmin
Where, MWR is the minimum wetting rate of the absorber packing the solvent density entering

the absorber column, anmdis the surface area to volume ratio of the absorber packing. The superficial
liquid flow rate at each load casgy,_,,) is calculated using the following equation [42]:

L 1 . MMEA
Lsfr] d~= - load 3
oa Apbs

Where,Lyo1,,.4 1S the molar flow rate of the lean solvent at various GT lo#gg, is the solvent

molecular weight, and 4}, is the absorber column cross sectional area. Figure 2 shows the variation
of the absorber column superficial value at various loads and their comparison witimitmeim
value.

flow rate [kg/hr.m?
N
o

20.04 /

1754 —®&— Calculated value
Minimum value

Absorber column superficial solvent

15.0

T T T T T
60 70 80 920 100
GT Load [%]

Figure 2: Absorber column liquid superficial value at various GT loadsmparison with its minimum value

The comparison confirmed there is sufficient liquid flow to wet the packing usengurrent design
conditions up to 70% of the GT load, whilst the absorber operation at GTod@P4s at the risk of
under wetting. One solution to mitigatas risk is to increase the lean solvent flow rate to meet the

10



321 minimum requirement. Calculations showed that the lean solvent mass flow rate museilgyrea
322  approximately 6% to maintain the minimum liquid load in the absorber column &TilE9% load.
323 To maintain the C@capture rate at 90%, a solution is for the lean solvent I6&ing at this
324  particular case to increase to 0.23 from the design value of 0.21.

325  7.1.2.2. Vapour distribution

326  Reduction in the flue gas flow rate at part loads results in the reduatiits velocity through the
327  packed bed which will promote the risk of uneven vapour distribution in the absorbemcdium
328 general, the packing pressure drop places a resistance in the fluehngdmiphelps spread the vapour
329 radially. If the pressure drop is too low, the flue gas will tenchamnel through the bed, leading to
330 poor mass transfeB(]. There is a common practice to design a packed column for a pressure drop
331 not smaller than 15 mm of water per meter of packing height. Whenisheéelihood of foaming,
332  this value must be reduced [31]. Simulations showed that the pressure drop of thergtescked
333 column is in the range of 22 to 12 mm of water per meter of packing, where & [messure drop
334  corresponds to the 60% GT load. The packing material used in the absorbesutzéneVellapk
335  250Y which is categorised as a low-pressure gauze packing with a very lowarzenatessure drop
336  [18]. Thus, the uneven vapour distribution in the absorber column at the 60% G¥ lessl likely to
337  be arisk with the applied packing material.

338  7.1.2.3. Column oper ability

339 There is a reliable region for packed columns to operate at variable liquid afongestes. Kister
340 [30] defined an operational curve for packed columns and suggested that for & mhedztion at
341 various liquid and gas flow rates, the absorber and stripper column efficienciebanindependent
342 of gas and liquid flow rates, while the column pressure drop unifamohgases with gas flow rate.
343  Thus, for absorber and stripper columns to cope with power plant part loads, tbineiffis should
344  not vary with load changes. To verify this, the efficiency characteristieswf the absorber and
345  stripper columns operating at various loads is plotted and shown in Figure 3. Toal @it is the
346 average HETP of the column as the efficiency representative, and the horizonigltheiST load
347  As shown, the HTEP demonstrates a constant trend at variowss ¢oafirming that both absorber
348  and stripper columns operate reliably at part loads down to 60% GT load.

0.25 - e s

0.15 | —®— Absorber column
—O— Stripper column
T T . . i
60 7 80 9 100
GT load [%]

349

350 Figure 3: Absorber and stripper columns average HETP at various GT loads

351 There are other parameters that may be studied to confirm a reliable operdi©€ pfants at part
352 loads that are beyond the scope of this study. for example, the higher oxygen content irgasedtue
353 part loads has a potentially negetive impact on the solvent degradation rate ani dperation. it is

11



354
355

356

357

358
359
360
361
362

363

364
365
366
367
368
369
370
371
372

373

374
375
376
377
378
379
380
381
382
383
384
385

386

387
388
389
390
391
392

therefore worthwhile to study and seek alternative inhibitors to proectunit against likely
corrosion and degradation risks at part loads whemo@tent in flue gas increases [3].

7.2. NGCC performance evaluations

7.2.1. Net plant efficiency

Based on the simulation results of the NGCC at part loads while fiitecdthe PCC, the net plant
efficiency of the NGCC-PCC plant and the associated efficiency penalty atgated for various
loads and presented in Table 11. As expected, the net plant efficiency efetiemece NGCC at part
loads drops by 2-3% points][@s a result of operation of the equipment at loads different from their
design point.

Table 11: the net plant efficiency for reference@®@and NGCC-PCC plant at various GT loads

. GT Load [%]
Net plant efficiency
100 90 80 70 60
Reference NGCC [%] 57.25 56.75 55.84 54.86 53.67
NGCC+PCC [%)] 50.10 49.37 4833 47.33 46.09
Efficiency penalty%-point] 7.15 7.38 7.51 7.53 758

Likewise, the net efficiency of the NGCC-PCC plant is reduced at part loads. eneff penalty
associated with the integration of the PCC and NGCC increases by reduc®&d tbad, which is
due to inefficiencies associated with the SGf@sorption in the stripper column. Also, for thR&CC
PCC plant, the reduction of the steam turbine efficiency is more pronouncedeatidads. In fact,
the significantly light-load operation of the steam turbine at part loaoisqtes the rate of the
efficiency drop. In this study, the efficiency of t8€, compression unit was assumed constant for all
load cases. In practice, compressors efficiency will reduce with reducingathavtoch will have an
additional impact on their auxiliary power consumption, and thus on the net plargneffi and the
efficiency penalty.

7.2.2. Steam turbine performance

By studying the LP steam pressure at the IP/LP crossover pipe presented in Tabledént that

the pressure requirement of the steam to be extracted can be met fad alagesin addition, the
evaluations confirmed that the throttling loss associated with the steamiertiaaminimal as the
pressure of steam in the I pipe is close to that required in the reboiler. To reach a part-load
capability below 60% GT loada higher design crossover pipe pressure would be required. For
example, in a study performed by Pffaf et al. [14] on a greenfield coal power planigaglessure

of 700 kPa was suggested for the crossover pgipeart-load capability of 40% is required.
reduction of 50kPa on the design pressure of IP/LP crossover pipe results in nearly 0.29aipdmnt
the plant net efficiency at the expense of restricted part-load operation [1fdraeit is useful to
identify an efficient part-load limit with IP/LP pressure evaluations. Inwhusk, the efficient part-
load limit is around 60% as the crossover pressure at this load rate hasralndiffgrence with the
minimal required pressure at the interface point.

7.3. Impact of non-capture operation

NGCC plants equipped with PCC must be designed to operate with variable steam extgetion
possibly down to zero, to adjust both desired,@@pture efficiency and power output whenever
required. There are conditions in which it is economically beneficial to operdteutvPCC, for
example at times of high electricity demand. Ald®re are conditions where operation without, CO
capture is inevitable, for example during an interruption in the operatitgheoPCC or the CO
compression unit. In eithease the steam which is otherwise used for the solvent regeneration must
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be utilised in the LP turbine to generate electricity. This means that nearly double the amoant of ste
is available to enter to the LP turbine cylinder at power plant full load operdthis will havea
considerable impact on the performance of the steam turbine in general and on the LRiidniclel

and the cold end in particular.

In coal power plants, the impact of variable steam flow rates through the LP turbine is manageable via
using a synchronous self-shifting (SSS) clutch that entirely disconnects onelLéf stieam turbines
depending on the heat required in the PCC plant [43]. While in NGCC plants, usnigllypne
double-flow LP steam turbine is used and therefore there is no flexilpiligrms of possibility to

shut down an LP turbine [43].

It is worth to note that the design of LP steam turbines capable of oparatiaglarge variations of
steam flow is a not a new technology, and examples of such turbines can be found heddmehi

and power (CHP) plants [42,44]. To shed light on the requirements and performance cftaarhP
turbine operating with large variations of steam flow, it is usefuéwew some of the steam turbine
theories. At any given load, the steam turbine has approximately constant valwn€His helps the
velocity vectorso remain unchanged and so does the efficiency [45]. The steam mass flow through
the steam turbine at any off-design, e.g. operation without the PCC, can batedlasing the Law

of Cones [48

 n+1
- 11— [Be] ™
mg _ V.Pa |Pao-Vao | Pa 4)
mS,O Vo-pa‘o pa'va ! pWO nnj
1 [Best]
\I Pa,0

Where, g is the steam mass flow, is the pressurey is the specific volumel is the average
swallowing capacity, and is the polytropic exponent. The suffix 0 is the design point, suffixes a and
w denote at the ST inlet and outlet respectively. For the condebBitgrbine, where the pressure
ratio is low and the ratio of swallowing capacity is almost 1, the above equatidoe camplified as
below and used to determine the relation between the live steam pressure andastedlownrate
[477:

. . 2
s _ |Pao-Vao _ Pa _ [fns Pao 5)
ms,O Pa-Va pa,O ms,O Pa

Where,p is the steam density. If the NGCC plant operates at full load whl®@C is shut down

the steam mass flow rate to the LP turbine cylinder increases by 108f¢ éfgiation (5), it is
estimated the inlet pressure of the LP turbine will consequently indirease37 to nearly 700 kPa
This will have an impact on the IP turbine too, since the exit pressure # putlet increases, and
the steam volumetric flow decreases substantially by approximately 52%, leading ffiancg
impact. One suggested solution to minimise the impact of the non-capernaion is that during the
PCC shutdown, the power plant operates at a lower load with the net power ouiyaleatto that

of the power plant full load operation while integrated with the C&pture plant [14]. In this woyk

the suggested part load operation to minimise the impact of the PCC shut downawihé&T load

of nearly 85%. Nevertheless, for this option, the IP/LP crossover pressure will increase to 627 kPa.

In addition to the above, the condenser back-pressure will rise as a consequence oédkedncr
steam flow, if the cooling water mass flow rate is kept constant at the expehsgher outlet
temperature. However, in the case of environmental limitations leading to igier houtlet
temperature being not viable, the heat load rise in the cold end demands more catdimghich
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results in higher electricity consumptianthe cooling water system, given the cooling water pumps
are capable to operaathigher mass flow rates. Moreover, some provisions must be considered in the
steam turbine generator to handle the surplus electricity generationshe&l tscenarios will
definitely have a negative impact on the efficiency. If an NGCC power plaasigrebd to operate in

a CQ capture integrated scheme, it is not beneficial to operate in a standabolee apart from
emergency periods mentioned earlier.

8. Conclusion

Steady state simulation of a natural gas combined cycle power plant and a post combustion CO
capture unit were carried out in Aspen Plus V8.4. Simulations were made andytlart loads for
two process options with and without €€apture. The considered option to provide the heat for the
solvent regeneration was the steam extractioi?/aP crossover pipe for all cases. Part load cases
were studied at GT load of 90, 80, 70 and 60%. The results confirmed the perfowaaiiite of the
NGCGPCC plant at full and part loads down to the 60% load. By adjusting the soireration

rate to lower values, except for the GT 60% load, the Capture with 90% capture rate was
achievable at part loads. The study of the absorber column hydraulics showed tHat to bave a
reliable operation at the 60% load, the minimum liquid load required in the abpaed column

led to an increase of 6% in the circulating solvent flow rate. A suggsstetion to retain the CO
capture rate at 90%t this load is to increase the lean solvent,@§ading to 0.23 from its design
value of 0.21.

Simulation results confirmed that there is sufficient steam available at the IP/LBverropipe to
provide the steam required for the solvent regeneration at part loads up to 6l@adGNMoreover,
the study of the IP/LP crossover pressure showed that the throttling loss related steatie
extraction is minimal as the pressure of the steam in the crossover plipseiso that required in the
reboiler. However, to reach a part load capability below the 60% GT load, a Higign pressure
for the crossover pipe would be required. An analysis of net plant efficiencyefdwth process
options revealed that at full load, the efficiency penalty associated withQheapture operation is
7.15% point at full load and will increase to 7.6% point at 60% GT load.

The study of the absorber column performance and the mass transfer efficienadrédvataht part
loads, due to relatively lower load of gas and liquid in the column, the mass trafisfenay
slightly improves and leads to a slightly higher rich solvens I6&ding at the column discharge. This
improvement however showed a negative effect on the stripper performance in téhesmécific
energy required by the reboiler.

An evaluation was made to study the impact of non-capture operation on the LRwstiaen the

results showed that if the NGCC plant operates at full load while the PGfE, the steam flow
available at the LP turbine increases by 108%, which will resalhincrease on the LP turbine inlet
pressure from 337 to nearly 700 kPa. The increase on the LP inlet pressure will affect the IP turbine as
well, leading to the turbine efficiency drop. To minimise the impact of nptima operation, it is
suggested to operate the power plant at a lower load with the net power outpateatud that of

the NGCC full load operation while fitted with the PCC unit [14]. Spealify for this study,
calculations showed that the suggested part load operation to minimise the impaataaipture
operation will be at the GT load of nearly 85%.

In addition to the IP and LP turbine performance, the non-capture operation willtaéfexindenser
operating pressure due to the rise of the coolant temperature as a consequernioerebtiesl steam
flow, leading toa drop in the plant net power output. Moreover, to make the plant capable of
operating without capture, some provision must be considered in the steam turbine genenatibe to ha
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the surplus electricity generation. These evaluations suggest thaNG&& plant is designed to
operate in a C@Ocapture integrated scheme, it is not beneficial to operate in a standalone mdde, apa
from inevitable situations such as C€pture planbr CO, compression unit trip.
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