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Abstract

The value of dispatchable, low carbon thermal power plants as a complement to
intermittent renewable energy sources is becoming increasingly recognised. In this study,
we evaluate the performance of post-combustion CO; capture using monoethanolamine
(MEA) retrofitted to a 600 MW CCGT, with and without exhaust gas recycle (EGR). Our
results suggest that the EGR ratio plays a primary role in the regeneration energy penalty
of the process. We contrast a gas-CCS process with its coal counterpart and show that

whilst CCGTs have a greater energy penalty per tonne of CO; captured than coal (i.e.,

G]/tcas > G]/tc(,al), owing to the high thermal efficiencies of CCGTs relative to coal-fired
o, o,

power plants, the energy penalty per MWh of low carbon energy generated is lower for

gas than it is for coal (i.e., G]/MWhGaS < G]/MWhC"al)’ making CCGT-CCS an attractive

choice for low carbon electricity generation.
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1 Introduction

A significant reduction in total CO, emissions is essential to limit the average global
temperature rise to 2 °C by the end of this century (Luo, et al., 2015). In December 2015, the
so-called “COP21” agreement has identified the highly ambitious aspiration of limiting

temperature rise to 1.5 °C (United Nations, 2015). Fossil fuels including coal and gas are
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currently primary sources of CO; emissions to the atmosphere and thus, a key contributor to
anthropogenic climate change. Power generation using fossil fuels dominates the world’s
energy landscape and currently contributes approximately 25% of total global greenhouse
gas emissions (US Environmental Protection Agency, 2016), and despite a rapid expansion of
the role of renewable power, fossil energy is likely to play a dominant role in the world’s

energy landscape for some time to come.

In this context, the role of natural gas as part of a transition to a low carbon energy system is
becoming increasingly important?, as presented in Table 1, compared to coal-fired power
generation, natural gas-fired power plants emit 50 to 60% less CO; on a per MWh basis

(National Energy Technology Laboratory (NETL), 2013).

Table 1: The average kg of CO,emitted per MWh of energy for various fuels from 2007 to 2014 (U.S. Energy Information
Administration, 2015)

Fuel Type kgco2/MWhy, kgco2/MWh,
Coal (bituminous) 318.34 938.93
Coal (lignite) 333.36 984.29
Coal (subbituminous) 331.66 979.76
Natural gas 250.72 553.38

However, combined cycle gas turbines (CCGT) are not themselves low carbon — they’re just
lower carbon than coal, and in a low carbon world, they will also need to be decarbonised via
CCS (Heuberger, et al.,, 2016). In the context of decarbonising CCGTs, post-combustion
capture processes are generally considered the most appropriate for this purpose (Boot-
Handford, et al., 2014), although chemical looping combustion technologies are also
especially promising (Hassan, et al., 2017). Other recent studies also consider the oxy-combustion

of natural gas in CCGTs (Climent Barba, et al., 2016).

Abu-Zahra et al. (2007b) performed a detailed evaluation of amine-based post-combustion
CO; capture applied to a 600 MW bituminous coal fired power plant using monoethanolamine
(MEA) as the working solvent. They achieved a reduction in energy consumption from 3.9 to

3.0 GJ/tco2 by using a higher concentrations of MEA (i.e. 40 wt%). Although this is a significant

1 Such as in the UK, where, at the time of writing, there is the ambition to close all unabated coal-fired power
stations and replace this capacity with gas-fired capacity (Department of Energy & Climate Change, 2015).
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improvement, it is still limited in industrial applications due to corrosion and solvent
degradation issues. Sharifzadeh and Shah (2015) presented a comparative study of MEA and
an amine-promoted buffer salt (APBS) in CO, capture from gas-fired power plants. They
studied three different scenarios and compared their results with available pilot plant data.
In their work, they utilized an MEA solution (30 wt%) to model the capture process unit. They
validated their work by comparing their results with a pilot-plant data and a flue gas CO;
concentration of 6.7 wt% in their various runs. Therefore, lower concentrations of CO; in the
flue gas were not considered in their study. Llano-Restrepo and Araujo-Lopez (2015)
presented a comprehensive and recent list of research works reported in the literature on the
absorber models used for the simulation of carbon dioxide capture in MEA solution for fossil
fuel-fired power plants. The energy penalty for a conventional capture unit integrated with a
G]/ .

coal-fired power plant is approximately between 3.2 to 4.2 teo For a CO; capture unit
2

being fed by the flue gas generated in a gas-fired power plant, Ogawa (2013) reported a
reboiler-based energy penalty in order of 3.3 G]/tco corresponding to a carbon recovery of
2

only 76.5%. However, these researchers did not present any power plant de-rating figures

with a retrofitted CCS unit.

One of the main challenges of using amine-based post combustion capture technologies is
amine degradation due to the presence of oxygen in the flue gas (Mertens, et al., 2013). This
is especially of concern for the exhaust gas of a CCGT which contain up to 10-12 mol% oxygen,
relative to coal-fired power plants where an O, concentration of 5 — 6 mol% would be the
norm. Given that amine degradation costs increase the variable operating and maintenance
costs, this could potentially result in an unviable capture process. In order to minimise oxygen
concentration and maximise CO, concentration in the exhaust gas from a CCGT power plant,
a portion of the exhaust gas exiting the heat recovery steam generator (HRSG) is recycled
back into the inlet of the gas compressor of the turbine. This technique is known as Exhaust
Gas Recycle (EGR) and has its origin in the operation of gas compression equipment (Loud &
Slaterpryce, 1991). The increase in CO, concentration leads to a lower energy of regeneration
and thus, lower capital and electricity cost as well as CO; avoidance costs in the short, medium
and long run (Li, et al., 2011) (Adams & Mac Dowell, 2016). Importantly, it has been reported

that the application of EGR to a CCGT causes little variation in the performance of the turbine



(Canepa, et al.,, 2013). This implies that the EGR strategy is potentially applicable to CCS
retrofit scenarios. However, it is worth noting that due to the change in the thermodynamic
properties of the gas as a result of the change in CO, concentration, the output power from
the gas turbine can be adversely affected. This owes to the lower heat capacity of CO;
compared to air which consequently, lowers the outlet temperature of the combustor
(Akram, et al., 2013). These issues must be addressed for large-scale applications. In a recent
study, Ali et al. (2016), carried out a techno-economic analysis of a CCGT with various EGR
percentages (i.e. 20%, 35% and 50%) in a pilot-scale capture unit (30 wt% MEA, a lean loading
of 0.2 and a 90% capture rate). They investigated the effect of various EGR ratios on the liquid-
to-gas ratios and the subsequent effect on the CO; concentration in the inlet flue gas to the
absorber. Akram et al. (2016) also investigated the effect of EGR ratio on the performance of
a pilot-scale capture unit. They considered flue gas CO; concentrations in the range of 5.5 to
9.9 vol%. These researchers observed an increase in CO; concentration in the flue gas with
an increase in the EGR ratio leading to a reduction in the specific reboiler duty by 7.1% per unit

percentage increase in CO, concentration.

Post-combustion CO; capture will impose a well-known energy penalty upon the power plant
with which it is integrated (Hanak, et al., 2015). This leads to a net efficiency reduction on the
power plant on the order of 10-12%-pts, primarily due to the energy required for solvent
regeneration, followed by CO, compression and other auxiliary energy consumption, i.e.,
solvent and cooling water pumps together with the blower (Linnenberg, et al., 2012). Solvent
regeneration accounts for approximately 60% of the energy penalty associated with the
operation of a post-combustion CO, capture process (Kothandaraman, et al., 2009). For MEA-
based CO; capture applied to a CCGT, depending on the capture rate, solvent flow rate and
reboiler duty, the energy of regeneration is typically on the order of 4 to 5 GJ/tCO,, i.e.,
somewhat greater than might be expected for an equivalent coal-fired power station
(Kehlhofer, et al., 2009). The utilisation of advanced amines, such as piperazine, has the
potential to reduce this cost (Kvamsdal, et al., 2014) with recent pilot plant data reporting an

energy cost in the range 2.1-2.9 GJ/tCO; (Lin, et al., 2016).

There have been several efforts to describe the chemical absorption of post combustion CO;
from the flue gases of both coal- and gas-fired power plants. These models have either been

developed on the assumption of equilibrium or rate-based mass transfer with some having
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been validated on pilot-scale plants (Mac Dowell, et al., 2013; Dutta, et al., 2017; (Sherman,
et al., 2016; Norouzbahari, et al., 2016; Oko, et al., 2015). Although rate-based process
simulation is well-known to provide more insight into the absorption process enabling the
engineers to size the equipment and evaluate the process operating conditions more
accurately (Sharifzadeh & Shah, 2015; Mac Dowell, et al., 2013; Krishnamurthy & Taylor,
1985b; Krishnamurthy & Taylor, 1985a), equilibrium simulation, owing to its relative
simplicity, provides useful insight on the viability of the process if used astutely. Therefore,

we have adopted an equilibrium-based modelling approach in order to simulate our process.

Among various modelling approaches, the parametric method has been adopted by many
researchers. For example, Qi (2007) carried out a parametric study in order to simulate an
MEA-based CO, absorption plant for a CCGT (3.73 mol% CO; in the inlet flue gas). He
considered total CO; capture and the reboiler energy consumption as the key performance
indicators (KPIs). He reported that the efficiency of the CCGT would drop by 8 pt-% from 58%
to 50% by retrofitting a post-combustion capture unit. It was shown that an 85% capture rate

was associated with an energy consumption of 3.7 GJ/tCO,.

In this study, we evaluate the performance of a post combustion CO; capture plant applied
to the exhaust gas of a 600 MW CCGT power plant using a range of EGR ratios with concurrent
consideration of other operational parameters. The remainder of this paper is set out as
follows; we first describe our modelling approach in detail, and then present the results of
our parametric analysis. We conclude with some discussion and a comparison of coal- and

gas-CCS processes.

2 Model Development

Throughout this work, we have employed the electrolyte NRTL (electrolyte non-random-two
liguid) (Chen & Evans, 1986) to model the liquid phase and the SRK equation of state (EoS)

(Soave, 1972) to describe the vapour phase.

The following section briefly outlines the methods used in order to integrate the absorption,
aqueous-phase reactions and thermodynamic mechanisms involved in the MEA-CO,-H,0
systems into the model. In the following sections we concisely review the fundamentals

behind the thermodynamic framework employed in this study.



2.1 Absorption and Reaction Mechanisms (chemical equilibria)
The absorption process begins with the dissolution of gaseous carbon dioxide molecules into
the liquid.

C0;(g) — €O, (aq) (1)

In the aqueous solution of MEA-H20-CO,, the dissolved CO; will then undergo a series of
reactions resulting in the formation of a number of ionic species. The governing reactions in

the in this electrolyte system are presented below:

2H,0 S H,0* + OH™ (2)

CO, + 2H,0 & H;0* + HCO5™ (3)
HCO,™ + Hy0 S Hy0% + CO5%™ (a)
MEAH"* + H,0 & MEA + H,0* (5)

MEACO0™ + H,0 < MEA + HCO;™ (6)

In the reactions listed above, reaction (2) describes water hydrolysis, reaction (3) shows the
formation of bicarbonate in water and reaction (4) illustrates the dissociation of bicarbonate
into carbonate ions in the presence of liquid water. Reactions (5) and (6) describe how

molecular MEA reacts with CO; in aqueous solution.
The equilibrium constants for reactions 1-5 are defined as:

K(T) = [l a;=[1(m;.y;)Vi : molar basis (7)
or
K(T) = [1(x;.y))"i : mole fraction basis (8)

In equations (7) and (8), K(T) is the temperature-dependent equilibrium constant; a; is the
activity of speciesi; v; is the stoichiometric constant of species i; m; is the molality of species
i and y; is the activity coefficient of species i and x; is the mole fraction of species i. Whilst
an equilibrium description of these reactions is unlikely to be adequate for detailed process
design, this approach is deemed appropriate for a parametric study of the kind presented

here.



The original electrolyte NRTL model, a ¥ — ¢ model, was initially developed for a single
solvent and a completely-dissociated electrolyte (Renon & Prausnitz, 1968) and was
subsequently generalized so as to be applicable to multi-component aqueous systems (Chen

& Evans, 1986).

Since the activity coefficient, y;, for any species (ionic or molecular, solute or solvent) is
calculated from the partial derivative of the excess Gibbs free energy with respect to mole

number, n; therefore (Dash, et al., 2011) :

Iny; = (9)

1 [a(nta*ex)
T,P,le¢i

on;

Where i, j = molecule, cation, anion species
Finally, equation (9) leads to:

Iny;* = Iny;*PPH + Iny,*NRTL 4 [ny,*BORN (10)
In the eNRTL property method, the temperature-dependent reaction equilibrium constants
(K;) are calculated using the Aspen Plus built-in equation:
In(K;) = a; + 2+ ¢; In(T) + d;T (11)
2.2 Vapour-Liquid Thermodynamic System (phase equilibria)

An extended Henry’s law is employed to represent the behaviour of solutes such as CO;

(Mondal, et al., 2015):

v;® (P P9

Vi 0. P = x. v H . exp[20) (12)

Similarly, for the solvents, an extended Raoult’s law is used (Mondal, et al., 2015):

P
ys-(ps- = X5 ¥s- PO QDS exp[—)] (13)

In equations (12) and (13), the exponential terms are the Poynting factors or corrections for
moderate pressure and are derived from integration forms by assuming V;*and V, to be
constant over the pressure range. Also, y; and y; are the mole fractions of species i and s in

the gas phase; ¢; and @, are vapour phase fugacity coefficients for species i and s; P is the



total pressure; x; and x, are the mole fractions of species and in the liquid phase; y; and y, are

the liquid phase activity coefficients for species i and s; HiPOand PSOare respectively the
Henry‘s constant of i in the amine solution and saturation pressure of component s; ¢ is
the fugacity coefficient of s under saturation condition; V;*and V, are the partial molar
volume of solute at infinite dilution and the molar volume of the solvent s; P,° is the vapour

pressure of solvent at saturated conditions.

2.3 Post Combustion CO;, Capture Process Flowsheet

Many chemical processes such as natural gas sweetening, synthesis gas purification,
manufacturing of nitric acid, chlorination, hydrogenation and carbon capture employ a gas
scrubbing process to treat the generated flue gas or improve the products’ quality (Gaspar &
Fosbgl, 2015). The absorption and desorption processes usually take place in gas—liquid

contactors. Figure 1 presents the flowsheet that was developed in this work.
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Figure 1: Schematic of the amine-based carbon capture process flow diagram

The operating conditions of different units in the flowsheet are reviewed in Table 2.

Table 2: The operating conditions of the main units in the simulated flowsheet

Design Specification Specified Value

Absorber operating pressure (bar,) 1.1 (isobaric)

Absorber’s no. of ideal stages 15
Stripper’s operating pressure (bar,) 2 (isobaric)

Stripper’s no. of ideal stages 10
Condenser’s outlet temperature (°C) 30
Knock-out drum pressure (bar,) 2
Knock-out drum temperature (°C) 30




Water-wash column pressure (bara) 1.1

Blower AP (bar,) 0.1

Precooler’s outlet temperature (°C) 40
Assumption for pressure drop in pipes and equipment (bar,) 0

In addition to the above, the key process specifications for the inlet streams are presented in

Table 3.
Table 3: The main stream values in the base-case flowsheet
Parameter Inlet Flue Gas Inlet Lean Solvent

CO; content (mol %) 4,6,8 N/A

CO; Loading Range N/A 0.15-0.35

Lean Solvent Concentration (wt %) N/A 15, 20, 25, 30

Temperature (°C) 120 40
Pressure (bara) 1.05 1.1

The concentration of CO; (and other species) in the flue gas are modelled to represent various EGR
ratios (Adams & Mac Dowell, 2016) in a gas-fired power plant. The compositional analysis of the inlet

flue gas used in this simulation is given in Table 4.

Table 4: Inlet flue gas compositions studied in this work (Adams & Mac Dowell, 2016)

Inlet Flue Gas Composition (mol%) EGR Ratio% =0 EGR Ratio% = 20 EGR Ratio% = 40
CO; 4 6 8
0; 12 9 5
H,O 7 7 7
N, 77 78 80

3 Results and Discussions
3.1 Effect of Lean Loading on CO, Capture Energy Efficiency

The effect of lean loading on reboiler-based energy consumption for various EGR ratios and
amine concentrations is illustrated in Figure 2. It is evident that for all combinations of MEA
concentration and exhaust gas CO, concentration there is a pronounced minimum in the

energy of regeneration.




6.5

—— 20% MEA, 4 mol% CO
— A 20% MEA, 6 mol% CO
—F— 20% MEA, 8 mol% CO
—©O— 25% MEA, 4 mol% CO
— A 25% MEA, 6 mol% CO
—F— 25% MEA, 8 mol% CO
—©— 30% MEA, 4 mol% CO
— A 30% MEA, 6 mol% CO

—B— 30% MEA, 8 mol% CO

Energy Consumption (GJ/t

3.5 1 1 1
0.15 0.20 0.25 0.30 0.35

0 (mole CO /mole MEA)
Lean 2

Figure 2: Effect of lean loading on energy consumption (90% CO; capture, rich loading: 0.5)

Holding the degree of CO; capture constant at 90% and initiating the parametric sweep with
a 0 0qn 0f 0.35, reducing 6, .4, initially reduces into a reduction in lean solvent flow rate and
a commensurate reduction in the energy cost of regeneration, consistent with the
observations reported by Alhajaj et al. (2016). It can be observed that, for the range of MEA
concentrations and EGR evaluated here, yco2 plays a secondary role in determining energy of
regeneration — the amine concentration exerts a more significant effect, with a reduction in
amine concentration shifting the location of the energy minimum towards lower values of
0 can- As a secondary effect, an increase in the EGR ratio consistently reduces the energy
consumption. Therefore, it would appear sensible to maximise both amine concentration and
EGR ratios. However, 30 wt% MEA is commonly considered an upper limit owing to concerns
of equipment corrosion (Abu-Zahra, et al., 2007a) and the utility of EGR as a strategy is also
limited to approximately 35-40% (Merkel, et al., 2013) owing to the fact that at elevated EGR
ratios greater than 40%, the O, concentration in the combustion chamber drops below 16%

resulting in inefficient fuel conversion (Li, et al., 2011).
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The energy for solvent regeneration can be decomposed to three primary contributing factors

(Oexmann & Kather, 2010):

1. The energy required for the vaporisation of water and thus, the generation of steam (i.e.
latent heat) — which is dependent on CO, and water partial pressures in equilibrium with
the liquid phase

2. The sensible heat of the solvent which is required to be supplied in order to increase the
liquid temperature to that of the reboiler. This is linked to the solvent flow rate.

3. The heat of desorption of CO; from the rich solvent. This primarily depends on the type

of solvent used. Also, it is directly affected by the CO; loading of the desired lean solvent.

Thus, the total reboiler heat duty is not simply a function of CO, desorption energy but
comprises two other very important terms, namely the sensible heat and heat of water
evaporation. Therefore the total required regeneration energy in the stripper can be shown

as (Mac Dowell & Shah, 2013; Young, et al., 2012; Oexmann & Kather, 2010):

q — Hyepoiler
reg mCOZ

= Gsen T Quap,H,0 T Qabs,co, (14)

Where g, is the sensible energy, qyqp 1,0 is Water evaporation energy, qqps co, is the CO;
absorption energy, Hy¢poiier is the heat duty of the reboiler and m,, is the mass flow rate of
CO;. The CO; heat of absorption comprises three parts (Oexmann & Kather, 2010): non-ideal

mixing; dissolution of gas into the liquid and chemical reaction.

In order to provide some insight into the physical factors which drive the shape of the curves
presented in Figure 2, the contribution of each energy term to the stripper’s total heat duty

is presented in Figure 3 .
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Figure 3: Reboiler energy breakdown for various amine concentrations and EGR ratios

As can be observed, the amount of energy required to actually recover the CO; remains
approximately constant — which makes intuitive sense. At higher values of lean loading, more
energy is required for sensible heating owing to increased quantity of solvent required to
maintain a constant degree of capture. However, at lower values of lean loading, the vapour
liquid equilibrium conditions shift, and an increased amount of energy is spent producing
water vapour, consistent with previous observations in the literature (Oexmann & Kather,
2010). These trends were also observed by Abu-Zahra et al. (2007b) for a corresponding coal-

fired power plant.

The variation of solvent flow rate for various lean loadings is shown in Figure 4.
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Figure 4: Effect of lean loading on lean solvent flow rate (90% CO; capture)

It can be observed that with an increase in loan loading, an increased solvent is required to
achieve the constant CO. capture of 90%, as there is a reduced carrying capacity in the
working solvent. This is similar to what has been observed in previous work (Alhajaj, et al.,

2016; Adams & Mac Dowell, 2016).

3.2 Effect of MEA Concentration on CO; Capture Energy

In Figure 5, the effect of MEA concentration in the lean solvent on the reboiler-based energy

efficiency of the process has been illustrated for various lean loadings and EGR ratios.
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Figure 5: Effect of MEA concentration in lean solvent on the reboiler energy efficiency (90% CO; capture, rich loading: 0.5,
0.20 lean loading)

Figure 5 shows that with an increase in MEA concentration, leading to a reduction in solvent
flow rates, the reboiler energy consumption is reduced. This trend is consistent across all
values of ycoz. It may also be observed from Figure 5 that at a constant MEA concentration,
an increase in gas phase CO, concentration leads to a second order reduction in energy
consumption. The minimum is achieved with an MEA concentration of 30 wt%, a lean loading
of 0.20 and an EGR of 40% (i.e. 8 mol% CO, in the flue gas) - here the energy of regeneration
is 3.98 GJ/tCO,.

3.3 Effect of CO; Capture Rate on Reboiler Duty

The basic operating conditions of the process (Table 3) were kept constant during the
simulation. In order to be able to perform a parametric study on the effect of reboiler heating
duty on CO; capture, the inlet flue gas composition, lean loading and the MEA concentration
in lean loading were kept constant. However, the capture was manipulated by a varying lean
solvent flow rate. The effect of the reboiler duty and its corresponding steam consumption

on the total carbon dioxide capture percentage from the flue gas is illustrated in Figure 6.
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Figure 6: Effect of reboiler duty on the recovery of CO, from the flue gas (Inlet flue gas with 4 mol% CO,; Lean Loading: 0.21;
30 wt% MEA; utility steam: saturated steam at 140 °C bled from the IP-LP turbines crossover.)

Figure 6 shows a linear increase in the reboiler duty with increasing CO; capture.

As discussed previously, the energy of regeneration includes that required for vaporisation of
water, CO; desorption and that required to raise the inlet solvent temperature to that of the
reboiler (Oexmann & Kather, 2010). While the heat of desorption is constant at a fixed
temperature, the heat of vaporisation and the sensible heat show a more significant
dependency on the CO; loading. At a fixed carbon capture rate, the heat of vaporisation
slightly reduces with lean loading as the equilibrium partial pressure of CO; increases. This
results in a reduction in the amount of steam which is to be vaporized (Freguia & T. Rochelle,
2003). However, the sensible heat has an opposite trend due to the increased liquid solvent
flow rate required to achieve the CO; capture efficiency target. Owing to the trade-off
between latent and sensible heats, the reboiler duty is minimized by a certain lean loading
value that depends on the operating conditions of the absorption system and the flue gas to
be treated (Carapellucci, et al., 2015; Mac Dowell & Shah, 2013). The reboiler temperature

remains at about 125 °C, ensuring a negligible MEA degradation (Warudkar, et al., 2013).



Various CO; capture efficiencies are achieved by manipulating the lean solvent flow rate in
the absorber. This will consequently affect the total rich solvent flow rate into the stripper
and thus, the reboiler heating load. The effect of lean solvent flow rate on CO; capture
efficiency is depicted in Figure 8. An increase in solvent flow rate will result in an improved
capture efficiency; however, more dissolved CO; will, in return, be needed to be stripped off

of the rich solvent, leading to an increase in reboiler duty.
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Figure 7: Effect CO, capture on required lean solvent flow rate and rich loading (Inlet flue gas with 4 mol% CO,; 0.21 Lean
Loading; 30 wt% MEA)

The heating supply to the reboiler is typically obtained by bleeding steam from between the
intermediate and low pressure turbines in the Rankine cycle within the CCGT plant. In our
simulation, a saturated steam at 140 - 160 °C is used to model the reboiler heating duty
requirements (assuming total condensation and no further sub-cooling) and was therefore,

integrated as the utility stream into our simulated process. This is equivalent to a ratio of 1.93

kg steam kg steam

—-1.98 for 90% CO; capture, within the range of 1.9 - 2.5 (Idem, et

kg CO,removed kg CO,removed

al., 2009) reported in the literature. Obviously the conditions at which the steam is available
effects the quantity required; Table 5 presents the impact of varying extraction conditions on

the quantity of steam required.
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Table 5: Required saturated steam flow rate to heat the reboiler supplied from some IP-LP crossover steam (4 mol% CO2, 30
wt% MEA, 0.21 lean loading, 90% Capture).

Pressure (bar) | Temperature (°C) Required Steam Flow Rate kg steam used
(kg/s) kg recovered CO,
3.615 140 97.12 1.93
4.761 150 98.54 1.95
6.182 160 100.05 1.98

3.4 Parasitic Power Loss and Power Plant De-rating

Whilst the kgSteam/kgco is an accessible measure of cost of CCS, expressing this in terms of
2

the reduction in electricity generated is a much more meaningful measure of cost. This is the
purpose of this section, and the parameters used to evaluate the power plant de-rating are

compiled in Table 6.

Table 6: Parameters used in order to evaluate the parasitic power loss (Zhou & Turnbull, 2002)

Parameter Inlet to the LP turbine Outlet of the LP turbine
Steam pressure (bar,) 3.615 (saturated) 0.05
Steam temperature (°C) 140 32.8991 (calculated)

Considering an isentropic expansion of steam within the turbine, the quantity of steam
required to generate one unit of electricity depends on the inlet and outlet conditions of
steam as well as the efficiency of the turbine. This relationship is formulated as (Warudkar, et
al., 2013; Ganapathy, 1994):
Quen(kW) = 8H (2) .70, (%2) .1, (16)

Where AH is the enthalpy drop across the turbine, m; is the steam flow rate, 1, is the turbine
efficiency. The power loss of the power plant is illustrated in Figure 9. There is a 5.2%
reduction in net power output for a 90% capture rate, assuming an advanced CCGT with an
HHV efficiency of 52% (Won, et al., 2015; Adams & Mac Dowell, 2016). Assuming that this
constitutes approximately 60% of total energy penalty (Kothandaraman, et al., 2009), the
total reduction in electricity generated by the power plant would be approximately 8-7%-pts,

in line with previous estimates (Wang, et al., 2016).
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A final measure for evaluating the impact of CCS on a power plant is the energy penalty per
MWh of low carbon energy produced. A comparison between the energy efficiency of gas-
and coal-fired power plants with CCS is provided here by considering the regeneration energy
consumption by the CCS plant per tonne of captured CO,. This can also be converted into the

regeneration energy consumption per unit of electricity produced in the power plant:

o)\ _ oo ) e
B (m)—A(@)X " XE (17)

Where, A is the regeneration energy consumed by the stripper’s reboiler, C is the CO; capture
rate, F is the amount of CO, produced in order to generate one MWh of thermal energy and
7 is the power plant’s efficiency. Table 7 shows the regeneration energy demand for a CCGT

and coal-fired power plant.

Table 7: Comparison of regeneration energy consumption: 600 MW coal and CCGT plants with 90% CO; capture (no EGR)

CCGT Power Plant Coal (bituminous)- fired Power Plant
Gl/tco2 GJ/MWh GJ/tco2 GJ/MWh
3.98 1.50 3.90 2.33

Assuming a modern CCGT (60% HHV efficiency) and an advanced ultra-supercritical coal-fired
plant (48% HHV efficiency) of the same capacity (i.e., 600 MW), these results show that whilst
gas CCS (3.98 GJ/tcoz) incurs a greater energy penalty per tonne of CO; captured than coal
CCS (3.9 GJ/tco2), the energy penalty per unit of low carbon power generated is significantly

lower for gas-CCS (1.5 GJ/MWh) than for coal (2.33 GJ/MWh).

4 Conclusions

In this study, we have simulated an MEA-based post-combustion CO; capture process applied
to a 600 MW natural gas-fired power plant with exhaust gas recycle. We found that using a

30 wt% MEA solution and an EGR of 40% to capture 90% of the CO;incurred an energy penalty

G] reboiler energy

of 3.98 . A flow of saturated LP steam at 140 - 160 °C was used to supply the

tonne CO, captured

kg steam

——=————— |t was observed that there
kg captured CO,

reboiler duty, and therefore required 1.93 — 1.98

is a well-defined optimum value in the lean loading in the range 0.19 — 0.21, varying primarily

as a function of amine concentration and secondly as a function of EGR (i.e., gas-phase CO;
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concentration). Our results also indicate that whilst gas CCS will require more energy, or will
be more costly, per tonne of CO, captured, than coal CCS, it will require appreciably less
energy, or be much less costly, per MWh of low carbon power produced, which is after all,

the point.
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