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Abstract:

In complex electricity systems with a varied generation mix, the security of supply is important,
and the quick-response nature of gas turbines is invaluable in providing system flexibility.
Accompanied with post-combustion capture (PCC) of CO,, gas turbines can support the
transition to a future low-carbon electricity system.

This study presents the development and validation of a dynamic rate-based model of the
benchmark CO; absorption process, using 30 wt.% monoethanolamine (MEA). The model is
scaled up from pilot-scale to match the flue gas output from a modern small-scale gas turbine
operating in open-cycle configuration. Simulations of various flexible operating scenarios
shows the rapid transitioning between full and partial load is beneficial in delivering higher
time-averaged CO: capture rates, compared to the Baseload scenario where the PCC system
is operated at full load for five hours. Maintaining a constant liquid/gas (L/G) ratio results in
90.01% CO2 capture; however, this increases the energy demand due to constant reboiler
steam flowrate. To compensate, the steam flowrate is also ramped, resulting in a small
decrease in reboiler duty compared to the Baseload scenario. Importantly, no negative energy
or capture rate related issues to highly-transient PCC operation are found.
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1. Introduction

Energy systems globally are transitioning away from conventional fossil fuels. It is well known
that the transition from a carbon-intense energy system requires balancing capacity, due to
the realistic constraints created by a high penetration of intermittent renewables (see for
example Heuberger and Mac Dowell [1]). One such constraint is the need for increased
system flexibility. The flexibility of an energy system is its ability to respond to fluctuations in
generation and demand [2]. In the UK, the National Grid has various reserve and balancing
services used to correct generation imbalances and demand-side response [3]. Electricity
systems also rely on connected synchronous generators to provide grid inertia to minimise the
frequency disturbances created by an imbalance between generation and demand [4]. In the
future low-carbon electricity system, the fast ramping rates and operating flexibility of gas
turbines, can play a vital role in providing both grid inertia and acting as a balancing service
[5]. However, to continue on the path to developing a low-carbon energy system, these quick-
response generators will require Carbon Capture, Utilisation and Storage (CCUS), a key
research requirement identified in Brown et al. [6].

A modern gas turbine (GT) typically has a gross electrical efficiency between 30-40% and
coupled with low-NOx burners produce less than 25 ppm of NOx at 15% O». Table 1 shows
currently available GTs, with an electrical power output less than 50 MW. The figures
presented are for open/simple cycle configuration. Open-cycle gas turbine (OCGT) power
stations have no heat recovery steam generation (HRSG), as a result they have quick start-
up and shutdown times. The average ramp rate is between 8-12% of maximum load per
minute, and the hot and cold start-up times are 5-11 minutes [7].
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Table 1: Current small-scale gas turbines on the market

Gas Turbine MHPS H-25 GE SIEMENS Caterpillar SIEMENS
Series TM2500 SGT-600 TITAN™ 130 SGT-400
Power Output (MWe) 41.0 33.7 24.5 16.5 104
Exhaust Flowrate (kg/s) 114.0 - 81.3 55.8 33.8
Exhaust Temperature (°C) 569.0 - 543.0 485.0 508.0
NOx Level (ppm) 15.0 25.0 <9 - <25.0
Efficiency (%) 36.2 35.0 33.6 35.5 34.8
Sources [8] [9] [10] [11] [10]

To prevent altering combustion dynamics this study focuses on post-combustion capture
(PCC) of CO2. The benchmark PCC technology is solvent-based chemical absorption using
30 wt.% monoethanolamine (MEA) with 90% CO. capture rate, leading to a typical reboiler
duty between 3.6-4.0 GJ/tonne CO2 [12]. The reboiler duty can be decreased through process
intensification [13, 14, 15, 16], however, this study focuses on the conventional process
configuration with no modifications or optimisation.

To transition to a low-carbon future and maintain security of electricity supply, understanding
the dynamic behaviour of PCC on flexible fossil power is of the utmost importance [17]. The
necessity and role CCUS can play in future energy system is explained by Domenichini et al.
[18], Heuberger et al. [19] and Mac Dowell and Staffell [20]. It can even be economically
beneficial by exploiting higher electricity prices during peak periods [21]. Several simulation
based studies have investigated operational flexibility of coal- and gas-PCC, focussing on
comparing operating strategies [22, 23, 24], developing process control strategies [25, 26],
and multi-period optimisation [27]. Montafiés et al. [28] identifies the operational requirements
of flexible CO2 capture, and concluded future work should consist of validated dynamic
process models evaluating various transient operating scenarios, to discover potential
bottlenecks during flexible operation. More information on pilot-scale dynamic PCC operation
can be found in Section 3.

The majority of the flexible PCC literature revolves around large-scale power sources
>300MW and some work has been done on micro-gas turbines <1MW [29]. To the authors
knowledge no studies have focused on the transient operation of absorption-based PCC on
small-scale fossil power sources (>1TMW to <50MW). This study aims to fill this gap in the
literature and focuses on PCC for OCGT power plants, due to their expected growth in the UK
energy market [1]. Since, these power sources have no HRSG units, there is no possibility of
re-routing reboiler steam for increased power output in a frequency response scenario [30].

With the role small-scale decentralised power can play in decarbonising the energy sector,
this study analyses the transient behaviour of OCGTs in the UK electricity system. This data
is translated into exhaust gas flowrates and used to simulate the flexible operation of a small—
scaled CO2 absorption facility using MEA as the solvent. The transient nature of (OCGT)
power plants is assessed using data from the Balancing Mechanism Reporting Service
(BMRS) and industrial suppliers. This study addresses the possible complexities of PCC
integrated OCGT systems through:

e evaluating transient operational behaviour of OCGT power generation
e development and validation of a dynamic model for an amine-based PCC process
e assessing the flexible response of PCC under different operating scenarios
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The remainder of this paper is structured as follows: gas turbine operation, flexible PCC
operation, description of the capture model, dynamic model validation against dynamic pilot-
scale data, and results for the scaled PCC plant attached to a 10 MWe OCGT power plant.

2. Gas Turbine Operation

To evaluate the transient operation of an OCGT plant, data is analysed from the BMRS, which
provides operational data on the balancing and settlement arrangements in Great Britain (GB),
with a 30 minute time interval [31]. Figure 1 is a compilation of OCGT generation over the last
four years in the GB. The data is grouped per generation type, individual loads each power
station are not reported. OCGT plants come on the system as a balancing service during
periods of high demand, typically used in the colder months of January, February and
December. The maximum load on the system for that given year is dependent on the amount
of generation contracted in the capacity auction market and therefore changes each year.
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Figure 1: Half hourly OCGT generation over previous four years in Great Britain (GB),
showing data for A) the entire year and B) January

Figure 2 compares the time of day OCGT generation has come on in the month of January
over the last 4 years. Over this 744-hour period, OCGT generation comes on the system on
average of 15 times but ranges between 12 to 17 times. Typically, active between 15:00-
20:00, corresponding the peak daily demand in GB. In 2018, OCGT generation was on the
system mostly overnight instead of in the evenings, as a result of severe weather conditions.
However, the plants still operated for a similar amount of time averaging 5 hours per day. The
maximum annual operation over the previous four years was in 2018 with 230 hours. The
difficulty lies with predicting these ramping cycles, in order to develop suitable control
strategies for efficient PCC performance. For instance, several days show two distinct peaks
with several hour gaps in between. Also, OCGTs typically have one major power output peak
per operating cycle (from start-up to shutdown), however, the magnitude and time-scale of
these peaks vary. Combining this with the information in Figure 1, shows multiple periods
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where the power output has changed, and the new power output is maintained for several
hours. The key observations from the BMRS data for OCGT generation are as follows:

e sporadic operation largely deployed in the winter months

e used for peak demand typically in the evenings

e highly transient behaviour i.e. ramping to different power outputs during the same
operating cycle, with multiple operating cycles within a 24-hour period

e average operating cycle is 5 hours

e total power generated from OCGT'’s varies annually
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Figure 2: Contour plot of OCGT generation in January over the previous four years in the GB

3. Dynamic PCC Operation

Operating a capture plant with a high degree of transient operation can affect the performance
of the process, and several studies shown in Table 2 have presented experimental results for
dynamic PCC operation.

Tait et al. [30] performed a set of dynamic experiments on gas-PCC, using 30 wt. % MEA at
the Sulzer Chemtech pilot-scale facility in Winterthur, Switzerland. The authors presented five
different dynamic operating scenarios, including a frequency response scenario where the
steam flowrate to the reboiler increases by 200%, representative of a situation where power
output needs to be rapidly decreased to maintain grid frequency within allowable limits. The
study highlighted no significant barriers to flexible use of gas PCC and suggests altering power
output every 30 minutes to match settlement period in GB.
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Table 2: Pilot plants evaluating flexible operation and performance of PCC using MEA as the solvent

Pilot Facility Flue Gas Source  Flue Gas Flowrate Source
Brindisi, Italy Coal 10,000 Nm3/h? [32]
CSIRO, Australia Brown-Coal 50 kg/h [33]
Sulzer Chemtech, Natural Gas 120.5 Nm¥h [30]
Switzerland

Technology Centre Natural Gas 60,000 Sm¥h"® [34]

Mongstad, Norway
PACT, England Coal 200 Nm3/h? [35]

a N stands for nominal, which is at 0°C and 1 atm, ® S stands for standard, which is 15°C and 1 atm

Montanés et al. [34] presented experimental results for the transient performance of control
mechanisms for flexible PCC operation, for treatment of flue gas from a combined cycle
combined heat and power plant at Technology Centre Mongstad (TCM). The dynamic
experiments changed the flue gas, solvent, and steam flowrates to investigate capture plant
ramping. These are also the main three parameters manipulated in Tait et al. [35]. The capture
plant ramping scenario is similar to the benchmark flexible operating scenario in Mac Dowell
and Shah [36]. The results in Montafiés et al. [34] showed that following a perturbation, the
system took approximately 1 hour to reach steady-state. Bui et al. [37] reported three flexible
operating scenarios at the TCM capture facility, accompanied with dynamic modelling. The
study found the stabilisation time (to allow complete solvent circulation and homogenous
solvent compositions) is a minimum of three hours. Also, the demonstration scale plant took
as long as 114 minutes to transition to new operating conditions following a change in one or
more of the main process parameters. This is known as the transition time, and is difficult to
incorporate into process models, and Bui et al. [37] concludes further improvements in the
dynamic response of PCC models is required.

Here, to analyse the flexible PCC operation, we study the changes during dynamic operating
scenarios and the effect of these on the capture process. From Table 1, the relationship
between the power output and the exhaust gas flowrate is linear, therefore, any changes in
power directly corresponds to exhaust flowrates. Bellas et al. [38] showed the changes in gas
turbine exhaust composition during different power outputs, however, incorporating this aspect
is beyond the scope of this study. In future energy systems, the behaviour of OCGT generation
may not be identical to that shown in Section 2, so here we focus on one of the most
challenging scenarios exhibited in a real system. To this end, we simulate PCC operation
during start-up, ramping to 70% and 50% full load, and shutdown. Each operating scenario
utilises a load following strategy, where flue gas, solvent and steam flowrate changes are
directly proportional to the power output. The operating scenarios:

e Baseload: This scenario includes the start-up and shutdown for the flue gas, solvent
and reboiler steam streams, there is no ramping of the flue gas as the GT in this
scenario is at full load for the entire five-hour operation.

e Scenario A: Only changing the flue gas flowrate, i.e. the capture plant parameters
remain constant during full load operation. For comparative reasons, the start-up and
shutdown procedures are also included.

e Scenario B: Maintaining a constant L/G ratio, throughout the literature this is as
common load following technique [25]. Changing the lean solvent flowrate proportional
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to the flue gas flowrate encourages a constant capture rate, in reality the capture rate
increases due to higher absorber residence times [22].

e Scenario C: Maintaining a constant L/G ratio and reducing steam flowrate to the
reboiler. In order to maintain constant conditions during transient operation the flowrate
of steam to the reboiler is decreased.

This study uses the Siemens SGT-400 as an example modern gas turbine, shown in Table 1,
the 11 MW version produces 33.8 kg/s of exhaust mass flow with low NOx (<25 ppm). The
rated power output in open-cycle configuration is 10.4 MWe [10]. Assuming the exhaust
temperature can be brought down to a suitable inlet absorber temperature through a heat
recovery unit, the waste heat can be used to generate the steam necessary for solvent
generation. The dynamic model is scaled up to handle 33.8 kg/s of exhaust gas. Based on
average data from [7] the start-up and shutdown rates are 12.5% baseload per minute, and
the ramping rates are 10% baseload per minute. Figure 3 shows the flowrate changes
throughout each operating scenario as a percentage of the baseload operation. Each new
power output is maintained for 1 hour, or two settlement periods based of the balancing and
settlement period in GB. The aim of the case study is to compare the flexible operating
scenarios against the Baseload case, to highlight the effects of ramping various process
parameters. The scaled capture plant consists of non-optimised equipment sizes and is used
for comparative analysis not process design.

Start-up/shutdown
time = 8 minutes
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Figure 3: Flue gas, solvent and reboiler steam flowrate changes throughout the operating scenarios

4. Capture Plant Model Description

The complex reaction chemistry and process design of amine-absorption can be captured
through steady-state modelling. However, to capture the transient process behaviour, high-
fidelity dynamic models must be used to account for any variation due to time. Chikukwa et
al. [39], Bui et al. [40] and Wu et al. [41] have reviewed dynamic modelling of amine-
absorption, and showed through-out the literature simulations using a rate-based approach
yield more accurate predictions of key process parameters. For rate-based simulations the
multi-component mass and heat transfer in a packed absorption/desorption column is
described by two-film theory, where an infinitesimally thin interface separates the liquid and
gas films. For this study each column is represented by a cascade of non-equilibrium
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stages (j). Assuming negligible radial variation of properties and minimal solvent degradation,
the material balances for component i in the liquid and gas phases are [42]:

oM;; dL

=+ Nl i=1..¢ j=1..n (1)
aM¢.  9G;;
=8, M i=1..cj=1..n (2)

Where M is the molar holdup or accumulation of components i to c in stages j to n, axially
distributed across height z (m), L is the liquid molar flow (kmol/s) and V is the vapour molar
flow (kmol/s). The superscripts L and G denote the liquid and gas phases, respectively. At any
position in the column there must be continuity between the molar fluxes (V') across the
interface, which are functions of the mass transfer coefficients for the gas and liquid flows [43].
Mores et al. [44] compared mass transfer correlations for MEA-CO. desorption from Bravo
and Fair [45] and Onda et al. [46] using experimental data from Dugas [47]. The report
concluded the correlation in Onda et al. [46] was more suitable due to the overall smaller
deviation between predicted and experimental values. Onda et al. [46] developed the following
mass transfer correlations for gas absorption and desorption systems:

2 1

3/ M \2 04 (pU.g)\0333
KL = 0.0051( ) ( ) a,d (—) (3)
" ayu,/) \p.Dy ( ¢ p) PL
1 -1
G \"7"/ puc \3 —2( RT
kG = 5.23( ) ( ) a,d < ) 4)
" alg PcD¢ ( P p) ard,

Where k is the mass transfer co-efficient of component i in the liquid (m/s) and gas phases
(kg.mol/m2.s.atm), a, is the total packing surface area (m*m?d), a,, is the wetted packing
surface area (m?/md), u is the viscosity (kg/m.s), d, is the packing nominal size (m), g is the
acceleration due to gravity (m/s?), p is density (kg/m®), D is the diffusion coefficient (m?/s), R
is the gas constant (m3.atm/kg.mol.K) and T is the temperature (K). Phase equilibrium is
assumed at the vapour-liquid interface, and chemical equilibrium is assumed in the entire
liquid phase. Reactions are treated implicitly and the thermophysical properties are described
through the Statistical Associating Fluid Theory (SAFT) properties package gSAFT-VR [48].
The fluid phase behaviour of CO> in agueous MEA described by gSAFT-VR is discussed at
length in Mac Dowell et al. [49]. The pressure drop over each spatial element is modelled
using the approach in Billet and Schultes [50] for irrigated random or structured packing, the
overall equation is:

P a, F:1

2z Ye—hy 2K
Where P is pressure (Pa), ¢, is the resistasnce coefficient, ¢ is the void fraction, h; is the liquid
holdup, F; is the gas capacity factor (Pa®®), and K is the wall factor. A more detailed
explanation of the equations and limits is shown in Billet and Schultes [50]. Under adiabatic
conditions, the energy balances for the liquid and gas phases are [51]:

()

Ut oH:
] _ J L ;o
3;-3;+% j=1,..,n (6)
auyY oHY
] _ J |4 ;o
3?_3;—% j=1,..,n (7)
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Where U is the energy holdup or accumulation of energy in that phase on stage j to n. H is
the energy flow (kJ/s), and € is the energy flux across the interface (kJ/s). Figure 4 shows the
model topology of a conventional amine-absorption process, developed in gPROMS® gCCS
1.1.0. The model includes the dynamic operation of the condenser, reboiler, and heat-
exchanger units. For non-equilibrium stage models for multicomponent distillation, the reboiler
and condenser units can be considered equilibrium stages, and are modelled using the MESH
equations described in Taylor and Krishna [43]. The heat exchangers are modelled using the
number of transfer units (NTU) method, described in Shah and Sekuli¢ [52]. The heat transfer
area is calculated to give the desired rich-solvent temperature prior to entering the stripping
column. This assumes the system is under adiabatic conditions, with a fixed heat transfer co-
efficient and pressure drop [48]. The height of packing for the absorber and stripping columns
are scaled using the transfer unit method described in Mores et al. [44].
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Figure 4: Model topology of a conventional amine-absorption process
Throughout the literature, CO2 capture technologies are analysed and compared through
capture efficiency and energy demand. In this study, the key operating parameter is the CO>
capture rate and a key process indicator is the reboiler duty, representing the process energy
demand. The CO: capture rate is the percentage of CO> removed from the flue gas. Bui et al.
[37] highlights two potential ways to calculate the reboiler duty, where the energy supplied to
the reboiler is divided by either the CO2 product flow post-stripping or the difference between
the flue gas inlet and clean gas outlet CO: flowrates. The energy supplied to the reboiler is the
difference between the enthalpy of the inlet utility steam, and saturation enthalpy of the outlet
condensed steam [53]. The reboiler duty, in GJ per ton of CO. captured, is calculated using:

Rq = Qr/(Mpgy,-Mc6e,,) (8)
Where R, is the reboiler duty (GJ/tCOz), Qg is the energy supplied to the reboiler (MJ/h),

mFGCOZis the mass flowrate of the COs: in the flue gas (kg/h) and McGeo, is the mass flowrate

of CO:z in the cleaned gas (kg/h). Over the duration of the simulation, the reboiler duty can be
calculated for that instance as a continuous calculation. Alternatively, averages for the reboiler
duty and the total quantity of CO2 removed per the time frame can be used to determine the
overall energy demand for a given operation.
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5. Results
The results section includes model validation using steady-state and dynamic data from the
literature, and a case study looking at different operating scenarios for transient small-scale
PCC operation.

5.1. Steady-State and Dynamic Validation

Although a large number of pilot plant data is openly available, the number of dynamic
operating data limited. Dynamic model validation against steady-state data is beneficial [54,
55, 56, 57, 58], however, it doesn’t automatically correspond to dynamic operation. Several
studies have validated dynamic models against dynamic pilot scale plant data [59, 60, 61] and
demonstration scale plant data [62, 63]. Tait et al. [30] presented pilot-scale results for flexible
gas-PCC operation. Their investigation tested five different dynamic capture plant scenarios:
start-up, shutdown, capture plant decoupling, reboiler decoupling, and frequency response. A
summary of the baseload operating conditions is shown in Table 3. The capture plant uses
30.16 wt.% MEA, and the flue gas is representative of a GT with 4.27 vol.% CO..

Table 3: Key process parameters for the baseload operating scenario from Tait et al. [30]

Process Parameter Value
Packing material Sulzer Mellapak 250.X
Absorber Packing height (m) 6.92
Packing diameter (mm)  158.00
Packing material Sulzer Mellapak 500.X
Stripper Packing height (m) 5.00
Packing diameter (mm)  350.00
Flue gas flowrate (Nm?3/h) 120.50
Flue gas temperature (°C) 46.14
Flue gas CO:z concentration (vol.%) 4.27
Solvent flowrate (L/h) 344.40

Solvent temperature into absorber (°C) 40.05

Solvent temperature into stripper (°C) 104.07

L/G ratio (L/m?) 2.86
Steam flowrate to reboiler (kg/h) 19.50
Steam pressure (bar) 4.00
Stripper pressure (bar) 1.80
Reboiler Duty (GJ/CO2) 3.96
Lean loading (mol CO2/mol MEA) 0.232
Rich Loading (mol CO2/mol MEA) 0.345

The choice of packing material dictates the hydraulic parameters required to calculate the
pressure drop, and the coefficients required in the mass transfer correlations. Table 4 shows
the values used in this study, based off the values from Billet and Schultes [50] for Mellapak
250Y. For the stripping column the specific area is 500 m?/m3.
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Table 4: Packing specific parameters

Packing Specific Parameter Value
Void Fraction 0.970
Specific Area (m?/m?) 250
Nominal Size (mm) 50
Loading Point Coefficient 3.157
Flooding Point Coefficient 2.464
Liquid Holdup Coefficient 0.554
Pressure drop Coefficient 0.292

To accurately assess the model’s capability under different transient operating scenarios, both
the start-up and shutdown experiments are used for validation, these aspects of full-cycle
operation will also be included in the case studies in Section 5.2.1. In Tait et al. [30], during
the shutdown procedure the flue gas and solvent flowrates are simultaneously decreased over
16 minutes to 40% baseload, then further decreased to 30% baseload over the next 4 minutes.
The steam flowrate to the reboiler, is decreased to 0% load in the first 10 minutes. At 20
minutes the flue gas is flowrate is dropped to 0% baseload. The ramp rates in Tait et al. [30]
were taken from a Siemens STG5-4000F. For the start-up procedure, the steam flowrate and
gas flowrates start at 0% baseload, whilst the solvent flowrate remains at 30% baseload. Over
5.25 minutes the gas flowrate is increased to 30% baseload, and then both gas and solvent
flowrates are increased simultaneously to maintain a constant L/G ratio. A more detailed
explanation of the operating procedures can be found in Tait et al. [30]. Figure 6 and Figure 5
show a comparison of the flowrates during both operating scenarios. Due to model constraints
0% baseload is un-obtainable, therefore, as close to 0% as possible is achieved (<1% for all
flowrates).
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Figure 5: Comparison of flue gas, solvent and steam flowrates during the shutdown scenario
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Figure 6: Comparison of flue gas, solvent and steam flowrates during the start-up scenario

Tontiwachwuthikul et al. [64] concluded that absorption column model validation should be
performed using concentration and temperature profiles, instead of top and bottom conditions,
as the mass/heat transfer has a complex relationship with the column temperature. The
temperature profile is indicative of the reactions occurring in the column, and as a result it is
directly linked to the capture rate. The absorber temperatures profiles at 0 and 20 minutes are
shown in Figure 7, highlighting the steady-state and dynamic capabilities respectively.

(m)

Height from Base

Temperature (°C)

= Omin_Tait —o— Omin_Sim
e 20min_Tait—o— 20min_Sim

Figure 7: Absorber temperature profile comparison for the shutdown scenario
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The top of the column is at 6.92 m, the reading at 7.1m is the inlet solvent stream. In the initial
steady state region (0 min) the temperature is the same as the input parameter. However, this
temperature decreases as the scenario advances in time. This difference is not accounted for
within the current model, as the inlet absorber solvent temperature is a set model input.
Kvamsdal and Rochelle [65] describes and analyses a phenomenon called the temperature
bulge, which is dependent on column parameters such as: packing height, CO. concentration,
choice of solvent and L/G ratio. The temperature bulge in each one of the simulations is in the
correct location but the magnitude of the temperature bulges deviates by a maximum of 4.85
and 2.28°C at 0 minutes and 20 minutes respectively. The model overall under predicts the
temperature profile. As mentioned previously, this is due to the solvent inlet temperature
decreasing over time, causing the overall magnitude of the temperature profile to be higher in
the model.

Figure 8 and Figure 9 show the dynamic comparison of the capture rate and CO- loadings
during the dynamic shutdown and start-up scenarios, respectively. During the steady-state
operation in the shutdown scenario, the predicted rich- and lean-loadings are 0.333 and 0.218
mol CO2/mol MEA respectively, which are within the errors indicated by Tait et al. [30].
However, both values are lower than the baseload values shown in Table 3. The specific
reboiler duty is calculated by dividing the heat duty of the reboiler by the quantity of CO»
captured, the predicted value is 4.33 GJ/tCO.. Tait et al. [30] does not specify the size of the
reboiler or condenser, therefore, equipment sizes had to be calculated based off the utility
flowrates, resulting in the predicted value for the reboiler duty being 8.54% higher. During the
steady-state operation in the start-up procedure the rich- and lean loadings are 0.286 and
0.236 mol CO2/mol MEA respectively, within the error bars stated by Tait et al. [30]. Therefore,
the model accurately simulates steady-state operation.
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Figure 8: Dynamic comparison of the capture rate and solvent loadings during the shutdown scenario

During dynamic operation, the shutdown scenario capture rate predicated by the model follows
the same trajectory as the experiment, the major deviation occurs when the steam flowrate to
the reboiler is 0 kg/h at t=10 minutes. At this point the gradient of the capture rate in the
experiment increases, whereas the model remains on the same course, until the flue gas and
solvent flowrate ramp rates are changed at t=16 minutes. At this time the model under predicts
the capture rate by 2.44%, which is the largest difference exhibited throughout this scenario.
At the end of the dynamic operation, at t=20 minutes, the predicted capture rate is 1% lower
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than presented in Tait et al. [30]. Over the entire shutdown scenario, the rich- and lean-
loadings predicted by the model are lower than the experiment, although they follow a similar
profile. A similar problem occurs in the start-up scenario indicating the working fluid contains
a lower percentage of CO.. Further research is required on the desorption unit to determine
the reason for this lower loading. In the start-up scenario, the initial and end loadings predicted
by the model are within the error bars presented in Tait et al. [30].
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Figure 9: Dynamic comparison of the capture rate and solvent loadings during the start-up scenario

As mentioned previously, due to the time taken for real-world systems to return to steady-state
following a perturbation, the differences in the loadings during the middle of the operation are
expected to be greater than at the start and end. Alongside the capture rate curve, this
highlights the model returns to steady-state at a faster rate than the experiment. It is worth
noting that the experiment did not incorporate rich-solvent heating (used to simulate the
temperature increase caused by the solvent cross-over heat exchanger) until t=60 minutes.
Consequently, the desorber solvent inlet temperature increases to 50-60°C higher than the
baseload experiment, causing the lean loading (recorded after the desorption step) to increase
gradually. This explains the larger lean loading deviation between t=0 to 60 minutes.

5.2. Case Study

The model is scaled to handle 33.8 kg/s of flue gas, whilst maintaining the same L/G ratio from
Tait et al. [30], equating to 83.04 kg/s of solvent flow with 30.16 wt. % MEA. The model is
designed in such a way that the absorber solvent MEA concentration is maintained at this
concentration through the ‘Make_up’ unit shown in Figure 4. Using the method described in
Section 4, the main calculated process parameters for the scaled model are shown in Table 5
alongside the steady-state model output. The scaled values for the absorber and stripping
columns represent non-optimised values to attain similar capture rate and loadings as the
baseload conditions presented in Tait et al. [30]. The solvent crossover heat-exchanger heat
transfer area is the value required to ensure the rich solvent temperature entering the stripping
column is 104.07°C. The calculated reboiler steam flowrate achieves the same temperature
(at Measurement002 on Figure 4) as the validation simulation. The flue gas flowrate is 33.80
kg/s or 104,530 Sm?h, similar in scale to the TCM capture plant which can process 60,000
Sm3/h of flue gas. The TCM plant absorber packing height is 24m with a column cross
sectional area of 3.55x2m, the stripping column is smaller with a packing height of 8m and a
diameter of 1.33m [37]. The demonstration facility also incorperates a solvent crossover heat-
exchanger with an area of 308m? [63].
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Table 5: Scaled model parameters

Process Parameter Value
Flue Gas Flowrate (kg/s) 33.80
Absorber Inlet Solvent Flowrate (kg/s) 83.04
Absorber Column Height (m) 18.5
Absorber Column Diameter (m) 8.2
Stripper Column Height (m) 15.5
Stripper Column Diameter (m) 4.5
Solvent Crossover Heat-exchanger Area (m?) 448.45
Reboiler Volume (m3) 5.00
Condenser Volume (m3) 5.00
Reboiler Steam Flowrate (kg/s) 3.75
Steady-state model output

Lean-loading (mol CO2/mol MEA) 0.2366
Rich-loading (mol CO2/mol MEA) 0.3287
Capture Rate (%) 92.48
Reboiler Duty (GJ/tCO2) 3.93

5.2.1. Operating Scenarios

The dynamic changes for the flue gas, solvent and reboiler steam flowrates are shown in
Figure 10. In Scenario A, only the flue gas flow entering the absorber is ramped, see Figure 3
for ramp times and percentage changes in flowrate. Each subsequent scenario includes the
manipulation of an additional flowrate, i.e. the solvent entering the absorber, or the steam used
to heat the reboiler. In reality the ramping rates of the steam supply to the reboiler will be
higher, however, for the purpose of determining the effects each variable has, it follows the
same ramp rates as the flue gas and the solvent flows. It is worth noting that due to model
constraints the streams cannot converge to 0 kg/s, therefore, all flowrates are decreased to a
minimum of 1% baseload.

Figure 10 also highlights the capture rate for each scenario during the five-hour dynamic
operation. Over the course of each operating Scenario A, B, C and Baseload the capture rate
is 1.08, 0.73, 1.2% and 0.81% points lower, respectively, compared to the steady-state value
of 92.48% in Table 5. This is a result of including the start-up, ramping and shutdown
procedures; over the entire simulation this drop is insignificant and the time-averaged capture
rates are around 90% for all scenarios. The largest capture rate drops are during the periods
directly after 70% or 50% load. This is a result of the transition time, showing the new set of
parameters have not reached steady-state. The decrease in capture rate during each new
load is less than 2%, similar to the rate changes published in Bui et al. [37] when the L/G ratio
is kept constant (Scenario B and C). It is worth mentioning that in Bui et al. [37] during the
dynamic operation each new set of process conditions are maintained for several hours, re-
reaching steady-state or near steady-state conditions. The decrease in capture rate is a result
of the lean-loading increasing by 3.28% between t=8 to 300 minutes in the Baseload scenario.
As more CO: is entrained in the solvent, less CO2 can be absorbed. Interestingly, when
returning to full load the capture rates continue their original trajectory, and the start-
up/shutdown procedures balance each other out.
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Figure 10: Flowrate changes and capture rate profile for each operating scenario

Figure 10 shows the one-hour operating cycle is not long enough for the capture rate to level
out and stabilise. The time-averaged capture rate is 89.81, 90.01, 89.75 and 89.35% in
Scenario A, B, C and the Baseload, respectively. In Scenario A the increase in capture rate is
a result of a higher L/G ratio, as more solvent is available to absorb COs.. Interestingly, this
increase is also shown in Scenario B and C, indicating the lower flowrates through the column
also increase the capture efficiency. Although the capture rate changes seem small and within
normal plant operation guidelines, the simulations show the highly transient operation, i.e.
alternating between partial and full loads every hour, is beneficial in delivering a time-averaged
capture rate around 90%.

During the transition from 50% to 100% between t=240 to t=245 minutes, Scenario B and C
exhibit the largest capture rate drop: 1.89% in both cases. This is also highlighted in Figure
11, which illustrates the bulk vapour temperature profiles for each scenario. With Scenario B
and C exhibiting more prolific temperature drops at =240 minutes. The 3-D temperature
profiles show Scenario A and the Baseload scenario remain reasonably constant throughout
the simulation. However, the top section of the column, between 12 to 18.5m, the temperature
increases by 4K over the course of the simulating. This results in more water evaporation and
less COz absorption. The temperature drops following the temperature spikes in Scenario B
and C att = 60, 180, and 300 minutes, indicates a change in solvent flowrate and leads to an
increase in capture rate.
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Figure 12: Absorber bulk vapour temperature profile in each scenario

key challenges with using amine solvents for CO. capture is oxidative and thermal
degradation. Oxidative degradation is a result of the O content in flue gas, this is not analysed
in the study. Thermal degradation is a result of the high temperatures and pressures in the
stripping column, hence the limitation of 120°C [66]. As shown in Figure 12 this value is not
exceeded at any point in the simulation, and Moser et al. [67] showed minimal thermal
degradation at 120°C during the 18 month test campaign at RWE'’s pilot-scaled capture plant

in Niederaussem, Germany.
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Interestingly, the inlet stripper temperature directly correlates to the flowrate changes, shown
more so in Scenario B and C as the magnitude of change is greater. Nevertheless, the rapid
temperature and pressure transitioning influences the lean-loading. Figure 13 shows the lean
and rich loading throughout each dynamic scenario. The steady-state baseload lean-loading
is 0.237 mol CO2/mol MEA, the rich-loading is 0.329 mol COx/mol MEA and the calculated
reboiler duty is 3.93 GJ/tCOz, within the 3.6-4 GJ/tCO- range specified in Bui et al. [12]. The
steady-state values are not presented in Figure 13 as the results shown begin with the start-
up operation. For the Baseload and Scenario A simulations the lean-loading remains
reasonably constant post start-up and pre shutdown. This results from a constant solvent to
steam (S/S) ratio. In Scenario B, the smaller solvent flowrate at low load and lower S/S value,
means more energy is supplied per unit of rich-solvent. Enabling more CO: to be stripped,
causing the lean loading to decrease between t=60 to 120 minutes, and t=180 to 240 minutes.
Whereas in Scenario C the lean-loading increases due to the drop in steam supplied to the
reboiler, increasing the S/S ratio and recuding the enegry avaiable to strip the CO,. Due to the
rapid transitioning, the lean-loading levels do not stabilise in Scenario B and C. Jin et al. [13]
explains the effects the lean-loading has on the reboiler duty for the conventional amine-
absorption process, and showed a minimum reboiler duty of 3.472 GJ/tCO2 at 0.2 mol CO2/mol
MEA lean-loading, similar to the results in this paper.
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Figure 13: Lean and rich loading throughout each dynamic scenario

Table 6 highlights the percentage differences between the loadings from t=0 to t=308 minutes.
The flexible operating scenarios provide a greater control of process parameters compared to
the Baseload, which exhibits the greatest overall changes in both rich- and lean-loading, hence
the lowest time-averaged capture rate. As the capture rate decreases, theoretically the rich-
loading should decrease as well as less CO: is absorbed. However, the CO2 mass fraction in
the rich-solvent stream increases due a greater quantiy of water evaporating in the column.
The rich-loading is not necessarily a good indicator of the effectivenes of the process.

The transient operation aids in counteracting the long transition periods, which as Bui et al.
[37] explains takes up to 114 minutes to re-reach steady state in a large-scale PCC system.
In this study the Baseload operation does not reach steady-state until the end of the five hour
operation, longer than that reported in Montariés et al. [34] and Bui et al. [37]. This is due to
the larger flowrates and equipment sizes, increasing solvent circulation time. As well as non-
optimised equipment geometries, which have been scaled to produce the same key operating
parameters as the pilot faciltiy, in reality the larger systems will not have identical performance.
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Table 6: Loading changes over the entire simulation for each scenario

Scenario Lean-loading (mol CO2/mol MEA) Rich-loading (mol CO2/mol MEA)
t=0 min t=308 min Y%Difference t=0 min t=308 min  %Difference

Baseload 0.263 0.282 7.22 0.328 0.358 9.15

A 0.263 0.281 6.84 0.328 0.341 3.96

B 0.263 0.263 0 0.328 0.350 6.71

C 0.263 0.272 3.42 0.328 0.353 7.62

Figure 14 shows the reboiler duties for each scenario, based on the energy supplied to the
reboiler via the pressurised steam, and the quantity of CO. captured over the five-hour
operation. Scenario B captures the most CO: out of the flexible operating scenarios. During
the operation it captures 26kg more than Scenario C and 67kg more than Scenario A.
Although this seems insignificant, assuming an annual operating time of 230 hours as
explained in Section 2, the annual difference in CO2 captured between Scenario B and A is
3.08 tonnes. Interestingly, there is a potential energy saving when manipulating the reboiler
steam flowrate in accordance to the GT load. Scenario C shows an 18.22% energy saving
compared to Scenario A, with a reboiler duty of 3.95 GJ/tCO.. This is 0.01 GJ/tCO: lower than
the Baseload scenario, where the capture plant is operated at full load for the entirety of the
five-hour operation. This is within the accuracy of model, highlighting there are no negative
energy related effects of transient operation. Further research is required to determine the
potential savings associated with manipulating the reboiler steam flowrate, and to develop an
optimal operating strategy to minimise energy losses.
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Figure 14: Reboiler duty and quantity of CO; captured during each operating scenario

Figure 15 shows the pressure drop in the reboiler for each scenario, and as expected Scenario
C shows the greatest decline in reboiler pressure, similar to the outlet stripper temperatures
shown in Figure 12. Compared to the initial reboiler pressure of 1.8 bar, the overall pressure
drop is 15.49, 26.70, 41.24, and 19.37% for Scenario A, B, C and the Baseload respectively.
The pressure drop and the consequent loss in purity has an effect on the compression system
required to pressurise the CO: for pipeline transportation and storage [68, 69]. More
information on the effects of transient CO2 production on a compression system can be found
in Spitz et al. [23] and Mechleri, et al. [25].
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6. Conclusion

Complex energy systems with a range of generation technologies require secure, reliable and
flexible power. The fast ramping capabilities of modern gas turbines can be used as
dispatchable generation, in order to combat the intermittency issues of renewable energy.
Accompanied with CCUS, quick-starting gas turbines can play a vital role in decarbonising the
energy sector. This paper shows the development and validation of a rate-based CO:
absorption model, using the benchmark 30 wt.% MEA solvent. The typical transient operation
of fast-ramping OCGT generation is shown, as well as how these fluctuations in exhaust flow
(due to changes in power output) effect the capture rate and other key process indicators.

OCGT generation typically comes on the GB electricity system in the evening on cold winter
days, corresponding to peak system demand. On average each operating cycle is five hours,
therefore, this is the time frame used in this study to evaluate the transient performance of
amine-based PCC. The results show the capture rate drop is less severe in the flexible
operating scenarios, as alternating between full and partial loads in a short period of time does
not allow CO: loadings to stabilise. Therefore, transient behaviour aids in delivering a time-
averaged capture rate above 90%. Reducing the reboiler steam flowrate in accordance with
the flue gas flowrate delivers a 0.01 GJ/ACO: lower reboiler duty than the Baseload scenario.
Not a significant reduction, however, this shows there are no negative effects on energy
demand due to transient operation. Additional research is required to find an optimal operating
strategy to further minimise the energy penalty and deliver improved process performance.

Several flexibility studies discuss the use of reboiler steam being redirected to the steam
turbine, increasing the power output of the plant for economic or frequency response
situations. An OCGT plant does not have the steam turbine and therefore is not suitable for
this type of transient behaviour. However, the excess thermal energy in the exhaust can be
used to heat the steam required for the reboiler. Further research is required to determine the
feasibility of integrating the waste thermal energy from an OCGT plant into a PCC plant; to
minimise the PCC energy penalty without hindering the OCGT electrical power output.
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