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START-UP AND SHUTDOWN PROTOCOL FOR
NATURAL GAS-FIRED POWER STATIONS WITH CO, CAPTURE

Key Messages

e In modern power grids, a power plant with CO2 capture will be required to operate as a
low-carbon, flexible, dispatchable power generator. A recent IEAGHG study* showed
it is possible to achieve net-zero CO2 emissions? from coal-fired and gas-fired power
generation by employing higher capture rates and, in the case of coal-fired generation,
by employing a mix of capture rates and biomass.

e With increased penetration of intermittent renewables, however, greater load-following
is likely and a rise in the frequency of start-up/shutdown (SUSD) cycles would be
expected. If it transpired that frequent SUSD cycles resulted in appreciable CO:2
emissions, it could undermine the value proposition of including modern, flexible,
dispatchable fossil fuel power generation assets in the grid even though CCUS applied
to them could enhance energy security and grid resilience.

e Limited work to-date has focused on the impact of start-up and shutdown of CO:2
capture plants, particularly with respect to the time required and the fugitive CO2
emissions arising. This study broadens understanding of the process dynamics during
start-up and shutdown, identifying key factors that impact CO2 capture performance
and operability associated with a natural gas-fired combined heat and power® (CHP)
plant.

e To optimise CO2 capture performance during start-up and shutdown, factors shown to
be important include the solvent inventory volume, the initial start-up temperature (cold
vs hot) and the timing of steam availability.

e Using a larger solvent inventory can be beneficial in terms of maximising the
cumulative CO2 capture rate from start-up, through steady state operation and
shutdown. While the effect of solvent inventory volume is negligible for hot start-ups,
there is significant improvement in cumulative CO2 capture in the case of cold start-
ups.

e Overall, hot start-ups showed a significantly higher cumulative CO2 capture rate and
lower specific reboiler duty compared to cold start-ups. With a low start-up solvent
loading (0.05-0.11 mol CO2/mol amine), high online CO2 capture rates of 98-99%
were achieved during start-up, occurring immediately after the introduction of flue gas
to the system. The ability to sustain these high CO2 capture rates depends on the volume
of the solvent inventory, the amine concentration, the starting solvent CO: loading, and
the timing of steam supply to the reboiler.

e Results indicate the importance of timely steam supply during start-up. Any delay in
steam supply to the capture plant significantly reduces the cumulative CO2 capture rate,
thereby greatly increasing the residual CO2 emissions. Start-up with preheating was
shown to be a potentially valuable approach. Under specific operating conditions,

YIEAGHG, “Towards zero emissions CCS from power stations using higher capture rates or biomass”, 2019/02,
March 20109.

2 Net zero power generation is achieved when the concentration of CO, emitted to the atmosphere is the same as
the CO; concentration in the incoming air, i.e., all fuel-derived CO; is captured.

3 A combined heat and power (or cogeneration) plant consists essentially of a heat engine or power station to
generate electricity and useful heat at the same time.
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preheating can provide higher cumulative CO2 capture rates during start-up of the
capture plant, thereby minimising the residual CO2 emissions. To maximise the value
of preheating, a higher flow rate of steam supply can heat the system much faster, but
the duration of preheating must be optimised to minimise residual CO2 emissions
associated with steam energy.

e Measures applied during hot start-up, such as high preheating and lower solvent
loading, were shown to markedly improve capture performance. For example, a
cumulative COz capture rate of 98.8% was achieved compared to the lower cumulative
COz2 capture rates of between 90.0 to 90.3% using “conventional” hot start-up protocols.
However, the specific reboiler duty was higher with the improved measures, at
5.58 MJ/kg COz2, compared to values of 3.76-4.03 MJ/kg CO:2 (depending on solvent
inventory volume) for the conventional start-up tests.

¢ In the context of a net-zero energy system, the need for operational flexibility will rise.
Hence, the ability to maximise the CO2 capture rate during start-up and shutdown would
be highly valuable as it will reduce residual CO2 emissions from power plants, thus
easing the need for carbon offsets from CO2 removal technologies, e.g., bioenergy with
CCS, or direct air capture.

e The evaluation has helped identify novel operational strategies that can minimise both
the time taken for start-up and shutdown and the CO2 emissions associated with these
operations.

e Finally, it should be noted that, while the detailed performance metrics, measurements
and observations were plant, scale and solvent specific, the high-level insights drawn
from this work should remain broadly applicable.

Background to the study

Since the adoption of the Paris Agreement in 2015 many major economies and international
organisations have committed to bring their greenhouse gas emissions to net zero by mid-
century or thereabouts. By reducing CO2 emissions from fossil fuel-based power generation,
CCUS will have an important role to play in the transition to a low-carbon global economy. To
play its full role, however, CCUS will eventually need to reduce CO2 emissions from fossil-
based generation to net zero.

In modern power grids, the power plant with CO2 capture will be required to operate as a low-
carbon, flexible, dispatchable power generator. It will also provide the heavy rotating
equipment, via steam turbines and gas turbines, which provides the inertia to stabilise system
frequency. However, with increased penetration of intermittent renewables, greater load-
following is likely and a rise in the frequency of SUSD cycles would be expected. If it
transpired that frequent SUSD cycles resulted in appreciable CO2 emissions, it could
undermine the value proposition of CCUS as a flexible, low carbon solution for power
generation and other hard-to-abate industrial sector assets.

Itis possible to achieve net-zero CO2 emissions from coal-fired and gas-fired power generation
by employing higher capture rates and/or biomass*. The widely assumed cap of 90% capture
rate was exposed as an artificial limit. The study revealed no technical barriers to increasing
capture rates well beyond 90% in the three classic capture routes (post-, pre- and oxyfuel
combustion) and with the broad suite of CO2 capture technologies currently available or under
development. For coal-fired power stations, the option of using biomass co-combustion (10%
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biomass) combined with a standard post-combustion capture process (with 90% CO: capture
rate) was shown to be a lower cost option to achieve zero emissions, though dependent on the
region of deployment.

Integrating higher shares of intermittent renewable energy (e.g., wind and solar power) into an
electricity system presents major operational challenges. While intermittent renewable sources
benefit from a near-zero short-run marginal cost and near-zero carbon footprint, the true system
cost of accommodating them in the power grid can be significant. To balance their
intermittency and ensure electricity demands are met, energy technologies that can provide
flexible, dispatchable electricity to the system will be required®. In this context, thermal power
plants with CCS will likely have an important role in providing affordable, dispatchable, low
carbon capacity, maintaining security of supply, and enabling the expansion of other low-
carbon sources.

Whilst the value of flexible CCS has been demonstrated in previous studies, there has been
limited work to-date that focuses on the impact of start-up and shutdown on CO2 capture plants,
particularly with respect to the time required and the fugitive CO2 emissions arising. With
increasing penetration of intermittent renewable energy, these SUSD cycles will become
increasingly frequent. Consequently, the potential for fugitive emissions must be quantified
and minimised. Work is therefore necessary to develop an understanding of the process
dynamics during start-up and shutdown so that the key factors that impact CO2 capture
performance and operability may be identified.

Scope of Work

The aim of this study was to examine the time required for start-up and shutdown of the CO2
capture process, the CO2 emissions emitted and the potential for performance improvements.
This involved conducting a series of SUSD tests at the Technology Centre Mongstad (TCM)
CO2 capture facility in Mongstad, Norway. The TCM plant is an industrial-scale post-
combustion absorption plant, adjacent to an Equinor oil refinery. The plant uses amine-based
solvents to capture CO2 from a natural gas-fired CHP plant (Figure I), as used in this study,
though it may also be configured to process a gas slipstream from the refinery residue fluid
catalytic cracker (RFCC). A detailed analysis of the plant data was carried out to develop an
understanding around the SUSD dynamic behaviour.

4 IEAGHG, “Beyond LCOE: Value of technologies in different generation and grid scenarios”, 2020/11, August
2020.



Figure I: Process flow diagram of the configuration used at TCM (with much of the P&ID® detail
omitted).

Depleted flue gas
- SN
Product
COo;

@ Gas analyser measurement

@ Liquid sample for analysis

Water _‘:}_’@__®J

washes é

cooler

© Nvaon X

Absorber
Column

Stripper
Column

Direct
Contact
Cooler

%

tR—
Blower ~T Reboiler Steam to reboiler

L

CHP flue Condensate return
gas supply in

(L) Rich J Cross
Solvent

. Heat
Pump XA
Exchanger

MEA
make-up Lean
Solvent

Carbon filter Pump

Key factors investigated include:

e Flexible operation using an advanced solvent, CESAR-1%, a blended amine consisting
of AMP’ (26-27 wt%) and PZ® (10-13 wt%); as most pilot plant work on flexible
operation has focused on MEA-based absorption, further work on the flexibility of
systems using advanced solvents is required.

e Comparing cold start-up performance with hot start-ups to demonstrate the effect of the
starting temperature.

e Combined effect of start-up and shutdown on overall performance.

e Effect of using different solvent inventory volumes, 53 m® versus 42 m®, which is
sufficient to illustrate differences in process dynamics and identify any potential
benefits.

e Timing of steam availability on start-up time; different tests were conducted to
demonstrate the impact of steam introduced:

I.  Before the start of flue gas flow by preheating with an auxiliary boiler;
ii.  Atthe same time as the start of flue gas flow; and
iii.  After the start of flue gas flow, i.e., delayed steam supply when steam extraction
is unavailable.
e Effect of solvent CO2 loading on the start-up performance.

The objective was to demonstrate the influence of these factors on the capture performance in
the context of five conventional SUSD protocols (two cold start-ups and three hot start-ups),
plus showing the results from four “improved” SUSD protocols, e.g., the effect of preheating

5 P&ID = Piping and instrumentation diagram.

6 CESAR — named after the acronym for CO, Enhanced Separation And Recovery, the title of a project funded
under the European Commission’s Framework FP7 Programme, February 2007 — May 2011.

7 2-amino-2-methyl-1-propanol (AMP)

8 Piperazine (PZ)
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before start-up, lower CO2 loading and higher amine flow on hot and cold start-ups. This work
is important as it helps identify potential measures that can provide substantial reductions in
CO2 emissions, time requirements and energy demand during start-up and shutdown.

Given the context discussed above, the impact of SUSD cycles on emissions at both the
technology and system level will be investigated. The study will combine dynamic modelling
with an analysis of experience from actual plant testing.

Strategies for operating systems with both firm and intermittent generators will be considered.
An increasing penetration of intermittent renewable technologies will, in most cases, lead to
reduced output from the more traditional generators. However, there may be circumstances,
from a carbon perspective, from a cost perspective or simply from the perspective of grid
stability, where it may be more effective not to shut down the capture plant or to turn it down
to a level where the system becomes less efficient.

Findings of the Study

The test campaigns at TCM using CESAR-1 examined different start-up and shutdown
operating modes in a CO2 capture process. The tests were designed to simulate SUSD
conditions in the context of CCS with gas fired CCGT.

Cold start-up refers to a start-up that is performed after a lengthy downtime, e.g., down for
more than eight hours, where the reboiler bottom temperature has cooled to “ambient”
conditions of 25-30°C. Hot start-up refers to a start-up after a shorter downtime, e.g., <8 hours,
where the reboiler bottom temperature was ~90°C. For all cases of shutdown, the same
procedure was implemented, with the only difference being the solvent inventory volume. To
ensure the plant starts with solvent that is sufficiently low in CO: loading, i.e., “leaned out”,
steam continues to be supplied to the reboiler during shutdown after the flue gas has been
turned off. Steam is turned off once all the solvent reaches the target CO:2 loading
(of < 0.2 mol CO2/mol amine), which represents the end of shutdown. By the end of shutdown,
all the solvent will have a low CO: loading for two reasons:
0] It prevents precipitation during plant downtime, which can occur if CESAR-1 is
rich and at low temperature,
(i) Having lean solvent loading for the next start-up will maximise the CO2 capture
capacity.

Lean-out for non-precipitating solvents such as 30 wt% MEA would also be beneficial, but for
the latter reason only.

Definitions for start-up time (tsu) and time to reach steady state (tss) are illustrated in Figure 11.
Start-up begins when the flue gas flow starts and ends when the CO2 product flow is first
observed. Shutdown time (tsp) is defined as the time from when the inlet flue gas rate begins
to ramp down until the steam flow ceases completely, noting that the steam flow will continue
until the entire solvent volume has been ‘leaned out’ to a specific COz2 loading.



Figure 11 lllustration to show the start-up time, tsy, and the time for the system to reach steady state, tss.
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CO; capture performance during start-up and shutdown. Table | shows that, for some
tests, the solvent has a slightly different ‘start-up CO2 loading’. For dynamic operation
(e.g., load following, start-up or shutdown), while online data shows the variations in process
parameters and metrics, it is difficult to benchmark performance based on transient trends.
Thus, the cumulative capture rate and reboiler duty are also calculated over the scenario
timeframe, which offer a better indication of the impact of dynamic operation on overall plant
performance.

To minimise any bias associated with differences in feed CO2 content, the analysis focused
specifically on the dynamic region of data. The main dynamic trends occur within the time
between start of the flue gas flow and the moment steady state of CO2 product is achieved,
I.e., tss. This was 82 minutes for the first dataset showing the effect of solvent inventory, and
85 minutes for the dataset demonstrating the effects of preheating. The performance over
200 minutes was also evaluated to establish whether the impact of changes in tsu influences
steady-state performance.

Table I: Comparison of the cold and hot start-up tests in terms of start-up time (tsu) and the time it takes
for the system to reach steady state (tss).

Start-up type Conditions Start-up time: time | Time when CO2 product
when COz2 product flow reaches steady
flow starts, tsu state, tss
(min) (min)
53 m? inventory, start loading 0.10-0.11
; 47 82
Cold start-u mol COz/mol amine
P 42 m? inventory, start loading 0.08-0.09
; 47 69
mol CO2/mol amine
53 m? inventory, start loading 0.08-0.09
h 22 40
mol CO2/mol amine
42 m? inventory, start loading 0.08-0.09 19 42
Hot start-up mol COz/mol amine
42 m?® inventory with delayed steam
supply, start loading 0.08-0.09 mol 45 63
CO2/mol amine

Vi
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Figure 111 below shows the cumulative CO:2 capture rate and specific reboiler duty based on the
product CO2 and absorbed COz2, calculated over an 82 min and 200 min period. The product
CO:2 basis uses the amount of CO2 exiting the stripper section as a proportion of the feed COx,
providing a reflection of the process dynamics as it accounts for the solvent circulation time
(i.e., observed differences are due to the solvent travel time from the absorber to the stripper).
The absorbed CO:2 basis calculates the cumulative capture rate from the difference in CO2
concentration of the inlet and outlet gas streams of the absorber column. It represents the
proportion of CO: directly captured from the feed flue gas in the absorber, hence it provides a
better indication of the residual CO2 emissions from the process.

Cold start-up vs hot start-up. As shown in Table I, cold starts typically take longer than hot
start-ups to reach steady state conditions. This is mainly due to the initial temperatures during
cold start-up (at 25-30°C) being significantly lower than for hot start-up (at ~90°C). Cold start-
ups take more time to heat the stripper/reboiler to the target temperature.

Cold start-ups cumulatively capture a lower percentage of incoming CO2 and have higher
specific reboiler duty compared to hot start-ups. For a start-up period of 82 minutes in a system
with 53 m?® of inventory, a cold start-up cumulatively captured 78% on an absorbed CO: basis,
whereas a hot start-up cumulatively captured 90% — a difference of 12 percentage-points. The
200 min start-up results show the effect of including steady state operation. The cumulative
CO:2 capture rate over 200 min for hot start-up is greater than for a cold start-up, although the
difference is slightly smaller compared to the 82 min results (Figure 111 and Table I1).

Effect of solvent inventory volume. For cold start-up, a smaller inventory will reduce the time
required to stabilise the plant and will slightly reduce energy requirements. A larger solvent
inventory will provide higher cumulative CO2 capture rates and would therefore reduce the
residual CO2 emissions. With a larger solvent volume at start-up, more lean solvent is available
to capture CO: as the plant heats up.

vii



Figure I11: Cumulative start-up performance over 82 minutes compared with 200 minutes for different
solvent inventory volumes, 42 m® and 53 m°.

A Start-up 82 min: Cumulative CO, capture performance product basis B Start-up 200 min: Cumulative CO, capture performance product basis
100 20 _ 100 20 __
g8 )
S0 4 - 18 » S0 4 - 18 ®
S E
80 t 16 = 80 - p— 16 =
g s £ ki
3 701 F14E T 704 I k14 8
g — g @2 =
2 ® L1232 2 60 L 12 2
] ° 2 = 2
[-% Q
S 50 4 10 > & 50 L 10 >
o 5 © =1
-] o [ o
£ w0 F8 5 £ 401 8 &
= 2 = S
g 30 L4 eo| ts 2 E 30 L6 S
E] L] -1 [ ] ° =
< 2 v [ ] [ ° &
20 A1 ] 20 4 L2
2 3
10 1 2 g 10 4 F 2 2
k] kS
0 0 g 0 0 E
Cold SUS3m® ColdSU42m® HotSUS3m® HotSU42m® HotSU4dzm® S Cold SUS3m* ColdSU42m® HotSU53m® HotSU42m® HotSU4zm? S
delayed steam < delayed steam e
O Cumulative CO; capture % @ Cumulative reboiler duty O Cumulative CO, capture % @ Cumulative reboiler duty
C Start-up 82 min: Cumulative CO, capture performance absorbed basis D Start-up 200 min: Cumulative CO, capture performance absorbed basis

100 10 __ 100 10 __
o o
90 4 N I Lg © 90 A o Fo %
X ] =
80 L s = 804 s =
g g & &
= 70 1 L7 © 5 70 7 ©
o o @ o
<2 a £ &
2 60 1 Ls § 5 60 L6 %
4 4 = 2

5 50 1 -5 550 4 L s
g O . z 8 . . £
@ o o . ©
2 40 4 ° ° 45 £ 404 o o 4z
= T 3 B
£ 30 4 3 3 E 30 3 §
E] L ] £ 35 [
] L © ©
20 -2 § 20 L2 §
& &
10 A F 1 ¢ 10 4 F 1 .°>_J
0 0 3 0 0o =
Cold5U53m*® ColdSU42Zm® HotSUS3m' HotSU4Zm® HotSu4d2m? E Cold SU53m* ColdSU42m® HotSU53m® HotSU42m® HotSU4zm? -
delayed steam © delayed steam g

O Cumulative CO; absorbed % @ Cumulative reboiler duty O Cumulative CO; absorbed % @ Cumulative reboiler duty

Note: The effect of delayed steam supply by 20 min is shown for one hot start-up with 42 m3. Cumulative CO;
capture rate and cumulative specific reboiler duty are calculated based on product CO; (A & B) and absorbed CO,
(C&D).

Table II: Cumulative CO; capture performance of start-up (82 min) and shutdown scenarios, without
auxiliary boiler emissions.

Product CO, basis Absorbed CO; basis

82 min start-up (SU), Cumulative specific - Cumulative specific .
duration of shutdown reboiler duty (MJ/kg Cumulative co, reboiler duty (MJ/kg Cumulative co,
(SD) varies co,) captured (%) co,) captured (%)
Cold SU 53 m? 12.64 30.5 4.95 77.8
Cold SU 42 m? 10.64 33.9 4.83 74.7
Hot SU 53 m® 6.46 52.6 3.76 90.3
Hot SU 42 m® 5.66 64.0 4.03 90.0

3
Hot SU 42 m® delayed 591 35.4 277 753
steam
SD53m® 5.63 939 62.73 84.3
SD 42 m® 6.49 840 61.07 89.2
SD 42 m® 6.40 1016 72.84 89.3

In the cases of hot start-up (Table 1), the two solvent inventory cases, 42 m® and 53 m®, had
similar cumulative CO2 capture rates over 82 min of 90% (absorbed CO2 basis), while the
cumulative specific reboiler duty, on a MJ/kg absorbed CO: basis, is slightly higher for the
smaller inventory case. The steady state online CO2 capture rate of the 42 m? test was higher

viii



(88%) than that for the 53 m® case (83%), as shown in Figure V. This observed difference in
cumulative CO2 capture rate over the 200 min period, however, was due to different flue gas
CO:z2 content for the two tests — if the flue gas CO2 content was the same, the inventory volume
size would have had a negligible effect on the residual CO2 emissions.

Aside from the potential reduction in solvent consumption costs with the smaller inventory
systems, the results indicate possible technical benefits for hot start-up performance as well. A
smaller inventory volume will reduce the solvent circulation time and the effects of solvent
regeneration are observed on a faster time scale. Therefore, over a given period, the smaller
inventory system generates more product CO2 (absolute terms) and, hence, a higher CO2
capture rate (on a product basis) is observed in (A) of Figure Ill. Consequently, the smaller
inventory system has a lower specific reboiler duty on a product basis (MJ/kg product CO2).

Effect of delayed steam supply. A prioritisation on power generation during start-up could
mean steam extraction was not available, which would delay the steam supply to the CO:2
capture plant. A hot start-up using 42 m® inventory with steam availability delayed by
20 minutes was found to reduce the CO2 capture performance of the plant.

Figure 1V: Results from a hot start-up with a 20 min delay steam supply (A), steam supplied at the same
time as flue gas with 42 m® solvent inventory (B) and 53 m® solvent inventory (C), as well as hot start-
up with an early steam supply, i.e., high preheat, and 45 m® solvent inventory (D).
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A delay in steam supply increases the time required to heat the reboiler, resulting in a start-up
time similar to that for a cold start-up (Figure V). Although delaying steam availability reduced
the specific reboiler duty, the cumulative CO2 capture rate (on both an absorbed and product
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CO:z2 basis) decreased significantly compared to normal hot start-up. Hence, making steam
available for the CO2 capture plant as early as possible is critical to maximise the CO2 capture
rates and minimise residual CO2 emissions during start-up.

Figure V: Results from a cold start-up.
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Combined performance of start-up with shutdown. The performance characteristics of
start-up are different to those for shutdown. At the beginning of a new start-up, the solvent
inventory is lean. As the plant stabilises and reaches steady state, the liquid on the absorber
side is CO2-rich, and COz-lean on the stripper side, i.e., the solvent temporarily stores CO2. As
the plant transitions into the shutdown phase, steam continues to be supplied even after flue
gas flow stops. This enables leaning out of the solvent to a target loading (equivalent to the
start-up loading) and releases a significant amount of product CO, i.e., the “stored” CO2 in the
system. To illustrate the impact of a SUSD cycle, we evaluated the combined SUSD
performance in terms of cumulative capture rate (product CO2 basis) and specific reboiler duty.

For start-up alone (82 min), the capture rate on a product basis is relatively low (Figure 111 and
Table Il). However, owing to the high amount of product during the shutdown phase, the
combined performance of start-up and shutdown delivers a much higher capture rate, as shown
in Tables Il and 1V.

Typically, for steady state operation, it is assumed that the steam supply is provided through
steam extraction from the power plant steam cycle. However, during start-up and shutdown,
the need for an auxiliary boiler to supply steam to the capture plant has been considered as
steam extraction from the power plant is unavailable. We assume that a cold start-up requires
steam from the auxiliary boiler for 60 min, a hot start-up requires it for 20 min, and it is used
for the duration of shutdown. The CO2 emissions associated with using a natural gas-fired
auxiliary boiler was calculated for each scenario.

CO2 emissions from the auxiliary boiler can have a major effect on the SUSD performance,
increasing the cumulative specific reboiler duty and reducing the cumulative CO:2 capture rate.
The cold SUSD case (82 min) using an inventory of 53 m® shows that the use of an auxiliary
boiler reduces the cumulative CO2 capture rate from 80% to 53% and increases specific reboiler
duty from 8.2 to 12.4 GJ/tcoz. For a hot start-up, the downturn in performance associated with
the auxiliary boiler is smaller. Once the auxiliary boiler emissions are accounted for, a normal
hot start-up and shutdown is able to achieve relatively high capture rates of 81% and 83% for
inventories of 53 m® and 42 m?, respectively.
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Using the larger solvent inventory (53 m®), a combined cold start-up (82 min) and shutdown
provided a higher cumulative CO2 capture. When the solvent inventory was increased from
42 m® to 53 m?, the cumulative CO2 capture would increase by 9.2-13.7%-points, depending
on the role of the auxiliary boiler. A larger solvent inventory also led to a very small reduction
in specific reboiler duty. In contrast, for a hot start-up with shutdown, the increase in solvent
inventory from 42 m2 to 53 m? had an almost negligible impact on capture performance.

Normal operation would typically include start-up, plant stabilisation, steady state operation
and shutdown. Cumulative performance over 200 minutes is used to illustrate the effect of start-
up and shutdown, combined with steady state operation. At steady state, the average online
COz2 capture rate was 83-88% (as illustrated in Figures IV and V). Thus, the cumulative CO2
capture rates calculated over the longer 200 min period move closer to the performance values
achieved during steady state.

Table I111: Cumulative CO- capture performance of 82 minutes start-up combined with shutdown,
showing the effect of CO, emissions from a gas-fired auxiliary boiler.

Product CO; basis Without an auxiliary boiler With an auxiliary boiler for With an auxiliary boiler for SU
shutdown* & SD*

82 min start-up (SU) Cumulative - Cumulative - Cumulative .

combined with specific C%"g'iﬂ\r': d specific C%m;léliﬂ\rls d specific CCOU n;t;lattl:\rls d

shutdown (SD) reboiler duty , Cap reboiler duty 2 CaP reboiler duty o Cap
(GJItco,) (%) (GJItco,) (%) (GJtco,) (%)

Cold SU53 m* &

SD 8.15 80.0 9.95 65.6 12.42 52.5

ColdSU42m3 &

SD 8.51 66.3 10.18 55.5 13.04 43.3

Hot SU 53 m® & SD 6.06 97.3 7.02 83.9 7.26 81.2

Hot SU 42 m® & SD 5.94 96.5 6.73 85.3 6.93 82.9

Hot SU 42 m®

delayed steam & SD 6.17 67.7 7.35 56.8 7.35 56.8

Note: Assumes that a cold start-up requires the auxiliary boiler for 60 min and a hot start-up requires it for 20 min,
plus it is used for the duration of shutdown.

Importantly, the cumulative capture rates over 200 min, which account for auxiliary boiler
emissions (Table IV), are highest for the hot start-up cases, reaching 82-86%. Capture rates
are lower for both the cold start-up cases (72—76%) and the hot start-up case with delayed steam
availability (77%). The longer analysis timeframe also lowers the cumulative specific reboiler
duty to 4.8-6.4 GJ/tCOz, depending on the scenario.

In both the 82 min and 200 min cases, delaying steam supply by 20 min before start-up was
highly detrimental to the CO2 capture performance. Although a lower specific reboiler duty
was observed, the cumulative CO2 capture rate was reduced by 26.0-28.9%-points compared
to the normal hot start-up using the same solvent inventory volume. Of all the cases studied,
the hot start-up with delayed steam had the lowest cumulative CO2 capture rate. To minimise
residual CO2 emissions, it is clear that steam needs to be available from start-up of the CO2
capture plant.

In all cases, using a natural gas-fired auxiliary boiler, i.e., using fossil energy, to supply steam
during start-up and shutdown significantly reduced the overall CO2 capture rate and increased
the specific reboiler duty. In contrast, the scenarios without an auxiliary boiler represent the
situation where steam is supplied via zero carbon intensity energy. Therefore, to maximise the
cumulative COz2 capture rate, the energy used during start-up and shutdown must exhibit a low-
carbon intensity (e.g., via renewable energy). This becomes increasingly important in energy
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systems with frequent SUSD cycles, especially in the context of net-zero GHG emission

targets.

Table 1V: Cumulative CO; capture performance of 200 minutes start-up combined with shutdown,

showing the effect of CO, emissions from a gas-fired auxiliary boiler.

Product CO, basis Without an auxiliary boiler With an auxiliary boiler for With an auxiliary boiler for SU
shutdown* & SD*

200 min start-up - Cumul_apve Cumulative Cumul_ayve Cumulative Cumul_apve Cumulative

(SU) combined with specific CO  captured specific CO . cantured specific CO. captured

shutdown (SD) reboiler duty , Cap reboiler duty o Cap reboiler duty , Cap
(GJItco,) (%) (GJltco,) (%) (GJItco,) (%)

ColdSU53m* &

SD 5.59 86.9 5.99 81.1 6.41 75.8

ColdSU42m3 &

SD 5.52 81.1 5.83 76.8 6.23 71.9

Hot SU 53 m® & SD 5.02 88.6 5.35 83.1 5.42 82.0

Hot SU 42 m® & SD 4.97 913 5.22 86.9 5.28 85.9

Hot SU 42 m®

delayed steam & SD 4.78 81.1 5.05 76.8 5.05 76.8

Note: Assumes that a cold start-up requires the auxiliary boiler for 60 min and a hot start-up requires it for 20 min,
plus it is used for the duration of shutdown.

Proposed improvement strategy: Effect of preheating on the start-up performance. The
effect of preheating was demonstrated via the tests summarised in Table V. The tests compare
capture rates and reboiler duties for cold and hot start-ups (with a preheating steam flow rate
of 2,500 kg/h) and a hot start-up (with a higher preheating steam flow of 5,000 kg/h).

Table V: Time when the CO, product flow rate begins (tsu) and when steady state conditions are
reached (tss) after the flue gas flow starts in minutes.

Label Start-up type | Conditions Start-up time: Time when CO:
time when CO: product flow
product flow reaches steady
starts, tsu (min) state, tss (min)
Cold SU (1) | Cold start-up 9 June: Preheat using 45 m® inventory 20 70
gé?mpgfg\?vagf Start-up loading: 0.07-0.08 mol
2500 kg/h CO2/mol amine
Cold SU (2) | Cold start-up 12 June: Preheat, adjustment from 41.5 10 85
with preheat to 45 m® inventory
Zt(;%rg IELO/\;]V (\)/]:)I Due to the increased volume, the
a&'usted ' average solvent concentration for this
! test was reduced to 23.0 wt% AMP 9.4
wt% PZ
Start-up loading 0.05 mol CO2/mol
amine
Hot SU (1) Hot start-up 10 June: Preheat using 45 m® inventory 15 60
gé?mpﬁg\?vagf Start-up loading 0.10 mol COz/mol
2500 kg/h amine
Hot SU (2) Hot start-up 11 June: High preheat start-up using 45 15 70
with high m? inventory
‘[:)Igsvf\leg; ;t((e)%rg Start-up loading 0.05-0.07 mol
kg/h ’ COz/mol amine

Note: These tests were carried out during the June 2020 campaign using CESAR-1 and had slightly different
starting conditions. Average solvent concentration based on laboratory analysis of the solvent samples:

25.5 wt% AMP and 10.5 wt% PZ.
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As shown in Tables VI and VII, the hot start-up with the high preheating showed the highest
cumulative capture rate compared with tests using the lower preheating steam flow. As the two
cold start-up tests had the same preheating steam flow, the cumulative CO2 capture rates based
on absorbed CO2 were similar (97-98%).

Higher preheating results in a higher cumulative capture rate on a product CO2 basis (i.e., hot
start-up cases). This indicates the use of higher preheating rates before start-up allows the
capture plant to reach the steady state flow of product COz2 in a shorter timeframe, making the
capture plant more responsive to the requirements of the CO2 compression and transport
system.®

Table VI: Effect of preheating on start-up performance in terms of the cumulative CO2 capture
rate, calculated on a product CO: basis and absorbed CO: basis, and specific reboiler duty
(SRD) over 85 minutes.

Preheat Product CO2 basis Absorbed CO2 basis Absorbed COz basis,
steam accounting preheating CO2
85-minute flow emissions
start-u rate Cumulative | Cumulative | Cumulative | Cumulative | Cumulative | Cumulative
P (kg/h) SRD CO2 SRD CO2 SRD CO2
(MJ/kg captured (MJ/kg captured (MJ/kg captured
COy) C0O») C0O»)
Cold SU (1) 2500 10.71 65.9 7.5 97.4 8.57 82.3
with preheat
Cold SU (2) 2500 10.03 60.6 6.22 97.6 7.06 86.0
with preheat
Hot SU with
oreheat 2500 8.37 62.9 5.48 96.0 6.01 875
Hot SU with 5000 9.64 77.0 752 98.8 8.78 84.6
high preheat
Hot SU with
high preheat, 5000 7.16 77.0 5.58 98.8 5.86 94.1
corrected
preheat time

Note: The cumulative residual CO, emissions is the difference between the supply CO; and the absorbed CO..
Preheat auxiliary boiler emissions assumed an emissions factor of 50 kg CO»/GJ.

Although the cumulative CO2 capture rate improves, higher preheating also increases the steam
energy demand. Thus, the effect of preheating whilst accounting for the CO2 emissions
associated with this additional energy requirement is also considered. Once the CO2 emissions
due to preheating have been accounted for, the cumulative CO2 capture rates based (absorbed
CO2 basis) reduce substantially from 96-99% down to 85-88%. However, as the high
preheating case was supplying an excess of energy, the reboiler temperature reached its target
value within 30 min, meaning there was around 40 minutes of excess preheating. To provide a
better representation of this high preheating case, the preheating energy and CO2 emissions
were recalculated based on the preheat energy used over the 30 min, plus the additional 85 or
200 minutes of operation after flue gas flow begins. Compared to the low preheating cases, the
high preheating test calculated with the corrected preheat time (for the 85-minute case) has a

9 When flexible operation of the capture plant is being implemented, the stripper conditions should remain within
the operating limits of the compressor. The transport of CO; via pipeline will also need to meet certain
specifications, including an operating pressure envelope along the pipeline, CO; purity requirements, and the
velocity limits. Pressure boosting stations may also be included in the design of some CO; transport and storage
systems to ensure flow remains within the operating pressure envelope.
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considerably higher cumulative CO2 capture rate of 94.1% and lower specific reboiler duty
(SRD) 5.86 MJ/kg CO:s.

Table VII: Effect of preheating on start-up performance in terms of the cumulative CO2 capture
rate, calculated on a product CO2 basis and absorbed CO2 basis, and specific reboiler duty
(SRD) over 200 minutes.

Preheat Product CO2 basis Absorbed CO2 basis Absorbed COz basis,
steam accounting preheating CO2
200-minute flow _ _ _ _ gmissions _
Start-up rate Cumulative | Cumulative | Cumulative | Cumulative | Cumulative | Cumulative
(kg/h) SRD CO2 SRD CO2 SRD CO2
(MJ/kg captured (MJ/kg captured (MJ/kg captured
CO2) (%) COy) (%) CO2) (%)
Cold SU (1)
with preheat 2500 5.86 85.3 5.27 94.9 5.61 89.1
Cold SU (2)
with preheat 2500 5.53 84.2 4.86 95.7 5.11 91.0
Hot SU with
preheat 2500 5.26 78.5 4.35 94.9 451 915
Hot SU with
high preheat 5000 5.73 89.1 5.24 97.5 5.54 92.2
Hot SU with
high preheat,
with corrected
preheat time 5000 4.93 89.1 451 97.5 4.59 95.7

Note: The cumulative residual CO, emissions is the difference between the supply CO; and the absorbed CO..
Preheat auxiliary boiler emissions assumed an emissions factor of 50 kg CO2/GJ.

The different operating conditions (e.g., amine concentration and flow rate) are some key
contributing factors to the higher capture rates in the June 2020 tests. The solvent inventory
tests (previous section) used solvent with lower amine concentrations of 24.4 wt% AMP and
8.7 wt% PZ. In contrast, the preheating tests used solvent with slightly higher concentrations
of 25.5wt% AMP and 10.5 wt% PZ, which resulted in a greater proportion of CO2 being
absorbed. The higher amine concentrations as well as higher amine flow rates for the preheating
tests achieved higher steady state online CO:2 capture rates of 92.4-95.5% compared to the
solvent inventory tests (83-88%). The optimised operating conditions at steady state were also
contributing factors to the higher cumulative CO2 capture rates achieved during the preheating
tests.

Expert Review Comments

Detailed comments were received from several reviewers, all of which were addressed by the
authors. Overall, the study was warmly welcomed as a timely addition to the collection of
IEAGHG studies covering the operational performance of power plants with CO2 capture.

Many comments hinged on the fact that that detailed performance metrics, measurements and
observations would be plant, scale and solvent specific. While the authors recognised this, they
pointed out that the high-level insights drawn from this work would remain broadly applicable.
Furthermore, they recommended that, when applying these high-level insights in practice, a
degree of pre-testing would be advisable for the collection of project-specific data.

For example, as the physical properties (e.g., CO2 absorption capacity, heat of absorption) of
different solvents have a strong influence on their overall capture performance, it would not be
possible to make quantitative conclusions without doing a similar technical study with different
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solvents. For each solvent type, the set-point/target conditions would differ for optimal process
performance to be achieved, e.g., achieve high capture rates and minimise reboiler duty.

Some reviewers made suggestions for further work connected to the study and even suggested
the potential for future collaboration.

Conclusions and Recommendations

The potential for performance improvements during start-up and shutdown of CO2 capture
processes in power plants was examined. A series of SUSD tests was conducted at the TCM
CO:z2 capture facility in Norway that captures CO2 from a natural gas-fired CHP plant. Due to
the highly dynamic nature of SUSD operations, a bespoke method of analysis was developed
to evaluate their performance. The results have led to an improved understanding of the process
dynamics and capture performance during the SUSD operations. The evaluation has helped
identify novel operational strategies that can minimise both the time taken for start-up and
shutdown and the CO2 emissions associated with these operations.

Key factors have been identified that influence the dynamics and performance of the CO:2
capture plant during start-up and shutdown. Performance was evaluated in terms of time
requirements, amine and ammonia emissions, cumulative CO2 capture rate and the energy
consumption. The key factors that were investigated in this study include:
e Flexible operation using an advanced solvent CESAR-1.
e Comparing cold start-up performance with hot start-ups.
e Combined effect of start-up and shutdown on overall performance.
e Effect of using different solvent inventory volumes, 53 m? versus 42 me,
e Timing of steam availability on start-up time, different tests were conducted to show
steam introduced before (i.e., preheating), at same time and delayed steam supply,
i.e., steam flow starting after flue gas flow.
e Effect of solvent CO2 loading on the capture performance during plant start-up.

The tests presented in this report are specific for plant operation with CESAR-1 solvent.
Although the absolute numbers of the performance metrics and measurements may differ for
power plants and capture plants of different scales or for different capture solvents, e.g., MEA,
it is expected that the general high-level insights from this work should remain valid.
Importantly, over the course of all the tests with CESAR-1, emissions of amine and ammonia
were well below the acceptable thresholds specified by TCM engineers and relevant
environmental emission standards. Therefore, no environmental concerns associated with
amine or ammonia emissions for CO2 capture plants using CESAR-1 are anticipated.

Cold start-ups required twice as much time to reach steady state compared to hot start-ups. A
cold start-up with 53 m? of inventory requires 82 min to reach steady state, whereas a hot start-
up with the same inventory volume only requires 40 min to reach steady state. The use of a
larger solvent inventory volume in the system increased the time required for the system to
reach steady state after start-up and increased the shutdown time. Delaying the steam supply
during start-up was found to increase the start-up time — for example, a 20-min delay in steam
supply increased the start-up time by ~20 minutes.

As it includes the time required to lean-out the solvent to a low target concentration, the
shutdown time is a function of the solvent volume and the steam supply. Shutdown with the
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larger 53 m? solvent inventory required more time as a greater volume of solvent was being
regenerated (leaned out). Consequently, shutdown with the larger inventory also required more
steam energy on a MJ basis compared with that required for a smaller inventory.

However, a large amount of product COz2 is recovered during shutdown through the solvent
lean-out operation, i.e., 1,476-2,274 kg CO2, depending on the inventory volume. When
considering the cumulative capture of the start-up together with shutdown, the large amount of
shutdown CO2 product counterbalances the CO2 emissions associated with start-up. This
hypothesis was tested by evaluating the combined performance of both start-up and shutdown.
Although the capture rate (on an absorbed CO: basis) was preferred for the analysis of start-up
alone, capture rate on a product COz2 basis is a more meaningful metric for benchmarking SUSD
scenarios. The combined performance of start-up (calculated over 82 min and 200 min) and
shutdown confirmed that using a larger solvent inventory is highly beneficial for cold start-up
in terms of maximising the cumulative CO2 capture rate (on a product COz2 basis). However, in
the case of hot start-ups, solvent inventory volume had an almost negligible effect on
cumulative CO2 capture. Hot start-up was found to have significantly higher cumulative CO2
capture rate and lower specific reboiler duty compared to cold start-ups.

The study demonstrates that the optimal CO: capture performance during start-up and
shutdown of the plant needs to balance several factors. Namely, that solvent inventory volume,
initial temperature (cold vs hot) and timing of steam availability (preheating vs steam & flue
gas at the same time vs delayed steam) are the key factors that influence the time required for
and capture performance during start-up and shutdown. The preheating tests demonstrated
start-up protocols that combined several improvements to achieve high cumulative CO2 capture
rates (on an absorbed CO: basis) of 96-99% over 85 min, whereas conventional start-ups only
achieved 75-90% (function of start-up type and solvent inventory volume). Furthermore,
optimising operating conditions such as slightly higher amine concentration, higher liquid-to-
gas ratio and lower start-up solvent loading can help maximise the cumulative CO2 capture
rate.

Owing to the low start-up solvent loading (0.05-0.11 mol CO2/mol amine), for all cold and hot
start-up tests alike, the initial online CO2 capture rate started at high levels of 98-99%, which
were achieved immediately following the introduction of flue gas flow to the system. The
ability to sustain these high CO:2 capture rates depended on the actual starting solvent CO2
loading, the volume of the solvent inventory, the amine concentration, and the timing of steam
supply to the reboiler. The results demonstrated the importance of timely steam supply during
start-up. Any delay in steam supply to the capture plant reboiler significantly reduced the
cumulative COz capture rate, thereby increasing the residual CO2 emissions.

On the other hand, start-up with preheating was shown to be a potentially valuable approach.
Preheating provided higher cumulative CO2 capture rates during start-up of the capture plant,
thereby minimising the residual CO2 emissions. To maximise the value of preheating, a higher
flow rate of steam could heat the system faster. Importantly, the timing of steam supply was
crucial to prevent excessive preheating and to minimise auxiliary boiler CO2 emissions. In this
study preheating was explored using a natural gas-fired auxiliary boiler. Results showed that
the value of preheating would diminish if the preheating rate were insufficient (i.e., steam
supply flow rate too low), or poorly timed (i.e., excess preheating). Using preheating energy
with lower carbon intensity would further reduce residual CO2 emissions of the process and
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provide higher cumulative CO capture rates. Supplying energy for preheating will likely come
at a cost, e.g., the cost of installing an auxiliary boiler, fuel cost. However, in the context of
net-zero emissions targets, the advantage of potentially achieving higher CO2 capture rates by
preheating before start-up could outweigh the cost.

The results obtained provide valuable insights around the potential implications of start-up and
shutdown at a process scale. Key measures shown to improve performance include:

e Hot start-ups provided significantly higher cumulative CO2 capture rates and lower
specific reboiler duty compared to cold start-ups. Hot start-ups also reached steady state
much quicker than cold start-ups (around half the time).

e A larger solvent inventory will help maximise the cumulative CO2 capture rate during
cold start-up.

e Using a larger solvent inventory is also advantageous during shutdown as it increases
the amount of product CO2 recovered through the solvent lean-out step. In the case of
cold start-up, it improves the cumulative CO2 capture rate of combined start-up and
shutdown. In contrast, the effect of solvent inventory volume in the case of hot start-
ups was negligible.

e Process operating conditions shown to increase the cumulative CO2 capture rate,
i.e., “improved” start-up protocols, include preheating immediately prior to start-up,
lower start-up CO2 loading of solvent, higher amine concentration and higher liquid-
to-gas ratio (e.g., increasing the amine flow rate).

e Higher rates of preheating significantly reduced the start-up time, with the reboiler
reaching set-point temperature in 30 min instead of 100 min. This demonstrates value
in having an auxiliary boiler for the provision of a preheating steam supply.

The “improved” hot start-up protocols with high preheating increased the cumulative CO2
capture rate (on an absorbed COz2 basis) to 98.8%, which resulted in a specific reboiler duty of
5.58 MJ/kg COz, calculated over 85 min, without accounting for (fossil-fired) auxiliary boiler
CO2 emissions. The “conventional” hot start-up protocols achieved lower cumulative CO2
capture rates of between 90.0 to 90.3%, based on absorbed CO2 and calculated over 82 min.
The conventional start-up tests achieved lower specific reboiler duty of 4.03 and
3.76 MJ/kg CO2 with solvent inventories of 42 m® and 53 m®, respectively. This was mainly
attributed to not using preheating energy for start-up and having lower amine flow rates (i.e.,
decreased sensible heat).

While the “improved” protocols can provide cumulative CO2 capture rates of up to 99%, there
will be trade-offs, and specific reboiler energy requirements may also increase, e.g., higher
preheating energy or increased sensible heat with higher solvent flow. In the context of net-
zero emission targets, the ability to maximise the CO2 capture rate could be significant; it
reduces the residual CO2 emissions, thereby alleviating the demand for carbon offsets via CO2
removal technologies, e.g., bioenergy with CCS, or direct air capture. [Another key
contribution of this work is the comprehensive dataset of SUSD results from the TCM plant,
which can be used as data input for process model validation and systems scale modelling.]
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Suggestions for further work

There is much further R&D and future work in this area that might be explored. Suggestions
include:

The impact of different process configurations and process control systems that could
improve plant flexibility and SUSD performance, e.g., via process modelling.

Solvent inventory volume was shown be an important factor in this work, however, this
is based on TCM plant configuration. Future work should investigate the effect of
varying equipment capacities and the liquid hold-up volume (e.g., absorber column
sump, reboiler sump, condenser reflux drum) on the start-up time and capture
performance. For example, the impact of using parallel absorbers of different sizes, or
the effect of oversizing the stripper or reboiler to achieve more efficient solvent
regeneration.

The effect of different solvent types on CO2 capture plant flexibility and SUSD
performance.

The importance of the timely steam supply during start-up has been highlighted and the
provision of an auxiliary boiler identified as a solution to satisfy this need. However,
there may be other potential sources of readily available steam and it is proposed that
alternative sources of steam, including non-GHG emitting solutions, such as novel
energy storage devices, should be explored.

The plant data from this study provides input specifications for model development and
techno-economic analysis of different SUSD scenarios. A techno-economic analysis of
start-up and shutdown will provide insight into the cost implications of different
strategies and flexibility improvements. For example, compared to a hot/cold SUSD
cycle, would it be more cost effective to operate at minimum loads and ramp up as
required?

The effect of power plant operation and flexibility (e.g., turndown ratio, ramp rate,
shutdown procedure) on the SUSD strategy of CCS plant operation, i.e., upstream
system. The dynamic interactions between the power plant and the CCS plant need to
be explored further, e.g., to develop strategies to deal with changes on the power plant
side which causes flue gas variations in flow rate or concentration (CO2, Oz or
contaminants).

The impact of start-up and shutdown in power plants with CCS on downstream
processes (e.g., CO2 compression).

The effect of start-up and shutdown at a systems scale in the context of a national
electricity grid. This could potentially demonstrate whether SUSD CO2 emissions will
impact the ability to achieve national scale net-zero emissions targets.

This study explores strategies for shutdown of the capture plant in the case of planned
shutdowns. Future work may explore strategies and protocols for shutdown of the
capture plant in the case of forced outages.
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Figure 10: Cold start-up and shutdown results: Online measurements of solvent density and temperature (A,
C) and laboratory analysis of COz loading measured from solvent samples were used to develop the correlation
for online solvent CO:2 loading. This correlation predicts CO2 loading from online density and temperature
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Figure 13: The two key periods that will be analysed in this study will be start-up and shutdown, which are both
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Figure 14: Time required for cold start-up (A & B) and hot start-up (C & D) and the shutdown when using
different solvent inventories, i.e., 42 m3 vs 53 m3. The start-up time, tsu, is defined as the time between when
flue gas enters the system (blue line) until CO2 product flow begins (black line). The tsu is greater with cold
start-up cases and when the steam availability is delayed by 20 min for a hot start-up (E). The tsp is the
shutdown time, which is the period between the flue gas being turned off and time steam is turned off. ...... 57
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Figure 16: The flue gas CO: content (blue line) and online CO2 capture rate (black line) during cold start-up (A
& B), hot start-up (C, D & E) and shutdown with different solvent inventories, 42 m3 vs 53 m2. The hot start-up
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Figure 17: There are different time periods to consider when analysing the performance of start-up and
shutdown in the capture plant. The start-up time, tsu, is defined as the time between when flue gas enters the
system (blue line) until CO2 product flow begins (black line). The time required for the system to reach steady
state is tss, €.9., this may be 40-82 min depending on the scenario. If an extended period is considered, e.g.,
200 min, steady state conditions will influence the results, thus, making it difficult to specifically benchmark the
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Figure 29: Process changes for hot start-up using 45 m? solvent inventory with preheating, i.e., starting the
steam flow before the flue gas. The period shown begins at the time steam flow starts plus an additional 200
minute after the flue gas enters. The hot start-up on 10 June 2020 (A, C & E) started with 2500 kg/h steam
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Figure 31: The change in liquid level during the cold and hot start-ups with shutdown for the tests using 53 m3
solvent inventory (A, C) and 42 m? solvent inventory (B, D, E). Using different solvent inventory in the TCM
plant mainly affects the liquid level in the absorber sump, whereas the stripper liquid level in both cases is
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Table 12: Methods for calculating online CO2 capture rate at the TCM capture facility. Adapted from Hamborg,
et al. 71, Faramarzi, et al. ”® and Hume, et al. %. For dynamic conditions, the CO- capture rate is calculated via
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Table 15: Product CO:2 basis calculations of cumulative capture rate and specific reboiler duty over 82 minutes.
This is calculated from the cumulative amounts of COz in the different streams and the cumulative steam
energy. The cumulative residual CO2 emissions is the difference between the supply CO2 and the absorbed
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Table 16: Product CO:2 basis calculations of cumulative capture rate and specific reboiler duty over 200
minutes. This is calculated from the cumulative amounts of CO:z in the different streams and the cumulative
steam energy. The cumulative residual CO2 emissions is the difference between the supply CO2 and the
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minutes. This is calculated from the cumulative amounts of COz in the different streams and the cumulative
steam energy. The cumulative residual CO2 emissions is the difference between the supply CO2 and the
ADSOIDEA CO2. ..ttt e ettt r s 75

Table 18: Absorbed COz2 basis calculations of cumulative CO2 capture rate and specific reboiler duty over 200
minutes. This is calculated from the cumulative amounts of COz in the different streams and the cumulative
steam energy. The cumulative residual CO2 emissions is the difference between the supply CO2 and the
ADSOIDEA CO2. .ttt 75

Table 19: Calculations of cumulative amounts of CO2, energy and specific reboiler duty over the shutdown
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Table 22: Cumulative CO2 capture performance on a product COz basis for start-up over 82 minutes
combined with the shutdown. The use of an auxiliary boiler may result in additional CO2 emissions (refer to
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Table 26: Cumulative CO2 capture performance on a product CO: basis for start-up over 200 minutes
combined with the shutdown. The use of an auxiliary boiler may result in additional CO2 emissions (refer to
Table 24). The cumulative specific reboiler duty and cumulative CO2 captured are calculated assuming start-
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Abbreviations

AIT Applied Instrument Technologies
AMP 2-amino-2-methyl-1-propanol
ASU air separation unit

CcC combine cycle

CCGT combined cycle gas turbine
CCC CO; capture and compression
CCs CO; capture and storage
CESAR CO; Enhanced Separation and Recovery (the name of an EU project)
CHP combined heat and power
conc concentration

DCC direct contact cooler

deNOx flue gas denitrification

EDA ethylenediamine

FG flue gas

FPz N-formyl piperazine

FTIR Fourier transform infrared

GJ gigajoule

GT gas turbine

HRSG heat recovery steam generator
HSS heat stable salts

HX heat exchanger

ID induced draft

IGCC integrated gasification combined cycle
IP intermediate pressure

LCOE levelised cost of electricity

L/G liquid-to-gas ratio

LP low pressure

MEA monoethanolamine

MJ megajoule

MW megawatt

NDIR non-dispersive infrared
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Executive Summary

Background and scope of study

Integrating higher shares of intermittent renewable energy (e.g., wind and solar power)
into an electricity system presents major operational challenges. To balance this
intermittency and ensure electricity demands are met, energy technologies that can
provide flexibility to the system will be required, e.g., dispatchable energy storage
technologies such as batteries, or pumped hydroelectricity storage. In particular, thermal
power plants with carbon capture and storage (CCS) will likely have an important role in
providing affordable dispatchable low carbon capacity, maintaining security of supply, and
enabling the expansion of other low-carbon sources. Whilst the value of flexible CCS has
been demonstrated in a number of previous studies, there has been limited work to-date
which focuses on the start-up and shutdown of CCS in power plants, particularly with
respect to the time required and the fugitive CO, emissions. This is particularly important
with increasing penetration of intermittent renewable energy as these start-up/shut-down
cycles will become increasingly frequent, thus the potential for fugitive emissions must be
quantified and minimised. Further work is therefore necessary to develop an
understanding of the process dynamics during start-up and shutdown in order to identify
the key factors that will impact CO- capture performance and operability.

Therefore, the aim of this study is to examine the potential for performance improvements
during the start-up and shutdown of a CO, capture process in a power plant. This involved
conducting a series of start-up and shutdown tests at the TCM CO; capture facility in
Norway. The TCM plant is an industrial-scale post-combustion absorption plant that is
located in Mongstad, Norway, adjacent to the Equinor oil refinery. The plant uses amine-
based solvents to capture CO, from a natural gas-fired CHP plant, and it can also be
configured to process a gas slipstream from the refinery residue fluid catalytic cracker
(RFCC). In this study, the CHP flue gas was used, and a detailed analysis of the plant data
was carried out to develop an understanding around the start-up and shutdown (SUSD)
dynamic behaviour. This has provided valuable insights around key factors and operation
strategies that could help minimise disruption and CO; emissions during start-up and
shutdown of CO, capture in a power plant. The key factors that were investigated in this
study include:

¢ Flexible operation using an advanced solvent CESAR-1; most pilot plant work on
flexible operation has focused on MEA-based absorption, and further work on the
flexibility of systems using advanced solvents is required.

e Comparing cold start-up performance with hot start-ups to demonstrate the effect
of the starting temperature.

e Combined effect of start-up and shutdown on overall performance.

e Effect of using different solvent inventory volumes, 53 m?® versus 42 m?*, which is
significant enough to illustrate a difference in process dynamics and identify any
potential benefits.

e Timing of steam availability on start-up time, different tests were conducted to show
steam introduced (i) before, i.e., preheating with an auxiliary boiler, (ii) at the same
time, and (iii) after the start of flue gas flow, i.e., delayed steam supply when steam
extraction is unavailable.

o Effect of solvent CO- loading on the start-up performance.

13



Start-up and shutdown protocol for power stations with CO2 capture

Depleted flue gas

T

@ Product
COo;
@ Gas analyser measurement
@ Liquid sample for analysis
Qo ¢
Water () ’Q
washes 'ﬂ

cooler

© oo X

Absorber

Column

Stripper
Column

Direct
Contact
Cooler

%

Steam to rﬂbo;\sr

S
Blower Reboiler

L

CHP flue Condensate return
gas supply in

(L Rich J Cross
Solvent

Pump Heat
MEA Exchanger

make-up Lean
Solvent

Carbon filter Pump

Figure i: Process flow diagram of the configuration used at TCM for the start-up and shutdown tests. The plant
captured COz2 from the combined heat and power (CHP) flue gas using CESAR-1 solvent. In this configuration,
SUSD tests used 18 m of packing height, the CHP direct contact cooler and the larger stripper column (RFCC
unit). Some key process control loops are shown, however, much of the P&ID detail is omitted.

The objective was to demonstrate the influence of these factors on the capture
performance in the context of five conventional start-ups and shutdown protocols (two cold
start-ups, three hot start-ups), also showing the results for four “improved” start-up and
shutdown protocaols, e.g., the effect of preheating before start-up, lower CO, loading and
higher amine flow on hot and cold start-ups. This work is important as it helps identify
potential protocol measures which can provide substantial reductions in CO, emissions,
time requirements and energy demand for start-up and shutdown protocols.

CO2 capture performance during start-up and shutdown

The test campaigns at Technology Centre Mongstad (TCM) using CESAR-1 examined
different start-up and shutdown (SUSD) operating modes in a CO- capture process. The
tests were designed to simulate SUSD conditions in the context of CCS with gas fired
CCGT. The cold start-up corresponds to a start-up that is performed after a long downtime,
e.g., shut for >8 hours, where the reboiler bottom temperature has cooled to “ambient”
conditions of 25-30°C. The hot start-up simulates a start-up after a short downtime,
e.g., <8 hours, where the reboiler bottom temperature was ~90°C. For all cases of
shutdown, the same procedure was implemented, with the only difference being the
solvent inventory volume. To ensure the plant starts with solvent that is sufficiently low in
CO:; loading, shutdown continues to supply steam to the reboiler even after the flue gas
was turned off to “lean out” the solvent. Steam is turned off once all of the solvent reaches
the required target CO- loading, which represents the end of shutdown. By the end of
shutdown, all of the solvent will have lean loading of < 0.2 mol CO2/mol amine for two
reasons: (i) prevents precipitation during plant downtime, which can occur if CESAR-1 is
rich and low temperature, (ii) having lean solvent loading for the next start-up will maximise
the CO; capture capacity. Lean out for non-precipitating solvents such as 30 wt% MEA
would also be beneficial for the latter reason only. Table i shows some of the tests have a
slightly different “start-up CO- loading” for the solvent.
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Table i: Comparison of the cold and hot start-up tests in terms of start-up time (tsu) and the time it takes for
the system to reach steady state (tss).

Start-up type Conditions Start-up time: Time when CO2
time when CO2 product flow reaches
product flow steady state, tss (min)
starts, tsu (min)
53 m?3 inventory, start loading 0.10— a7 82
Cold start-up 0.11 mol CO2/mol amine
42 m? inventory, start loading 0.08— a7 69
0.09 mol CO2/mol amine
53 m? inventory, start loading 0.08— 22 40
0.09 mol CO2/mol amine
42 m? inventory, start loading 0.08— 19 42
Hot start-up 0.09 mol CO2/mol amine
42 m® inventory with delayed steam 45 63

supply, start loading 0.08-0.09 mol
CO2/mol amine

For dynamic operation (e.g., load following, start-up or shutdown), the online data
illustrates the variations in process parameters and metrics, however, it is difficult to
benchmark the performance of these scenarios based on transient trends. Thus, the
cumulative capture rate and reboiler duty is also calculated over the scenario timeframe,
which provides a better indication of the impact of dynamic operation measures on the
overall plant performance. To minimise any bias associated with differences in feed CO
content, the analysis focused specifically on the dynamic region of data. The main dynamic
trends occur within the time between start-up of the flue gas and the moment steady state
of CO; product is achieved, i.e., tss (time to reach steady state). This was 82 minutes for
the first dataset showing the effect of solvent inventory, and 85 minutes for the dataset
demonstrating the effects of preheating. The performance over 200 minutes was also
evaluated as this will demonstrate whether the impact of start-up changes is sufficiently
significant to influence steady state performance.

Figure ii below shows the cumulative CO; capture rate and specific reboiler duty based on
the absorbed CO; and product CO., calculated over an 82 min and 200 min period. The
product CO: basis uses the amount of CO; exiting the stripper section as a proportion of
the feed CO.. The product basis performance metrics provide a reflection of the process
dynamics as it accounts for the solvent circulation time (i.e., observed differences are due
to the solvent travel time from the absorber to the stripper). Alternatively, the cumulative
capture rate on an absorbed CO. basis is calculated from the difference in CO
concentration of the inlet and outlet gas streams of the absorber column. It represents the
proportion of CO; directly captured from the feed flue gas in the absorber, hence it provides
a better indication of the residual CO, emissions from the process.
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A Start-up 82 min: Cumulative CO, capture performance product basis B Start-up 200 min: Cumulative CO, capture performance product basis
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Figure ii: Cumulative start-up (SU) performance over 82 minutes compared against 200 minutes (indicated by
the labels) for different solvent inventory volumes, 42 m? and 53 m3, also the effect of delayed steam supply
by 20 min is shown for one hot start-up with 42 m3. Cumulative CO2 capture rate and cumulative specific
reboiler duty are calculated based on (A & B) product CO2 and (C & D) absorbed COs.

Table ii: Cumulative COz capture performance of start-up (82 min) and shutdown scenarios, without auxiliary
boiler emissions.

Product CO; basis Absorbed CO; basis

82 min start-up Cumulative specifi : i

h pecific . Cumulative specific .
(SU), duration of reboiler duty (MJ/kg Cumulative CO, reboiler duty (MJ/kg Cumulative CO,
shutdown (SD) co) captured (%) Co.) captured (%)
varies 2 2
Cold SU 53 m® 12.64 30.5 4.95 77.8
Cold SU 42 m® 10.64 33.9 4.83 74.7
Hot SU 53 m® 6.46 52.6 3.76 90.3
Hot SU 42 m® 5.66 64.0 4.03 90.0
Hot SU 42 m® 5.91 35.4 2.77 75.3
delayed steam
SD 53 m? 5.63 939 62.73 84.3
SD 42 m? 6.49 840 61.07 89.2
SD 42 m? 6.40 1016 72.84 89.3
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Cold start-up vs hot start-up

As shown in Table i, cold starts typically take longer to start-up and reach steady state
conditions compared to hot start-ups. This is mainly due to the lower starting temperatures
during cold start-up (25-30°C) compared to hot start-up (~90°C). Consequently, the cold
start-ups require more time to heat the stripper/reboiler to the target temperatures.

Cold start-ups cumulatively captured a lower percentage of incoming CO; and have higher
specific reboiler duty compared to hot start-ups. For a start-up period of 82 minutes in a
system with 53 m? of inventory, a cold start-up cumulatively captured 78% on an absorbed
CO; basis, whereas a hot start-up cumulatively captured 90%-—a difference of 12%. The
200 min start-up results show the effect of including steady state operation. The cumulative
CO. capture rate over 200 min for hot start-up is greater than cold start-ups, although the
difference is slightly smaller compared to the 82 min results (Figure ii and Table ii).

Effect of solvent inventory volume

For cold start-up, a smaller inventory will reduce the time required to stabilise the plant and
will slightly reduce energy requirements. A larger solvent inventory will provide higher
cumulative CO; capture rates, and thus would reduce the residual CO, emissions. With a
larger solvent volume at start-up, more lean solvent is available to capture CO; as the
plant heats up.

In the case of hot start-ups, the two solvent inventory cases, 42 m® and 53 m3, had similar
cumulative CO; capture rates over 82 min of 90% (absorbed CO; basis), shown in Table ii.
The cumulative specific reboiler duty on a MJ/kg absorbed CO- basis is slightly higher for
the smaller inventory case. The observed difference in cumulative CO, capture rate over
the 200 min period is due to different flue gas CO, content for the two tests. The steady
state online CO; capture rate of the 42 m?3 test was higher (88%) compared to the 53 m3
case (83%), as illustrated in Figure iii when the online capture rate reaches a stable
constant. If flue gas CO; content was the same, the inventory volume size would have a
negligible effect on the residual CO> emissions during hot start-up.

Aside from the potential reduction in solvent consumption costs with the smaller inventory
systems, the results indicate possible technical benefits for hot start-up performance as
well. A smaller inventory volume will reduce the solvent circulation time and the effects of
solvent regeneration are observed on a faster time scale. Therefore, for a given time
period, the smaller inventory system generates more product CO, (absolute terms), and
thus, a higher product basis CO; capture rate is observed in (A) of Figure ii. Consequently,
the smaller inventory system has a lower specific reboiler duty on a product basis (MJ/kg
product COo).

Effect of delayed steam supply

The prioritisation of power generation during start-up could mean steam extraction is not
available, which would delay the steam supply to the CO; capture plant. A hot start-up
using 42 m?® inventory was demonstrated with 20 minutes of delayed steam availability,
which was found to reduce the CO, capture performance of the plant. Firstly, delayed
steam supply increased the time required to heat the reboiler, resulting in a start-up time
similar to a cold start-up. Although delaying steam availability reduced the specific reboiler
duty, the cumulative CO, capture rate (both absorbed and product CO- basis) decreased
significantly compared to the normal hot start-up. Hence, making steam available for the
CO; capture plant as early as possible is critical to maximise the CO, capture rates and
minimise residual CO; emissions during start-up.
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Combined performance of start-up with shutdown

The performance characteristics of start-up are different to shutdown when analysed
separately. The solvent inventory is lean at the beginning of a new start-up. As the plant
stabilises and reaches steady state, the liquid on the absorber side is CO»-rich, and CO»-
lean on the stripper side, i.e., temporarily stores CO.. As the plant transitions into the
shutdown phase, steam supply continues even after flue gas flow stops. Thus, this enables
leaning out of the solvent to a target loading (the start-up loading) and releases a
significant amount of product CO., i.e., the “stored” CO: in the system. To illustrate the
impact of a start-up and shutdown cycle, we evaluated the combined start-up and
shutdown performance in terms of cumulative capture rate (product CO, basis) and
specific reboiler duty.

For analysis of start-up alone (82 min), the capture rate on a product basis is relatively low
(Figure ii and Table ii). However, owing the high amount of product during the shutdown
phase, calculating the combine performance of start-up with shutdown has a much higher
capture rate as shown in Tables iii and iv.

Typically for steady state operation, it is assumed that the steam supply is provided
through steam extraction from the power plant steam cycle. However, during start-up and
shutdown, we consider the need for an auxiliary boiler to supply steam to the capture plant
as steam extraction from the power plant is unavailable. We assume that a cold start-up
requires the auxiliary boiler for 60 min and hot start-up requires it for 20 min and it is used
for the duration of shutdown. The CO. emissions associated with using a natural gas fired
auxiliary boiler was calculated for each scenario.

The auxiliary boiler CO, emissions can have a major effect on the start-up and shutdown
performance, increasing the cumulative specific reboiler duty and reducing the cumulative
CO; capture rate. The cold start-up and shutdown case using 53 m?® of inventory shows
that the use of an auxiliary boiler for start-up and shutdown reduces the 82 min cumulative
CO; capture rate from 80% to 53% and increases specific reboiler duty from 8.2 to
12.4 GJ/ltcoz. The degree of performance reduction associated with the auxiliary boiler is
smaller in the case of hot start-ups. Thus, once auxiliary boiler emissions are accounted
for, normal hot start-up and shutdown is able to achieve relatively high capture rates of
81% and 83% with 53 m*® and 42 m? of inventory, respectively.

In the case of the 82 min start-up results, using the larger 53 m® solvent inventory provided
higher cumulative CO, capture for cold start-ups with shutdown. When solvent inventory
increased from 42 m® to 53 m3, the cumulative CO, capture would increase by
9.3-13.7% points, depending on the auxiliary boiler calculation scenario. Larger solvent
inventory also provided a very small reduction in specific reboiler duty. In contrast, for hot
start-up with shutdown, the increase in solvent inventory from 42 to 53 m® had an almost
negligible impact on capture performance.

Normal operation would typically include start-up, plant stabilisation, steady state
operation and shutdown. The cumulative performance for 200 minutes of start-up with
shutdown are used to illustrate the effect of start-up and shutdown combined with normal
steady state operation. At steady state, the average online CO, capture rate was 83-88%
(illustrated in Figures iii and iv). Thus, the cumulative CO, capture rates calculated over
the longer 200 min start-up period move closer to the performance values achieved during
steady state. Importantly, the cumulative capture rates over 200 min which account for
auxiliary boiler emissions (Table iv) are highest for the normal hot start-up cases reaching
82-86%, with capture rates being lower for the cold start-ups (72—76%) or for hot start-up
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with delayed steam availability (77%). The longer analysis timeframe also lowers the
cumulative specific reboiler duty to 4.8-6.4 GJ/tCO, depending on the scenario.

Table iii: Cumulative CO2 capture performance of 82 minutes start-up combined with shutdown, showing the
effect of CO2 emissions from a gas-fired auxiliary boiler. * Assumes that a cold start-up requires the auxiliary
boiler for 60 min and hot start-up requires it for 20 min and it is used for the duration of shutdown.

Product CO; basis Without an aucxiliary boiler With an auxiliary boiler for With an auxiliary boiler for SU
shutdown* & SD*

82 min start-up Cumulative . Cumulative . Cumulative .

) e Cumulative o Cumulative o Cumulative
(SU) combined specific CO. captured specific CO. captured specific CO. captured
with shutdown reboiler duty 2 reboiler duty 2 reboiler duty 2
(SD) (G co,) (%) (GJrCO) (%) (GJrCo) (%)
Cold SU53 m* &
SD 8.15 80.0 9.95 65.6 12.42 52.5
Cold SU 42 m®* &
SD 8.51 66.3 10.18 55.5 13.04 43.3
Hot SU 53 m® &
SD 6.06 97.3 7.02 83.9 7.26 81.2
Hot SU 42 m® &
SD 5.94 96.5 6.73 85.3 6.93 82.9
Hot SU 42 m®
delayed steam &
SD 6.17 67.7 7.35 56.8 7.35 56.8

Table iv: Cumulative CO2 capture performance of 200 minutes start-up combined with shutdown, showing the
effect of CO2 emissions from a gas-fired auxiliary boiler. * Assumes that a cold start-up requires the auxiliary
boiler for 60 min and hot start-up requires it for 20 min and it is used for the duration of shutdown.

Product CO; basis Without an auxiliary boiler With an auxiliary boiler for With an auxiliary boiler for SU
shutdown* & SD*

200 min start-up Cumulative . Cumulative . Cumulative .

- - Cumulative . Cumulative . Cumulative
(SU) combined specific CO, captured specific CO. captured specific CO, captured
with shutdown reboiler duty 2 reboiler duty 2 reboiler duty 2
(SD) (GJrco,) (%) (GJtco,) (%) (GJtco,) (%)
Cold SU53 m3 &
SD 5.59 86.9 5.99 81.1 6.41 75.8
Cold SU 42 m* &
SD 5.52 81.1 5.83 76.8 6.23 71.9
Hot SU 53 m® &
SD 5.02 88.6 5.35 83.1 5.42 82.0
Hot SU 42 m® &
SD 4.97 91.3 5.22 86.9 5.28 85.9
Hot SU 42 m®
delayed steam &
SD 4.78 81.1 5.05 76.8 5.05 76.8

In both the 82 min and 200 min start-up cases, delaying steam supply by 20 min during
start-up was highly detrimental to the CO. capture performance. Although a lower specific
reboiler duty was observed, the cumulative CO; capture rate reduced by 26.0-28.9%
points compared to the normal hot start-up using the same solvent inventory volume. Of
all the cases studied, the hot start-up with delayed steam has the lowest cumulative CO
capture rate. To minimise residual CO, emissions, steam needs to be available for start-
up of the CO; capture plant as soon as possible.

In all cases, using a natural gas fired auxiliary boiler, i.e., fossil fuel energy, to supply steam
during start-up and shutdown significantly reduced the overall CO, capture rate and
increased the specific reboiler duty. In contrast, the scenarios without an auxiliary boiler
represent the situation where steam is supplied via zero carbon intensity energy.
Therefore, to maximise the cumulative CO; capture rate, it is essential that energy used
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during start-up and shutdown has low carbon intensity (e.g., renewable energy). This
becomes increasingly important in energy systems with frequent start-up and shutdown
cycles, especially in the context of net-zero GHG emission targets.

Proposed improvement strategy: Effect of preheating on the start-up performance

The effect of preheating was demonstrated with the tests summarised in Table v, which
compares start-ups with preheating at steam flow rate of 2500 kg/h against hot start-up
with high preheating at steam flow of 5000 kg/h. As shown in Tables vi and vii, the hot
start-up with high preheating had the highest cumulative capture rate compared to the
other tests using lower preheating steam flow. The two cold start-up tests had the same
preheating steam flow, consequently, the cumulative CO, capture rates based on
absorbed CO; were similar (97-98%).

Higher preheating results in a higher cumulative capture rate on a product CO; basis
(i.e., hot start-up cases). This indicates the use of higher preheating rates before start-up
allows the capture plant to reach the steady state flow of product CO, in a shorter
timeframe, making the capture plant more responsive to the requirements of the CO-
compression and transport system.?

Table v: Time when the CO: product flow rate begins (tsu) and when steady state conditions are reached (tss)
after the flue gas flow starts in minutes. These tests were carried out during the June 2020 campaign using
CESAR-1 and had slightly different starting conditions. Average solvent concentration based on laboratory
analysis of the solvent samples: 25.5 wt% AMP 10.5 wt% PZ.

Label Start-up type | Conditions Start-up time: Time when
time when CO2 product
CO2 product flow reaches
flow starts, steady state,
tsu (min) tss (min)
Cold SU Cold start-up | 9 June: Preheat using 45 m3 20 70
D with preheat | inventory
steam flow Start-up loading: 0.07—0.08 mol
of 2500 kg/h !
CO2/mol amine
Cold SU Cold start-up | 12 June: Preheat, adjustment 10 85
(2) with preheat | from 41.5 to 45 m?3 inventory
steam flow Due to the increased volume
of 2500 kg/h, '
vol adjust the average solvent.
concentration for this test
reduced down to 23.0 wt% AMP
9.4 wt% PZ
Start-up loading 0.05 mol
CO2/mol amine
Hot SU (1) | Hot start-up | 10 June: Preheat using 45 m3 15 60
with preheat | inventory
Osfttzeggof:((;v/vh Start-up Ioac_iing 0.10 mol
CO2/mol amine
Hot SU (2) | Hot start-up | 11 June: High preheat start-up 15 70
with high using 45 m? inventory
preheat Start-up loading 0.05-0.07 mol
steam flow CO2/mol amine
of 5000 kg/h 2

@ When flexible operation of the capture plant is being implemented, the stripper conditions should remain within the
operating limits of the compressor.® The transport of CO; via pipeline will also need to meet certain specifications,
including an operating pressure envelope along the pipeline, CO, purity requirements, and the velocity limits.
Pressure boosting stations may also be included in the design of some CO; transport and storage systems to ensure
flow remains within the operating pressure envelope.? 3
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Table vi: Effect of preheating on start-up performance in terms of the cumulative CO2 capture rate and specific
reboiler duty (SRD) over 85 minutes is calculated on a product CO:2 basis and absorbed CO: basis. The
cumulative residual CO2 emissions is the difference between the supply CO2 and the absorbed CO.. Preheat
auxiliary boiler emissions assumed an emissions factor of 50 kg CO2/GJ.

85 min Preheat Product CO2 basis Absorbed CO: basis Absorbed CO: basis,

start-up steam accounting preheating

only flow CO2 emissions

rate Cumulative | Cumulative | Cumulative | Cumulative | Cumulative | Cumulative
(kg/h) SRD CO2 SRD CO2 SRD CO2
(MJ/kg captured (MJ/kg captured (MJ/kg captured
CO») CO2) CO2)

Cold SU

(1) with

preheat 2500 10.71 65.9 7.25 97.4 8.57 82.3

Cold SU

(2) with

preheat 2500 10.03 60.6 6.22 97.6 7.06 86.0

Hot SU

with

preheat 2500 8.37 62.9 5.48 96.0 6.01 87.5

Hot SU

with high

preheat 5000 9.64 77.0 7.52 98.8 8.78 84.6

Hot SU

with high

preheat,

corrected

preheat

time 5000 7.16 77.0 5.58 98.8 5.86 94.1

Table vii: Effect of preheating on start-up performance in terms of the cumulative CO2 capture rate and specific
reboiler duty (SRD) over 200 minutes is calculated on a product CO2 basis and absorbed CO: basis. The
cumulative residual CO2 emissions is the difference between the supply CO2 and the absorbed CO:. Preheat
auxiliary boiler emissions assumed an emissions factor of 50 kg CO2/GJ.

200 min Preheat Product CO:2 basis Absorbed CO:2 basis Absorbed CO: basis,

start-up steam accounting preheating

only flow CO2 emissions

rate Cumulative | Cumulative | Cumulative | Cumulative | Cumulative | Cumulative
(kg/h) SRD CO2 SRD CO2 SRD CO2
(MJ/kg captured (MJ/kg captured (MJ/kg captured
CO2) (%) CO2) (%) CO») (%)

Cold SU

(1) with

preheat 2500 5.86 85.3 5.27 94.9 5.61 89.1

Cold SU

(2) with

preheat 2500 5.53 84.2 4.86 95.7 5.11 91.0

Hot SU

with

preheat 2500 5.26 78.5 4.35 94.9 451 91.5

Hot SU

with high

preheat 5000 5.73 89.1 5.24 97.5 5.54 92.2

Hot SU

with high

preheat,

with

corrected

preheat

time 5000 4.93 89.1 4,51 97.5 4.59 95.7
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Although cumulative CO; capture rate improves, there is also an increase in steam energy
demand. Thus, we also consider the effect of preheating whilst also accounting for the
CO; emissions associated with this additional energy requirement. Once the preheating
CO; emissions have been accounted for, cumulative CO, capture rates based on
absorbed CO; substantially reduced from 96-99% down to 82—-88%. However, the high
preheating case was supplying an excess of energy. The reboiler temperature reached
the target value within 30 min and there was approximately 40 minutes of excess
preheating. To provide a better representation of this high preheating case, the preheating
energy and CO; emissions were recalculated based on the preheat energy used over the
30 min, plus the additional 85 or 200 minutes of operation after flue gas flow begins.
Compared to the low preheating cases, the high preheating test calculated with the
corrected preheat time has a considerably higher cumulative CO, capture rate of 94.1%
and lower specific reboiler duty (SRD) 5.86 MJ/kg COs,.

The different operating conditions (e.g., amine concentration and flow rate) are some key
contributing factors to the higher capture rates in the June 2020 tests. The solvent
inventory tests (previous section) used solvent with lower amine concentrations of
24.4 wt% AMP and 8.7 wt% PZ. In contrast, the preheating tests used solvent with slightly
higher concentrations of 25.5 wt% AMP and 10.5 wt% PZ, which resulted in a greater
proportion of CO, being absorbed. The higher amine concentration as well as greater
amine flow rates for the preheating tests achieved a higher steady state online CO; capture
rates of 92.4-95.5% compared to the solvent inventory tests (83—-88%). The optimised
operating conditions at steady state were also contributing factors to the higher cumulative
CO; capture rates achieved during the preheating tests.

Conclusions
Summary of potential measures to improve start-up and shutdown performance

The optimal CO; capture performance during start-up and shutdown of the plant needs to
balance several factors: solvent inventory volume, initial temperature (cold vs hot) and
timing of steam availability (preheating vs steam & flue gas at the same time vs delayed
steam). This study demonstrates that these are key factors that influence the time
requirements and capture performance during start-up and shutdown of a CO, capture
plant.

Using a larger solvent inventory is beneficial overall in terms of maximising the cumulative
CO; capture rate (i.e., Table iii, scenario without an auxiliary boiler). The improvement in
cumulative CO; capture is greatest in the case of cold start-ups, but the effect of solvent
inventory volume is negligible with hot start-ups. Hot start-up had significantly higher
cumulative CO; capture rate and lower specific reboiler duty compared to cold start-ups.
Owing to the low start-up solvent loading (0.05—-0.11 mol CO2/mol amine, as shown in
Tables i and v) used for these cold and hot start-up tests, high online CO; capture rates of
98-99% were achieved initially, occurring immediately after the introduction of flue gas to
the system (purple lines in Figure iii below). The ability to sustain these high CO. capture
rates depends on the volume of the solvent inventory, amine concentration, starting
solvent CO; loading, and the timing of steam supply to the reboiler.

The results indicate the importance of timely steam supply during start-up. Any delay in
steam supply to the capture plant significantly reduces the cumulative CO, capture rate,
thereby greatly increasing the residual CO; emissions. Start-up with preheating was shown
to be a potentially valuable approach. Under specific operating conditions, preheating can
provide higher cumulative CO, capture rates during start-up of the capture plant, thereby
minimising the residual CO; emissions. To maximise the value of preheating, a higher flow
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rate of steam supply can heat the system much faster, but the duration of preheating needs
to be optimised to minimise residual CO>, emissions associated with steam energy.

Using improvement measures (e.g., high preheating, lower solvent loading) for hot start-
up protocols increased the cumulative CO; capture rate to 98.8% (absorbed CO. basis),
with specific reboiler duty at 5.58 MJ/kg CO., calculated over 85 min, not accounting for
auxiliary boiler CO, emissions. The “conventional” hot start-up protocols achieved lower
cumulative CO- capture rate of between 90.0 to 90.3% (Table ii), based on absorbed CO;
and calculated over 82 min. However, conventional start-up tests achieved lower specific
reboiler duty of 3.76-4.03 MJ/kg CO., depending on solvent inventory volume, due to the
protocols not using preheating and having lower amine flow rates (reduces sensible heat).

In the context of a net-zero energy system, there will be a rising need for flexibility. Hence,
the ability to maximise the CO, capture rate during start-up and shutdown would be highly
valuable as it will reduce residual CO, emissions from power plants, thus easing the need
for carbon offsets from CO-, removal technologies, e.g., bioenergy with CCS, or direct air
capture. Another key contribution of this work is a comprehensive dataset of start-up and
shutdown results from the TCM plant, which can be useful for process model validation
and systems scale modelling of power plants with CCS.

Recommendations for further work
Further R&D and future work in this area could explore the following:

e The impact of different process configurations and process control systems that
could improve plant flexibility and SUSD performance, e.g., via process modelling.

e Solvent inventory volume was shown be an important factor in this work, however,
this is based on TCM plant configuration. Future work should investigate the effect
of varying equipment capacities and the liquid hold-up volume (e.g., absorber
column sump, reboiler sump, condenser reflux drum) on the start-up time and
capture performance. For example, the impact of using parallel absorbers of
different sizes, or the effect of oversizing the stripper or reboiler to achieve more
efficient solvent regeneration.

e The effect of different solvent types on CO; capture plant flexibility and SUSD
performance.

¢ The plant data from this study provides input specifications for model development
and techno-economic analysis of different start-up and shutdown scenarios. A
techno-economic analysis of SUSD will provide insight into the cost implications of
different strategies and flexibility improvements. For example, compared to a
hot/cold SUSD cycle, would it be more cost effective to operate at minimum loads
and ramp up as required?

o Effect of power plant operation and flexibility (e.g., turndown ratio, ramp rate,
shutdown procedure) on the SUSD strategy of CCS plant operation, i.e., upstream
system. The dynamic interactions between the power plant and the CCS plant need
to be explored further, e.g., to develop strategies to deal with changes on the power
plant side which causes flue gas variations in flow rate or concentration (CO, O-
or contaminants).

e The impact of SUSD in power plants with CCS on downstream processes (e.g.,
CO, compression).

e The effect of start-up and shutdown at a systems scale in the context of a national
electricity grid. This could potentially demonstrate whether SUSD CO; emissions
will impact the ability to achieve national scale net-zero emissions targets.
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1 Study Objectives

Future energy systems will require higher levels of intermittent renewable power to meet
CO. emissions reduction targets. However, the integration of large shares of intermittent
renewable energy (e.g., wind, solar photovoltaics) into an electricity system presents major
operational challenges.* ® The transition to a net-zero energy system by 2050 will require
significant increase in system flexibility (e.g., batteries, pumped hydroelectricity storage).®
Thermal power plants with carbon capture and storage (CCS) will have the important role
of providing affordable dispatchable low carbon capacity, maintaining security of supply
and enabling the expansion of other low-carbon sources.”*!

There are many challenges with start-up and shutdown (SUSD) of power plants with CO;
capture. As the power plant starts up, there is a period when steam is unavailable to the
CO; capture process as extraction from power plant’s steam cycle is not possible.
Consequently, the degree of CO; capture will decrease, and the CO, emissions will likely
increase during SUSD.'? 13 The duration of delay before steam extraction can occur will
depend on the power plant type (e.g., coal or natural gas) and whether a cold or hot start-
up is being carried out. This also directly influences the time required to SUSD and the
associated CO; emissions. With higher penetration of intermittent renewables, an increase
in the frequency of SUSD cycles is expected.* 1* Consequently, if the CO, emissions
increase considerably during SUSD, this could undermine the value proposition of CCS
as a flexible, low carbon asset.

The value of flexible CCS has been demonstrated in a number of previous studies’ 16-1°
however, there is limited work to-date which focuses on the specific question of fugitive
emissions associated with the SUSD of CCS power plants.?° It is therefore essential that
we investigate the impact of start-up and shutdown of power plants with CCS in terms of
the CO; capture performance and operability.

The objective of this study is to examine the potential for performance improvement during
the start-up and shutdown of the CO, capture plant through first identifying key factors that
influence performance. Following this, novel process strategies were implemented to
demonstrate improved start-up and shutdown performance. We perform a detailed
analysis of the process performance during the start-up and shutdown of an industrial-
scale CO; capture process. This work is necessary to understand SUSD dynamic
behaviour, which will enable the design of novel operation strategies that will help minimise
disruption and CO emissions during start-up and shutdown of the power-CCS plant.

The report is divided into the following sections:

Section 2 provides a review of the existing literature on SUSD of power plants with CCS
to provide an overview of current understanding. This literature review is used to help
identify key techno-economic factors and process constraints that will influence
performance during start-up and shutdown cycles of power-CCS, for instance the CO»
emissions, start-up and shutdown times, and potential cost implications. The flexibility and
the SUSD protocol for different power plants is relatively well characterised due to
comprehensive understanding of power plants and operating experience. In contrast,
information on the SUSD of CO- capture plants is limited, hence, further investigation is
required.

Section 3 presents a detailed technical analysis of start-up and shutdown performance in
amine-based CO; capture plants. Over 2020, 9 different start-up and shutdown tests were
carried out at the TCM CO: capture facility. The results from the TCM CO. capture facility
will be used to quantify the effects of different start-up and shutdown strategies, comparing
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the performance of some new approaches with conventional methods. Environmental
factors will also be considered, thus, the effect of SUSD on the emissions of amine and
ammonia® will be assessed. The time required to start-up or shutdown a capture plant will
influence its ability to provide dispatchable electricity in an energy system. If the CO»
emissions or energy requirements associated with start-up and shutdown increase
considerably, higher frequency of start-up and shutdown could undermine the value of
CCS. Therefore, it is important to analyse the following key performance indicators, which
include the time/duration of the start-up and shutdown, the cumulative CO, emissions, the
cumulative CO; capture rate, and the energy requirements. The performance of start-up
will be analysed independently of shutdown, before evaluating the combined effect of both
start-up and shutdown.

In Section 4, key recommendations will be formulated for operating procedures and
strategies that will minimise the start-up and shut-down times of a capture plant, whilst
also minimising CO; emissions, as well as amines and ammonia emissions.

2 Overview of flexibility of power plants with CCS
2.1 Flexibility of different technologies

2.1.1 Comparison of technologies

To coordinate the balance between electricity demand and CO, emissions reduction,
technology providers need to ensure that power-CCS plants are capable of flexible
operation.® Importantly, there will be a trade-off between the flexibility, cost and efficiency.
From a systems perspective, the ability to ramp the power-CCS plant up and down at
higher rates and operate at lower minimum load could provide greater system flexibility.

Higher ramp
rates Shorter start-

Part-load
efficiency

&) coun times

Power
plant &

Minimise
co,

1}001] emissions

CCS
— flexibility
Shorter Ability to
minimum \&== maximise
uptime and power
runtime PUOU'C production

Lower
minimum load

Figure 1: Key characteristics that influence the flexibility of power plants with CCS. Greater system flexibility
can improve the economic performance; however, it is important to minimise/reduce CO2 emissions.

Some of the key characteristics that need to be improved in order to increase the flexibility
of power plants with CCS are summarised in Figure 1. Unabated thermal power stations

b Ammonia is one of the main oxidative degradation products of some amines such as monoethanolamine (MEA)
and 2-amino-2-methyl-1-propanol (AMP).
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are recognised to be capable of operating flexibly in a load following manner to match
electricity demand.?>®> However, the integration of CCS will likely impose additional
constraints on flexibility in terms of turndown, start-up, shutdown and ability for fast load
changes of a power plant.?*

Although there is a wide range of technologies for CO; capture, the impact of start-up and
shutdown has only been studied in the context of more mature CO- capture technologies.
In regards to flexible operation of CCS, the focus has mainly been on amine-based post-
combustion CO- capture processes in coal and natural gas power plants,?® 2427 put there
has also been some work on integrated gasification combined cycle®* and oxy-combustion
technologies.?* 28 2° The effects of CCS integration on key flexibility characteristics for
these types of power plant are summarised in Table 2.

Post-combustion CO, absorption pilot plants require several hours (~3 hours) to reach
steady state from a cold start-up.?® Cold start-up of coal-fired power plants takes
4-10 hours,?* 24 therefore, coal-CCS plants have long start-up times (=9 hours).?° In
contrast, cold start-up times of conventional combined cycle gas turbine (CCGT) power
plants can range between 2—4 hours,? 24 30 with gas turbines only needing <0.1 h to start-
up.®* Therefore, CCGT power plants with CCS may be better suited for flexible operation,
owing to the short start-up times and faster ramp rates of CCGT. Whilst there is good
understanding of power plant design and operation, the flexibility of the CCS equipment
remains a major engineering challenge.

Integrated gasification combined cycle (IGCC) power plants have very limited flexibility
compared to the other power plant technologies. The cold start-up of an IGCC can take
up to 80-90 hours, and hot start-up of the gasification requiring 68 hours.?* Although, the
IGCC gasification has some ramping capabilities, IGCC is not suitable for flexible
operation, owing to its high minimum load and very slow start-up times.

For oxy-combustion power plants, flexibility constraints are primarily imposed by the air
separation unit (ASU), which can achieve ramp rates of up to 3%/min, and has minimum
operating loads of 70% for the ASU compressor and 40-50% for the ASU cold box.?*
Hence, the minimum turndown of oxy-combustion power plants is typically limited to 50%.
The start-up time of an ASU will depend on the duration of downtime after the unit has
been shut down. As shown in Table 1, the hot start-up of an ASU may require 1-8 hours,3?
and a cold start-up could take as long as 36 hours.

Table 1: Typical start-up time of an air separation unit (ASU), which includes the time needed to achieve the
required oxygen purity. Reproduced from IEAGHG 32

Initial condition Start-up time (hours)
After defrost 36

After 24 hours shutdown 6—8

After 16 hours shutdown 4-6

After 8 hours shutdown 3-5

Less than 1 hour shutdown Less than 1 hour
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Table 2: Flexibility characteristics of different types of power plants with and without CCS. Adapted from Domenichini, et al. ?* and updated.?® 3% 33 The minimum technical
environmental load is the minimum condition that still meets the environmental limits, e.g., NOx and CO emissions. Unavailable data = “-”

Natural gas CCGT

Ultra-supercritical

pulverised coal

Integrated gasification combined cycle

Oxy-combustion ultra-supercritical coal

start up to full
load

Warm start-up: 60-120 min
Cold start-up: 120-240 min

e hot start-up: 1-2
h

e warm start-up:
3-4h

Hot start-up: 1-3 h
Warm start-up: 3-5
h
Cold start-up: 5-10
h

e hot start-up:
1-2h

e warm start-up:
3-4h

Gasification hot start-up:
6-8h

ASU hot start-up: 6 h

CCs

Hot start-up: 1.5—
25h

Warm start-up: 3-5
h

Cold start-up: 6-7 h

Power plant With CCS Power plant With CCS IGCC With CCS Air-firing mode Oxy-firing mode
Turn down or Low load operation: Post-combustion Min. boiler load: Post- Min. environmental GT CO2 Min. boiler load: ASU cold box min.
minimum load 15-25% CC load unit min. load: 25-40% combustion unit | Load: 60—70% of full compressor 25-30% load: 40-50%
(% Prominal) (10-20% GT load) 30% . o min. load: 30% power output. min. efficient ASU compressor
) ) With flexibility o load: 70% min. efficient load:
Min. environmental load: CO2 compressor improvements, min | CO2 Process unit/air 70%
40-50% CC net power output min. efficient load 10-20%% compressor separation unit (ASU) cold CO2 compressor
(30-50% GT load) load: 70% min. efficient box min. load: 50% min. efficient load:
i o load: 70% . 70%
With flexibility improvements, ASU compressor min. g
CCGT min load 20-40%% load: 70% Min. turndown of
oxy power plant is
typically not lower
than 50%
Cycling Hot start-up: 30-55 min Regenerator Very hot start-up: < | Regenerator Cold start-up: 80-90 h Same as Very hot start-up: < | Start-up in air-
capability: preheating time 1h preheating time plant without 1h firing mode, ASU

start-up completed
in approx. 36 h

Ramp rates 35-50 MW/minute max Depends on key |e 30-50% load: 2— Depends on Gasification ramp rate: Same as 30-50% load: 2— ASU ramp rate:
Hot start-up load change rate: fact_ors. of CCS 3% per min key factors qf 3-5%/min plant without | 3%/min 3%/min
o 0-40% GT load: 3-5%/min design: pump & e 50-90% load: 4- | CCS design: ASU ramp rate: 3%/min ccs 50-90% load: 4— The capability to
o HRSG pressure: 1-2%/min blc:wertqapactltles, 8% per min pump‘f_‘ blower 8%/min switch to air-firing
o 40-85% GT load: 4-6%/min | SO ENtINVentory s 90-100% load: 3- | capacities, 90-100% load: 3— | mode could
. volume and 5% per min solvent 8 d le th
e 85-100% GT load: 2-3%/min ; 59%/min ecouple the
process control inventory power plant from
Conventional CCGT can ramp | system. volume and
. the ASU and
2-8%/min and the GT can process control improve
ramp 8-15%/min?? system. flexibility. 29 32
Part load Approx. constant efficiency Same as plant Subcritical boiler: Same as plant Gross electrical efficiency: | Same as Subcritical boiler: -4 | Same as plant in
efficiency down to 85% of GT load without CCS. 4 percentage points | without CCS. 2 percentage points less plant without percentage point @ | air-firing mode
. less @ 75% load @ 70% CC load CCs 75% load
2-3 percentage points less @ N ) - .
60% CC load Supercritical boiler: Supercritical boiler:
2 percentage points -2 percentage point
52-57% @ 100% load less @ 75% load @ 75% load
Hard-coal systems
47-51% % |
51% @ 50% load 43% @ 100% load
40% @ 50% load
Lignite systems
40% @ 100% load
35% @ 50% load
Min uptime 4h - 8h - - - 8h -
Min downtime 2h - 4h - 7h - 4h -




The start-up of an oxy-combustion power plant requires some degree of process flexibility.
There are two types of start-ups for oxy-combustion power plants:

¢ Oxygen-firing mode start-up which uses CO; to establish gas recirculation,
e Air-firing mode start-up uses air for combustion whilst the ASU reaches the required
temperature.*

The storage of oxygen has also been shown to improve the flexibility of ASU operation in
IGCC and oxy-combustion systems.'® These approaches help decouple the start-up of the
ASU from the start-up of the power plant. However, due to the long start-up time of the ASU,
it is typically not feasible to shut down the ASU cold box.*?

2.1.2 Technical and economic challenges with start-up and shutdown

In electricity systems with increasing levels of intermittent renewables, power plants will need
to cycle more frequently. There are some key objectives to improve flexibility of power plants
in order meet these cycling requirements, these are summarised in Table 3.

Table 3: Key objectives to improve the flexibility of power plants. Source IRENA 3°

Shorter start-up time With shorter start-up times, the plant can quickly reach full
load. Rapid start-up significantly improves the operational
flexibility of a plant.

Lower start-up costs Costs associated with the start-ups include more frequent
maintenance and additional fuel consumption.

Lower minimum load Operating thermal plants at lower loads increases the
bandwidth of their operation, increasing flexibility.

Improved part-load Most thermal power plants experience a drastic reduction in

efficiency their fuel efficiency at low loads, and therefore improving this
is an important element of increasing flexibility.

Higher ramp rate The rate at which a plant can change its net power during

operation is defined as the ramp rate. With higher ramp
rates, the plant can quickly alter its production in line with
system needs.

Shorter minimum uptime | Reducing the minimum time that the plant must be kept
and runtime running after start-up, or remain closed after shutdown,
allows a plant to react more rapidly

The previous section identified the types of power plants that could potentially satisfy these
criteria for flexibility. Ultra-supercritical pulverised coal and oxy-combustion systems have
moderate flexibility. However, natural gas CCGT with CCS have the greatest potential for
flexible operation, with the lowest minimum load, shorter start-up times and the capability to
ramp up and down (Table 2). Whilst shutdown and start-up of natural gas CCGT power plants
on an occasional basis is feasible, frequent cycling of power plants will likely encounter
technical and economic challenges.

Start-up and shutdown of power plants causes major temperature changes, i.e., thermal
cycling, within the system. Thermal cycling of the components within a power plant can lead
to fatigue, creep, and fatigue-creep interaction, which increases the need for maintenance and
repair. Frequent start-up and shutdown reduces the power generation efficiency and increases
“wear and tear” of components,3* 3° consequently leading to higher fuel and operation and
maintenance costs.'* 3 The “wear and tear” costs can vary with plant design, plant age,
operation, maintenance and repair history.3! 363" Thus, the cost of cycling is specific to a given
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plant (as illustrated in Figure 2).%® The start-up, running and fixed operational and maintenance
(O&M) costs for different power plant technologies are summarised in Table 4.

Low Bound C&M Start Costs per MW Capacity

Plots all unit types together, but uses
individual unit type box plots to identify outliers
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Figure 2: Distribution of low bound capital and maintenance start-up costs per MW capacity for the power plants

(without CCS) considered

in the Western Wind and Solar Integration Study (WWSI). Cycling costs vary due to

power plant design, vintage, age, operation, and maintenance procedure/history. Figure from Kumar, et al. %6

Table 4: Start-up, running

and fixed operational and maintenance (O&M) costs. Converted from EUR, assuming

an exchange rate of 1 EUR = 0.86 GBP. Data from IEA 33

Natural gas CCGT Supercritical Coal IGCC
pulverised coal
Start-up cost (E/MW) Hot 21.4-42.9 Hot 34.3-42.9 154
Warm 25.7-85.7 Warm 60.0-85.7
Cold 25.7-85.7 Cold 68.6-94.3
Running costs (E/MWh) 0.77-0.81 2.3-2.9 5.1
Fixed O&M 21.4 34.3 42.9
(E/MW per year)

Table 5: Typical start-up and shutdown costs of coal and natural gas power plants. Converted from USD, assuming
an exchange rate of 1 USD = 0.73 GBP. Data from Xu, et al. 38

Natural gas Coal
Start-up costs 14.6-109.8 73.2-183.0
($/MW per start)
Shutdown costs 1.5-11.0 7.3-18.3
($/MW per shutdown)

The degree of wear and tear associated with thermal cycling is a function of the temperature
change. As shown in Figure 3, the magnitude of the temperature change varies with different
types of start-ups and shutdown. The largest changes in temperature occur with cold-start up
and warm start-up. The changes in temperature for shutdown and hot start-up is significantly
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lower, whereas load following has the lowest temperature change. Consequently, cold start-
ups typically have higher capital and maintenance cost, compared to warm and hot start-ups.®
Figures 4 to 6 illustrate the cost of start-up, and show costs reducing with decreasing
temperature change.

Operating the power plant more flexibly reduces the capacity factor of the unit as it will operate
at low loads more frequently.3! Consequently, the levelised cost of electricity (LCOE) will
increase.*® However, from an electricity systems perspective, the economic benefit of flexible
operation is significantly high enough that associated costs will likely be negligible.”: 6. 30
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bound estimates excluding outliers. Figure from Kumar, et al. 36

The emissions of contaminants such as NOx, CO, SOz, and particulate matter from the power
plant can be higher during start-up and shutdown compared to steady state conditions. The
level of emissions and degree of increase will depend on the fuel being used, the type of power
plant and the air pollution control measures in place. Upon start-up, the air-to-fuel ratio is not
at optimal levels, as a consequence, incomplete combustion can result in increased emissions
of CO and volatile organic compounds (VOC).* In the case of SO, emissions during start-up,
the level of emissions varies from plant to plant and only apply to coal-fired power plants. The
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amount of SO, emitted is generally a function of the fuel sulphur composition and the fuel
consumption.®® During start-up of the power plant, NOx emissions can increase compared to
normal operation level due to the temperature of the selective catalytic reduction (SCR)
system not being high enough to activate the SCR. Similarly, NOx emissions can increase
during power plant shutdown when the temperature drops below the SCR activation
temperature.® As shown by Table 6, NOx emissions are generally lower for natural gas-fired
power plants compared to coal-fired plants.'* However, due to stringent legislation around
NOx emissions globally, flue gas denitrification (deNOx) such as SCR would still be required
for natural gas-fired turbines.*°

The integration of the power plant with a CO; capture process should reduce the emissions of
most of these contaminants. To prevent amine degradation, some of these contaminants will
need to be removed from the flue gas prior to the CO; capture process. Furthermore, the
absorption process not only removes CO., it will also “scrub” other contaminants from the flue
gas.*

Table 6: Heat input and NOx & SOz emissions per megawatt of capacity for the start-up of different power plants.
Adapted from Lew, et al. 14

Heat input NOx SO,

(GJ/IMW) (kg/MW) (kg/MW)
Coal (all) 12.028 1.14 1.77
Gas combined cycle 2.532 0.38 -
Gas combustion turbine 4.009 0.27 -
Gas steam 9.812 -0.01 —

Solvent regeneration in the CO; capture process requires a supply of heat. The heat source
typically used is steam extracted from between the intermediate pressure (IP) and low
pressure (LP) turbine of the power plant steam cycle.'® 2 42 During normal operation, e.g.,
steady state conditions, steam extraction will reduce the electricity output from the power plant.
An evaluation of the dynamics in natural gas CCGT plants during part-load operation
demonstrates that fluctuations in the steam extraction valve has no impact on the power
generation as most of the total power output is generated by the gas turbine (69-73% of the
total).*® In contrast, steam extraction from power plants dominated by the steam cycle
performance, e.g., pulverised fuel fired power plants, would have a greater impact on power
generation and the dynamics of the integrated system.*3

The timing and amount of steam supply are critical factors that dictate the performance during
start-up of a CO; capture plant.?® The CO, capture process requires steam as soon as possible
in order to minimise the start-up time and residual CO, emissions. However, steam extraction
from the steam cycle during start-up and shutdown of the power plant will not be available
immediately.** Consequently, the competing start-up priorities of the two plants will be a
challenge from an operating perspective. Based on a conventional configuration for a natural
gas CCGT plant with CCS, the time at which steam extraction is first available for start-up was
estimated to be around 25 minutes for hot start-up, and 60 minutes for cold start-up.** These
times are based on a standard configuration without considering potential optimisation for
improving start-up performance. Therefore, faster steam extraction times could be possible
through measures that enable “fast-starting”,** for example, optimisation of the steam cycle
design,* ¢ preheating with an auxiliary boiler.r®* Alternatively, solvent storage tanks with a
fresh supply of lean solvent could be used to improve capture performance during dynamic
operation.'® 4’ However, these types of process modifications will incur a cost.3 44
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2.2 Post-combustion capture — key SUSD process parameters
Post-combustion absorption-based capture technology is the most mature CO;, capture
technology for power plant applications.*® Thus, this study focusses on start-up and shutdown
in the context of power plants with post-combustion capture technology.

The dynamics of the post-combustion capture plant are governed by factors that influence
time in the system: (i) the time required to transport material, and (ii) the time to transfer heat.
These factors are typically a function of the equipment capacities and size. However, the
design of the process control system can also have a significant impact on the process
dynamics of the CO; capture plant. Previous studies have shown that process control which
is typically designed for steady state operation can significantly restrict flexibility of
pilot/demonstration plants.49 50

The factors associated with transport of material that strongly influence the dynamics of an
absorption capture plant include: 3 49 51.52

0] Volumetric capacity of the plant: total volume of equipment, vessels, and piping,
which dictates the residence time in each component of the system.

(i) Total volume of solvent inventory: for example, the TCM is designed to be
flexible, and the solvent inventory of the system can vary between 38-50 m?. The
volume of solvent used will depend on the minimum and maximum constraints of
the process. The minimum requirement is the amount of inventory that provides
adequate operation of the equipment (e.g., minimum flow capacity of the pumps,
wetting of the packing in the column), whereas the maximum inventory is
constrained by the equipment capacity and operability requirements.

(iii) Transport delay: introduced by the heat exchangers and piping; this is the time
required to transport the solvent from one unit in the system to the next.

(iv) Solvent circulation time: time for solvent to circulate once through the system,
which is a function of the liquid flow rate and volumetric liquid capacity of each
equipment/unit, as well of additional transport delay.

Rotating equipment (e.g., blower, pumps, or compressor) have negligible influence on the
dynamics of the system. Pumps can be turned on within seconds, with solvent flow rate taking
minutes to stabilise (depending on plant size). Although chemical equilibrium and reaction
kinetics have a minor impact on the operability of the capture plant, there is some impact on
the CO; absorption performance, i.e., capture rate and the absorber column temperature
profile.*

During start-up, the temperature of the reboiler and stripper column needs time to build up and
reach the required temperatures (e.g., around 120°C for CESAR-1 or MEA). Therefore, heat
transfer effects are a major constraint on the start-up of a CO, capture plant,** 4% particularly
with respect to cold start-ups. However, once the stripper section had reached the required
temperature, thermal equilibrium has an insignificant impact on the dynamic behaviour.*?

2.3 Start-up and shutdown

2.3.1 Cold start-up

A cold start-up is performed after a long downtime (shut for >8 hours), following a normal
shutdown sequence (e.g., section 5.2.7). Once the system shifts to cooled conditions,
(e.g., stripper bottom temperature <65°C and overall solvent loop cools to ambient
temperature), a cold start-up may be performed if the CCGT power plant is already running
and the capture equipment is still filled, vented and ready for restart. Once an outdoor plant
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operator verifies the manual valves and performs the equipment line up check, the control
room operator can initiate the normal start-up sequence.

In this study, cold start-up will be carried out when the stripper bottom temperature and solvent
loop has cooled to 20-35°C, i.e., ambient conditions. Active cooling of the plant will be required
to achieve these low temperatures in between tests.

2.3.2 Hot start-up

Hot start-up is performed after a short downtime (i.e., shut <8 hours), following a normal
shutdown sequence (e.g., section 5.2.7). As the CO; capture plant remains at high
temperature, a hot start-up may be performed if the CCGT power plant is already running and
the equipment is already filled, vented and ready for restart. The overall start-up time is
shortened significantly as many of the start-up sequence steps may already be satisfied
(e.g., steps 1-8 and 13 of section 5.2.2). The operator/automatic sequencer checks each step
in the order of the start-up sequence, continuing to the next step until the entire sequence is
completed.

2.3.3 Start-up of the integrated CCGT power plant with CCS

The start-up of the CO, capture unit can take several hours (depending on plant size and
solvent volume) and is slower than the CCGT power plant (CCGT start-up times shown in
Table 2). Hot start-up can be performed after a short downtime (e.g., <8 hours) whilst the
CCGT power plant is already running. If the CCGT power plant remains running after a longer
downtime of the capture plant (e.g., >8 hours and when the capture plant shifts to shutdown
conditions), a warm start-up will be performed instead.5* %* The time to start up a large CO;
capture plant after boiler ignition can take 2 hours for a hot start-up, or up to 4 hours for a
warm start-up.t® If the duration of downtime is sufficient for the capture plant to cool
completely, a cold start-up of the capture plant will require up to half a day to reach full
operation from the cold standby state. To reduce the start-up time, a small heater or auxiliary
boiler could be used to provide preheating of the stripper section during the start-up
procedure.'® 2

2.3.4 Normal shutdown (planned)

In this work, the objective is to develop strategies that make shutdown of a power-CCS system
more efficient, improving its flexibility/dispatchability in the context of an electricity grid.
Therefore, extended shutdown® or emergency shutdown are outside the scope of this work.¢
This study will only investigate improvement strategies for planned normal shutdown
procedures, e.g., commercial plant shutdown sequence is provided in Appendix A, section 5.

The shutdown of a commercial scale CO, capture facility can also require several hours.
Figure 7 shows the shutdown of Boundary Dam can take up to 4 hours depending on the initial
process settings. Table 35 shows the shutdown protocol for a commercial scale capture plant.
The main limiting steps in this table include:

¢ Reducing the flue gas flow rate from the operational steady state set-point® to zero
flow. This is achieved by gradually reducing the blower speed (white line in Figure 7).

e Depressurising the stripper and reflux drum (done slowly by opening vent valve).

e Circulating amine flow until the stripper bottom temperature cools to be below 65°C.

¢ A planned shutdown for an extended period of >24 hours. To prevent oxidative degradation of the amine, the amine is
manually drained from the absorbers to the amine waste sump and forwarded to the lean amine storage tank.

4 Plants will have systems in place to deal with emergency shutdowns (e.g., unplanned shutdown to deal with instability,
or a trip), which safely shut down the plant to protect workers and equipment during upset or abnormal operating
conditions.53

¢ Set-point is the target value which a controller attempts to maintain the process variable.
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e Redistributing liquid to minimise levels in absorber, flash drum, stripper & reflux drum.
e Recirculate amine to allow CO; to off gas, which takes approximately 1 hour and
minimises gas pockets at restart.

Delay in carrying out these steps will result in a longer shutdown time. Therefore, it is important
they are completed efficiently to minimise the duration of shutdown. For example, by
increasing the rate of cooling the stripper bottom temperature, which may vary with seasonal
changes in ambient temperature (e.g., winter vs summer). However, the duration of some
steps will be subject to equipment constraints, e.g., the rate of stripper/reflux drum
depressurisation is a function of the venting valve size, or the blower design.
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Figure 7: Example of shutdown at the Boundary Dam CO2 capture plant. Source: International CCS Knowledge
Centre, Canada.>®

2.4 Pilot plant and demonstration tests of start-up and shutdown
The concept of flexible operation of CCS was first proposed as a means of providing grid
support to complement a high proportion of renewable generation.®® %" Since the concept was
introduced, there has been a significant body of work focused on understanding the role and
value of flexible CCS operation, predominantly via modelling at a process scale and energy
systems scale.® 16 18 42, 51, 88, 59 Ajthough the study of flexible operation of post-combustion
capture plants has mostly been limited to process modelling,®! there is an increasing number
of pilot plant and demonstration studies. 2 26: 49.50. 60-64

An overview of the studies on flexible operation of CO, capture that involve experimental work
with pilot and demonstration plants is summarised in Table 7. These studies have provided
valuable insight into the characterisation of the process dynamics during flexible operation,
which has helped improve our understanding. Furthermore, enabling improved representation
of the technology in process and system models. A range of different flexible operation
strategies (e.g., load following, solvent storage, time-varying solvent regeneration) have now
been demonstrated experimentally (Table 7), with the majority using MEA solvent and recent
studies using CESAR-1 solvent, an aqueous blend of 2-amino-2-methyl-1-propanol (AMP)
and piperazine (PZ). Therefore, this body of work has been essential in illustrating the
feasibility of flexible operation in CO; capture plants. Some of these studies have also provided
valuable experimental plant data to inform future work, as indicated in Table 7.
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Table 7: Summary of experimental studies testing dynamic operation of post-combustion CO2 capture in pilot and
demonstration plants, adapted from Bui, et al. ¢, Plant data availability for modelling purposes indicated as yes/no.

Reference Location CO2 Flue gas Operation scenarios Plant
capture | source data
capacity

Faber et al. Esbjerg pilot 1 Coal-fired Plant operated in open-loop control to | No

(2011)83 plant, DONG tCO2/day | power station minimise effect of control loops. The

Energy using following scenarios were tested: (i)

Esbjergveerket | MEA decreasel/increase step-change of flue

power plant, solvent gas flow rate, (ii) decreaselincrease

Denmark step change of steam flow rate to the
reboiler, (i) decrease/increase
solvent flow rate, (iv) simultaneous
decreasel/increase of flue gas flow
rate, steam flow rate and solvent flow
rate.

Mangiaracina, | Brindisi pilot 50 Coal-fired Pilot plant campaign of six weeks, No

et al. (2014)%* | plant, ENEL tCO2/day | power station where the following tests were

Federico Il using 30 completed:

coal power wit% (i) solvent storage cycle — effect of

plant, ltaly MEA storage tanks,
(ii) maximum speed stripping —
highest solvent flow rate and steam
flow rate,
(iiii) stripping from cold start — rich
solvent produced, plant shut-down
and cooled, then attempted to
regenerate from cold start,
(iv) super lean solvent production &
capture performance — effect of over
stripping the solvent.

de Koeijer, et | CO2 80 Combined Two transient cases were presented: No

al. (2014)%2 Technology tCO2/day | heat and (i) Controlled stop and restart of flue

Centre (CHP power plant gas and steam flow rate, with a period

Mongstad mode) (CHP): flue of no flue gas flow and recirculation

(TCM), using 30 | gas CO2 flow maintained.

Norway wit% content of (ii) Sudden stop of inlet exhaust gas

MEA 3.4-3.6 mol% | blower and rapid restart with constant

steam flow and solvent flow. Studied
impact on MEA and NH3s emissions
from absorber, also CO:z product flow
rate and temperature.

Bui, et al. CSIRO PCC 0.48 Brown coal- The test campaign studied the effect Yes

(2016)8° pilot plant at tCO2/day | fired power of successive step-changes to: (i) flue

AGL Loy using station gas flow rate, (ii) solvent flow rate,

Yang A power | MEA and (iii) steam flow rate to the reboiler.

station, solvent The study analysed the effect on the

Australia absorber/stripper temperature profile,
CO:2 concentration of the lean and rich
solvent, CO2 removal rate and reboiler
heat duty.

Tait, et al. Pilot-scale 0.17 Synthetic flue Five dynamic scenarios Yes

(2016)%¢ facilities of tCO2/day | gas composed | representative of NGCC operation

Sulzer using 30 | of N2 and with COz capture:

Chemtech in wit% CO:z. For this (i) gas turbine shutdown, (ii) gas

Winterthur, MEA test, 4.3 vol% | turbine start-up, (iii) maximise power

Switzerland CO:2 content output by decoupling capture plant,
was used to (iv) maximise power output by
represent decoupling the reboiler steam only,
NGCC and (v) rapid increase of reboiler
exhaust. steam flow rate (200% baseload flow).
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Table 6 (continued): Summary of experimental studies testing dynamic operation of post-combustion CO2 capture
in pilot and demonstration plants, adapted from Bui, et al. 51. Plant data availability for modelling purposes indicated

as yes/no.

Reference | Location COz2 Flue gas Operation scenarios Plant
capture source data
capacity

Tait, et al. UKCCSRC 1 Synthetic The scenarios were designed to Yes

(2018)*? PACT CO2 tCO2/day | flue gas from | represent dynamic operation in a

capture pilot using 30 | airand CO2. | supercritical coal-fired power plant with

plant, University | wt% Inlet gas post-combustion capture: (i) generation
of Sheffield, MEA COz content | plant shut-down, (ii) generation plant

United Kingdom was 12 vol% | start-up (tested two options), (iii) partial

(simulates load stripping (reduce hot water flow to

exhaust from | reboiler), (iv) capture bypass by

coal-fired decoupling hot water flow, (v) capture

power plant). | plant ramping, and (v) control capture
efficiency using online solvent
measurements.

Montafiés, | CO2 Technology | 80 Combined Tests on open-loop performance were No

et al. Centre tCO2/day | heat and conducted first. This involved

(2018)%° Mongstad (CHP power plant | implementing single step-changes to

(TCM), Norway mode) (CHP): flue the flue gas flow rate and solvent flow
using 30 | gas CO2 rate. The second phase studied the
wit% content of ~4 | performance of decentralised control
MEA vol% (wet) structures, different tests were carried

to: (i) control L/G ratio and stripper
bottom temperature, and (ii) control
capture rate.

Bui, et al. CO2 Technology | 80 Combined Demonstrated feasibility of three Yes

(2020)*° Centre tCO2/day | heat and flexible operation scenarios:

Mongstad (CHP power plant (i) effect of steam flow rate —

(TCM), Norway mode) (CHP): flue successive step changes of steam flow,
using 30 | gas CO:2 (i) time-varying solvent regeneration —
wt% content of ~4 | alternates between two regimes of
MEA vol% (wet) operation, where “peak” mode (higher

flue gas flow, lowest steam flow)
focuses on storing CO: in the solvent,
and “off-peak” mode focuses on solvent
regeneration of the solvent (reduced
flue gas flow and highest steam flow).
(iii) variable ramp rate — demonstrate
the maximum achievable ramp rates in
the TCM capture plant (i.e., an indicator
of plant flexibility).

Moser, et RWE Power 7.2 Flue gas The test campaign evaluates the impact | No

al. (2020)% | plantin tCO2/day | COzcontent | of dynamic operation on emissions,

Niederaussem, using 30 | of 14.2 vol% | water wash efficiency and energy

Germany wit% (dry basis), performance. The availability of the pilot
MEA sourced from | plant was >97% during the 13,000

an advanced | hours of testing, where CO:2 capture

lignite-fired rate was kept constant at 90%,

power plant capturing 3240 tCO2.The dynamic

of 965 MWe operation involved changing solvent

net capacity | flow rates in response to solvent

and 43%.n1v | degradation and power plant outages.

efficiency. (i) Due to solvent degradation over the
test campaign, capture capacity is lost,
thus, solvent flow rate was increased
from 4000 kg/h up to 6000 kg/h to
maintain the 90% capture rate.
(i) During short power plant-related
stops and interruptions, flue gas flow
rate stopped, but solvent circulation
was maintained at reduced temperature
(100°C+) to keep the capture plant in
“hot mode” during the test operation.
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Table 6 (continued): Summary of experimental studies testing dynamic operation of post-combustion CO2 capture
in pilot and demonstration plants, adapted from Bui, et al. 6. Plant data availability for modelling purposes indicated

as yes/no.

Reference | Location CO2 Flue gas Operation scenarios Plant
capture source data
capacity

Moser et RWE Power 7.2 Flue gas The results are from an 18-month test No

al. plantin tCO2/day | CO2zcontent | with agueous AMP/PZ solvent,

(2021)56-68 | Niederaussem, using of 15.2 vol% | investigating solvent management and

Germany CESAR1 | (dry basis), plant emissions. Solvent degradation
26.74 sourced from | and emissions were monitored for
wit% an advanced | continuous operation, operating at
AMP and | raw lignite- different:

12.92 fired power (i) COz2 capture rates: 90, 95 and 98%,
wit% PZ. plant of 965 (ii) Number of active absorber beds:
MWe net four (total 16 m packing height) and
capacity. three (12 m packing height),
(iii) Position of solvent intercooling at
the absorber: low and high,
(iv) Desorber/stripper pressure: 1.5 and
1.75 bar(a).

The pilot and demonstration plant testing done to date provides certainty around the ability of
the CO; capture plant to operate flexibly. We now understand that the flexibility of a CO»
capture plant is generally sufficient for load following of a power plant (both coal and gas
systems).4% ¢4 69 Also, high CO, capture rates during flexible operation can be achieved by
coordinating CO, capture with the load changes, thereby minimising residual CO, emissions.*®

Of the flexible operation test campaigns in literature, only two have examined the effect of
start-up and shutdown.'? 26 These were carried out in small scale amine-based CO; capture
pilot plants: (i) Sulzer pilot in Switzerland which captures 0.17 tcoz/day,® and (i) the
UKCCSRC PACT pilot in the UK which capture 1 tcoz/day.’? Further work is needed to
understand the key process bottlenecks limiting flexibility during start-up and shutdown of a
large-scale CO- capture process integrated with a CCGT power plant.

2.5 Key factors to consider for SUSD — potential improvements

A recent modelling study by Marx-Schubach and Schmitz ?° evaluated the impact of key
process parameters on the start-up time and instantaneous capture rate of a CO; capture
plant. They report that reduction to the start-up time of a CO. capture process could be
achieved with the following measures:

1) Minimising the total solvent inventory volume,
2) Increasing the solvent flow circulation rate,
o Thisincrease amine emissions, thus for this study, solvent flow rate is kept low.
3) Increasing steam flow rate to the reboiler,
4) Supplying the steam to the reboiler as soon as it is available (any delay increases start-
up time),
5) Switching on solvent pumps as late as possible (whilst ensuring enough time for
adequate solvent mixing).

For (1) & (2), these both influence the time required for liquid distribution, mixing, and wetting
of the packing. Factors (3) & (4) influence the heat transfer rate, i.e., reaching required
stripper/reboiler temperature faster/slower. For (5), circulating fresh solvent too early on will
cause a drop in the reboiler temperature, thereby resulting in a longer start up time. To
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minimise the start-up time, the solvent pumps should be switched on as late as possible (whilst
still satisfying the mixing constraint). Although these measures can reduce the start-up time,
the impact on the cumulative CO, emissions and amine emissions has not yet been explored.
In the context of net zero emissions policy, such emissions will need to be minimised.?°

Instead of just modifying the operation procedure, plant modifications can also improve start-
up and shutdown performance. However, modifying the process configuration or using
additional equipment would incur a cost. Thus, it is important to consider whether the
performance improvement is sufficient to justify any additional costs.

The time scale of turning on pumps is relatively fast compared to the heat transfer required to
bring the reboiler/stripper up to temperature, e.g., 120°C for CESAR-1 or MEA.*® Therefore,
measures that reduce time required for heating could improve the start-up performance for
CO; absorption plants. Two approaches have been proposed.

Solvent storage has been proposed as a measure to overcome the heat transfer constraint
and avoid the need for preheating of the reboiler/stripper.r®* By having a large supply of lean
amine available upon start-up, the plant is able to capture CO, whilst the stripper section is
heating up. However, this approach introduces an additional volume of solvent to the
inventory, which will increase the solvent regeneration demand, thus requiring a larger stripper
and steam energy. The larger equipment and additional solvent inventory in the main circuit
will also affect the process dynamics of the system,>? potentially buffering the response time
of the plant to process changes.*3 &

Another approach proposes the use a small heater, such as an auxiliary boiler, to provide
preheating of the stripper section during start up. Preheating of the plant was shown to reduce
the overall start-up time and prevented the need to store additional lean solvent.® 44

The following section presents a demonstration study carried out in an industrial scale post-
combustion capture plant. The aim was to understand the effects of start-up and shutdown on
the performance of a CO- capture plant. The analysis helped identify key factors and potential
process modifications that could provide improvements to the performance of the capture plant
during start-up and shutdown, e.g., reduced CO, emissions and minimise time required to
start-up/shutdown.
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3 Assessing process-scale SUSD performance for power-CCS

3.1 Objectives for the start-up and shutdown tests

The test campaigns at Technology Centre Mongstad (TCM) examined different start-up and
shutdown (SUSD) operating modes in a CO; capture process, which were performed in the
context of CCS with gas-CCGT. This study will examine the potential for performance
improvement during the start-up and shutdown of the CO; capture plant. Importantly, this work
will include emissions monitoring and analysis of CO. emissions and volatile organic
compounds, e.g., PZ, AMP, or amine degradation products (including ammonia).

The cold start-up simulates a start-up after a long downtime, where the reboiler bottom
temperature has cooled to “ambient” conditions of 25-30°C. The hot start-up simulates a start-
up after a short downtime, where the reboiler bottom temperature was ~90 °C. For all cases
of shutdown, the same procedure was implemented. To ensure the plant starts with a solvent
that meets the CO; loading requirement (i.e., low CO; loading), steam continued to flow after
the flue gas was turned off to lean out the solvent to a target loading. By the end of shutdown,
the entire volume of CESAR-1 solvent has low CO; loading (i.e., < 0.2 mol CO2/mol amine).
This step is required for two reasons: (i) prevents precipitation during plant downtime, which
can occur if CESAR-1 is rich and low temperature, (ii) having lean solvent loading for the next
start-up will maximise the CO- capture capacity. Although the former reason does not apply
to non-precipitating solvents such as 30 wt% MEA, the second reason would still apply, thus
shutdown lean out and start-up with low CO; loading solvent will be needed to minimise
residual CO emissions during start-up (also done in commercial-scale systems®3 54),

In comparing the differences between cold start-up, hot start-up and shutdown performance,
the study will also investigate the following factors:

e Flexible operation using an advanced solvent CESAR-1; most pilot plant work on
flexible operation have previously focused on MEA-based absorption.

e Timing of steam availability on start-up time, different tests were conducted to show
effect of steam introduced before, at same time and after the start of flue gas flow.

o Effect of solvent CO- loading on the capture performance upon the start-up of the plant.

e Effect of using different solvent inventory volumes, 53 m?3 versus 42 m3.

Understanding the impact of these key factors will help in the development of improved start-
up and shutdown strategies. Therefore, there are two sections to the study, comparing the
conventional and “improved” methods for start-up and shutdown.

Conventional start-up & shutdown: The TCM test campaign in November 2020 examined
the following operating modes (also conducted in the context of CCS with gas-CCGT). These
scenarios represent “conventional” operation with the use of different solvent inventories:

1) Cold start-up and normal shutdown with 53 m?® solvent inventory

2) Cold start-up and normal shutdown with 42 m? solvent inventory

3) Hot start-up and normal shutdown with 53 m? solvent inventory

4) Hot start-up and normal shutdown with 42 m? solvent inventory

5) Hot start-up with delayed steam supply and 42 m?® solvent inventory

Improved start-up: The TCM test campaign in June 2020 examined the effect of preheating
before start-up using a solvent inventory of 45 m?® in the context of CCS with gas-CCGT. These
tests simulate the effect of “preheating” with an auxiliary boiler by introducing the steam for a
period of time before the flue gas begins Additionally, start-up CO- solvent loading for these
tests was lower compared to the November tests (shown in Table 13 and Table 28).
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1) Cold start-up with low preheating and normal shutdown
2) Hot start-up with low preheating and normal shutdown
3) Hot start-up with high preheating and normal shutdown
4) Cold start-up with varying solvent inventory volume and normal shutdown
e Note, solvent volume was reduced to 41.5 m? at first, but water was added to
the system, consequently the inventory volume increased to 45 m?® and the
amine concentration reduced.

3.2 Technology Centre Mongstad CO2 capture test facility

The Technology Centre Mongstad (TCM) test facility is located in Mongstad, Norway, adjacent
to the Equinor oil refinery. The TCM amine-based absorption plant is designed to capture CO;
from different feed flue gases and has a flexible plant configuration (e.g. adjustable absorber
packing height, two stripper column sizes).”® ! The natural gas-fired combined heat and power
(CHP) plant uses a combined cycle gas turbine (CCGT) and the CO, composition of the
exhaust gas is typically 3.5-4.3 mol%, full composition in Table 8. When the TCM plant
operates with CHP flue gas at the volumetric capacity of 60,000 Sm%h," it captures around
80 tonnes CO/day.”* An alternative configuration processes a slipstream with 13 mol% CO:
composition from the refinery residue fluid catalytic cracker (RFCC), and has a capture
capacity of 200 tonnes COz/day.” " It is also possible to vary the CO: concentration of the
feed gas between 2.5% and 15%, either by exhaust gas recirculation, i.e., recirculating the dry
CO; product upstream of the direct contact cooler (8% CO.),”* " or by air dilution of the RFCC
gas.”? To accommodate the different flue gas CO, concentrations, the TCM plant has two
direct contact coolers (DCC) and two stripper column units with different dimensions (CHP or
RFCC modes). The RFCC configuration uses larger columns for the DCC and stripper
compared to the CHP configuration in order to treat flue gas streams with higher CO; content
(>4 mol%).”* The two stripper columns can operate independently of each other, with the
unused stripper potentially being used as buffer solvent storage capacity, i.e., to adjust the
volume of solvent inventory. The process configuration of the CHP system is shown in Figure
8, and the operating range of some key parameters are summarised in Table 10.

Table 8: Composition of the flue gas from the natural gas-fired combined heat and power (CHP) plant at TCM,
showing the typical average and the range for the composition after the DCC unit.

Flue gas component Typical composition (mol%) Composition range (mol%)
N2 78.6 71.6-78.6

CO; 3.6 3.5-4.3

H20 25 2.5-6.3

O, 14.4 12.5-14.4

Ar 0.9 0.9-1.0

The induced draft (ID) blower used to supply flue gas to the system has an output capacity of
up to 70,000 Sm?/h. The direct contact cooler initially quenches, cools and pre-scrubs the flue
gas through counter-current contact with water. The flue gas enters the bottom of the absorber
column and lean solvent flows counter-currently from the top, which then absorbs CO- from
the flue gas. The rectangular absorber column has cross-sectional measurements of
3.55mx2m with a total height of 62 m and is constructed from polypropylene-lined concrete.
There are three beds of packing in the lower section of the absorber column with three possible
packing heights, 12 m, 18m or 24m (12m+6m+6m), and three inlet points along the height of
the column. For the CESAR-1 tests in this work, 18 m of packing was used to be consistent
with previous CESAR-1 baseline experiments. The flue gas flows upwards and passes

'S denotes standard conditions of 1 atm and 15°C.
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through the water washes in the upper section of the absorber column. The cold water wash
scrubs the flue gas to: (i) maintain a closed water balance by condensing out the water vapour
in the flue gas before it exits the system, (i) minimise solvent loss by reducing solvent
entrainment, i.e., loss of solvent droplets, particularly with high gas flows, and (iii) reduce the
concentration of volatile organic compounds in the depleted flue gas, this includes vapour
phase amine or amine degradation products (e.g. ammonia, formaldehyde, acetone,
acetaldehyde).”9 The characteristics of the packing in the plant as summarised in Table 9.
The CO.-depleted flue gas exits the top of the absorber column and rich solvent exits the
bottom of the column. In the cross-heat exchanger, this rich solvent is heated by a counter
current stream of hot lean solvent.

The TCM plant also has the option of using a cold rich solvent bypass — a portion of the rich
stream bypasses the cross-heat exchanger and is added directly to the top of the stripper. The
low temperature bypass stream condenses water out of the hot gases leaving the top of the
stripper. This prevents the escape of energy (i.e., heat of vaporisation energy) from the stripper
column by transferring it into the cool bypass solvent, thus, reducing the reboiler duty. Another
benefit is that the bypass causes a flow imbalance between the streams in the cross heat
exchanger, increasing the temperature driving force so that the hot rich solvent entering the
stripper achieves a higher temperature.”™
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@ Online density meter _@
F
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Figure 8: Process flow diagram of the amine-based CO: capture process at TCM. The plant has variable packing
height, two DCC and two stripper columns which can be configured to process flue gas from either the combined
heat and power (CHP) plant or refinery residue fluid catalytic cracker (RFCC) unit. Some key process control loops
are shown, however, much of the P&ID detail is omitted.

9 However, the loss of amine from the plant via emissions is typically insignificant compared to loss through amine
degradation.
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Table 9: Column specifications of the absorber and RFCC stripper at the TCM CO2 capture plant.*® 7. 71.73.76 Other

dimensions and details described in the Appendix B.

Absorber RFCC stripper

Geometry Rectangular Cylindrical
Total height (m) 62 30
Cross sectional area (m?) 3.55mx2m 3.8
Diameter (m) — 2.2
Packing type Flexipac 2X structured Flexipac 2X structured
Packing height (m) 18 8
Vendor Koch Glitsch Koch Glitsch
Material of packing Stainless steel Stainless steel
Surface area (m?/m?%) 225 225
Void fraction 0.97 0.97
Sump volume (m?) 8.1 2.3

Absorber wash section Stripper wash section
Packing height (m) 6 1.6
Packing type Flexipac 2Y HC structured | Flexipac 2Y HC structured
Packing vendor Koch Glitsch Koch Glitsch
Material of packing Stainless steel Stainless steel
Full load capacity of water 50 or 60 Not in use for this study
wash (t/h)
Reboiler type — Shell & tube thermosiphon

reboiler

The main stream of rich solvent from the absorber is then directed to one of the two stripper
columns. Both strippers have a height of 30 m and a thermosiphon reboiler, with selection
typically being based on the flue gas CO; content and the fluid hydraulic effects. The smaller
CHP stripper has a diameter of 1.3 m and is designed for <6 vol% CO- flue gas, e.g., from the
CHP plant. The larger RFCC stripper has a diameter of 2.2m and can be used with >4 vol%
CO; content gas. Steam at 140-160 °C is supplied to the reboiler, resulting in reboiler
temperatures of between 110-125 °C. Rich solvent flows downwards from the top of the
stripper column, and the heat enables desorption of CO, from the solvent, which then
generates a CO; product (exits top) and a lean solvent stream (exits bottom). The lean solvent
goes to the cross-heat exchanger, where it is cooled by lower temperature rich amine (from
absorber), and further cooled at the absorber inlet by a lean amine cooler. The CO, product
exiting the stripper goes to the condenser and reflux drum, which removes entrained droplets,
before being sent to the CO, stack.®% 7. 77
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Table 10: The operational ranges for various parameters.*® 78 The ID flue gas blower has an output capacity of up
to 70,000 Sm%/h 7. DCC = direct contact cooler, L/G = liquid-to-gas. *Typically operated at CO2 capture
percentages between 85-95%. These ranges reflect the target set-point" conditions over the different SUSD tests.
CHP flue gas was used with the RFCC stripper and a solvent consisting of piperazine and AMP (CESAR-1). used
with the RFCC stripper/reboiler.

Parameter Unit Range

Flue gas flow rate Smi/h 30,000-60,000

Flue gas temperature (after DCC) °C 20-50

Flue gas CO; concentration vol% 3.2-4.2 (CHP mode)

11.0-13.0 (RFCC mode)

2.5-15.0 (achieved by
recirculating air or CO,)

Lean solvent flow rate kg/h 28,200-60,100

Lean solvent temperature °C 20-45

L/G ratio kg liquid/kg gas | 0.5-2.5

CO, capture rate* % 14-97

CESAR-1 solvent concentration wit% 26-27 PZ
9.5-13 AMP

Absorber packing height m 12-24

RFCC stripper bottom pressure Bara 1.6-2.6

RFCC steam temperature °C 140-160

RFCC reboiler temperature °C 110-128

RFCC reboiler heating rate MJ/h 5,500-17,000

Steam flow rate for stable operation of | kg/h 2500-7400

RFCC stripper reboiler

3.3 Experimental measurements and data processing

Previous contributions provide details on the measurement instruments used to monitor
stream conditions and composition, as well as details on the analysis of measurement
accuracy, bias and precision, including the quantification of uncertainty and error.4% 70 71, 77-80
The use of online and continuous data is particularly important for tests that involve dynamic
or flexible operation as the transient behaviour of the plant will need to be analysed. Some
measurements may be prone to noise or instability under certain conditions at specific
locations. Typically, noisy plant data would need to undergo noise reduction first before being
used for further analysis. Depending on the nature of the noise, approaches include using
readings from an adjacent transmitter (if available) or applying a noise smoothing filter with
data processing software. The details associated with this protocol are available in Bui, et al.*°

Measurements of temperature, pressure and flow rate are available throughout the plant and
are logged (for this test, every 30 seconds). Gas phase composition is monitored with the use
of multiple gas measurement systems, and combined, these ensure data continuity and
provide a means to evaluate measurement uncertainty. For further information on gas
composition precision and uncertainty, refer to Faramarzi, et al. ° Two Gasmet Fourier
transform infrared (FTIR) and one Applied Instrument Technologies (AIT) FTIR gas analysers

h Set-point is the target value at which a controller attempts to maintain the process variable. Process parameters can be
maintained at the set-point value automatically with a controller. However, some process parameters may require manual
adjustment by the plant operator to a maintain operation at the set-point or target value.
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supply continuous measurements of CO2, H,O, NHs;, NO, NO;, SO, CH,0, C,H.0O, MEA, PZ
and AMP. The gas chromatograph (GC) measures the composition of CO2, Oz, N, H.O.'The
five non-dispersive infrared (NDIR) are used for CO, content; two at the absorber inlet (low
and high gas CO, concentration), two at the absorber outlet and one analysing the CO-
product. A trace O, analyser measures O, concentration in the CO: product.”® Combining
these different measurements provides detailed gas phase composition at three locations —
absorber gas inlet (bottom), absorber gas outlet (top), product CO: at the top gas outlet of the
stripper, shown in Figure 8.

The temperature profiles in the absorber and stripper columns are important indicators of plant
performance, providing some insight into dynamics of the columns during transient conditions.
Temperature profiles can also be used for process model validation, an important step during
the development of dynamic models. The TCM CO; capture plant has four temperature
transmitters distributed radially at each metre along the height of the absorber column,
resulting in a total of 96 temperature sensors, providing more detail for temperature profiles.
Along the 8 m height of the stripper column, there are 28 temperature sensors in total, four for
every 1.14m of packing. The temperature at a given height of the profile is shown as a median
of the 4 sensors with whiskers to indicate the minimum and maximum. Temperature
representation in this format (i.e., min-median—max) provides a quantitative indication of
variability and uncertainty in the experimental data.*® ¢ This approach is distinct to most pilot
plants, which typically have only one temperature transmitter at a given column height.

3.4 Development of the correlation for online CO: loading

The ability to monitor transient behaviour in the liquid phase is essential for dynamic tests.2?%
€ At the TCM plant, the lean and rich CO; loading of the solvent is measured using two
approaches: (i) manual off-line titration, total inorganic carbon (TIC) and total organic carbon
(TOC) of solvent samples collected periodically, and (ii) continuous online method using the
density meters and a CO. loading correlation.

Off-line method: Samples of the solvent are manually collected at the inlet (lean) and outlet
(rich) liquid streams of the absorber. Chemical liquid analysis of these samples provides
solvent composition, including CO; loading and PZ/AMP concentration. The laboratory can
only accommodate a limited number of chemical samples for analysis per day. Thus, lean and
rich samples are taken at key time periods from the solvent sampling locations in Figure 8 are
prioritised for chemical analysis. These manual lean/rich loading measurements are typically
plotted as points as a function of time, which is recorded when the sample is taken.
Importantly, the number of lean and rich samples needs to be sufficient to describe the
dynamic trends, which is critical for the development of an accurate online CO- loading
correlation.

Online CO; loading correlation method: The CO, loading of amine solution is typically a
function of the solution density and temperature.8! Thus, it is possible to develop a data-driven
surrogate correlation from known inputs (density meter and temperature readings) and a
known output (CO; loading from the laboratory analysis). Each CO; loading data point from
the laboratory analysis is matched against the corresponding readings with the same
timestamp for solvent density and temperature. It is essential that the online density and
temperature meters considered are proximal to the location of the manual solvent sampling
points. This creates a dataset consisting of CO; loading, density, and temperature, including

" Gasmet FTIR analysers are located at the flue gas absorber outlet and CO, product stream, whereas the AIT FTIR is
located at the flue gas absorber inlet. These three gas streams are also analysed by the GC.
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data from both the lean inlet and rich outlet of the absorber. A software called ALAMO®?/ is
used to generate a data-driven correlation that predicts the online CO; loading based on online
density meter and temperature readings (Figure 11).

As density is related to compaosition, the developed correlation is only valid for tests that use
the same solvent composition, i.e., solvent type, amine concentration, degradation products
with or without oxygen scavenger. A new correlation is developed for tests using different
compositions of CESAR-1. For the test campaigns in this report, we developed the following
online CO; loading correlations (Equation 1 and 2):

June 2020 using CESAR-1 blend 27 wt% AMP + 13 wt% PZ:

T\? @)
C0, loading = 1.91536 X In(p) + 1.2737 x 107> X T3 — 12777.46572 X (;>

—13.22016

November 2020 using CESAR-1 blend 26 wt% AMP + 9.5 wt% PZ:
€O, loading = —2.3799 x 1073 x p 4+ 7.8367 x 1072 x In(T) + 2.1084 x 10° x p3  (2)

where the CO; loading is in units of mol CO2/mol amine, p is density in kg/m? and T is solvent
temperature in °C.

The input density and temperature data used to generate the online CO; loading correlation
is shown in the left column of Figure 9 (hot start-ups) and Figure 10 (cold start-ups), whereas
the right column shows the off-line and online CO; loading. The online CO. loading is
continuous data (blue and green), whereas the circular points correspond to chemical analysis
measurements at specific solvent sampling times. There are periods of downtime after the flue
gas is turned off, where the temperature gradually decreases, and the solvent density
increases accordingly. As the flue gas flow is zero, the off-line measurements indicate that
CO: loading remains approximately constant. Therefore, it was important that the surrogate
loading correlations developed for this work had constant CO; loading during periods of plant
downtime, e.g., (C) & (D) in Figure 9 and Figure 10.

I ALAMO is a software tool designed to generate algebraic models of simulations, experiments, or other black-box
systems. Surrogate correlations can be “built” by choosing a combination of functions, including exponential, logarithmic,
linear, sine, cosine, or polynomial functions.®?
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Figure 9: Hot start-up and shutdown results: Online measurements of solvent density and temperature (A, C, E)
and laboratory analysis of CO: loading measured from solvent samples were used to develop the correlation for
online solvent COz2 loading. This correlation predicts CO: loading from online density and temperature readings (B,
D, F).
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and laboratory analysis of CO2 loading measured from solvent samples were used to develop the correlation for
online solvent COz2 loading. This correlation predicts CO: loading from online density and temperature readings (B,
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3.5 Flexible operation and start-up and shutdown tests

During normal steady state conditions, the process control system enables automatic
operation of the TCM capture plant. Dynamic or flexible operation of the TCM capture plant
can involve steps that cannot be automated within the existing process control system, which
is designed for steady state operation. Manual operation to adjust some process parameters
will be needed during certain flexibility tests. For example, manual operation of the flue gas
blower to achieve higher ramp rates as described in Bui, et al. ° Similarly, many of the steps
for the start-up and shutdown tests at TCM required manual operation of the plant. However,
we recognise that in commercial-scale plants, start-up and shutdown protocols will mostly be
automated through the process control system which will carry out an automatic sequence.>®
Examples of start-up and shutdown operation procedures for commercial scale systems have
been provided in Appendix A. We have used these examples and findings from published
literature as well as expertise from technology operators at TCM and SSE Thermal to develop
our SUSD procedures.

For the different tests at TCM, the “conventional” operating procedures will be implemented,
as well as different proposed improved methods. The set-point conditions for key process
parameters are summarised in Table 11. The study examined the potential for performance
improvement during the start-up and shutdown of the CO, capture plant, analysing the impact
of the following considerations:

e Total amine inventory volume: Two different solvent inventory volumes will be
tested, 42 m? and 53 m3,; this is adjusted using the CHP stripper as buffer storage
capacity. This will demonstrate the effect of solvent inventory volume on the dynamic
performance.

e Steam supply: Examine the effect of steam flow rate to the reboiler, and the impact
of delaying the supply of steam at start-up (i.e., based on timing of steam availability).

o Solvent loading: The initial lean solvent loading is a key factor in dictating the CO»
emissions during start-up. For CO- absorption with CESAR-1, the optimal lean loading
is typically between 0.1-0.2 mol CO2/mol amine,®-° depending on the L/G and target
capture rate. Storing solvent with this lower lean loading upon shutdown can help
minimise the CO, emissions during the start-up period.*

For safety reasons, start-up and shutdown tests could only be carried out during the day-time
due to the large number of process changes required for these tests. A test day will begin with
the start-up procedure. This is followed by a period of stabilisation and steady state operation.
Although there were steam step changes to increase the capture rate on some of the test days
(Figure 14), steam flow rate was restored to the original level and stabilised before carrying
out the shutdown. This was to ensure consistency and reproducibility of the results for the
shutdown tests. The test day finished with a shutdown procedure and then there was a
downtime period overnight.

K For a solvent inventory of 40.7—40.8 m® at TCM, the total solvent circulation time at lean solvent flow of 62 300 kg/h is
41.4 min, and at 37 500 kg/h flow rate takes 71.4 min.%°
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Table 11: The target set-point conditions used for the June and November 2020 start-up and shutdown test
campaigns at the TCM CO: capture plant. CHP flue gas was used with the RFCC stripper and a solvent consisting

of piperazine and AMP (CESAR-1). The use of the rich solvent bypass helps reduce the reboiler duty.

June 2020 November 2020
Solvent inventory 45 m?3 42 m3&53m?
CHP flue gas flow rate (Sm®/h) 50,000 50,000
Lean solvent flow (kg/h) 57,000 45,000
Total rich solvent flow (kg/h) 61,000 48,000
Uses rich solvent bypass configuration? Yes No

12,000 kg/h
L/G ratio (kg liquid/Sm? gas) 1.14 0.9
Feed flue gas CO; concentration (vol%) 3.5-3.8 3.6-4.1
Feed flue gas O, concentration (vol%) 12.5-13.4 13.8-14.8
Feed flue gas H,O concentration (vol%) 6.3 5.3-54
Absorber flue gas inlet temperature (°C) 38 35
Absorber lean solvent inlet temperature (°C) 40 40
Stripper rich solvent inlet temperature (°C) 111-114 112-117
Stripper bottom pressure (barg) 0.97 0.95-0.96
Steam flow rate (kg/h) 5100 5500
Reboiler temperature (°C) 120.3 120.3-120.7
CESAR-1 PZ/AMP concentration (wt%) 27 wt% AMP 26 wt% AMP
Note: Lab measurements differ slightly 13 wt% PZ 9.5 wt% PZ
Start-up solvent loading titration (molco2/mMolamine) 0.05-0.10 0.08-0.11
Steady state lean loading titration (Molco2/MOlamine) | 0.132—-0.155 0.108-0.117
Steady state lean loading online (Molco2/molamine) | 0.128-0.151 0.124-0.129
Steady state rich loading titration (molco2/MOlamine) | 0.354-0.381 0.409-0.419
Steady state rich loading online (Molco2/MOlamine) 0.336-0.357 0.387-0.399
CO; capture rate, product basis (%) 97-99% 83-91%
CO; capture rate, absorbed CO- basis (%) 92-96% 84—-88%
Steady state SRD (MJ/kg COy), product basis 3.70 4.07-4.24
ﬁteady state SRD (MJ/kg COy), absorbed CO: 3.73 4.23-4.37

asis

3.6 Operating experience and test design considerations

There were some important process considerations that were incorporated into the design of
the SUSD tests. These were essential to ensure stability of the plant during operation and
maintain consistency in the tests results. These considerations are described below.

Amine concentration & water balance: To ensure amine concentration remains constant,
the water balance will need to be regulated carefully. Amine concentration is measured
through manual titration of amine samples in the laboratory. After solvent samples are
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collected, laboratory analysis of liquid samples is conducted. Depending on when the sample
is taken (and lab capacity), the timing of the analysis will vary, e.g., 6am samples can be
analysed on the same day, whereas samples taken after 3pm will be analysed the next day.
For same day testing, the lab is limited to 3 samples per day. However, if the results are not
time sensitive (i.e., non-urgent), additional samples can be analysed but would require multiple
days to acquire results.

Stabilisation and steady state: Depending on the process parameter, it can take up to
1-2 hours for the plant to stabilise and reach set-point conditions, and it may take an additional
2-3 hours to reach steady state. The time to stabilise and regain steady state depends on the
magnitude of the change and the process parameter. After process parameter changes, there
is usually a stabilisation period of at least 3-5 hours before samples are collected to ensure
homogeneous solvent composition, i.e., adequate mixing.

Solvent conditions during downtime: When using CESAR-1 in the capture plant, the CO-
lean loading of the entire solvent inventory must be reduced to < 0.2 mol COz/mol amine
before the plant is shut down to prevent precipitation when the plant cools down. Precipitation
of AMP/PZ blends can occur at both very high and low CO: loading, and in combination with
other process parameters®® such as AMP/PZ concentration ratio® and low solvent
temperatures of 20—22°C.: 8 During shutdown, TCM operators typically “lean out” the solvent
(i.e., reduce CO: loading) to reach a target density of 1020-1030 kg/m3, which is
approximately 0.1-0.2 mol CO2/mol amine. In some of the shutdown tests at TCM, the amine
pumps were also turned off, and the solvent would remain in the same location upon the point
of amine pump shutdown, e.g., in vessels, columns, piping. Unlike other pilot plants, the
solvent is not redistributed to lean storage tanks during downtime. Alternatively, some
shutdown tests did not turn off the amine pumps, meaning amine circulation continued
throughout the downtime period, i.e., when flue gas flow rate is zero in Figure 14. Constant
amine circulation was necessary for two reasons: (i) to actively cool the plant and reduce the
temperature in preparation for the next start-up test, and (ii) to mitigate leaking from a gasket
on one of the heat exchangers.' Amine circulation needs to be completely stable before the
flue gas flow or steam flow can be introduced to the system. This allows time for even
distribution of the solvent liquid through the absorber, ensuring that the packing is properly
wetted before the flue gas enter (better absorption due to improved contact between gas and
liquid). Therefore, turning amine pumps off upon shutdown will impose additional time
requirements for the start-up procedure. Continual amine circulation during downtime, can
reduce the duration of the start-up procedure.

Cooling of the plant before start-up: Compared to pilot plants, the TCM plant has a low
surface area to volume ratio. Consequently, the TCM capture plant can retain heat relatively
well once the plant is turned off, owing to the insulation and the larger plant size. Depending
on the start-up temperature required, there are two modes of cooling used during plant
downtime: (i) passive cooling, or (ii) active cooling. For “passive cooling”, there is no solvent
circulation during downtime, resulting in a temperature decrease of around 15°C every
24 hours in the stripper section. Thus, passive cooling overnight (e.g., 8 hours) would only
reduce the stripper/reboiler temperature by ~5°C. To reduce the temperature further, “active
cooling” was used to cool the plant faster and achieve the required target temperature for the
next start-up. During downtime, circulation of the amine (i.e., lean/rich pumps on) and using
the lean amine cooler (provides overall cooling of the system) increased the cooling rate of

' The exact cause of the leak was unclear. It was not due to mechanical damage, but likely either a change in the properties
of the gasket material or thermal expansion/contraction. There was more leaking from the gasket during cold start-ups
compare to hot start-up, which suggested that major shifts in temperature from cold to hot could be the cause. There was
also more leaking with start-ups that required starting of the amine pumps.
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the plant. By actively cooling, the rate of temperature decrease in the stripper section is
roughly 20°C per hour.™ For example, to prepare for a cold start-up, around 6 to 8 hours of
active cooling would be needed to reduce the stripper bottom temperature to 20-30°C.

3.7 Conventional start-up & shutdown: Effect of solvent inventory

3.7.1 Amine & ammonia emissions during start-up and shutdown

Solvent management measures are usually necessary to control and reduce solvent
degradation and emissions, which decreases solvent consumption/loss and minimises
negative effects on plant operability or on the environment.*: 72 %92 The plant emissions and
the water wash samples are monitored to ensure the levels of accumulated impurities are
below the threshold limits.”?> The rate of solvent consumption, types of degradation products
formed and effects on plant operation vary with different amines.

At TCM, there are several key indicators of amine degradation which are monitored and used
to regulate degradation products below the acceptable threshold. The solvent should be clear
and transparent, similar to water, and any change in colour is an indicator of the presence of
solvent degradation products or dissolved metal ions. However, some colour change from
clear to yellow/brown is acceptable as long as plant operation is maintained within the solvent
thresholds specified by TCM and the Norwegian Environmental Agency.®® The emissions and
discharge permit granted to TCM in 2011 by the Norwegian Environmental Agency
(Miljadirektoratet) specifies regulatory levels for amines, alkylamines, ammonia, aldehydes
and other flue-gas related species, both in immediate concentration levels as well as permitted
annual levels and environment deposition concentrations.®* % The TCM permit limits the
emissions of total amines to 6 ppmv as a daily average or 2.8 t per year, and also provides
different limits for each amine class, i.e., primary, secondary and tertiary amines.®® % The
details of the regulatory levels for emissions according to the permit is outlined in Table 38 of
Appendix B.

In an MEA-based test campaign at TCM,"? the acceptable solvent thresholds were developed,
which include: (i) solvent mass balance (water + amines + CO;) maintained at levels above
95 wt%, (ii) heat stable salts (HSS) regulated to be below 1.5 wt%, (iii) thermal degradation
products (D-mix) below 3 wt%, (iv) metal Fe?*/Fe®** below 5 ppmw, and (v) average ammonia
emissions concentration kept below 5 ppmv. If the system exceeds any of these threshold
limits significantly, then thermal reclaiming will be required to reduce solvent degradation
products to acceptable levels. Moreover, if ammonia emissions are above 5 ppmv, the
combination of an oxygen scavenger to inhibit degradation and thermal reclaiming may need
to be considered.” By operating within these solvent thresholds, plant operators can ensure
that environmental regulatory emission limits are being met.% %

There are different solvent management approaches employed at TCM, in addition to oxygen
scavengers and slipstream or batch thermal reclaiming, the plant also has an activated
charcoal filter and when RFCC flue gas is processed, the Brownian Diffusion filter is used to
remove particulates.” Also, the absorber water wash sections have been found to be highly
effective at reducing amine and ammonia emissions at TCM.%® Better solvent management
was found to provide a significant reduction in solvent consumption, and shown to decrease
consumption from 1.6 down to 0.2 kg MEA per tcoz.”? A study of CESAR-1 solvent at TCM
found the average total amine loss to be 0.16 kg amine per tco2. Most of the solvent loss can
be attributed the degradation of PZ that occurs in the presence of NO,, which forms

™ Based on TCM data observations, which showed a reduction in temperature from 50°C to 30°C after 60 min of active
cooling.
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nitrosamines. This highlights the importance of flue gas pre-treatment to remove NOx prior to
amine absorption.%

Experiments show that oxidative degradation of MEA is much faster than AMP/PZ,% whereas
oxidative degradation of AMP/PZ has been noted to occur faster in the blend compared to PZ
on its own. The most dominant degradation product is ammonia, with other significant
degradation products including ethylenediamine (EDA), N-formyl piperazine (FPZ), and
2-oxopiperazine (OPZ).°” % Thus, the main gaseous degradation product emitted from the
capture plant is ammonia (NHs), and measurements of ammonia at the absorber outlet can
be used as an indicator of AMP/PZ degradation.®” As PZ is a secondary amine, one key
concern is the emissions of PZ into the atmosphere as secondary amines have the potential
to form stable nitrosamines, which are considered to be carcinogens and are harmful.
Therefore, monitoring the concentration of the amines (AMP and PZ) and ammonia at the gas
outlet of the absorber is critical (shown in Figure 12).

For different start-up and shutdown tests in Figure 12, the PZ concentration was below the
detection level across all tests carried out, whereas AMP was detected at very low levels of
between 0.01-0.45 ppmv. This demonstrates the effectiveness of the absorber water wash
sections, hence there is very low risk of amine emissions. However, a sudden spike in
ammonia emissions is observed upon start-up of the plant. Gaseous ammonia formed from
amine degradation is present in the depleted gas stream and as it passes through the water
wash section, ammonia is dissolved in the water wash solution. Thus, the water wash section
typically contains higher amounts of ammonia compared to other sections of the plant. Some
of this ammonia is released at start-up.

Whilst the plant is off during the overnight downtime period, the system cools to lower
temperatures. Upon start-up, the temperature change in the absorber and water wash cause
a transient increase of ammonia in the depleted gas stream, i.e., the sudden spike. The largest
increase of up to 31.2 ppmv in ammonia concentration occurs with the cold start-up using
42 m?3 solvent inventory, whereas the smallest increase occurs with a hot start-up using 53 m?
solvent inventory (9.8 ppmv of ammonia). Thus, the degree of temperature change in the
absorber (i.e., cold vs hot start-up) and solvent inventory volumes will influence ammonia
emission at start-up. However, once the spike occurs, the ammonia concentration decreases
below the threshold to steady state levels of 1.9-3.6 ppmv as the system stabilises.
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Figure 12: Ammonia (NHs), piperazine (PZ) and AMP amine concentration at the outlet gas of the absorber column
during cold start-up (A & B), hot start-up (C, D & E) and shutdown with different solvent inventories, 42 m3vs 53 m2.

The hot start-up with a 20 min delay in steam is shown in (E), but there was no shutdown on this day. The first

vertical dashed lines indicate when flue gas was turned on, and second line is when flue gas is turned off.

3.7.2 Defining start-up & shutdown to evaluate performance

For this study, the analysis needs to focus on the two distinct phases of interest (Figure 13):

Start-up begins when the flue gas flow starts. However, performance will depend on the test
protocol, namely, the timing of steam flow availability. Different scenarios include:
(i) preheating of the system which will introduce steam before flue gas, (ii) conventional start-
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up with flue gas and steam starting at the same time, or (iii) delayed steam availability which
starts after the flue gas flow. Thus, to ensure comparability of the results, the tests should be
consistent in terms of starting conditions and steady state set-point process parameters. For
instance, the whole volume of solvent needs to be at a uniform low CO; loading before start-
up, also tests should target the same set-point temperatures and flow rates.

Shutdown begins when the flue gas blower begins to ramp down and continues until the
steam flow is turned off completely. For the shutdown protocol at TCM, the entire solvent
volume in the system is “leaned out” to a target solvent density, which corresponds to a specific
CO; loading. Hence at the end of shutdown, the entire solvent volume will have a uniform CO-
loading, and is ready for the next start-up test.

Cold start-up with 53 m? solvent inventory
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Figure 13: The two key periods that will be analysed in this study will be start-up and shutdown, which are both
highlighted in yellow.

These phases will be analysed independently to better identify how specific factors
(e.g., solvent inventory) will influence the performance of each phase. This approach can help
identify any potential trade-offs in performance, highlight any strategies that improve the
performance for only one phase (e.g., either start-up or shutdown), or strategies that are
detrimental to performance.

3.7.3 Start-up and shutdown times

The process dynamics of absorption-based systems are a function of the volumetric capacity
of the plant, i.e., the total available volume/capacity of equipment, vessels and piping. This
volumetric plant capacity has a direct effect on the other characteristics of flexibility, this
includes the total volume of solvent inventory, residence time for the different units, total
solvent circulation time and transport delay associated with piping and heat exchangers.* 4%
%0 Given its importance to the dynamics of the process, the effect of solvent inventory volume
was demonstrated by conducting both cold and hot start-ups with two different inventory
volumes, 42 m® to 53 m>. As there is no dedicated lean amine buffer tank at the TCM plant,
the CHP stripper column, which was not in operation during these tests, was used to store the
adjustment volume of 11 m3 solvent.
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Figure 14: Time required for cold start-up (A & B) and hot start-up (C & D) and the shutdown when using different
solvent inventories, i.e., 42 m3 vs 53 m3. The start-up time, tsu, is defined as the time between when flue gas enters
the system (blue line) until CO2 product flow begins (black line). The tsu is greater with cold start-up cases and
when the steam availability is delayed by 20 min for a hot start-up (E). The tsp is the shutdown time, which is the
period between the flue gas being turned off and time steam is turned off.

The volume of inventory has an almaost negligible effect on the start-up time of the plant (tsu),
i.e., duration of time from when flue gas is introduced until CO; product flow begins. Figure 14
shows that the two inventory volumes have comparable times for cold start-ups (47 min),
whereas hot start-up may take 19 to 22 min, with the slightly shorter time achieved with the
smaller 42 m? inventory.
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The starting temperature and availability of heat will have a greater impact on the start-up time
of the capture plant. For a cold start-up of the CO; capture plant, the reboiler temperature is
around 20-35°C. In contrast, a hot start-up begins with the reboiler bottom temperature at
70-90°C. Consequently, the cold start-up requires a factor of 2.1-2.5 more time to reach the
set-point reboiler temperature. During a hot start-up, delaying the availability of steam by
20 min will also increase the start-up time from 19-22 min to 45 min.

For shutdown of the TCM plant, the same procedure was implemented. To ensure the next
plant start-up has the required CO, loading, the supply of steam continues after the flue gas
flow is zero to “lean out” the solvent to a target CO. loading. The shutdown time, tsp, is defined
as the period from when the flue gas is turned off until steam supply is turned off. The
shutdown time will be a function of the solvent volume and the target solvent density, which is
directly related to the CO; loading. Shutdown time is also a function of amine solvent flow rate;
however, solvent flow rate was kept constant for each SUSD test campaign. Figure 14 shows
that the shutdown time is longer when operating the plant with a larger solvent inventory.

The effect of different start-up and shutdown methods on the CO- capture rate and residual
CO- emissions will be quantified in the following section.

3.7.4 Start-up performance

3.7.4.1 Online CO2 capture rate under dynamic conditions

For the absorption capture process (Figure 15), the flow rate of CO; in a specific stream is
typically calculated by multiplying the flow rate of the stream by the CO, composition
measurement. The CO,-containing streams associated with the calculation of CO, capture
rate include:

e Feed flue gas is the “supply CO,” stream (input)
o Product CO; is the stream exiting the stripper (output)
o Residual emissions of CO; in the depleted flue gas stream (output).

CO; in depleted flue gas
exits out of stack Product CO, to compression
for transport & storage

ot =»
Product CO;

Solvent make-up ~ r
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Absorber co, CO; emissions
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Figure 15: Stream flows of CO2 in an absorption system. The main CO: flows used to calculate the CO2 capture
rate include the supply CO2 (in the feed flue gas), COz: in the depleted flue gas, product CO:2 (exiting the stripper).

The CO, capture rate % quantifies the proportion of CO, that is captured from the feed flue
gas. Under steady state conditions, the online measurements of CO, compositions and stream
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flow rates are used in these calculation methods, providing the “online” or instantaneous CO
capture performance (summarised in Table 12).

Table 12: Methods for calculating online COz capture rate at the TCM capture facility. Adapted from Hamborg, et
al. "1, Faramarzi, et al. ”® and Hume, et al. %. For dynamic conditions, the CO2 capture rate is calculated via this
online/instantaneous metric, but the cumulative capture rate is also determined, i.e., using cumulative amounts of
CO:2 over a duration of time. Methods 1 and 2 are on a product CO2 basis. Methods 3 and 4 rely on absorber side
measurements.

CO; capture | Description Formula

rate method

Method 1 Ratio of the CO2 product flow to the CO> CO, (product)
flow in the flue gas supply, referred to as =——
the CO2 capture rate, product basis. CO; (supply)

Method 2 Ratio of the CO:2 product flow to the sum of CO, (product)

the CO2 product flow and CO: flow in the
depleted flue gas

- CO, (product) + CO, (depleted)

Method 3 Ratio of the difference between the CO:
flow in the flue gas supply and the CO2 in _ €O, (supply) — CO, (depleted)
the depleted flue gas to the CO: flow in the - CO, (supply)
flue gas supply
Method 4 The proportion of CO2 absorbed from the Ico, — Oco,
feed flue gas is equal to one minus the ratio = T
2

of the depleted flue gas CO2 concentration

to the flue gas supply CO2 concentration. Where

Oc¢o, = CO2 concentration of

We use this to calculate the amount of depleted flue gas, dry basis
“absorbed CO2’, which is used to determine | lco, = CO2 concentration of supply
the absorber side cumulative CO2 flue gas, dry basis

capture rate.

Direct plant measurements of CO, composition and flow rate for the feed and product gas
streams can be used for the capture rate calculations. However, at the time of this study, the
flow rate measurements of the depleted flue gas stream at TCM were not reliable,
consequently, the CO- flow rate for the depleted stream could not be calculated directly. Thus,
it was not possible to use Methods 2 and 3 in this work. Furthermore, method 1 cannot be
calculated on an online basis in the case of start-up and shutdown tests. Method 1 becomes
invalid at times when flue gas feed flow is zero, e.g., during the start-up region when supply
CO: is zero and dividing by zero is not possible. The stripper section can still generate product
CO: if at the correct temperature even when flue gas feed is zero.

For the calculation of online CO. capture rate, only Method 4 is able to provide continuous
data under start-up and shutdown conditions. Figure 16 shows the dynamic trends of “online
CO:; capture rate” derived from Method 4. This represents the absorbed CO; as a percentage
of the supply COs; in the feed flue gas. It is equal to one minus the ratio of the depleted flue
gas CO, composition to the flue gas supply CO, composition.

Small variations in the CO, content of the flue gas were observable on some of the test days,
for instance (A) and (E) in Figure 16. There is an observable change in the online CO; capture
rate in response to these small changes in CO, concentration. For the cold start-up with 53 m?
of solvent inventory, the inlet CO, concentration increased from 3.9% to 4.2%, which reduced
the online CO; capture rate from 87% to 83%." Thus, for comparability purposes, it was
important to have relatively constant flue gas CO; content. However, the performance of the

" If the L/G ratio and solvent concentration remains the same, the amount of amine available to absorb CO; is also the
same. Thus, even if the inlet CO, concentration increases, the absolute amount of CO, that is absorbed remains the
same. However, this will mean that the capture rate percentage of absorbed CO, will decrease.
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CHP plant is beyond the control of the TCM capture plant operators. If observed early, it was
possible for the TCM operators to readjust the CO. content of the feed gas by either
recirculating a small fraction of the CO> product or diluting with air.

Cold start-up with 53 m? solvent inventory

>
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Figure 16: The flue gas CO2 content (blue line) and online CO:2 capture rate (black line) during cold start-up (A &
B), hot start-up (C, D & E) and shutdown with different solvent inventories, 42 m® vs 53 m3. The hot start-up with a
20 min delay in steam is shown in (E), but there was no shutdown on this day. The first vertical dashed lines indicate
when flue gas was turned on, and second line is when flue gas is turned off.

The analysis of capture performance during dynamic operation also requires the calculation
of the cumulative CO; capture rate. Although the online data illustrates variations in trends, it
is difficult to benchmark the performance for dynamic operation scenarios, e.g., flexible
operation, start-up or shutdown. The cumulative capture performance, evaluated over the
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scenario timeframe, provides a better indication of the impact of dynamic operation on the
overall plant performance. The changes in feed flue gas CO; concentration can also have an
impact on the cumulative capture rate. Thus, we developed measures to reduce this effect
and ensure comparability. The results for cumulative CO. capture rate are presented and
discussed later in section 3.7.4.5.

3.7.4.2 ldentifying a suitable period for the analysis of performance
Temperature (e.g., hot vs cold start-up) and the availability of steam are the main constraints
of start-up time (tsu) during the initial phase before CO: product is generated (shown in section
3.7.3). However, once the reboiler reaches the target temperature, conditions will continue to
be dynamic as the system is still stabilising to reach a new steady state (when CO; product
flow or the online CO, capture rate are constant). As illustrated by Figure 17, the time required
for the system to reach steady state is denoted by tss. Table 13 shows that during cold start-
ups, a smaller solvent inventory volume reduces the time required to reach steady state.
However, similar to tsy, significantly lower tss is achieved with hot start-ups compared to cold
start-ups, with negligible effects from inventory volume. The hot start-up time is mainly
impacted by the delay in steam availability.

The results in Table 13 indicate that start-up time (tsu) is a function of the initial temperature
of the system and the heating rate of the stripper section. Thus, observed differences in tsu
arise when comparing cold vs hot start-ups, and when steam supply is delayed. On the other
hand, the time to reach steady (tss) provides an indication of the time required for the system
to stabilise, which is a function of the solvent inventory volume and solvent flow rate (constant
here). The temperature also has an observable impact on the time to reach steady state as
shown by the time difference when steam supply is delayed.

As it was important to isolate the effects of either change in solvent inventory or steam
availability, the same start-up procedure and consistent process conditions were also used
across the different tests. In general, the TCM plant is designed to ensure consistency and
reproducibility of results; it is relatively well insulated and controlled, hence ambient conditions
(e.g., temperature) have little influence on the results.

The evaluation of cumulative performance during start-up and shutdown scenarios should be
calculated over the same period of time to ensure comparability across the results for each
scenario. One approach was to choose an arbitrary period, e.g., 200 min, to conduct the
calculations. However, using a period of 200 minutes would include the start-up period as well
as an extended period of steady state data (Figure 17), which can make it difficult to
specifically compare the start-up performance. Steady state performance at the set-point
conditions for these tests provided CO- capture rates of between 83—88%. Therefore, with
steady state data included in the analysis of start-up, the data is skewed, becoming similar to
steady state performance. To demonstrate this effect, the performance was calculated over
200 minutes. The dynamic behaviour of plant start-up is also illustrated for the first 200 min
(Figure 18 to Figure 22).

The CO. content of the flue gas exiting the CHP plant can vary slightly on some of the test
days (Figure 16). Similar to the effects of including steady state data, changes to feed flue gas
CO; content have the potential to affect the analysis of capture performance. The degree of
impact on the cumulative CO; capture rate will depend on when the variation occurs and the
duration of the analysis period. If the analysis focuses specifically on the dynamic region of
data, any bias from feed CO; content changes can be minimised. The time between start-up
of the flue gas and the moment steady state is achieved is the dynamic period for each start-
up; this is tss in Table 13. The longest tss of 82 min in Table 13 corresponds to the cold start-
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up with the larger solvent inventory of 53 m3. Hence, performance was analysed over 82 min
as this was sufficient in duration to capture the main start-up dynamics for all scenarios.

Cold start-up with 53 m? solvent inventory
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Figure 17: There are different time periods to consider when analysing the performance of start-up and shutdown
in the capture plant. The start-up time, tsuy, is defined as the time between when flue gas enters the system (blue
line) until CO2 product flow begins (black line). The time required for the system to reach steady state is tss, €.9., this
may be 40-82 min depending on the scenario. If an extended period is considered, e.g., 200 min, steady state
conditions will influence the results, thus, making it difficult to specifically benchmark the start-up performance.

Table 13: Time when the CO2 product flow rate begins (tsu) and when steady state conditions are reached (tss)
after the flue gas flow starts in minutes. These tests were carried out during the November 2020 campaign. Average
solvent concentration based on laboratory analysis of the solvent samples: 24.4 wt% AMP 8.7 wt% PZ.

Start-up type | Conditions Start-up time: Time when CO;
time when CO; product flow
product flow reaches steady
starts, tsy (Min) state, tss (min)
53 m? inventory, start loading 47 82
Cold start-up 0.10-0.11 mol COz/mol amine
42 m? inventory, start loading 47 69
0.08-0.09 mol CO»/mol amine
53 m? inventory, start loading 22 40
0.08-0.09 mol COz/mol amine
42 m? inventory, start loading 19 42
Hot start-up 0.08-0.09 mol COz/mol amine
42 m? inventory with delayed 45 63

steam supply, start loading 0.08—
0.09 mol CO./mol amine

3.7.4.3 Dynamic behaviour during cold start-up

The process behaviour during 200 min of cold start-up with 53 m® and 42 m?® solvent inventory
volumes is illustrated in Figure 18. Importantly, to isolate the effects of solvent inventory on
the dynamic plant behaviour, the same start-up protocol and set-point conditions were used,
e.g., the same target flow rates and temperatures. Although relatively constant, there are small
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observable changes in the feed flue gas CO; content. This causes minor variations of 100—
300 kg/h in the supply CO; stream,® however, the impact on the online CO- capture rate and
absorbed CO: flow is almost negligible.

As discussed in section 3.6, the total volume of CESAR-1 needs to be regenerated to a CO
loading of < 0.2 mol CO2/mol amine before shut-down to prevent precipitation when the solvent
cools. Although this requires additional time and energy during shutdown, having a large
inventory of lean solvent for plant start-up will provide significant improvements to the CO-
capture performance. As Figure 18 shows, all the solvent has a CO. loading of
0.087-0.110 mol CO2/mol amine at the beginning of start-up. Once flue gas enters the
absorber, the low CO; loading of the solvent provides high CO, absorption capacity, thus,
enabling a very high online CO- capture rate initially of 98.9—-99.9%. From the beginning of a
cold start-up, the reboiler and stripper needs time to heat up and reach the target temperature,
consequently, the solvent is not being regenerated and the CO; loading gradually increases.
This reduces the rate of absorbed CO,, and there is a significant decrease in online CO;
capture rate.

As shown in (C)—(F) of Figure 18, the cold start-up with 53 m? inventory has an initial small
decrease in online CO, capture rate to ~90%, before decreasing further to a minimum of
54.2%. Once the reboiler temperature reaches ~118.7°C, the lean solvent loading reduces
from 0.235 to 0.124 mol CO2/mol amine, which results in a final steady state online capture
rate of 86.0%. In the 42 m? case, the online CO, capture rate decreases to a minimum of
44.6%. The reboiler temperature only needs to increase to 117.2°C before the lean solvent
loading begins to decrease from 0.292 to 0.126 mol CO2/mol amine, with the steady state
online capture rate reaching 87.6%. In both cases, the final steady state reboiler temperature
reaches 120.3-120.7°C. These results demonstrate that cold start-up can benefit significantly
from using larger solvent inventories as the plant can sustain higher CO; capture rates for
longer. This potentially reduces residual CO, emissions whilst the plant heats during cold start-
ups.

The rich solvent density and loading are measured at the absorber sump outlet (Figure 8). A
comparison of (C) and (D) in Figure 18 shows that solvent inventory volume has an observable
effect on the dynamics of the rich solvent loading. The gradient of the online rich CO; loading
for the smaller 42 m? inventory case has a steeper increase compared to the 53 m® case. As
the liquid level in the absorber sump is significantly lower with 42 m? of inventory compared to
53 m3 (Figure 19), the rich solvent will reach the exit of the absorber sump faster. When the
smaller solvent inventory is used, the measured rate of change in rich CO; loading is much
quicker and appears to be more responsive. In contrast, using a larger 53 m? of inventory acts
as a buffer, thus the changes in rich CO- loading are more gradual before reaching a stable
steady state loading.

The temperature profiles (Figure 20) in the absorber and stripper columns are useful
performance indicators. As the CO, absorption reaction is exothermic, a temperature increase
inside the absorber indicates some degree of CO, absorption within that section of packing.
This creates a temperature bulge or curved shape in the middle section of the column
temperature profile.

° For example, the supply CO; stream in (E) Figure 18 changes from 3593 kg/h initially, before decreasing to 3283 kg/h
and then reaching 3398 kg/h.
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Figure 18: Process changes for a 200-minute time period for a cold start-up with 53 m? solvent inventory (A, C &
E) and a cold start-up with 42 m3 solvent inventory (B, D & F).
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A Cold start-up with 53 m?® solvent inventory B Cold start-up with 42 m? solvent inventory

4000 80000 _. 4000 80000 _
= =
] K
3500 [ 70000 = 3500 4 I 70000 =
O O
2 2
3000 F 60000 ; 3000 4 [ 60000 §
— =] — =]
E n = E [ =
£ 2500 o afal 50000 £ £ 2500 4 o AL [ 50000 =
%' MFMFLMMWHU g ; v W.‘JU A 3z
= 2000 L 40000 § z 2000 4 | 40000 &
- MW-A AMMJV\A‘ = wwm e
z = 2 =
Z 1500 [ 30000 = 2 1500 4 F 30000 =
3 E S E
) @
1000 /W\ML 20000 ® 1000 - b~ 20000 g
e e
soo {7 | I 10000 3 500 | 10000 2
= =
- =
0 0 o 0 + 0 -3
[=] o9 -3 - ~ [=] ] [=3 = o0 ~ -3 f=1 s ]
2 A L] N o S = 1 o = o 4] S B 3
% & ~ & o & T & = & & i1 5 & T

8 d ] & 3 3 = 2 3 3 = 2 £

- - - - - - - - - o - - -

a = = o b=} b=} b=} b=} b=} b= b=} b=} =

o o L) 0 < < & o O & & -3 r-)

B B B B & & & & 8 & 2 8 &

Absorber sump level ———RCC stripper level Absorber sump level ~———RCC stripper level

= Condensate drum radar lig level ——Lean flow rate ~——Condensate drum radar liq level ——Lean flow rate
——Total rich flow ——Flue gas inlet flow ——Total rich flow ~——Flue gas inlet flow

Figure 19: The change in liquid level during the cold start-ups with shutdown for the tests using 53 m? solvent
inventory (A) and 42 m3 solvent inventory (B). Using different solvent inventory in the TCM plant mainly affects
the liquid level in the absorber sump, whereas the stripper liquid level in both cases is similar.
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Figure 20: Absorber (left) and stripper (right) temperature profiles for a cold start-up with 53 m?® solvent inventory
(A & B) and 42 m?® solvent inventory (C & D). For the cold start-up with 53 m?® inventory (A & B), flue gas flow starts
at 12:48, the set-point conditions are reached around 13:08 and product CO: flow rate reaches steady state at
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65



Start-up and shutdown protocol for power stations with CO2 capture

The shape of the absorber temperature profiles provides an indication of the level of CO;
absorption, and can help explain the overall CO, capture performance of the plant. The key
process factors that determine the profile shape and location of the temperature bulge include
the flue gas CO, content, liquid-to-gas (L/G) ratio, solvent properties (e.g., heat of absorption)
and packing height. If the L/G ratio decreases, the temperature bulge will typically shift closer
to the top of the absorber column. The temperature bulge also shifts to the top of the absorber
with increased packing height, or higher flue gas CO. concentration.®

As shown in Figure 20 (A) and (C), when the plant is switched off, there is no flue gas feed to
the system, thus no absorption of CO.. Therefore, the absorber temperature profile is flat
without a temperature bulge and starts at 22°C. As flue gas enter the absorber at the base of
the column, a small temperature bulge forms at the base of the column, indicating some
degree of CO; absorption at this initial phase of start-up. From the moment the flue gas blower
is started, it will take time before the flue gas flow rate reaches the final set-point value,
e.g., 20 min for the cold start-up with 53 m? inventory, or 11 min with the cold start with 42 m3?
Owing to the faster increase in flue gas flow rate for the 42 m3 system compared to 53 m?, a
slightly more prominent temperature bulge was observed for the first temperature profile after
starting the flue gas. As the flue gas flow rate increased towards the final set-point value, the
L/G ratio instantaneously decreased, and the temperature bulge shifted to the top of the
column (shown for every two minutes). Once the system reached steady state, the
temperature profile shifted towards higher temperatures with a small temperature bulge in the
middle.

The stripper column has a flat horizontal temperature profile, as shown by Figure 20 (B) and
(D), and initially starts at 30—40°C. Observing the shift in stripper temperature over the start-
up period can help identify the time at which the column reaches stable steady state
conditions. The changes in stripper temperature occur on a slower time scale compared to the
absorber, as the dynamics will be dictated by the heat capacity of the equipment and fluid,
whereas absorber temperature is a function of the degree of CO; absorption (driven by the
L/G ratio and reaction). Over the start-up period, the stripper profile gradually shifts upwards
to higher temperatures before reaching the steady state conditions at around 120°C.

3.7.4.4 Dynamic behaviour during hot start-up

Figures 21 and 22 illustrate the process behaviour for 200 min during hot start-ups with 53 m?3
and 42 m?® of solvent inventory. Although similar start-up procedures were used for both hot
and cold start-up tests, the key difference was the initial temperature of the system. For hot
start-ups, the initial reboiler outlet temperature was at ~90 °C, whereas cold start-ups had an
initial reboiler temperature of 25—30 °C. Compared to the cold start-up results, hot start-up has
significantly different dynamic behaviour.

Figure 21 shows that the online lean and rich solvent loading starts at 0.084-0.112 mol
COz/mol amine. Owing to the low CO: loading, very high initial online CO> capture rates of
98.8-99.8% are achieved. Unlike the cold start-up, the online CO, capture rate only reduces
slightly, before levelling off to steady state conditions once the reboiler outlet temperature
reaches 120.5°C (for normal hot start-ups in Figure 21).

P It is important to note that flue gas flow rate is ramped independently of solvent flowrate and is not a function of solvent
inventory volume. For each key process parameter, i.e., flue gas flow, steam flow and amine solvent flow rate, the test
plan was to change each of these at the same ramp rate across every start-up test. As some process parameters such
as the flue gas and steam flow were ramped manually, this resulted in some variability in ramp rates. All start-up tests
had the same flue gas ramp rate, and reached the flue gas set-point value within ~20 min. However, the one exception
was the cold start-up with 42 m? inventory, which was ramped a bit quicker than planned so reached the set-point flow
rate within 11 min.
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In the case of the hot start-up with 53 m? of inventory, there is a sufficiently large volume of
“fresh” solvent in the system to meet the CO, capture demands whilst the reboiler is still
heating up. The lean solvent loading only increases marginally from 0.096 to 0.117 mol
CO2/mol amine, decreasing the online CO. capture rate to the minimum of 85.8%.
Subsequently, the system stabilises to steady state conditions with lean loading reaching

0.130 mol COz/mol and online CO; capture rate is 83%.
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Figure 21: Process changes for a 200-minute time period for a hot start-up with 53 m? solvent inventory (A & B),
hot start-up with 42 m3 solvent inventory (C & D). A hot start-up with a 20-minute delay in steam supply (E & F)

was tested with 42 m2 solvent inventory.
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Compared to the 53 m?® case, hot start-up with 42 m® had a greater increase in lean loading
from 0.101 to 0.169 mol CO2/mol amine, resulting in a decrease of online CO- capture rate to
a minimum of 80.5%. Once the reboiler reaches the target temperature, the conditions
stabilise to the final steady state with 0.123—0.125 mol CO,/mol lean loading and online CO-
capture rate 88%.
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Figure 21 (E) and (F) shows the effect of delaying steam supply by 20 minutes for a hot start-
up using 42 m® of inventory. By delaying the supply of heat to the reboiler, this increases the
start-up time as the reboiler will take longer to reach the target temperature required for solvent
regeneration. The dynamic behaviour of the online lean loading is very similar to the cold start-
up with 42 m? of solvent case, however, when steam is delayed, there is a wider maximum
peak for lean CO; loading. When the steam supply is delayed, the online CO, capture rate
reduces to the minimum of 46.8%. As the reboiler temperature approaches 120°C, the lean
solvent loading begins to decrease from 0.286 to 0.123 mol CO2/mol amine, with the steady
state online capture rate reaching 86%. These results show that any delay in steam supply
significantly reduces the capture performance during start-up.

Although a hot start-up with 42 m® had a greater initial decrease in CO- capture rate, the
steady state capture rate was higher (88%) compared to the 53 m® case (83%). Figure 16
shows that during steady state operation, slight decreases in inlet flue gas CO» concentration
will increase the online CO- capture rate, the converse also applies. Therefore, the difference
in steady state capture performance can be attributed to the variation in flue gas CO:
concentration, which was 4.2 vol% of CO; for the 53 m? case, and slightly lower at 3.9 vol%
for the 42 m? test (shown in Figure 22). The hot start-up with the delayed steam supply using
42 m? of inventory also had different flue gas CO- content at 4.0 vol%, which resulted in a
steady state capture rate of 86% that was in between the other cases. This highlights the
importance of maintaining a similar flue gas CO. content across tests to ensure comparability
of online data. However, as this study is focused on comparing the cumulative capture
performance over a very short timeframe (i.e., 82 min) for the most dynamic region of
operation, the impact of variations in flue gas CO, content on the comparability of cases should
almost be negligible.

The dynamic behaviour of the rich CO; loading during hot start-up is essentially the same as
the observations for cold start-up. Similar to cold start-up, solvent inventory volume has an
observable effect on the rich loading, with the 42 m® inventory tests having a steeper gradient
compared to the 53 m? case. Using a smaller solvent inventory reduces the liquid volume in
the absorber sump (e.g., Figure 19), thus the changes in rich loading are observed at a faster
rate. The changes in rich loading for the 53 m® case occur at a slower rate due the larger
volume, which buffers the response.

Figure 22 (D) and (F) shows the stripper line pressure (brown curve) increasing to a peak
before stabilising to steady state conditions. This peak in stripper line pressure coincides with
a spike in the CO; product flow rate (blue line). This phenomenon only occurred with the two
42 m?3 tests. This behaviour is caused by a delay in switching the stripper valve from manual
operation to automatic control. Consequently, pressure builds up in the stripper, causing the
CO; product to suddenly discharge and there is an observable overshoot. There are no
anomalies observed in the steam supply flow rate or online CO- capture rate, therefore, the
overall cumulative CO, capture performance would not be impacted in any way.
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Figure 23: Absorber (left) and stripper (right) temperature profiles for a hot start-up with 53 m?3 solvent inventory (A
& B), hot start-up with 42 m? solvent inventory (C & D), and hot start up with delay steam supply and 42 m? solvent
inventory (E & F). For the hot start-up with 53 m? inventory (A & B), the flue gas flow starts at 12:21, set-point
conditions are reached around 12:42 and the product CO2 flow rate reaches steady state at 13:01. For the-hot start
up with 42 m3 inventory (C & D), the flue gas flow starts at 13:32, set-point conditions are reached around 13:49
and product COz2 flow rate reaches steady state at 14:14. For the hot start-up with delayed steam supply, the flue
gas flow starts at 18:11, set-point conditions are reached at 18:28 and product CO: flow rate reaches steady state
at 19:14.

The absorber and stripper temperature profiles for hot start-up are illustrated in Figure 23. For
the hot start-up tests, the initial temperature profiles begin at higher temperatures compared
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to the cold start-up tests. The general direction in which the temperature profiles shift is very
similar to the observation for cold start up (described in section 3.7.4.3).

The initial temperature inside the absorber column ranged between 39-40°C just before start-
up commenced. The flue gas enters the base of the absorber and a small temperature bulge
forms in the T profile, which indicates there is some level of CO, absorption. The time it takes
for the flue gas flow rate to reach the final set-point value after the blower is turned on is 21 min
for the hot start-up with 53 m? inventory, 17 min for hot start with 42 m3, and 17 min for a hot
start with delayed steam supply and 42 m? inventory.

In general, the solvent inventory volume did not have a significant impact on the CO; capture
performance during hot start-up, which is distinct from the observations for cold start-up.
However, the delay of steam supply was shown to have a negative impact, reducing the CO-
capture performance of the hot start-up significantly. A quantitative comparison of the capture
performance for the three hot start-up tests is presented in section 3.7.4.5, where the
cumulative capture and energy performance is evaluated.

3.7.4.5 Comparison of cumulative CO2 capture performance for start-up

Under dynamic conditions, the flow rate and composition measurements are transient, making
time an important factor. To describe the overall plant performance over a specified duration
of time, the cumulative CO- capture rate is also calculated using the cumulative amounts of
CO; on a mass basis, i.e., instantaneous/online gas flow rate multiplied by CO; concentration
and cumulatively added over the time period. The time period used to analyse cumulative
performance metrics is particularly critical. The method used to select a suitable timeframe
which encapsulates the dynamic behaviour of interest is outlined in section 3.7.4.2.

In this section, the performance was analysed for the duration of 82 min. It was determined
that this period contained the main start-up dynamics for all scenarios (section 3.7.4.2). We
also calculate the performance over 200 min. This includes an extended period of steady state
operation, which can skew the results as the higher capture rates at steady state will “cancel
out” the effects of start-up. Although the 200 min results do not represent true “start-up”
performance, these results will help demonstrate whether the start-up improvement is
significant enough to benefit the overall long-term performance. For instance, some start-up
“improvements” will have an impact in the short-term performance, however, this impact could
be negligible once the steady state operation period is considered. Moreover, the overall
impact will also depend on the number of start-up and shutdown cycles.10 102

The main cumulative metrics include: (i) cumulative CO; capture rate on a product basis, and
(i) cumulative CO2 capture rate, absorber side, (iii) cumulative specific reboiler duty (SRD) on
a product basis, and (iv) cumulative specific reboiler duty on an absorbed CO; basis.

) ) Cumulative product CO, (kg) (3)
Cumulative CO, capture rate, product basis = Cumulative supply CO, (kg) x 100%

The cumulative CO» capture rate on a product basis (Equation 3) is influenced by the solvent
circulation time, which is a function of the volume of solvent inventory, the solvent flow rate
and plant configuration, as shown by the examples in Table 14. Due to the time required to
circulate solvent from one location to another, a delay is observed from the time flue gas flow
starts until CO; product flow begins (Figure 14). Hence, the CO, capture rate on a product
basis is strongly influenced by the time period used to perform the calculation. This metric
does not provide an indication of the residual emissions from the plant as it does not account
for the CO; exiting via the depleted flue gas stream. Instead, the CO, capture rate on a product
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basis simply represents the proportion of the feed CO- that is sent to compression for CO-
transport and storage.

Table 14: Comparison of process characteristics for different test facilities. The process dynamics of amine
absorption systems is influenced by the plant scale (i.e., size) and the volume of solvent inventory. The solvent
circulation time provides some indication of the flexibility in a given system. Note: TCM plant is designed to have
greater flexibility, the volume of solvent inventory can vary across a wide range depending on operation mode.

UKCCS.RC Brindisi CO> TCM CO;
PACT pilot capture plant capture plant
plant p p p p
CO; capture capacity (tcoz/day) 1 60 80-200
Volume solvent inventory (m?) 0.470 61 38.2-40.8
Solvent circulation time (min) 36 105 146 41 71
Corresponding solvent flow rate (m3%h) 1 35 25 58 34
) _ Cumulative absorbed CO, (kg) 4)
Cumulative CO, capture rate, absorber side = X 100%

Cumulative supply CO, (kg)

Equation 4 is the indicator for the amount of CO, cumulatively absorbed by the solvent
represented as a percentage of the total supply CO,. The cumulative absorbed CO: is the
online CO; capture rate (method 4 in Table 12) multiplied by the supply CO. flow rate,
calculated cumulatively over the specified time period. The percentage of the supply CO; that
is emitted as residual emissions is Equation 5:

% Cumulative residual CO, emissions (5)
= 100% — Cumulative CO, capture rate, absorber side

The specific reboiler duty was also calculated based on cumulative metrics of steam energy,
product CO; (Equation 6) and absorbed CO, (Equation 7).

Cumulative steam energy (M]) (6)
Cumulative product CO, (kg CO,)

Cumulative specific reboiler duty, product basis =

Cumulative steam energy (M]) @)
Cumulative absorbed CO, (kg CO,)

Cumulative specific reboiler duty, absorbed CO, =

These cumulative performance metrics were evaluated, and the results provided in Tables
15-18. The trends for cumulative CO, capture rate during start-up are illustrated in Figures 32
and 41 for the November 2020 and June 2020 test campaigns, respectively. We can
guantitatively compare the performance of hot and cold start-up, as well as understand the
guantitative impact of solvent inventory and delayed steam supply.
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Product basis vs absorbed CO; basis: Which is more important for SUSD?

As observed in the previous sections, the dynamics of the absorption column are driven by
the L/G ratio (e.g., gas flow rate) and reaction, whereas the stripper dynamics is mainly
dictated by the heat capacity of the equipment and fluid. The process dynamics of the stripper
section is slower than the absorption section, and the behaviour occurs over a longer
timescale. Whilst the absorption of CO; is relatively immediate, there will be a delay before
CO; product is generated on the stripper side. Consequently, if we only consider the initial 82
min of start-up operation, which is the most dynamic region, the cumulative amount of CO»
absorbed will always be greater than the cumulative CO; product. Hence, the cumulative CO-
capture rate on a product basis (Table 15) generally has lower values compared to the
cumulative CO; capture rate based on absorbed CO- (Table 17). Conversely, the cumulative
specific reboiler duty is higher when calculated on a product CO; basis compared to absorbed
CO:a..

Under steady state operation, the CO; capture rate calculated on a product basis is
comparable to the CO; capture rate based on absorbed CO,, and the two metrics can be used
interchangeably. However, under highly dynamic conditions, the values for these two metrics
differ significantly. In the context of start-up and shutdown operation, the amount of residual
CO; emissions from the process is of greater concern as this is the CO, released into the
atmosphere. The residual CO, emissions are directly related to the amount of absorbed CO..
Therefore, we will focus on the insights from the results of cumulative performance based on
the absorbed CO., i.e., the results in Table 17, Table 18 and Figure 24 (C) & (D). For specific
reboiler duty, it is still important to consider this on the basis of absorbed CO; as well as
product CO,. The key general observations are summarised below.

Cold start-up: Large versus small solvent inventory

The cold start-up using the larger 53 m? of inventory required more reboiler steam energy on
a MJ basis compared to the 42 m® case, and consequently, it had slightly higher specific
reboiler duty. Another benefit of the smaller 42 m?® inventory system for cold start-ups is a
reduction in the time required to reach steady state, 69 min compared to 82 min in the 53 m3
system (Table 13). However, the cumulative CO; capture rate (absorbed CO; basis) over 82
min with the 53 m? inventory is higher at 77.8% compared to the 42 m® case, which only
captured 74.7 %. When considering a 200 min period, the cumulative CO; capture rate for the
larger 53 m® solvent inventory still exceeds that of the 42 m3 system.

For cold start-ups, a smaller inventory may help reduce stabilisation time and slightly reduce
energy requirements. However, a larger solvent inventory will provide higher cumulative CO
capture rates, and thus would reduce the residual CO, emissions.

Hot start-up: Large versus small solvent inventory

For the hot start-up cases, the two solvent inventory cases had very similar cumulative CO
capture rate (absorbed CO, basis) over 82 min, with 42 m® capturing 90.0% and 53 m?
capturing 90.3%. As less CO; is absorbed (kg amount in Table 17) in the 42 m3 case, the
cumulative specific reboiler duty on a MJ/kg absorbed CO- basis is slightly higher. Hot start-
up with the larger 53 m? inventory absorbs much more CO; (Tables 17 and 18), which leads
to much lower cumulative specific reboiler. As Figure 21 shows, the 53 m? system has more
low loading solvent available upon start-up, providing a buffering effect so that the lean loading
can stay relatively constant, whereas the 42 m? system exhibits a small increase in lean
loading which reduces the total amount of absorbed CO..
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As discussed in section 3.7.4.4, the steady state capture rate of the 42 m® test was higher
(88%) compared to the 53 m® case (83%) due to the difference in flue gas CO, content. When
a longer 200 min period was considered for the cumulative CO, capture rate, the smaller
inventory 42 m*® system captured more CO, at 88.5%, compared to the 53 m? test which
achieved 86.4% capture rate. Therefore, assuming the same flue gas CO; content and plant
configuration, the inventory volume size has very little impact on the residual CO2 emissions
during hot start-up.

Aside from the potential reduction in solvent consumption costs with the smaller inventory
systems, the results indicate possible technical benefits for hot start-up performance as well.
Over 82 minutes, the cumulative CO- capture rate on a product CO; basis is 64% for the
smaller 42 m3 system, capturing more CO- than the 53 m?® system at 53%. With the smaller
inventory volume, there is a shorter solvent circulation time, and the effects of solvent
regeneration are observed on a faster time scale. Therefore, for a given time period, the
smaller inventory system will generate more product CO2 and a higher product basis CO;
capture rate is observed. Consequently, the smaller inventory system has a lower specific
reboiler duty on a product basis (MJ/kg product CO,). Note, this is just a reflection of the
process dynamics, and not an indicator of the CO, emissions from the plant. For CO, capture
performance, the CO; capture rate % on an absorbed CO; basis provides a better indication
of the residual CO; emissions.

Effect of steam availability

The impact of steam availability on the performance was evaluated for hot start-up using 42 m?
solvent inventory. Delaying steam availability by 20 minutes had a clear impact on the CO;
capture performance of the plant. Delaying the steam supply increases the time required to
heat the reboiler, meaning the start-up time (tsu) increases from 19 to 45 min, and the time to
reach steady state (tss) increases from 42 to 63 min. Although delaying steam availability
reduced the specific reboiler duty, the 82 min cumulative CO- capture rate based on absorbed
CO; decreased to 78.8% compared to the normal hot start-up which cumulatively captured
88.5%. The impact was even greater in the case of cumulative CO- capture rate on a product
basis, with delayed steam reducing product basis capture rate to 35.4% from 64.0% for the
normal hot start-up. Hence, making steam available for the CO, capture plant as early as
possible is critical to maximise the CO, capture rate and minimise residual CO2> emissions
during start-up.

Cold start-up versus hot start-up

Cold start-ups take significantly longer to reach steady state conditions compared to hot start-
ups. For a system using 53 m? of inventory, the time required before CO; product flow reached
steady state (tss) was 82 min for a cold start-up, and 40 min for a hot start-up. Similarly, the
time before CO, product flow begins (tsu) is also longer in the case of cold start-ups, which
can take up to 47 min, whereas hot start-ups only take 19—22 min (Table 13). As shown earlier,
a large decrease in the online CO; capture rate occurs with cold-start-ups (C & D Figure 18),
however, this does not occur for hot start-up scenarios (B & D Figure 21). Consequently, the
cold start-ups cumulatively captured less CO- and have higher specific reboiler duty compared
to hot start-ups, both on a product CO; basis and absorbed CO, basis. For a start-up period
of 82 minutes in a system with 53 m? of inventory, a cold start-up cumulatively captured 78%
(absorbed CO; basis), whereas a hot start-up cumulatively captured 90%—a difference of 12%.
When considering the smaller inventory system and the capture rate on a product CO; basis,
the difference in capture rate between cold vs hot becomes even greater (~30%). The 82 min
cumulative capture rate on a product basis for 42 m? inventory system is 34% for the cold
start-up, and 64% with the hot start-up.
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Table 15: Product CO2 basis calculations of cumulative capture rate and specific reboiler duty over 82 minutes.
This is calculated from the cumulative amounts of CO: in the different streams and the cumulative steam energy.
The cumulative residual CO2 emissions is the difference between the supply CO:2 and the absorbed CO:..

Start-up Cumulative amount of CO, over 82 min period (kg) Steam Cumulative Cumulative

conditions Supply Product Absorbed Supply - energy (MJ) specific CO; captured,
CO, CO, CO, Absorbed reboiler duty product CO,

(MJ/kg COy) basis (%)

Cold SU53 m® 4197.7 1278.6 3266.1 931.6 16156.2 12.64 30.5

Cold SU 42 m® 42714 1447.6 3190.6 1080.8 15409.9 10.64 33.9

Hot SU 53 m® 4559.1 2396.3 4116.3 442.8 15477.9 6.46 52.6

Hot SU 42 m® 4105.5 2628.2 3692.9 412.7 14874.9 5.66 64.0

Hot SU 42 m® 4280.0 1514.5 3224.6 1055.4 8944.6 5.91 354

delayed steam

Table 16: Product CO2 basis calculations of cumulative capture rate and specific reboiler duty over 200 minutes.
This is calculated from the cumulative amounts of CO: in the different streams and the cumulative steam energy.
The cumulative residual CO2 emissions is the difference between the supply CO2 and the absorbed COx.

Start-up Cumulative amount of CO, over 200 min period (kg) Steam Cumulative Cumulative

conditions Supply Product Absorbed Supply — energy (MJ) specific CO, captured,
CO, CO, CO, Absorbed reboiler duty product CO,

(MJ/kg COy) basis (%)

Cold SU 53 m® 10779.9 7302.0 8698.1 2081.8 40714.3 5.58 67.7

Cold SU 42 m? 10888.4 7473.5 8530.5 2357.9 39868.0 5.33 68.6

Hot SU 53 m® 11595.7 8209.1 10022.2 1573.6 39817.7 4.85 70.8

Hot SU 42 m® 10622.2 8358.6 9394.8 1227.4 39296.5 4.70 78.7

Hot SU 42 m® 10985.3 7553.3 8656.6 2328.7 33662.7 4.46 68.8

delayed steam

Table 17: Absorbed CO:2 basis calculations of cumulative CO: capture rate and specific reboiler duty over
82 minutes. This is calculated from the cumulative amounts of COz: in the different streams and the cumulative
steam energy. The cumulative residual CO2 emissions is the difference between the supply CO2 and the absorbed
CO:o.

Start-up Cumulative amount of CO, over 82 min period (kg) Steam Cumulative Cumulative

conditions Supply Product Absorbed Supply — energy (MJ) specific CO; captured,
CO, CO, CO, Absorbed reboiler duty | absorbed CO,

(MJ/kg COy) basis (%)

Cold SU 53 m® 4197.7 1278.6 3266.1 931.6 16156.2 4.95 77.8

Cold SU 42 m® 4271.4 1447.6 3190.6 1080.8 15409.9 4.83 74.7

Hot SU 53 m® 4559.1 2396.3 4116.3 442.8 15477.9 3.76 90.3

Hot SU 42 m® 4105.5 2628.2 3692.9 412.7 14874.9 4.03 90.0

Hot SU 42 m® 4280.0 1514.5 3224.6 1055.4 8944.6 2.77 75.3

delayed steam

Table 18: Absorbed CO: basis calculations of cumulative CO2 capture rate and specific reboiler duty over
200 minutes. This is calculated from the cumulative amounts of CO: in the different streams and the cumulative
steam energy. The cumulative residual CO2 emissions is the difference between the supply CO2 and the absorbed
CO:a.

Start-up Cumulative amount of CO, over 200 min period (kg) Steam Cumulative Cumulative

conditions Supply Product Absorbed Supply — energy (MJ) specific CO, captured,
CO, CO, CO, Absorbed reboiler duty | absorbed CO,

(MJ/kg COy) basis (%)

Cold SU 53 m® 10779.9 7302.0 8698.1 2081.8 40714.3 4.68 80.7

Cold SU 42 m® 10888.4 7473.5 8530.5 2357.9 39868.0 4.67 78.3

Hot SU 53 m® 11595.7 8209.1 10022.2 1573.6 39817.7 3.97 86.4

Hot SU 42 m® 10622.2 8358.6 9394.8 1227.4 39296.5 4.18 88.5

Hot SU 42 m® 10985.3 7553.3 8656.6 2328.7 33662.7 3.89 78.8

delayed steam
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The difference between the CO, capture rate for hot and cold start-ups becomes smaller once
steady state operation is considered, however, hot start-up still captured more CO, than cold
start-up. This effect is illustrated in the 200 min cumulative performance results. The difference
between the cumulative capture rate on an absorbed CO: basis for hot and cold start-up
ranges from 6-10%. For product basis cumulative capture rate over 200 min, the difference
between hot and cold start up is 3—10%.

A Start-up 82 min: Cumulative CO, capture performance product basis B Start-up 200 min: Cumulative CO, capture performance product basis

100 20 100 20
90 4 I 18 90 4 b 18
80 4 F 16 80 4 — I 16

= 704 I 14 = 704 — I ez b 14

g ° — £

5 5

£ 60 4 |12 £ 60 4 L 12

g ° 3

S50 4 I 10 S50 4 L 10

(") (")

P P

= 40 L8 = 40 X

= =

] ]

E E

5 5

o o

Cumulative specific reboiler duty product basis (MJ/kg CO.)
Cumulative specific reboiler duty product basis (MJ/kg CO.)

L ]
30 4 Y 6 30 4 L6
[ ] [ ] ™ ° - o

20 4 L4 20 4 L a

10 A F2 10 4 2

0 0 0 0

ColdSUS53m* Cold SU42m* HotSUS3m® HotSU42m® HotsSU42m? ColdSUS53m® ColdSU42m® HotSU53m* HotSU4Zm® HotSU4zm®
delayed steam delayed steam
O Cumulative CO; capture % @ Cumulative reboiler duty O Cumulative CO; capture % @ Cumulative reboiler duty
C Start-up 82 min: Cumulative CO, capture performance absorbed basis D Start-up 200 min: Cumulative CO, capture performance absorbed basis
100 10 _ 100 10 _
g )
90 - — — Fa 9 90 A g o 2
¥ — F
5 5
80 be = 804 — — }8 =
g ] g g g
> 70 L7 © > 70 L7 ©
@ o @ o
£ 2 £ 2
S 60 4 re &5 2 60 4 F 6 5
5 4 < 2
5 50 4 b S S 50 4 F5 =
g C . z 8 ] [} E
2 a0 ° 4 3 2 a0 ° L] La
i L 2 3 ® &
£ 30 L3 g £ 30 L3 3
E ] = H =
o &2 o =2
20 4 25 20 4 2 £
@ @
a s
10 4 1 ¢ 10 4 1 g
5 s
0 0 3= 0 0 3=
ColdSU53m* ColdSU42m® HotSUS3m® HotSU42m® HotSU42m?® £ ColdSUS3m® ColdSU42m* HotSUS3m® HotSU42m® HotSU 42 m* E
delayed steam b delayed steam g
O Cumulative CO; absorbed % ® Cumulative reboiler duty O Cumulative CO; absorbed % @ Cumulative reboiler duty

Figure 24: Cumulative CO2 capture rate and reboiler duty calculated based on the cumulative amounts of product
CO:2 (A & B) and absorbed CO2 (C & D). The numbers are from the Tables 15 to 18.

3.7.5 Shutdown performance: Effect of solvent inventory volume

The shutdown tests summarised in Table 19 demonstrate the effect of using 53 m® and 42 m?
inventory volumes on shutdown performance, including shutdown time, CO, emissions and
energy requirements. The case called “SD 53 m? (2) volume adjusted” is not comparable with
the others due to the sudden CO. product decrease, which corresponds to the volume
adjustment from 53 to 42 m? that occurs midway through the shutdown (Figure 27). Hence,
this case was omitted from the performance evaluation. The similarity in the dynamic trends
across the remaining shutdown cases in Figure 26 and Figure 27 (i.e., SD 53 m® (1),
SD 42 m3 (1), SD 42 m?3 (2)) indicates these tests are comparable.
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Table 19: Calculations of cumulative amounts of COz, energy and specific reboiler duty over the shutdown period.
*This shutdown included an inventory volume adjustment from 53 m? to 42 m3, consequently, less product CO2 is
generated compared to SD 53 m? (1). This case cannot be used for comparison of performance.

Shutdown Shut- Cumulative amount of CO; over time period (kg) Steam Cumulative specific

scenario down Supply Product Absorbed Supply — | Supply — | energy reboiler duty,
time, tsp CO, CO, CO, Absorbed Product (MJ) product basis

(min) (MJ/kg COy)

SD 53 md

(1) 61 242.2 2273.9 204.2 38.0 -2031.6 12810.5 5.63

SD53md

(2) volume

adjusted* 66 302.5 2037.4 272.2 30.3 -1734.9 | 127425 6.25

SD 42 m®

(1) 53 179.4 1506.8 160.1 19.3 -1327.4 9778.2 6.49

SD 42 m®

(2 39 145.3 1476.1 129.8 15.6 -1330.8 9452.2 6.40

The shutdown time is a function of the solvent volume and the steam supply. The shutdown
required more time with the larger 53 m? solvent inventory as a greater volume of solvent is
being processed in the stripper section, assuming constant amine flow rate. The shutdown
with the larger 53 m? inventory also requires more steam energy on a MJ basis to lean out the
solvent volume compared to the shutdown tests with 42 m? inventory. However, the shutdown
with 53 m? of solvent recovers significantly more product CO, (2274 kg CO,) than the 42 m®
tests (1476-1507 kg CO»). Thus, the shutdown test with 53 m?® inventory has a lower specific
reboiler duty (5.63 MJ/kg CO>) in comparison with the 42 m? tests (6.40-6.49 MJ/kg CO>).

During shutdown, the amount of cumulative supply CO: is quite low as no flue gas is being
fed into the system. However, a large amount of product CO; is recovered during shutdown
through the solvent lean out step, i.e., 1476—-2274 kg CO2, depending on the inventory volume.
This CO- product could potentially counterbalance most, or possibly all, of the CO2 emissions
associated with start-up. To test this hypothesis, the following section analyses the combined
performance of both start-up and shutdown together.

Figure 25 illustrates the effect of shutdown on the temperature inside the absorber and stripper
columns. A comparison of the 53 m? shutdown test with one of the 42 m? tests shows that the
dynamic behaviour for the column temperature profiles is essentially the same. As the flue gas
ramps down, the absorber temperature bulge shifts from the middle towards the bottom of the
absorber column. Once the flue gas is completely off, the absorber temperature profile
becomes flat and horizontal, indicating there is no more CO;, absorption. The stripper
temperature profile remains constant until the steam flow rate is turned off once shutdown
finishes. An observable decrease in the stripper temperature begins around one hour after
steam is switched off.

In Figure 26 (F), there is a discrepancy between online rich loading and the lab measurement
point. The time used for the loading correlation plots are dictated by the clock settings of the
instrumentation and control system. In contrast, the solvent loading points are plotted from
times manually recorded by the plant operators when the solvent samples were taken. This
can lead to the occasional mismatch in the timestamps between the online and manual
readings of CO; loading, as observed in Figure 26 (F).
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Figure 25: Absorber (left) and stripper (right) temperature profiles for shutdown. For the 53 m? solvent inventory
case (A & B), flue gas flow begins to turn off around 09:05 and the steam is shut off around 10:15. For the 42 m3
inventory case (C & D), flue gas flow starts to turn off around 18:01 and the steam is shut off at 19:02.
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Figure 26: Process changes for the shutdown of the plant using different solvent inventory volumes of 53 m3 (A,

C & E) and 42 m3 (B, D & F), which correspond to SD 53 m? (1) and SD 42 m? (1) in Table 19, respectively.
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Figure 27: Process changes for the shutdown of the plant using different solvent inventory volumes for SD 53 m3
(2) and SD 42 m?® (2) in Table 19, which corresponds to A, C & E and B, D & F, respectively.
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3.7.6 Combined performance of start-up and shutdown periods

3.7.6.1 Accounting for CO2 emissions from an auxiliary boiler

The CO; capture plant requires steam for solvent regeneration, supplied from steam extraction
between the IP and LP turbines of the power plant steam cycle.?® 2 Steam extraction from the
power plant is possible during steady state operation at full load, but is not possible during
start-up and shutdown of the power plant. Alternatively, an auxiliary boiler or dedicated CHP
plant could be used to supply steam to the capture plant during periods when steam extraction
from the power plant is unavailable. However, the use of an auxiliary boiler or CHP plant will
have an associated CO, emissions penalty.9

In this section, we assume a natural gas or heat/steam emission factor of 50 kg CO./GJ* to
calculate the CO, emissions associated with the use of an auxiliary boiler for the following
instances:

e Upon start-up of a power plant with CO; capture, there is a delay in steam supply which
is estimated to be around 20 min for hot start-ups, and 60 min for cold start-ups.**

e During shutdown, steam is required to “lean out” the solvent for a period of time.
However, as this occurs after the power plant has shut down, the supply of shutdown
steam for solvent lean out will likely come from an auxiliary boiler.

The combined performance of start-up (SU) & shutdown (SD) is evaluated using Equations 8
to 13 under the following scenarios:

1) Performance without an auxiliary boiler
Product CO; basis

SU steam energy (M]) + SD steam energy (M]) (8)

SUSD Reboiler duty (M]/kg CO,) = SU product CO, (kg) + SD product CO, (kg)

SU product CO, (kg) + SD product CO, 9)
SUSD CO t %) = X 1009
2 capture (%) SU supply CO, (kg) + SD supply CO, (kg) %

Absorbed CO; basis

SU steam energy (M]) + SD steam energy (M]) (20)
SU absorbed CO, (kg) + SD absorbed CO, (kg)

SUSD Reboiler duty (M]/kg CO,) =

SUSD CO, capture (%) = SU absorbed €O (kg) + SD absorbed CO, X 100% ()
2 CAPHITE A7) = SU supply €O, (kg) + SD supply CO, (kg) ’

2) Performance with an auxiliary boiler for shutdown
Product CO: basis

SUSD Reboiler duty (M]/kg CO,) = (12)
SU steam energy (M]) + SD steam energy (M])

SU product CO, (kg) + SD [product CO, (kg) — auxiliary boiler CO, (kg)]

9 There will likely be a cost penalty as well, however, the evaluation of cost was outside the scope of this study.
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SUSD CO, capture (%)
_ SU product CO, (kg) + SD [product CO, (kg) — auxiliary boiler CO, (kg)]

SU supply CO, (kg) + SD supply CO, (kg)

X 100%

Absorbed CO; basis

SUSD Reboiler duty (M]/kg CO,) =
SU steam energy (M]) + SD steam energy (M])

SU absorbed CO, (kg) + SD [absorbed CO, (kg) — auxiliary boiler CO, (kg)]

SUSD CO, capture (%)
_ SU absorbed CO, (kg) + SD [absorbed CO, (kg) — auxiliary boiler CO, (kg)]

SU supply CO, (kg) + SD supply CO, (kg)

X 100%

3) Performance with an auxiliary (aux) boiler for start-up and shutdown

Product CO; basis

SUSD Reboiler duty (M]/kg CO,) =
SU steam energy (M]) + SD steam energy (M])

SU [product CO, (kg) — aux boiler CO, (kg)] + SD [product CO, (kg) — aux boiler CO, (kg)]

SUSD CO, capture (%)
_ SU [product CO, (kg) — aux boiler CO, (kg)] + SD [product CO, (kg) — aux boiler CO, (kg)]

SU supply CO, (kg) + SD supply CO, (kg)

X 100%

Absorbed CO; basis

SUSD Reboiler duty (M]/kg CO,) =
SU steam energy (M]) + SD steam energy (M])

SU [absorbed CO, (kg) — aux boiler CO, (kg)] + SD [absorbed CO, (kg) — aux boiler CO, (kg)]

SUSD CO, capture (%)
_SuU [absorbed CO, (kg) — aux boiler CO, (kg)] + SD[absorbed CO, (kg) — aux boiler CO, (kg)]

SU supply CO, (kg) + SD supply CO, (kg)
x 100%

3.7.6.2 Performance: Combined start-up 82 min and shutdown

(13)

(14)

(15)

(16)

(17)

(18)

(19)

The performance characteristics of start-up are different to shutdown as demonstrated in
Table 21. The volume of solvent inventory is lean at the beginning of each new start-up. This
lean solvent has the capacity to temporarily “store” CO; in the system. As the plant reaches
steady state, the liquid on the absorber side is CO»-rich, and CO»-lean on the stripper side. As
the plant transitions into the shutdown phase, leaning out of the solvent to a target loading
(the start-up loading) releases a significant amount of product CO,, i.e., the “stored” CO: in
the system. The cumulative amounts of CO, corresponding to periods of 82 min start-up with
the relevant shutdown and auxiliary boiler emissions are presented in Table 20. The capture
performance of start-up and shutdown was evaluated separately in sections 3.7.4 and 3.7.5
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(summarised in Tables 21 and 25). However, in this section, we evaluate the combined start-
up (SU) and shutdown (SD) performance on a product CO; basis (Table 22) and absorbed
CO; basis (Table 23), illustrating the impact of one start-up and shutdown cycle.

Table 20: Cumulative amount of CO2 over 82 min in the supply and product streams, and the absorbed COz. The
difference between supply and absorbed CO:2 corresponds to the cumulative amount of residual CO2 emitted over
82 min. The CO2 emissions for an auxiliary boiler to supply steam energy is based on the assumptions that a cold
start-up requires the auxiliary boiler for 60 min and hot start-up requires it for 20 min. Auxiliary boiler emissions
assumed an emissions factor of 50 kg CO2/GJ. For hot SU 42 m3 20 min delayed steam, no steam was provided
for 20 min, thus auxiliary boiler emissions are zero.

82 min start-up Cumulative amount of CO, over time period (kg) Cumulative CO,
Sdoun (sp) | SuPply COz | ProductCO, | Absorbed | Suply - | Supply | CERGESIOR
varied duration energy (kg)
= auxiliary boiler CO,

Cold SU 53 m® 4197.7 1278.6 3266.1 931.6 2919.1 579.0
Cold SU 42 m® 4271.4 1447.6 3190.6 1080.8 2823.7 539.0
Hot SU 53 m® 4559.1 2396.3 4116.3 442.8 2162.8 132.7
Hot SU 42 m® 4105.5 2628.2 3692.9 412.7 1477.4 102.7
Hot SU 42 m® 4280.0 1514.5 3224.6 1055.4 2765.5 0.0
delayed steam

SD53m? 2422 2273.9 204.2 38.0 -2031.6 640.5

SD 42 m? 302.5 2037.4 272.2 30.3 -1327.4 488.9

SD53m? 179.4 1506.8 160.1 19.3 -1330.8 472.6

SD 42 m? 145.3 1476.1 129.8 15.6 -1329.1 480.8

Table 21: Cumulative CO2 capture performance of start-up (82 min) and shutdown scenarios, without auxiliary
boiler emissions.

Product CO; basis Absorbed CO; basis
?éun;igjgit;;pof Cumulative specific Cumulative CO, Cumulative specific Cumulative CO,
ohut &own (SD) reboiler duty captured reboiler duty captured
varies (MJ/kg COZ) (%) (MJ/kg COZ) (%)
Cold SU 53 m? 12.64 30.5 4.95 77.8
Cold SU 42 m? 10.64 33.9 4.83 74.7
Hot SU 53 m® 6.46 52.6 3.76 90.3
Hot SU 42 m® 5.66 64.0 4.03 90.0
Hot SU 42 m® 591 35.4 2.77 75.3
delayed steam
SD 53 m? 5.63 939 62.73 84.3
SD 42 m? 6.49 840 61.07 89.2
SD 42 m? 6.40 1016 72.84 89.3

Combined SUSD: Comparison of product CO; basis vs absorbed CO; basis

One main observation of the combined SUSD performance (Tables 22 and 23) is that the CO-
capture rate on a product CO; basis is generally higher compared to absorbed basis — this is
the case for most of the SUSD scenarios. The exception being the scenario with cold SU 42 m?3
& SD, where the absorbed basis capture rate is higher than the product basis. The observed
trends of the two CO. capture rate metrics are driven by the different proportions of supply
CO,, absorbed CO; and product COs.

The capture rate metric used to benchmark the different scenarios needs to be representative
of both the start-up and shutdown phases of operation. To explain the difference between the
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capture rate methods, we will first consider the performance of the cold start-up and shutdown
with 53 m? inventory individually. As shown in Table 20:

o Cold start-up over 82 min had 1279 kg product CO,, 3266 kg absorbed and 4198 kg
supply.

¢ Shutdown with the same inventory generated significantly more product CO. than
absorbed CO; and had very low supply CO, i.e., 2274 kg product, 204 kg absorbed
and 242 kg supply.

For the start-up period only, the capture rate on an absorbed CO; basis is much higher (77.8%)
than the product basis (30.5%). In contrast, the capture rate on an absorbed basis for
shutdown alone was 84.3%, whereas the product basis capture was 939% owing to the
product CO; being over 9 times more than the supply CO.. Importantly, there is very low supply
CO; during shutdown compared to the very high amounts of product CO,. When combining
start-up performance with shutdown, the low amounts of product CO;, during start-up is
counterbalanced by the very high amounts of product CO, during shutdown. Although the
product basis capture rate for start-up alone was only 30.5%, the combined SUSD capture
rate was 80.0% (i.e., Table 22, cold SU 53 m® & SD without an auxiliary boiler). Therefore, the
product basis capture rate can be used to benchmark the combined SUSD scenarios.

In contrast, capture rate on an absorbed basis is an unsuitable metric for combined SUSD
performance. Owing to the small supply CO-, shutdown has a very small amount of absorbed
COg, hence, the combined SUSD capture rate on an absorbed basis is similar to that of start-
up alone:

e Cold start-up alone with 53 m? inventory captures 77.8% on an absorbed basis,
e Cold SU & SD with 53 m® inventory captures 78.2% on an absorbed basis.

Similarly, for 42 m® solvent inventory, the capture rate on an absorbed basis of the combined
cold SU & SD is almost the same as cold start-up alone:

e Cold start-up alone with 42 m? inventory captures 74.7% absorbed basis,
e Cold SU & SD with 42 m?® inventory capture 75.2% absorbed basis.

As demonstrated here, the two capture rate metrics (absorbed vs product CO,) serve different
purposes and should be used for specific phases of operation, e.g., just for start-up alone, or
combined SUSD performance. The recommended cumulative CO- capture rate metrics for:

e Start-up alone or shutdown alone: should consider both product CO, and absorbed
CO. metrics of capture rate; both relevant to demonstrate the desorption/stripper
performance and residual emissions (exiting absorber), respectively.

e Combined start-up and shutdown: capture rate on a product basis provides an
indication of the stripper side performance and is more relevant to shutdown. Thus,
capture rate on a product basis is a more meaningful metric for benchmarking of the
SUSD scenarios.

As this section is focused on benchmarking the combined SUSD scenarios, the cumulative
product basis capture rate is the preferred performance metric.

84



Start-up and shutdown protocol for power stations with CO2 capture

Table 22: Cumulative CO:2 capture performance on a product CO2 basis for start-up over 82 minutes combined
with the shutdown. The use of an auxiliary boiler may result in additional CO2 emissions (refer to Table 20). The
cumulative specific reboiler duty and cumulative CO2 captured are calculated assuming start-up and shutdown with
and without an auxiliary boiler. As there were two SD tests using 42 m3, both a mean value and a range in brackets
are provided

Product CO; basis Without an aucxiliary boiler With an auxiliary boiler for With an auxiliary boiler for SU

shutdown* & SD*

ggn?blir;\:za\r:/-itjhp (SV) Cgr;]:é%t(l:ve Cumulative C:r;:;ﬁit(l:ve Cumulative Cg?:é%téve Cumulative
shutdown (SD) reboiler duty CO, captured reboiler duty CO, captured reboiler duty CO, captured

(MJ/kg CO,) (%) (MJ/kg CO,) (%) (MJ/kg CO,) (%)
Cold SU 53 m® & SD 8.15 80.0 9.95 65.6 12.42 525
Cold SU 42 m® & SD 8.51 66.3 10.18 55.5 13.04 433

(8.50-8.53) (66.2-66.4) | (10.14-10.22) | (55.4-55.5) | (13.00-13.07) | (43.3-43.3)
Hot SU 53 m® & SD 6.06 97.3 7.02 83.9 7.26 81.2
Hot SU 42 m® & SD 5.94 96.5 6.73 85.3 6.93 82.9

(5.93-5.96) (96.5-96.6) (6.70-6.76) (85.1-85.4) (6.89-6.96) (82.7-83.0)
Hot SU 42 m® 6.17 67.7 7.35 56.8 7.35 56.8
delayed steam & SD (6.15-6.20) (67.6-67.8) (7.31-7.39) (56.8-56.9) (7.31-7.39) (56.8-56.9)

*Assumes that a cold start-up requires the auxiliary boiler for 60 min, hot start-up requires it for 20 min, and the auxiliary boiler is
used for the duration of shutdown.

Table 23: Cumulative CO2 capture performance on an absorbed CO:2 basis for start-up over 82 minutes combined
with the shutdown. The use of an auxiliary boiler may result in additional CO2 emissions (refer to Table 20). The
cumulative specific reboiler duty and cumulative CO2 captured are calculated assuming start-up and shutdown with
and without an auxiliary boiler. As there were two SD tests using 42 m3, both a mean value and a range in brackets
are provided

Absorbed CO; basis Without an aucxiliary boiler With an auxiliary boiler for With an auxiliary boiler for SU

shutdown* & SD*

82 min start-_up (sv) Cumul_a_tlve Cumulative Cumul_a_tlve Cumulative Cumul_a_uve Cumulative
combined with specific CO . captured specific CO. captured specific CO . captured
shutdown (SD) reboiler duty . cap reboiler duty 2 €ap reboiler duty . cap

(MJ/kg CO,) (%) (MJ/kg CO,) (%) (MJ/kg CO,) (%)
Cold SU 53 m® & SD 8.35 78.2 10.24 63.7 12.87 50.7
Cold SU 42 m® & SD 7.50 75.2 8.77 64.4 10.81 52.2

(7.49-7.52) (75.2-75.3) (8.73-8.80) (64.3-64.5) (10.77-10.84) (52.2-52.3)
Hot SU 53 m® & SD 6.55 90.0. 7.69 76.6 7.97 73.9
Hot SU 42 m® & SD 6.38 89.9 7.30 78.7 7.53 76.3

(6.36-6.40) (89.9-89.9) (7.26-7.33) (78.5-78.8) (7.49-7.56) (76.1-76.4)
Hot SU 42 m® 5.51 75.9 6.42 65.0 6.42 65.0
delayed steam & SD (5.48-5.53) (75.8-75.9) (6.38-6.47) (64.9-65.1) (6.38-6.47) (64.9-65.1)

Effect of solvent inventory volume and auxiliary boiler emissions

The capture rate on a product basis for start-up alone is relatively low. The cumulative capture
rate improves considerable when evaluating start-up combined with shutdown. As shown,
using the 42 m?® inventory for a cold start-up alone has a capture rate on a product basis of
33.9% (Table 21), whereas combined SU & SD performance captures 66.3% on a product
basis (Table 22). For the 53 m® system, the capture rate (product basis) during cold start-up
alone was only 30.5%, whereas combined cold SU & SD achieved 80.0% capture rate
(product basis). The degree of capture rate improvement is much more significant for the
larger 53 m? inventory system compared to 42 m2. This is due to the lower amount of product
CO; recovered during shutdown with 42 m® of inventory (1445 kg product CO) compared to
53 m3 (2274 kg product CO,). A similar degree of capture rate improvement is observed when
combining hot start-up with shutdown, with the 53 m? system exhibiting a higher degree of
capture rate increase.
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The auxiliary boiler CO; emissions can have a major impact on the start-up and shutdown
performance, increasing the cumulative specific reboiler duty and reducing the cumulative CO-
capture rate. The degree of impact will vary with the type of start-up (hot vs cold) and the
solvent inventory volume (Table 22). Depending on the availability of steam from the power
plant, the periods requiring an auxiliary boiler can vary and may be needed for shutdown only
or both start-up and shutdown. For example, the cold start-up and shutdown case using 53 m?
of inventory shows that the use of an auxiliary boiler for start-up (i.e., 60 min) and shutdown
reduces the cumulative CO; capture rate from 80.0% to 52.5%, and increases specific reboiler
duty from 8.15 to 12.42 GJ/tco2 product basis. By accounting for the CO, emissions from the
auxiliary boiler, the overall amount of CO, captured is reduced, which decreases the
cumulative CO; capture rate and increases the specific reboiler duty (Equations 8 to 13). The
degree of performance reduction associated with the auxiliary boiler is smaller in the case of
hot start-ups. Accounting for auxiliary boiler emissions reduces product basis capture rate by
13.7-16.1% in the case of hot start-ups, whereas cold start-up capture rate reduces by 23.0-
27.5%.

For cold start-ups with shutdown, increasing solvent inventory from 42 m? to 53 m? increased
the CO; capture rate (product basis) by 9.3-13.7% points, depending on the auxiliary boiler
calculation scenario (Table 22). The larger solvent inventory also provided a small reduction
in specific reboiler duty. For hot start-up with shutdown, the increase in solvent inventory from
42 to 53 m? has an almost negligible impact on capture performance. The auxiliary boiler CO>
emissions, which are a function of solvent volume and start-up type, have a greater impact on
the overall capture performance. Once auxiliary boiler use is accounted for, hot start-up and
shutdown with the smaller 42 m® solvent inventory is observed to have slightly better
performance.

Effect of delayed steam availability

As expected, delaying the availability of steam by 20 min during start-up can be detrimental to
the CO, capture performance. Although the hot start-up with delayed steam case has the
lowest specific reboiler duty on an absorbed basis, it has the higher reboiler duty on a product
basis. Importantly, the cumulative CO, capture rate (product basis) reduced significantly by
26.0-28.9% points compared to the normal hot start-up using the same solvent inventory
volume. Of all the cases studied, the hot start-up with delayed steam has the lowest cumulative
CO; capture rate. The highest capture rates are achieved by cases using hot start-up or the
larger solvent inventory 53 m®.

3.7.6.3 Performance: Start-up 200 min and shutdown together

The analysis over 200 min demonstrates the effect of the steady state period on the overall
capture performance. Also, this will provide an indication of how start-up and shutdown
improvements will impact the performance when considering time periods closer to normal
operation, i.e., a complete cycle of start-up, stabilisation, steady state to shutdown.

The cumulative amounts of CO, corresponding to 200 min of start-up with the relevant
shutdown and auxiliary boiler emissions are provided in Table 24. These amounts of CO, were
used to evaluate the combined SUSD cumulative performance on a product and absorbed
CO; basis (Tables 26 and 27, respectively). The absorbed basis capture rate for start-up alone
(Table 25) and combined SUSD (Table 27) are almost the same value. Therefore, as
discussed previously, the product basis cumulative capture rate should be used to benchmark
the combined SUSD performance.

At steady state operation, the average online CO, capture rate was 83-88%. When
considering the longer 200 min start-up analysis period, the cumulative CO, capture rate
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moves closer to the online capture rate at steady state. Compared to the 82 min SUSD results,
the longer 200 min timeframe for SUSD analysis and lowers the cumulative specific reboiler
duty significantly. Without an auxiliary boiler, the specific reboiler duty across the 200 min SU
with SD scenarios ranged between 4.8-5.6 MJ/kg CO- (product basis), whereas the 82 min
SU with SD was 5.9-8.5 MJ/kg CO: (product basis).

Whilst the absolute numbers of the 200 min results may differ, the general trends (e.g., 53 m®
vs 42 m?, and cold vs hot start-up vs delayed steam) are essentially the same as the 82 min
results. For example, the larger solvent inventory improves the performance of cold start-ups
but may reduce performance during hot start-ups. The main difference is that the CO> capture
performance over the 200 min is influenced by steady state data, thus, leading to lower specific
reboiler duty and cumulative CO; capture rates closer to steady state values, i.e., Table 26.

Evidently, the impact of the auxiliary boiler CO> emissions will diminish with longer analysis
periods (e.g., 82 min vs 200 min). Accounting for auxiliary boiler emissions decreased the
capture rate for hot start-ups by 5.4-6.5%, whereas capture of the cold start-ups decreased
by 9.2-11.1%, i.e., only half the percentage reduction compared to the 82 min SUSD analysis.

Table 24: Cumulative amount of CO2 over 200 min in the supply and product streams, and the absorbed CO:. The
difference between supply and absorbed CO2 corresponds to the cumulative amount of residual CO2 emitted over
200 min. The CO2 emissions for an auxiliary boiler to supply steam energy is based on the assumptions that a cold
start-up requires the auxiliary boiler for 60 min and hot start-up requires it for 20 min. Auxiliary boiler emissions
assumed an emissions factor of 50 kg CO2/GJ. For hot SU 42 m3 20 min delayed steam, no steam was provided
for 20 min, thus auxiliary boiler emissions are zero.

200 min start-up Cumulative amount of CO, over time period (kg) (_:ur_nulative C(_)z
Sdoun (sp) | SuPply €Oz [ ProductCO, | Absorbed | Supply - | Supay | SEERIE R
varied duration energy (kg)

= auxiliary boiler CO,

Cold SU 53 m® 10779.9 7302.0 8698.1 2081.8 3477.9 579.0
Cold SU 42 m? 10888.4 7473.5 8530.5 2357.9 3414.9 539.0
Hot SU 53 m® 11595.7 8209.1 10022.2 1573.6 3386.6 132.7
Hot SU 42 m3 10622.2 8358.6 9394.8 1227.4 2263.6 102.7
Hot SU 42 m3 10985.3 7553.3 8656.6 2328.7 3432.0 0.0
delayed steam

SD 53 m® 242.2 2273.9 204.2 38.0 -2031.6 640.5

SD 42 m?® 302.5 2037.4 272.2 30.3 -1327.4 488.9

SD 53 m® 179.4 1506.8 160.1 19.3 -1330.8 472.6

SD 42 m® 145.3 1476.1 129.8 15.6 -1329.1 480.8

Table 25: Cumulative CO2 capture performance of start-up (200 min) and shutdown scenarios, without auxiliary
boiler emissions.

Product CO, basis Absorbed CO; basis
200 min start-up Cumulative specific Cumulative CO Cumulative specific Cumulative CO
SU), duration of P 2 P 2
ghut)c’iovl\J/:la(glg)o reboiler duty captured reboiler duty captured
varies (MJ/kg COZ) (%) (MJ/kg COZ) (%)
Cold SU 53 m® 5.58 67.7 4.68 80.7
Cold SU 42 m® 5.33 68.6 4.67 78.3
Hot SU 53 m® 4.85 70.8 3.97 86.4
Hot SU 42 m® 4.70 78.7 4.18 88.5
Hot SU 42 m® 4.46 68.8 3.89 78.8
delayed steam
SD 53 m® 5.63 939 62.73 84.3
SD 42 m® 6.49 840 61.07 89.2
SD 42 m® 6.40 1016 72.84 89.3

87




Start-up and shutdown protocol for power stations with CO2 capture

Table 26: Cumulative CO2 capture performance on a product COz basis for start-up over 200 minutes combined
with the shutdown. The use of an auxiliary boiler may result in additional CO2 emissions (refer to Table 24). The
cumulative specific reboiler duty and cumulative CO2 captured are calculated assuming start-up and shutdown
(i) without an auxiliary boiler, (ii) with an auxiliary boiler for shutdown, and (iii) with an auxiliary boiler for both start-
up and shutdown. As there were two SD tests using 42 m3, both a mean value and a range in brackets are provided.

Product CO; basis Without an aucxiliary boiler With an auxiliary boiler for With an auxiliary boiler for SU
shutdown* & SD*
200 min start-up Cumulative . Cumulative . Cumulative .
(SU) combined with specific C%urgzliﬂ\;:d specific C%un;:leltﬁ\:(ee d specific C%urzgliﬂ\::d
shutdown (SD) reboiler duty . cap reboiler duty 2 €ap reboiler duty . Ccap
(MJ/kg CO,) (%) (MJ/kg CO,) (%) (MJ/kg CO,) (%)
Cold SU 53 m® & SD 5.59 86.9 5.99 81.1 6.41 75.8
Cold SU 42 m® & SD 5.52 81.1 5.83 76.8 6.23 71.9
(5.51-5.53) (81.1-81.1) (5.82-5.85) (76.7-76.8) (6.21-6.24) (71.9-71.9)
Hot SU 53 m® & SD 5.02 88.6 5.35 83.1 5.42 82.02
Hot SU 42 m® & SD 4.97 91.3 5.22 86.9 5.28 85.9
(4.96-4.97) (91.3-91.3) (5.21-5.23) (86.8-87.0) (5.26-5.29) (85.9-86.0)
Hot SU 42 m® 4.78 81.1 5.05 76.8 5.05 76.8
delayed steam & SD | (4.77-4.79) (81.1-81.2) (5.04-5.07) (76.8-76.9) (5.04-5.07) (76.8-76.9)

*Assumes that a cold start-up requires the auxiliary boiler for 60 min, hot start-up requires it for 20 min, and the auxiliary boiler is
used for the duration of shutdown.

Table 27: Cumulative CO2 capture performance on an absorbed CO: basis for start-up over 200 minutes
combined with the shutdown. The use of an auxiliary boiler may result in additional CO2 emissions (refer to Table
24). The cumulative specific reboiler duty and cumulative CO2 captured are calculated assuming start-up and
shutdown (i) without an auxiliary boiler, (i) with an auxiliary boiler for shutdown, and (iii) with an auxiliary boiler for
both start-up and shutdown. As there were two SD tests using 42 m3, both a mean value and a range in brackets
are provided.

Absorbed CO; basis Without an auxiliary boiler With an auxiliary boiler for With an auxiliary boiler for SU
shutdown* & SD*
200 min start-up Cumulative . Cumulative . Cumulative .
(SU) combined with specific C%un;;lattllj\:: d specific C%ung:le;t&\:z d specific CCOunggIa;tllj\:: d
shutdown (SD) reboiler duty , cap reboiler duty , cap reboiler duty 2 cap
(MJ/kg CO,) (%) (MJ/kg CO,) (%) (MJ/kg CO,) (%)
Cold SU 53 m® & SD 6.01 80.8 6.48 75.0 6.97 69.7
Cold SU 42 m® & SD 5.70 78.5 6.04 74.2 6.46 69.3
(5.69-5.71) (78.5-78.5) (6.02-6.05) (74.1-74.2) (6.45-6.48) (69.2-69.3)
Hot SU 53 m® & SD 5.15 86.4 5.49 81.0 5.57 79.9
Hot SU 42 m® & SD 5.13 88.5 5.40 84.0 5.46 83.1
(5.12-5.14) (88.5-88.5) (5.39-5.41) (83.9-84.1) (5.45-5.48) (83.0-83.1)
Hot SU 42 m® 4.92 79.0 5.20 74.6 5.20 74.6
delayed steam & SD | (4.91-4.93) (78.9-79.0) (5.19-5.22) (74.6-74.7) (5.19-5.22) (74.6-74.7)

*Assumes that a cold start-up requires the auxiliary boiler for 60 min, hot start-up requires it for 20 min, and the auxiliary boiler is
used for the duration of shutdown.

3.7.7 Exploring strategies to improve SUSD performance

The shutdown performance is a function of the solvent inventory and the target CO. loading
(set for the solvent leaning out step). The process operating decisions for the shutdown
procedure are typically dictated by the performance requirements of start-up and steady state
(e.g., need to achieve a certain capture rate). As shown in Table 21, depending on the type of
start-up, the capture rates on a product CO- basis ranged between 30.5-64.0%, whereas
shutdown scenarios achieved 84.3—-90.0% (absorbed CO; basis) and has very low residual
emissions. Given that the lowest cumulative capture rates occur during the initial start-up
phase, there is strong potential for further performance improvement during the start-up
phase. Hence, the development of strategies that focus on improving start-up capture
performance should be the key priority.
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The next section with discuss different strategies that can be used to improve the SUSD
performance of an amine-based CO, capture plant. The process strategies include optimising
process operating conditions and low/high preheating of the plant during start-up.

3.8 Effect of preheating & operating conditions on start-up

In June 2020, tests simulating “improved” start-up and shutdown in the context of CCS with
gas-CCGT were conducted at the TCM CO- capture plant (Table 28). Constant solvent
inventory of 45 m? was used for four different start-up and shutdown tests; results provided in
Appendix D. As these tests used a similar shutdown procedure with the November 2020 tests
in the previous section, we will only focus on examining the start-up results for the June 2020-
tests, which show the effect of preheating on start-up performance.

Similar to the method used in Section 3.7.4.2, we select the greatest tss of 85 min to conduct
the cumulative CO, capture performance for each test. Additionally, the performance over
200 minutes will also be evaluated to demonstrate whether the impact of start-up changes will
be significant enough to impact steady state performance.

Table 28: Time when the CO2 product flow rate begins (tsu) and when steady state conditions are reached (tss)
after the flue gas flow starts in minutes. These tests were carried out during the June 2020 campaign using CESAR-
1 and had slightly different starting conditions. Average solvent concentration based on laboratory analysis of the
solvent samples: 25.5 wt% AMP 10.5 wt% PZ.

Label Start-up type | Conditions Start-up time: Time when
time when CO2 product
CO2 product flow reaches
flow starts, tsu steady state,
(min) tss (min)
Cold SU Cold start-up | 9 June: Preheat using 45 m?3 20 70
(1) with preheat | inventory
stgggnof:(ow of Start-up loading: 0.07-0.08 mol
g/h !
CO2/mol amine
Cold SU Cold start-up | 12 June: Preheat, adjustment 10 85
(2) with preheat | from 41.5 to 45 m3 inventory
stzesagg) fll((;\;\;]Of Due to the increased volum_e, the
vol a djust7 average solvent concentration for
this test reduced down to
23.0 wt% AMP 9.4 wt% PZ
Start-up loading 0.05 mol CO2/mol
amine
Hot SU (1) Hot start-up | 10 June: Preheat using 45 m3 15 60
with preheat | inventory
stgggnof:%v/vhof Sta_rt—up loading 0.10 mol CO2/mol
amine
Hot SU (2) Hot start-up | 11 June: High preheat start-up 15 70
with high using 45 m? inventory
preheat Start-up loading 0.05-0.07 mol
steam flow of CO2/mol amine
5000 kg/h

3.8.1 Impact of operating conditions on start-up capture performance

The main difference between the June and November 2020 test campaigns is the timing of
steam availability. In November 2020, the start-up tests introduced steam at the same time as
the flue gas flow rate, with one demonstrating a 20 min delay in steam — these tests are
considered “normal’ start-ups. In contrast, the June 2020 test results in this section
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demonstrate the effect of supplying steam before flue gas flow starts, which demonstrates the
effect of “preheating”, e.g., with an auxiliary boiler. Unlike the November 2020 tests where the
amine pumps remained on for the entire week, the start-up protocol for the June 2020 tests
also involved start-up of the amine pumps. Consequently, the amine flow rates fluctuate during
the initial period of start-up as the liquid flow stabilises (Figures 28 and 29).

As shown in Table 11, the plant conditions such as amine flow rates, amine composition, start-
up CO; loading and inventory volume for the June 2020 tests differ from the November tests.
These process parameters will have a direct impact on the CO, capture of the process. A
combination of factors could be contributing to the difference between start-up performance
across the June and November tests. Therefore, it would be difficult to attribute the difference
in performance to a single factor. However, within the set of June tests, it is possible to observe
the impact of preheating on the start-up performance (e.g., capture rate, start-up time).

The different operating conditions (e.g., amine concentration and flow rate) are some key
contributing factors to the higher capture rates in the June 2020 tests. The solvent used for
tests in the previous section had lower concentrations of 24.4 wt% AMP and 8.7 wt% PZ. In
contrast, the preheating tests used solvent with slightly higher concentrations of 25.5 wt%
AMP and 10.5 wt% PZ, which resulted in a greater proportion of CO- being absorbed. This is
illustrated through comparing with (B)/(D) of Figure 22 with (E)/(F) of Figure 29, which
corresponds to low and high amine concentration, respectively. The system with the higher
amine concentration has a smaller difference between the supply CO- (red line) and absorbed
CO; (yellow line). Another factor that could increase the amount of CO; captured is the higher
amine flow rate. These two factors resulted in higher steady state online CO; capture rates of
92.4-95.5% for the preheating tests, whereas the steady state capture rates for the November
tests reached 83—-88%. These operating parameters will mainly influence the steady state
capture performance, and the rate of change in the data. Consequently, this impacts the
comparability of the June 2020 cumulative capture rates against the November dataset. Thus,
we focus on observing the difference in dynamic behaviour rather than making a quantitative
comparison.

As shown by Figures 28 and 29, the start-ups with preheating have distinctively different
dynamic behaviour compared to “normal” start-up (e.g., Figure 18). For the preheating tests
in both the cold and hot start-ups cases, high online CO, capture rates of 98.8—99.3% were
achieved immediately after the flue gas flow begins, owing to the low start-up solvent loading
(0.05-0.10 mol CO,/ mol amine). This behaviour was also observed in tests without
preheating. However, tests that employed preheating allowed the CO, capture rate to remain
constant without any decline, this is due to the reboiler being near the set-point temperature
when flue gas is introduced. In contrast, without preheating, the online CO, capture rate would
decline gradually before increasing again, e.g., Figure 18 (C) & (D).

As shown in Tables 29 and 30, regardless of the time period, the preheating tests achieved
significantly higher cumulative CO: capture rates of 95-99% for absorbed CO: basis
compared to the November tests (75-90% in Tables 17 & 18). This can be attributed to the
combination of preheating before start-up, which avoids the decline in online capture rate, as
well as using process conditions that achieve higher capture rates, e.g., higher amine
concentration and amine flow rate.
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Figure 28: Process changes for cold start-up using 45 m? solvent inventory with preheating, i.e., starting the steam

flow before the flue gas. The period shown begins at the time steam flow starts plus an additional 200 minutes after

the flue gas enters. The cold start-up on 9 June 2020 (A, C & E) had constant inventory volume. However, the cold
start-up on 12 June 2020 (B, D & F) started with 41.5 m? of solvent inventory, and water was gradually added to
the system until the inventory was 45 m? — this diluted the Ceasar-1 concentration slightly.
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Figure 29: Process changes for hot start-up using 45 m® solvent inventory with preheating, i.e., starting the steam
flow before the flue gas. The period shown begins at the time steam flow starts plus an additional 200 minute after
the flue gas enters. The hot start-up on 10 June 2020 (A, C & E) started with 2500 kg/h steam flow for preheating.
The hot start-up on 11 June 2020 (B, D & F) started with 5000 kg/h steam flow for preheating, i.e., referred to as
the “hot start-up with high preheat”.

92



Table 29: Effect of preheating on start-up performance, refer to Table 28 for start-up conditions. The cumulative capture rate and specific reboiler duty (SRD) over 85 minutes is
calculated on a product COz basis and absorbed CO: basis. The cumulative residual CO2 emissions is the difference between the supply CO2 and the absorbed CO2. Preheat
auxiliary boiler emissions assumed an emissions factor of 50 kg CO2/GJ.

Start-up Inlet Cumulative CO; over preheat time + 85 min Total Preheat | Cumulative Product CO; basis Absorbed CO; basis Absorbed CO; basis,
conditions FG after flue gas flow starts (kg) steam steam preheating accounting preheating
with CO, energy energy, CO, CO, emissions
preheating conc | Supply | Product | Absorbed Supply — | (preheat e.g., emissions | Cumulative | Cumulative | Cumulative | Cumulative | Cumulative | Cumulative
CO, CO, CO, Absorbed + SU) from (kg) SRD CO, SRD CO, SRD CO,
vol% (MJ) auxiliary (MJ/kg captured (MJ/kg captured (MJ/kg captured
boiler COy) (%) CO,) (%) CO,) (%)
(MJ)
Cold SU (1) 4.0 3841.2 2532.4 3741.1 100.1 27110.8 | 11568.1 578.4 10.71 65.9 7.25 97.4 8.57 82.3
Cold SU (2) 3.9 | 4186.7 | 2534.9 4086.9 99.7 25429.4 | 9694.0 484.7 10.03 60.6 6.22 97.6 7.06 86.0
Hot SU (1) 3.8 4405.3 2768.6 4229.9 175.4 231745 7493.5 374.7 8.37 62.9 5.48 96.0 6.01 87.5
Hot SU (2) 3.9 | 3543.1 | 2726.8 3499.4 43.7 26299.4 | 10053.4 502.7 9.64 77.0 7.52 98.8 8.78 84.6
Hot SU (2)
corrected
preheattime | 3.9 | 3543.1 | 2726.8 3499.4 43.7 19532.0 | 3285.9 164.3 7.16 77.0 5.58 98.8 5.86 94.1

Table 30: Effect of preheating on start-up performance, refer to Table 28 for start-up conditions. The cumulative capture rate and specific reboiler duty (SRD) over 200 minutes
is calculated on a product CO2 basis and absorbed CO: basis. The cumulative residual CO2 emissions is the difference between the supply CO2 and the absorbed CO2. Preheat
auxiliary boiler emissions assumed an emissions factor of 50 kg CO2/GJ.

Start-up Inlet Cumulative CO, over preheat time + 200 Total Preheat | Cumulative Product CO; basis Absorbed CO, basis Absorbed CO; basis,
conditions FG min after flue gas flow starts (kg) steam steam preheating accounting preheating
with CO; energy energy, 2 CO; emissions
preheating conc | Supply | Product | Absorbed | Supply— | (preheat | e.g., from | emissions | Cumulative | Cumulative | Cumulative | Cumulative | Cumulative | Cumulative
CO, CO, CO, Absorbed + SU) auxiliary (kg) SRD CO, SRD CO, SRD CO,
vol% (MJ) boiler (MJ/kg captured (MJ/kg captured (MJ/kg captured
(MJ) COy) (%) COy) (%) COy) (%)
Cold SU (1) 4.0 9877.2 | 8428.9 9378.4 498.8 49384.3 | 11568.1 578.4 5.86 85.3 5.27 94.9 5.61 89.1
Cold SU (2) 3.9 | 10227.5 | 8607.3 9791.6 435.9 47574.3 9694.0 484.7 5.53 84.2 4.86 95.7 5.11 91.0
Hot SU (1) 3.8 10944.9 | 8594.8 10385.1 559.8 45186.3 7493.5 374.7 5.26 78.5 4.35 94.9 451 91.5
Hot SU (2) 3.9 9490.9 | 8458.9 9250.0 240.9 48441.1 | 10053.4 502.7 5.73 89.1 5.24 97.5 5.54 92.2
Hot SU (2)
corrected
preheat time | 3.9 9490.9 | 8458.9 9250.0 240.9 41673.6 3285.9 164.3 4.93 89.1 451 97.5 4.59 95.7




3.8.2 High preheating vs. low preheating

The degree of preheating had a negligible effect on the start-up time. As shown in Table 28,
the hot start-up cases with low preheating, Hot SU (1), and high preheating, Hot SU (2), had
comparable start-up times (tsu). As discussed earlier, the start-up time, i.e., when CO; flow
begins, is a function of the solvent circulation time, which in turn, is directly related to the
solvent inventory volume and amine flow rate. The June 2020 tests used a higher amine flow
rate with a medium inventory volume compared to November, thus, the June tests have
shorter start-up times (Table 28 vs. Table 13).

However, there is an observable relationship between the preheating steam flow rate and the
time at which the reboiler reaches set-point temperature. The two cold start-ups (Figure 28)
and the hot start-up (C in Figure 29) used a lower steam flow rate of 2500 kg/h for preheating,
and thus, had a gradual increase in reboiler temperature. Even when the flue gas flow rate
started, the reboiler temperature had not quite reached the set-point temperature, i.e., ~120°C.
A comparison of the two hot start-up results show that using 2500 kg/h of preheating steam
required up to 100 minutes to reach 120.5°C (from 07:50 to 09:30), whereas using 5000 kg/h
of steam for preheating reached 121.0°C in 30 minutes (07:40 to 08:10). Increased preheating
steam flow appears to provide a higher cumulative CO; capture rate on the basis of product
COg, with capture rate increasing from 63% to 77% for the 85 min start-up calculation, as
shown in Table 29. If steady state operation is considered in the calculation (Table 30 and
Figure 41), the cumulative product basis capture rate is still 10% higher for the high preheating
case compared to low preheating, i.e., 89% and 79%, respectively. In general, the preheating
tests resulted in higher cumulative capture rate on a product basis (Table 29 and Table 30)
compared to tests without preheating (Table 15 and Table 16).

The use of higher preheating rates before start-up of the CO, capture plant can be
advantageous, especially when considering interactions of the capture plant with downstream
processes. It provides the capture plant the ability to supply higher amounts of product CO in
a shorter timeframe, which means the capture plant can be more responsive to the
requirements of the CO, compression and transport system.

3.8.3 Preheating energy requirements & accounting for CO2 emissions
The Hot SU (2) test with high preheating also had higher the cumulative capture rate on an
absorbed CO; basis of 99% compared to low preheating (96%). The cold start-up tests both
used the same preheating steam flow rate, and thus, had similar cumulative CO, capture rates
based on absorbed CO..

Although the cumulative CO; capture rates may improve when preheating is used before start-
up, there is an increase in steam energy demand. Steam extraction from the power plant
steam cycle will not be available during the preheating phase of the capture plant start-up.
Consequently, an auxiliary boiler or CHP plant will be needed to provide steam for preheating,
which will incur a CO, emissions penalty. Tables 29 and 30 show the start-up performance for
the preheating tests, accounting for the CO> emissions associated with the preheating energy.

The cumulative CO, capture rates based on absorbed CO; substantially decrease once the
preheating CO., emissions have been accounted for, reducing from 96—99% down to 82—88%.
Therefore, the value of preheating could diminish when the energy that is used has high
carbon intensity. Here, we assumed a natural gas-fired auxiliary boiler, thus, to minimise the
residual CO; emissions of the system, preheating energy with low carbon intensity should be
considered. Whilst the cumulative capture rates for these cases appear low, it is also important
to observe the increasing trend in reboiler temperature to see if there was an excess of
preheating. If so, the cumulative CO, capture performance can be adjusted accordingly.



Start-up and shutdown protocol for power stations with CO2 capture

There was one case of excess preheating. As shown in Figure 29 (D), the reboiler temperature
reached set-point relatively quickly, i.e., within 30 minutes after 5000 kg/h of steam was
supplied at 07:50. This indicates that the preheating energy supplied before flue gas was
introduced between 08:10 and 08:50 was not required, thus representing approximately
40 minutes of excess preheating. This reduces the cumulative capture performance. To
provide a better representation of the cumulative performance for the high preheating case,
i.e., Hot SU (2), the preheating energy and CO. emissions were recalculated based on the
energy used to get the reboiler temperature to the target set-point (i.e., energy used in the first
30 min), plus the additional 85 minutes of operation after flue gas flow begins. Compared to
the low preheating cases, the high preheating test calculated with the adjusted/corrected
preheat time has considerably higher cumulative CO, capture rate of 94.1% and lower SRD
5.86 MJ/kg CO:..

The cumulative specific reboiler duties for the normal start-up tests without preheating were
considerably lower at 3.76—4.95 MJ/ kg CO., calculated based on absorbed CO; over 82 min.
For the start-up tests using preheating, the 85 min cumulative specific reboiler duties based
on absorbed CO: were between 5.48-7.52 MJ/kg CO.. The SRD increased slightly once the
CO; emissions from the auxiliary boiler used for preheating are accounted for.
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4 Conclusions

The objective of this study was to examine the potential for performance improvement during
start-up and shutdown of CO, capture processes in power plants. We conducted a series of
start-up and shutdown tests at the TCM CO- capture facility in Norway, an industrial-scale
absorption plant that captures CO; from a natural gas-fired CHP plant. Due to the highly
dynamic nature of the start-up and shutdown plant data, a unique analysis method was
developed to evaluate SUSD performance for this study. The results have improved our
understanding of SUSD behaviour, including the process dynamics and the effects on capture
performance. This evaluation helped identify novel operation strategies that can minimise time
requirements and CO, emissions associated with start-up and shutdown of power plants with
CCs.

The evaluation has identified key factors that influence the dynamics and performance of the
CO; capture plant during start-up and shutdown. We evaluate the performance in terms of
time requirements, amine and ammonia emissions, cumulative CO; capture rate and the
energy consumption. The key factors that were investigated in this study include:

¢ Flexible operation using an advanced solvent CESAR-1.

o Comparing cold start-up performance with hot start-ups.

e Combined effect of start-up and shutdown on overall performance.

e Effect of using different solvent inventory volumes, 53 m?3 versus 42 m®,

e Timing of steam availability on start-up time, different tests were conducted to show
steam introduced before (i.e., preheating), at same time and delayed steam supply,
i.e., steam flow starting after flue gas flow.

o Effect of solvent CO- loading on the capture performance during plant start-up.

The tests presented in this report are specific for plant operation with CESAR-1 solvent, which
is a blended amine consisting of AMP (26-27 wt%) and PZ (10-13 wt%). Although the
absolute numbers of the performance metrics and measurements may differ for power plants
and capture plants of different scale or different capture solvents, e.g., MEA, it is expected
that the general high-level insights from this work should be applicable to facilities of different
scales. Furthermore, over the course of all the tests with CESAR-1, the emissions of amine
and ammonia were well below the acceptable thresholds specified by TCM engineers?? (refer
to Section 3.7.1), and thus meets environmental emission standards.®® % Therefore, we do
not anticipate any environmental concerns associated with amine or ammonia emissions for
CO; capture plants using CESAR-1 (i.e., AMP + PZ).

Cold start-ups required twice as much time to reach steady state compared to hot start-ups.
A cold start-up with 53 m?® of inventory requires 82 min to reach steady state, whereas a hot
start-up with the same inventory volume only requires 40 min to reach steady state. The use
of a larger solvent inventory volume in the system increased the time required for the system
to reach steady state after start-up, it also increased the shutdown time. Delaying the steam
supply during start-up by a given time period was found to increase the start-up time by that
equivalent timeframe. For example, a 20 min delay in steam supply increased the start-up
time (tsu) and time to reach steady state (tss) by ~20 minutes.

The shutdown time is a function of the solvent volume and the steam supply. The shutdown
with the larger 53 m? solvent inventory required more time as a greater volume of solvent is
being regenerated. Consequently, shutdown with the larger inventory also required more
steam energy on a MJ basis to lean out the solvent compared to shutdown with a smaller
inventory. However, a large amount of product CO. is recovered during shutdown through the
solvent lean out step, i.e., 1476-2274 kg CO., depending on the inventory volume. When
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considering the cumulative capture of the start-up together with shutdown, this large amount
of shutdown CO- product counterbalances the CO, emissions associated with start-up.

To test this hypothesis, the combined performance of both start-up and shutdown was also
evaluated. Although absorbed based capture rate was preferred for the analysis of start-up
alone, in the case of combined SUSD performance, capture rate on a product CO; basis is a
more meaningful metric for benchmarking SUSD scenarios. The combined performance of
start-up (calculated over 82 min and 200 min) with shutdown confirmed that using a larger
solvent inventory is highly beneficial for cold start-up in terms of maximising the cumulative
CO; capture rate (product basis). However, solvent inventory volume has an almost negligible
effect on cumulative CO- capture in the case of hot start-ups. Hot start-up was found to have
significantly higher cumulative CO, capture rate and lower specific reboiler duty compared to
cold start-ups.

As this study demonstrates, the optimal CO;, capture performance during start-up and
shutdown of the plant needs to balance several factors. Namely, solvent inventory volume,
initial temperature (cold vs hot) and timing of steam availability (preheating vs steam & flue
gas at the same time vs delayed steam) are the key factors that influence the time
requirements and capture performance during start-up and shutdown. The preheating tests
demonstrated start-up protocols that combined several improvements to achieve high
cumulative CO. capture rates of 96-99% based on absorbed CO, over 85 min, whereas
conventional start-ups only achieving 75-90% capture on an absorbed CO, basis (function of
start-up type and solvent inventory volume). Furthermore, optimising the operating conditions
such as slightly higher amine concentration, higher L/G ratio and lower start-up solvent loading
can help maximise the cumulative CO; capture rate.

Owing to the low start-up solvent loading (0.05-0.11 mol CO/ mol amine) for all of the cold
and hot start-up tests, the initial online CO; capture rate started at high levels of 98—99%,
which were achieved immediately after the introduction of flue gas flow to the system. The
ability to sustain these high CO; capture rates depends on the volume of the solvent inventory,
amine concentration, starting solvent CO; loading, and the timing of steam supply to the
reboiler. The results indicate the importance of timely steam supply during start-up. Any delay
in steam supply to the capture plant significantly reduces the cumulative CO, capture rate,
thereby increasing the residual CO; emissions.

Conversely, start-up with preheating was shown to be a potentially valuable approach. Under
specific operating conditions, preheating can provide higher cumulative CO, capture rates
during start-up of the capture plant, thereby minimising the residual CO, emissions. To
maximise the value of preheating, a higher flow rate of steam supply can heat the system
faster. Also, the timing of steam supply is crucial to prevent excess preheating and minimise
auxiliary boiler CO, emissions. In this study we assumed a natural gas fired auxiliary boiler.
The results show that the value of preheating would diminish if the preheating rate was
insufficient (i.e., steam supply is too low), or poorly timed (i.e., excess preheating). Using
preheating energy with lower carbon intensity would further reduce residual CO, emissions of
the process and provide higher cumulative CO, capture rates. The decision to supply energy
for preheating will likely come at a cost, e.g., to install an auxiliary boiler, fuel cost. However,
in the context of net-zero emissions targets, the advantage of potentially achieving higher CO-
capture rates by preheating before start-up could outweigh the cost.

These results provide valuable insights around the potential implications of start-up and
shutdown at a process scale. This study provides data that characterises the performance of
a power plant with CCS during cold start-up, hot start-up and shutdown. The results provide
guantitative data around the fugitive CO, emissions and time requirements for each operating
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mode, also demonstrating the impact of measures that can enhance performance. The effect
of varying solvent inventory volume and potential operational improvements have been
identified. In summary, the key measures shown to improve performance include:

o Hot start-ups provided significantly higher cumulative CO, capture rates and lower
specific reboiler duty compared to cold start-ups. Also, hot start-ups reached steady
state much quicker than cold starts (around half the time).

e A larger solvent inventory will help maximise the cumulative CO, capture rate during
cold start-ups.

e Using a larger solvent inventory with shutdown is also advantageous as it increases
the amount of product CO, recovered through the solvent lean out step. In the case of
cold start-up, this improves the cumulative CO. capture rate when calculating the
combined performance of start-up and shutdown together. In contrast, the effect of
solvent inventory volume on hot start-ups was negligible.

e For the “improved” start-up protocols, the process operating conditions shown to
increase the cumulative CO; capture rate include preheating just before start-up, lower
start-up CO- loading, higher amine concentration and higher L/G ratio (e.g., increasing
amine flow rate).

e Higher rates of preheating significantly reduced the start-up time, with the reboiler
reaching set-point temperature in 30 min instead of 100 min. This demonstrates the
value in having an auxiliary boiler for preheating just before start-up.

The “improved” hot start-up protocols with high preheating increased the cumulative CO;
capture rate (absorbed CO. basis) to 98.8%, which resulted in a specific reboiler duty of
5.58 MJ/kg CO,, calculated over 85 min without accounting for auxiliary boiler CO, emissions.
The “conventional” hot start-up protocols achieved lower cumulative CO, capture rates of
between 90.0 to 90.3%, based on absorbed CO; and calculated over 82 min. The conventional
start-up tests achieved lower specific reboiler duty of 4.03 and 3.76 MJ/kg CO- with solvent
inventory of 42 m® and 53 m?, respectively. This was mainly attributed to not using preheating
energy for start-up and having lower amine flow rates (i.e., decreased sensible heat).

We demonstrate that start-up improvement measures can provide higher cumulative CO;
capture rates of up to 99%, however, there will be trade-offs, and specific reboiler energy
requirements may also increase, e.g., preheating energy, or increased sensible heat with
higher solvent flow. In the context of net-zero emission targets, the ability to maximise the CO-
capture rate could be significantly valuable as it reduces the residual CO, emissions, thereby
alleviating the demand for carbon offsets via CO, removal technologies, e.g., bioenergy with
CCS, or direct air capture. Another key contribution of this work is the comprehensive dataset
of start-up and shutdown results from the TCM plant, which can be used as data input for
process model validation and systems scale modelling.

Further R&D work in this area could explore the impact of different process configurations,
solvent selection and process control systems that could improve plant flexibility and SUSD
performance from both technical and cost perspectives, e.g., via process modelling which
evaluates techno-economic performance of different SUSD scenarios. A potential study
investigating the effect of varying equipment capacities on the performance during SUSD
could be valuable. For example, the impact of using parallel absorbers of different sizes, or
the effect of oversizing the stripper or reboiler to achieve more efficient solvent regeneration.
Future demonstration testing that shows the power plant side of operation would also be useful
since power plant operation and flexibility (e.g., turndown ratio, ramp rate, shutdown
procedure) will also affect the SUSD strategy of the CCS plant. The dynamic interactions
between the power plant and the CCS plant should be explored further. For example, during
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start-up and shutdown, variations in the flue gas (e.g., concentration of CO,;, O, and
contaminants) from the power plant would likely have an impact on how the CCS plant should
respond and the strategies employed to improve SUSD performance. The impact of SUSD in
power plants with CCS on downstream processes (e.g., CO, compression) should also be
considered. Other future work could also investigate the effect of start-up and shutdown at a
systems scale in the context of a national electricity grid. This could potentially demonstrate
whether SUSD CO. emissions will impact the ability to achieve national scale net-zero
emissions targets.
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5 Appendix A: Start-up and shutdown of commercial plants
The operating and maintenance philosophy of commercial scale CO, capture facilities have
been published; these projects include:

e Karstg CCS project at a gas fired CCGT power plant in Norway %*
e Peterhead CCS project at gas-fired CCGT power station in the UK %4
e Shand CCS project at a coal-fired power plant in Canada.®

The reports on the Peterhead project focus on describing the operation and maintenance of
the CO; transport and storage equipment. However, the documentation published does not
provide information on the operating and maintenance philosophy for the CO- capture unit.1%*

The start-up and shutdown procedures for the Shand and Karsta CO, capture facilities are
provided below. These procedures operate the CO, capture plant and considers the
connections with upstream and downstream systems, i.e., the CCGT power plant and CO-
compression, respectively.

5.1 Shand CO: capture plant

Table 31 provides an overview of the start-up procedure developed by MHI for the Shand CCS
facility. The time required by the CO, capture system to reach full operation from the cold
standby state (Step 1) would be up to half a day, whereas only several hours is required from
the hot standby state (step 4). These start-up timeframes would also apply to stop and restart
of the plant, e.g., restart after a trip.

Table 31: Typical start-up procedure for the Shand CO: capture facility provided by MHI, reproduced from
International CCS Knowledge Centre 105,

Step Task Description

1 Start: Cold standby e All utilities except steam are available
¢ All equipment is ready for start-up

¢ All process units are filled with required

liquids
2 CO2 capture unit initialisation e Start absorbent solution circulation
e Start trim FGD system’
3 CO: capture unit steam supply | ¢ Supply steam to the reboilers and heat up
the absorbent solution
4 Hot standby e Capture island is now in hot standby mode
5 Flue gas diversion/introduction | e Introduce flue gas into the system
¢ Start caustic soda makeup pump
¢ Manually load the CO; capture unit to 50%
6 CO: capture unit operations e Normal operation of the CO, capture unit
begins at this point
7 CO, compression unit e Start CO2 compressor

e Compress CO; and discharge into pipeline
¢ Load capture facility up to 100%

"Needed for coal flue gas applications to remove SOx & NOx and prevent solvent degradation.
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5.2 Karstg CO: capture facility

The following tables present operating procedures for first start-up, hot start-up, cold start-up
and planned shutdown of the proposed Karstg CO, capture and compression (CCC) facility in
Norway (integrated with a gas fired CCGT power plant).>* These tables have been reproduced
from the feed study by Bechtel 53 54,

5.2.1 Flue gas diversion from the power plant to capture plant

The diversion of flue gas from the CCGT stack to the CO; capture unit is done in a manner
that does not impact the power plant operation. A duct directs flue gas from the base of an
existing stack to the CO; capture plant. A pair of shut-off dampers are installed at this location
to isolate the duct from the main stack when the capture plant is shut down. During normal
operation of the capture plant, these shut-off dampers are fully open, and the existing stack
damper is closed. The stack damper motor operator is replaced with a modulating pneumatic
operator. Closing the stack damper diverts 100% of the flue gas into the CO, capture plant.
The stack damper is modulated during start-up and shutdown, or when the capture plant is
operated at reduced capacity.

Two blowers operating in parallel draw flue gas through the duct to the CO- capture plant.
Control of the flue gas is important to ensure precise pressure control on the duct. This is
necessary to avoid any negative effects on power plant operation and to prevent air ingress
into the CO; capture plant through the stack opening.

5.2.2 General start-up sequence of the automatic sequencer

The plant can be started manually or via the automatic sequence. For automatic start-up, the
sequence is initiated by the operator, and the sequencer guides the system through unit start-
up until the admission of flue gas.

1) Makeup is added to the absorber and stripper bottom levels, water wash chimney tray,
condensate blowdown tank, and compressor steam generators as needed.

2) Seawater pumps are started

3) The auxiliary boiler start sequence is initiated.

4) The LP steam line is warmed via the drain line until the minimum required superheat
is reached. Steam is then admitted to the reboiler, and the drain valve is closed.

5) The reflux and stripper are brought to operating pressure, and reflux flow is
established.

6) The lean amine, rich amine, and flash drum pumps are started in recirculation mode.

7) Minimum lean/rich amine flow is established. At this point, CO; loading in the rich
amine flow is minimal due to zero flue gas flow through the absorbers.

8) The wash water pump is started, and wash water flow is established.

9) The compressor is started at minimum speed in recirculation mode.

10) The CCC Plant isolation dampers are opened — located within the flue gas ductwork
connecting the HRSG stack to the blower before the absorber.

11) The flue gas blower for the first absorber is started at minimum speed.

12) The CO, master output gradually increases from zero, admitting flue gas to the first
absorber.

e At first, the blower damper controls flow until it reaches maximum throttling
position, at which point it goes open and the blower speed increases to take
more flue gas flow.

e The HRSG stack damper is modulated to maintain steady pressure in the
HRSG/CCC Plant duct.

e Lean amine flow to the absorber is controlled by the CO, master.

e Steam to the reboiler increases as amine flow increases.
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o Atfirst, the stripper reflux drum pressure control valve keeps constant pressure
in the stripper. As CO; flow increases, the pressure control valve fully opens,
and the compressor speed is used to control constant stripper pressure.

13) The CO, master output is fixed to a minimum load until the CO> product system has
been filled and started and the pipeline has been filled and is in service.

e As CO:; begins to fill the surge drum, air vents from opened motor-operated
valves located on the CO; product send-out pumps and on the piping upstream
of the CO; product control valve.

¢ Once the system is vented, the motor-operated valves close and a CO; product
send-out pump starts.

¢ Flow to the CO; pipeline is strictly controlled until the pressure in the pipeline
approaches operating pressure (details to be determined during final design
with input from outside the battery limit).

14) The CO, master output begins to increase again.

15) After the first absorber takes approximately 50% of the combustion turbine exhaust
flow, the second absorber is started in the same sequence as outlined above. The
HRSG stack damper goes fully closed during this step.

16) Once the unit has stabilized, the CO> master is released for fully automatic control.

17) Flow is established through the carbon filter package after the system is fully stabilized.

18) Semi-lean amines flow to the absorber is controlled in proportion to the rich amine flow.

5.2.3 First start-up

The first start-up of the CCC process is needed after the system is completely drained and
requires additional manual steps.

Table 32: Operating protocol for the first start-up of the Karste CO2 capture project in Norway. Reproduced and
adapted from Bechtel 53 54,

First start-up
1 Operators must verify manual valve and equipment line up.
2 Charge the amine storage tank with monoethanolamine (MEA).
An amine solution at the nominal/specification concentration (e.g., 30 wt%) may
need to be created if insufficient level exists in the lean amine solvent storage
tank. The tank is filled with process water and then concentrated amine added
until MEA solution is at the nominal concentration. A grab sample is taken and
manually injected into the online gas chromatograph to confirm the proper
amine concentration.
3 The lean/semi-lean/rich amine system piping and pumps are filled and vented using
the 30 wt% amine solution and a lean amine solvent fill pump.
Establish recirculation flow through the lean and rich amine flow paths.
Establish sea water cooling flow through the cooling system.
The seawater system piping may not be completely full if it was drained. The
system should be filled in a controlled manner to preclude water hammer.
6 The wash water system piping and pumps are filled and vented using process water
and an absorber makeup water pump.
7 The stripper reflux system piping and pumps are filled and vented using process
water and an absorber makeup water pump.
8 Allow time for the amine solution to increase and build its temperature.

(G20

s A portion of rich amine is diverted, heated and flashed. This amine is partially regenerated to create semi-lean amine,
which is returned directly to the absorber. Semi-lean amine is injected partway through the absorber column packing to
absorb part of the CO, from the flue gas. This system can be bypassed, and the plant can run using only lean amine.
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9 Once the amine temperature in the stripper section reaches the set-point
temperature, initiate the start of the ID fans and begin to close the damper in the
CCGT power plant stack.

10 | Initiate flue gas temperature control.

11 | Allow CO; capture process to approach steady state, monitoring CO: flow through
exit valve to the absorber stack outlet.

12 | As the CO; builds up, start the CO, compressor.

13 | Initiate the transfer of CO, to the CO, compressor suction drum, removing any liquid
from the feed to the compressor.

14 | Initiate CO2 send-out pumps once CO: liquid level is established in the CO; surge
tank.

The CO; product send-out system piping and pumps are filled and vented as
determined during final design with input from outside the battery limit.

15 | Balance and tune control loops to stabilise levels, flows and total amount of CO,
stripped

Some additional considerations for the automatic sequencing tasks are as follows:

The 35% amine makeup to the unit is more than normal. The condensate blowdown
tank fills to ensure an adequate water supply for the LP steam desuperheater until the
system reaches equilibrium. Condensate may be rejected until the initial fill from the
process water system is rejected back to the process water surge tank.
The auxiliary boiler drum may not be full. It is recommended that the operator fill the
drum prior to starting; however, the automatic sequencer performs this task if not
already done.

5.2.4 Start-up after short downtime — Hot start up
The simplified hot start-up procedure is outlined in the following table.

Table 33: Operating protocol for a hot start-up of the Karstg CO2 capture project in Norway. Hot start-up can be
performed after a short downtime when the CCGT power plant is already running. Reproduced from Bechtel >4.

Hot start-up

1 Establish sea water cooling flow through the cooling system

2 Steam is then admitted to the reboiler, and the drain valve is closed.

3 The reflux and stripper are brought to operating pressure, and reflux flow is
established.

4 Establish recirculation flow through the lean and rich amine flow paths

5 Initiate start of the ID fans and begin to close damper in the CCGT power plant
stack.

6 Allow CO; capture process to approach steady state, monitoring CO- flow through
exit valve to the absorber stack outlet.

7 Initiate flue gas temperature control.

8 As the CO; builds up, start the CO, compressor.

9 Initiate the transfer of CO, to the CO, compressor suction drum, removing any liquid
from the feed to the compressor.

10 | Initiate CO, send-out pumps once CO:; liquid level is established in the CO, surge

tank.
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5.2.5 Start-up after long downtime — Cold start-up
The simplified cold start-up procedure is outlined in the following table.
Table 34: Operating protocol for a cold start-up of the Karste CO2 capture project in Norway. Cold start-up will be

performed after a longer downtime when there is a shift to shutdown conditions, however, the CCGT power plant
will already be running. Reproduced and adapted from Bechtel 53 54,

Cold start-up

1 Operators to verify manual valve and equipment line up. Open dampers as
necessary (open shut-off dampers which isolate flue gas ductwork from main stack).
2 Transfer amine from the lean amine storage tank to fill the absorber column sumps
(if sumps have been emptied to the lean amine tank).

Establish recirculation flow through the lean and rich amine flow paths.

Establish sea water cooling flow through the cooling system.

Steam is admitted to the reboiler, and the drain valve is closed.

Allow time for the amine solution to increase and build its temperature.

Once the amine temperature in the stripper section reaches the set-point
temperature, initiate the start of the ID fans and begin to close the damper in the
CCGT power plant stack.

Initiate flue gas temperature control.

Allow CO:; capture process to approach steady state, monitoring CO- flow through
exit valve to the absorber stack outlet.

10 | As the CO; builds up, start the CO, compressor.

11 | Initiate the transfer of CO, to the CO, compressor suction drum, removing any liquid
from the feed to the compressor.

12 | Initiate CO, send-out pumps once CO:; liquid level is established in the CO, surge
tank.
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5.2.6 Restart following a trip
In most cases, after diagnosing and troubleshooting the cause of the trip, the operator can
restart the CO, capture unit using the start-up sequencer.

5.2.7 Planned normal shutdown

The plant can be shut down manually or via the automatic sequence. For automatic shutdown,
the sequence is initiated by the operator, and the sequencer guides the system through unit
shutdown.

Table 35: Operating protocol for the shutdown of the Karsta CO2 capture project in Norway. This procedure is for
a planned shutdown of the capture plant for short duration <24 hours and follows the shutdown of the CCGT power
plant. It applies to cases of CCGT power plant shutdown between 6 and 24 hours. Reproduced and adapted from
Bechtel 5354,

Shutdown

1 Open damper in the CCGT power plant.

CO. master automatic control is deactivated, and flue gas flow is slowly
reduced to zero, at first by reducing blower speed and then by the blower
damper. One absorber is shut down at a time. The HRSG stack damper opens
to maintain a stable pressure in the HRSG and CCC Plant duct.

2 HP steam to the reclaimer is shut down (if in operation).

3 LP steam to the reboiler is shut down after the CO: in the rich amine has been
removed.

4 The auxiliary boiler is shut down.

5 Semi-lean amine flow is stopped.
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6 The reflux and stripper are slowly depressurised.
Vent valves on the knockout and feed drums remain closed. Vent valve on the
reflux drum opens.
7 The compressor is stopped several minutes after CO, production stops.
8 Flow is circulated until the stripper bottom temperature drops below 65 °C.
9 Flow through the carbon filter package is stopped.
10 | Absorber, flash drum, stripper bottom, and reflux drum levels are decreased to
minimum level by rejecting amine to the lean amine solvent storage tank (TK-102).
11 | The wash water pump is stopped.
12 | The reflux pump is stopped.
13 | Allow amine to recirculate for approximately 1 hour to allow CO: to off gas and
minimise pockets at restart.
14 | The lean and rich amine pumps are stopped.
15 | The CCC Plant isolation dampers are closed — located within the flue gas ductwork
connecting the HRSG stack to the blower before the absorber.
16 | The seawater pumps are stopped manually after the operator confirms that all
equipment is shut down and there are no further cooling requirements.

5.2.8 Extended shutdown

For planned extended shutdown of >24 hours, the amine is manually drained from the
absorbers to the amine waste sump and then transferred to the lean amine storage tank to
minimise oxidative degradation of the amine.

To restart the plant, follow the procedure for the start-up after longer downtime.
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6 Appendix B: TCM plant specifications

Additional information about the plant specifications is provided in this section.

Table 36: Specifications of the two direct contact coolers (DCC) used to cool the flue gas before it enters the
absorber column.

Specification CHP DCC RFCC DCC

Diameter, m 3 2.7

Total height, m 16 16

Packing height, m 3.1 3

Packing type Flexipac 3X structured Intalox Snowflake random
Vendor Koch Glitsch Koch Glitsch

Material Stainless steel Polypropylene

Table 37: Specifications of the absorber and the two stripper types (CHP and RFCC). In this study, the RFCC

stripper was used.

Specification Absorber Stripper CHP Stripper RFCC

Geometry Rectangular Cylindrical Cylindrical

Construction Concrete & Stainless steel Stainless steel
polypropylene-lined

Total height, m 62 30 30

Cross-sectional 7.1 (3.55m x 2m) 1.33 3.80

area, m? (m x m)

Diameter, m - 1.3 2.2

Number of packing
sections

Upper: 2 water wash

Lower: 3 absorption
sections (each has a
separate lean amine

Upper: 1 water wash
Lower: 1 desorption

Upper: 1 water wash
Lower: 1 desorption

each water wash
section, m

inlet)
Packing height of 12m+6m=18m 8 8
each absorption (or
desorption) (6 m of unused
section, m absorber packing)
Packing height of 3, 3 (total 6 m) 1.6 1.6

Water wash full
load capacity, t/h

50, 60

Sump height, m

Reboiler type

Thermosiphon
Plate and frame HX

Thermosiphon
Shell and tube HX
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Table 38: Regulatory levels for air emissions as specified by the TCM emissions and discharge permit, which can
be either an immediate concentration level (average of operating time) or cumulative annual levels. Note that
ammonia limits for the chilled ammonia process and amine absorption plant differ. The limit of each amine group
(i.e., primary, secondary and tertiary) is based on the different risks of nitrosamines and nitramines formation for
each amine type. Table reproduced from Maree, et al. %

Emissions Source of emissions Limit # Limit *
component (concentration) (extended period)
tonnes/year
Ammonia (NHs) Amine absorption 100 ppmv 6
process
Total amines = Amine absorption 6 ppmv average per 2.8
process test campaign

15 ppmv max

allowed
concentration
Aldehydes Amine absorption Max allowed flow 3
process limit of 1 g/s

# Daily average limit as an average for 90% of operating time.

+ Cumulative limit annually.

= The sum of amines (e.g., primary, secondary, tertiary) shall not exceed the total amount of amines. Maximum
extended period limits will not exceed the values for the individual amine groups. Limit for total amines applies to
CESAR-1 (PZ is a cyclic diamine and AMP is a sterically hindered amine).
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Figure 30: Process flow diagram of the amine-based CO: capture process at TCM. The plant has variable packing
height, two DCC and two stripper columns. Depending on the flue gas composition, the capture plant can use either
the combined heat and power (CHP) configuration, or the refinery residue fluid catalytic cracker (RFCC)
configuration.” 77, 78,106,
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7 Appendix C: Normal start-up and shutdown tests, November
2020 - Effect of solvent inventory 42 m3vs 53 m3

A Cold start-up with 53 m?® solvent inventory B Cold start-up with 42 m? solvent inventory
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Figure 31: The change in liquid level during the cold and hot start-ups with shutdown for the tests using 53 m?3
solvent inventory (A, C) and 42 m? solvent inventory (B, D, E). Using different solvent inventory in the TCM plant
mainly affects the liquid level in the absorber sump, whereas the stripper liquid level in both cases is similar.
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Cold start-up with 53 m* solvent inventory
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Figure 32: Solvent loading and CO2 capture rate changes during cold start-up (A & B), hot start-up (C, D & E) and
shutdown with different solvent inventories, 42 m3 vs 53 m3. The hot start-up with a 20 min delay in steam is shown
in (E), but there was no shutdown on this day. The period shown begins at the time flue gas flow starts plus an
additional 200 minute. Online capture rate and cumulative capture rates (product CO:2 basis and absorbed CO:2

basis) are shown.
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8 Appendix D: Start-up and shutdown tests in June 2020 —
Effect of preheating

A Tues 9 Jun - Cold start-up with preheat & shut down B Fri 12 Jun - Cold start-up after inventory adjustment & shut down
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Figure 33: Process changes during the start-up and shutdown tests in June 2020. Summary of the process
conditions found in Table 11. (A) and (B) correspond to cold start-up tests with preheating. (C) Hot start-up with
preheat and (D) is a hot start-up with high preheating.
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A Tues Jun - Cold start-up with preheat & shut down B  Fri12Jun-Coldstart-up after inventory adjustment & shut down
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Figure 34: Solvent CO2 loading and reboiler temperature during the start-up and shutdown tests in June 2020.
Summary of the process conditions found in Table 10. (A) and (B) correspond to cold start-up tests with preheating.
(C) Hot start-up with preheat and (D) is a hot start-up with high preheating.
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A Tues 9 Jun - Cold star;t-ur? with preheat & shut down B Fri 12 Jun - Cold start-up after inventory adjustment & shut down
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Figure 35: Streams of CO:2 flow and the flue gas CO: content during the start-up and shutdown tests in June 2020.
Summary of the process conditions found in Table 10. (A) and (B) correspond to cold start-up tests with preheating.
(C) Hot start-up with preheat and (D) is a hot start-up with high preheating.
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A Tues 9 Jun - Cold start-up with preheat & shut down B Fri 12 Jun Cold start-up after inventory adjustment & shut down
4000 80000 4 000 90000 —
g K
E
3500 4 I 70000 = 3500 4 I 80000 =
& 2 2
w4 4 L
3000 4 il I 60000 = 3000 1 70000 £
- FR 1 w o o
1y = 3 I 60000 =
£ 2500 4 i L 50000 £ E 2500 T
T ! 2 3 50000 $
3 2000 4 § I 40000 3 3 2000 A 3
T = \ 1 40000 =
2 1500 4 F 30000 = 3 4 ' { -~
g E J 1300 ! i 30000 E
[ ! ! S,
1000 1 20000 g 1000 A H ; 20000 £
= H 1 =
500 1 l [ 10000 3 500 i 1 10000 3
= H ! =
0 + i P o SN § i i ; ' 0 g 0 J i i ipready i y\ 0 + 4 0 g
8 ¥ & & & 8 I §& 4o 8 8 3 g I ¢ ¢ 2 8 ¥ g% 49 2 8 3
8 8 3 5 3 o b =] 2 = 8 e 8 = 3 S 3 S 1 ] a ] 8 =
g 8 8 8 8 8 8 8 8 8 8 g 8 8 8 8 8 8 8 &8 8 38
8 8 3 8 3 8 8 8 8 8 = a > q o o o 9 9 2 4 a2
Absorber sump level ~— RCC stripper level Absorber sump level ———RCC stripper level
condensate drum radar liquid level ~ ----- lean flow rate condensate drum radar liquid level ~ -=--- lean flow rate
----- Total rich flow ~====Flue gas inlet flow -=-=-=-Total rich flow -=-===-Flue gas inlet flow
C Wed 10 Jun - Hot start-up with preheat & shut down D Thur 11 Jun - Hot start-up high preheat & shut down
4000 80000 — 4000 70000 —
E 3
\
3500 4 F 70000 = 3500 I 60000 %
[ | = g
Asooo 55 60000 : A3ooo . 50000 3
£ 25500 - H b s0000 T E 2500 - =
= ﬂ i | g8 = » L 40000 §
£ 2000 A i F 40000 3 £ 2000 - ¢ s
2 'V\‘ & £ = h L 30000 =
21500 - P 30000 T 31500 ; £
8 a = Hils L 20000 2
4 L | b
1000 /\/\/ﬁ\ﬂ\ 20000 % 1000 i g
H L
500 A I 10000 3 500 ' : 10000 z
- 3 1 =
0 e e | 1000 [ S e o 8 o i e 11 1 1 M S N (S P 0 g
g & & ¢ #® 8 ¥ % 3 28 8 3 g ¥ & o ® 8 ¥ & 49 8 8 3
8 8 3 S 3 B = ] 2 = 8 = 8 s 3 S 3 ] 3 ] a = 8 %
g 8 8 8 8 8 &8 8 8 3 3 g 8 8 8 8 8 8 8 8 8 8
=) =) =] =) =] =] =] o =] =) - - - o - - - - - - N
- - - - - - - - - - - - - - - - - - - - - -
Absorber sump level —— RCCstripper level Absorber sump level ——— RCC stripper level
condensate drum radar liquid level lean flow rate condensate drum radar liquid level ~ ----- lean flow rate
----- Total rich flow ~===-Flue gas inlet flow ~====Total rich flow -=-===Flue gas inlet flow

Figure 36: Process changes, with the corresponding levels in the absorber and RFCC stripper during the start-up
and shutdown tests in June 2020. Summary of the process conditions found in Table 11. (A) and (B) correspond
to cold start-up tests with preheating. (C) Hot start-up with preheat and (D) is a hot start-up with high preheating.
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Cold start-ups with preheating and shutdown
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Figure 37: Absorber (left) and stripper (right) temperature profiles for a cold start-up with preheating and normal
shutdown using 45 m? solvent inventory on Tuesday 9 June 2020. The flue gas flow starts at 10:20, set-point
conditions are reached around 10:35 and product CO: flow rate reaches steady state at 11:30. For shutdown, flue
gas flow starts to turn off around 16:05 and the steam is shut off at 16:15.
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Figure 38: Absorber (left) and stripper (right) temperature profiles for a cold start-up with high preheating and
normal shutdown using 45 m? solvent inventory on Friday 12 June 2020. The flue gas flow starts at 08:50, set-point
conditions are reached around 09:30 and product CO:2 flow rate reaches steady state at 11:00. For shutdown, flue
gas flow starts to turn off around 14:30 and the steam is shut off at 15:20.
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Hot start-up with preheating and shutdown
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Figure 39: Absorber (left) and stripper (right) temperature profiles for a hot start-up with preheating and normal
shutdown using 45 m? solvent inventory on Wednesday 10 June 2020. The flue gas flow starts at 09:10, set-point
conditions are reached around 09:45 and product CO: flow rate reaches steady state at 10:10. For shutdown, flue
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Figure 40: Absorber (left) and stripper (right) temperature profiles for a hot start-up with high preheating and normal
shutdown using 45 m? solvent inventory on Thursday 11 June 2020. The flue gas flow starts at 08:50, set-point
conditions are reached around 09:10 and product CO:2 flow rate reaches steady state at 10:00. For shutdown, flue
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gas flow starts to turn off around 16:30 and the steam is shut off at 18:15.
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Tues 9 Jun - Cold start-up with pre-heating

Fri 12 Jun - Cold start-up after inventory adjustment
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Figure 41: Solvent loading and CO2 capture rate changes during the start-up and shutdown tests in June 2020.
The period shown begins at the time steam flow starts plus an additional 200 minute after the flue gas enters.
Online capture rate and cumulative capture rates (product CO2 basis and absorbed CO: basis) are shown.
Summary of the process conditions Table 11. (A) and (B) correspond to cold start-up tests with preheating. (C) Hot
start-up with preheat and (D) is a hot start-up with high preheating.
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