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ABSTRACT: The combined operation of postcombustion
CO, capture and a power plant is a complex process with
significant mutual interactions. Although the application of
CO, capture imposes an efficiency penalty on the power plant,
it also provides the opportunity to operate the power plant in a
more flexible way. To analyze this process, a detailed model of
a postcombustion capture plant is developed and validated
with measurement data. Afterward, the model is coupled to the
model of a hard coal-fired power plant to study the effects of a
joint operation. In a case study scenario, the steam extraction
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of the carbon capture plant is reduced by 50% to increase the power generation of the power plant. The results indicate that it is
possible to provide primary frequency control by using this mode of operation.

1. INTRODUCTION

To stop global warming and moderate its effects, ambitious
targets for the mitigation of carbon dioxide (CO,) emissions
have to be set. The Intergovernmental Panel on Climate
Change (IPCC) demands a reduction in CO, emissions of 80%
by 2050 compared to the reference year 1990." According to
the International Energy Agency (IEA), one important tool for
the short- and midterm reduction of CO, is carbon capture and
storage (CCS), which means the removal of CO, from power
plant flue gases with a subsequent compression and storage in
underground formations. It is estimated that by 2035 CCS can
have a 17% share in the overall CO, reduction.”

Many ways to separate the CO, are available in various stages
of technological maturity. The technology of postcombustion
CO, capture has been extensively studied in recent years.’
Several lab and pilot-scale plants have been set up and are
operated worldwide to increase knowledge about the process
itself and its behavior. This advance is also supported by
computer models that are validated against measurement data
of such pilot plants. However, most literature on the modeling
and simulation of postcombustion capture plants perform only
a steady-state validation; a dynamic validation for a model of
reduced complexity; or a validation only of particular parts of
the capture plant, such as the absorber.””” Furthermore, very
little is known about the actual performance of a full-scale
capture plant when operated in combination with a power
plant.

To close this gap, the model of a postcombustion capture
plant (PCC) attached to a coal-fired power plant is presented
in this study. Because the coupling of a power plant and a
separation unit can introduce significant mutual interactions, a
thorough analysis of the overall process is essential. The focus
of the study is set on the transient behavior of the CO, capture
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plant and its influence on the power plant process because the
general behavior of a coal-fired power plant is already well-
known. For this purpose, the model of a PCC plant is
developed and validated by itself before it is coupled to a
water—steam cycle.

In addition to the demand of reducing CO, emissions,
another challenge will become yet more important in the
future. The increasing amount of renewable energies in many
regions imposes new operational requirements on power
plants. Montafiés et al.” determined market opportunities and
technical requirements of power plants including a carbon
capture plant for providing ancillary services in four different
balancing markets inside the EU. Hence, solutions for the
operation of flexible power plants with carbon capture
processes under these conditions and restrictions have to be
found. To achieve this goal, validated dynamic models for this
type of process are needed. A first approach for providing
primary or secondary frequency control is therefore presented
in a case study in this article.

First, an overview of the process of postcombustion capture
using a water-based amine solvent is given. The modeling
approach is explained followed by an in-depth model validation
of the PCC. For this purpose, dynamic measurement data of a
pilot plant in Heilbronn, Germany, are available. After that, the
model of an industrial scale PCC attached to a 600 MW power
plant is introduced and a case study is presented. In this study
the steam for the reboiler heating, which is extracted from the
power plant process, is throttled. It is discussed whether this
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measure is appropriate to provide control power or if any
restrictions in terms of control objectives or transient behavior
of the process exist.

2. PROCESS DESCRIPTION

Several technologies for the capture of CO, from power plant
flue gases are available, namely, precombustion, oxyfuel-
combustion, and postcombustion. This study focuses on the
postcombustion capture because it is the most mature
technology. In this section, brief descriptions of the PCC
process and the power plant process are given. A more detailed
description of the characteristics of the coupling of both
processes is given in section .

2.1. Postcombustion CO, Capture Process. For the
postcombustion capture, multiple different technologies such as
absorption, adsorption, or membrane separation can be applied.
In this study, a separation process based on the reactive
absorption of CO, in an aqueous washing solution is used. To
enhance the solvent’s capture capacity, chemical additives are
applied. There is a wide range of additives, such as primary,
secondary, and tertiary amines; polyamines; alkali salts; and
ionic liquids.”~"" However, in most plants, primary amines are
used because they are considered as baseline solvents because
of their extensive use for many years in the gas sweetening
industry. This is the reason why here a 30 wt % monoethanol-
amine (MEA) solution is used. The advantage of the PCC
process is that it can be retrofitted to existing power plants
because it directly treats the flue gas before it is released to the
atmosphere. A disadvantage of this process is the low CO,
partial pressure in the flue gas that leads to a high energy
demand.

The process flow diagram of a PCC plant is shown in Figure
1. The flue gas enters the plant through a flue gas cooler where
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Figure 1. PFD of a postcombustion capture plant.

it is cooled to temperatures around 35 °C. After that, the flue
gas passes through the absorber where the CO, is removed in
an exothermic reaction. Before the cleaned flue gas is released
to the atmosphere it flows through a washing section, where it
is cooled one more time to close the water balance and to
prevent solvent slip. Downstream, the absorber-rich (CO,-
loaded) solvent is pumped trough a cross-flow heat exchanger
where it is preheated by the regenerated (CO,-lean) solvent to
minimize the energy input. In the stripper, the CO, is removed
from the solvent by adding energy in the form of heat to the
kettle type reboiler. The solvent is located on the shell side of
the reboiler, whereas the steam flows through the tube side to

heat the solvent. At the top of the stripper, the CO, product
passes a condenser where remaining water is removed. The lean
solvent from the reboiler is fed back to the absorber.

2.2. Power Plant Process. Figure 2 visualizes a process
flow diagram of a simplified water—steam cycle. In the steam
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Figure 2. PFD of a simplified water—steam cycle.

generator, the feedwater is evaporated and superheated before
it passes the high-pressure (HP) turbine. After that a part of the
steam is diverted to heat the feedwater in the high-pressure
preheater. The rest of the steam is reheated and fed through the
intermediate-pressure (IP) and low-pressure (LP) turbines. In
the latter, a part of the steam is used to heat the condensate in
the low-pressure preheater. The major part of the steam is
condensed and pumped through the low-pressure preheater
into the feedwater tank. The cycle is closed by the feedwater
being pumped through the high-pressure preheater into the
steam generator.

3. MODELING

To investigate the dynamic behavior of a full-scale coal-fired
power plant equipped with CO, capture, evaluate the results,
and give recommendations regarding the mode of operation,
computer simulations are indispensable. In this case, where the
subprocesses originate from different fields of engineering, it is
convenient to be able to instantiate models from a model
library. Especially, the ability to reuse, modify, and extend the
models is essential to keep the programming effort within
reasonable bounds. Because the overall model is composed of a
complex arrangement of several subcomponents, it is not
feasible to define in- and outputs of these components a priori.
Hence, it is desirable to use an acausal modeling approach
where the equations do not have to be arranged in a specific
sequence. All these requirements are fulfilled by the equation-
based and object-oriented modeling language Modelica, which
is the reason it has been used during this study."”

The ThermalSeparation model library provides the
basis for the models of the PCC. For the simulation of water—
steam cycles, the existing model library C1aRa is used. Both
libraries and the modifications that have been done are
addressed in the following subsections.

3.1. Models of the CO, Capture Process. The models of
the capture process originate from the ThermalSepara-
tion model library which supplies models for the simulation
of absorption and rectification processes. These models are
augmented such that they allow the simulation of a carbon
capture plant. The modeling of the separation columns follows
a first-principles approach in which the column is axially divided
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into stages. For each stage and each fluid constituent, separate
mass balances for liquid and vapor phases are set up. Thus, one
energy balance is used for each phase and stage, respectively.
The model allows for the use of rate-based or equilibrium-based
approaches regarding the heat and mass transfer across the
phase boundary. If chemical reactions are considered, they are
accounted for in the liquid phase. The modularity of the
column model allows the user to choose between several
different correlations for pressure loss, hold up, and heat loss. A
more detailed description of the underlying equations and
correlations is presented by Dietl'* and Dietl et al.'* Regarding
the actual model of the PCC, the following assumptions hold:

o The absorber vapor medium (flue gas) consists of CO,,
H,0, N,, and O,.

e The stripper and reboiler vapor media consist of CO,
and H,O0.

e The liquid medium in all components of the PCC
process consists of CO,, H,0 and MEA; MEA is
considered nonvolatile.

o Ideal gas behavior is assumed.

e The phase equilibrium and the chemical reactions
(including the heat of reaction) are modeled in a joint
approach according to Oexmann,” where the phase
equilibrium of the CO, is enhanced such that it also
accounts for removal of CO, from the flue gas through
the chemical reactions. Furthermore, the bulk phases are
assumed to be in thermodynamic equilibrium with the
phase boundary.

e To match the solvent’s rich loading at the absorber
outlet, a calibration factor in the equation of the phase
equilibrium is used. This measure is required only in the
absorber to counteract the overprediction of the
separation efficiency due to the equilibrium assumption.
It is adjusted by matching the rich loading to the
simulation of the same process with a rate-based
approach conducted with Aspen Plus.'® In the stripper
model, the use of a calibration factor is not necessary
because the thermodynamic equilibrium is attained at
stripper conditions.

e Liquid density and heat capacity of the MEA solution can
be described by using empirical correlations developed
by Oexmann.”

e The components of the capture cycle are adiabatic.

e The column pressure drop and liquid hold-up are
calculated using the correlations developed by Stichlmair
et al.'®

e No chemical reactions take place in components other
than the absorber and stripper columns.

e The volume of the pipes is small compared to the rest of
the components and can therefore be neglected.

e Heat exchangers with constant heat-transfer coefficients
are used.

The resulting model is used to compose a model of an entire
postcombustion capture plant. To underline the validity of this
model and to be able to expand its informative value to an
industrial scale, it needs to be thoroughly validated against
measurement data. This validation is performed in section 4.

3.2. Models of the Power Plant Process. The models for
the simulation of the water—steam cycle of the power plant are
taken from the already existing model library ClaRa.'” This
library provides models for the simulation of thermohydraulic
processes like pipes, valves, turbomachinery, heat exchangers,

and coal mills. Furthermore, it contains submodels that can be
utilized to model a detailed steam generator that is subdivided
into different burner levels, flame rooms with thermal radiation,
and flame rooms containing tube bundles for convective heat
transfer. This feature is especially important, because the overall
transient behavior of the power plant is predominantly
influenced by the steam generator which therefore has to be
modeled with an adequate level of detail. Because the models
provided by this library are already validated, an additional
validation is not required at this point. The main operation
parameters of the power plant modeled and used in the case
study are presented in Table 1."*

Table 1. Main Operation Parameters of Power Plant'®

parameter value
plant capacity 600 MW
net capacity (without CCS) 555 MW

net efficiency (without CCS) 45.9%
285 bar/600 °C/620 °C

benson tower type with vertical tubing

live steam condition
type of boiler

steam turbine 3-casing steam turbine; single reheat
4S mbar

8 preheater and external desuperheater

condenser pressure

preheater

4. VALIDATION OF THE CO, CAPTURE PLANT MODEL

In this section a short description of the pilot plant that
supplies the measurement data for the validation is given. After
that, the conducted experiment is described and a steady state
as well as a transient validation of the model is performed.

4.1. Pilot Plant Heilbronn. For the validation of the
models from the ThermalSeparation library, measure-
ment data of the PCC pilot plant in Heilbronn, Germany, are
available. The plant consists of an absorber with a height of 40
m and a stripper of 25 m. The absorber has five beds with a
height of 5 m each, filled with random packing material. The
stripper is equipped with three such beds. Between each bed,
collectors and distributors are placed to collect the solvent and
evenly distribute it across the subjacent packing. In both
columns the packing material is of VSP-25 type.'” The plant is
fed with flue gas from the adjacent power plant and is capable
of scrubbing 1500 Nm?/h, which corresponds to approximately
0.05% of the actual power plant’s flue gases. In contrast to the
process depicted in Figure 1, the pilot plant is additionally
equipped with an intercooling in the absorber column to
maximize its efficiency. In addition, the stripper has a washing
section to prevent degradation products from being emitted to
the atmosphere. Table 2 shows the nominal operating
conditions of the pilot plant. Further information on the
plant is given in Rieder and Unterberger.”

4.2. Experiments and Validation. First, a steady-state
validation is carried out to match the results of the pilot plant
for 100% load. For this purpose, the heat-transfer coefficients of
the cross-flow heat exchanger are tuned such that the model
provides the same temperature differences between in- and
outlets as the pilot plant. Other than this, no adaptations of the
model] have been made. As an input to the model, the following
parameters are set according to the boundary conditions given
by the pilot plant:

e The flue gas flow rate into the cooler with its
composition and temperature.
o The heat flow rate into the reboiler.
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Table 2. Nominal Operating Point of Pilot Plant

parameter value
flue gas volume flow rate 1500 N m’/h
CO, concentration flue gas 12.3 mol %
flue gas temp. absorber inlet 40 °C
solvent flow rate 5.3 m*/h
Solvent temp. absorber inlet 35 °C
MEA concentration 30 wt %
stripper pressure 2 bar
CO, product temperature 23 °C
CO, target capture rate 90%

The pressures at the top of each column.

The solvent flow rate of the lean solvent pump. The rich
solvent pump is used to control the level of the absorber
sump.

Furthermore, the model of the absorber comprises 20
equilibrium stages and that of the stripper 10 stages. Table 3

Table 3. Steady-State Validation for 100% Load

parameter model pilot plant

Xco, (%) 89.4 89.8
Mo, str (kg/h) 310.8 305.2
spec (MJ/kgc0,) 3.67 3.74
Acoricn (molco /molygs) 0.53 0.42
0o, Jean (MOlco,/mOlyE,) 0.26 0.18
Aa (molco, /molyg,) 0.27 0.24
Ap,ps (mbar) 68.5 68.8
Apg, (mbar) 13 0.8

T, (°C) 122.0 115.9

shows selected variables that are obtained by simulation and
compared to measurements of the pilot plant. The capture rate
is defined as the relative amount of CO, that is absorbed in the
absorption unit. It is calculated as shown in eq 1.

_ NCOZ,Abs,out
Xeo, = 1 — —222

(1)

The pressure loss in both columns is measured with a
differential pressure sensor. Thermocouples are utilized to
measure all temperatures in the plant. The CO, concentrations
at the absorber inlet and outlet are measured with infrared
spectroscopy, and the CO, loading of the solvent is measured
offline by titration. Excluding the measurement of the CO,
concentration in the flue gas, all other measured values are
determined without redundancy. Unfortunately, the accuracies
of the measurement devices that are installed in the plant are
unknown; therefore, no detailed, quantitative statements about
measurement error can be made. It is assumed that the
accuracies are within the common limits of industrial
measurement appliances.

The target capture rate, Xco,, of the pilot plant is 90%, which

Nco, abs,in

is matched very well by the model. This also applies to the
separated CO, mass flow rate, #ico, «, that exits the stripper
and the specific heat consumption, g,... To accurately match
the specific heat consumption is of high importance because in
the superordinate power plant process it is ultimately
responsible for the efficiency penalty caused by the steam

12041

tapping for the solvent regeneration. Both rich loading, aco_ i
and lean loading, dcg, jean, Show significant deviations from the

measurements. This can be explained by an inaccuracy in the
empirical correlation of the thermodynamic equilibrium and by
the heat of reaction for the absorption and desorption reaction
inside the columns. This conclusion is also supported by the
mismatch of the reboiler temperature, T, that is directly
related to the loading of the solvent. Nevertheless, rich and lean
loading are overpredicted in a way that the working capacity,
which is defined as the difference of both values, still matches
the measurement quite well. This is of major importance
because the working capacity determines how much CO, can
be captured in the absorber. The pressure losses, Ap, in both
columns also match fairly well. All in all, it can be concluded
that the model predicts the steady-state behavior of the pilot
plant at 100% load accurately. This steady-state validation has
also been carried out for 70% and 50% load of the plant. The
results are given in the Supporting Information for the sake of
conciseness. They also support the given statement that the
simulation results match the experiments to a very high extent.

In the scenario for the dynamic validation, which is presented
in the following, the pilot plant is operated at 70% load. Then,
at t = 0 s, the flue gas flow rate is abruptly increased by 30%.
Simultaneously, the heat flow rate into the reboiler is adapted
such that a CO, capture rate of 90% is maintained. The solvent
flow rate remains constant throughout the experiment. The
validation of this scenario ensures that the model is capable of
correctly reproducing the transient behavior of the pilot plant.
In this case, a particular challenge is the change of two
parameters at the same time, whose effects on the output
variables superimpose on each other. In comparison to the
steady-state validation, no additional adjustments are made to
the model. Figure 3 shows a comparison of the CO, capture
rate over time for the simulation and the measurement.
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Figure 3. Validation of the capture rate in the absorber column.

At the moment of the perturbation, the capture rate rapidly
decreases and afterward returns to its original value with a first-
order transition. This behavior can be attributed to the inertia
of the absorber where the increase in flue gas flow rate first hits
the entry of the absorber whereas the outlet is still unaffected
by the perturbation. The subsequent increase of the capture
rate can be explained by the equalization process of
temperature and concentration along the absorber profile
until a new steady state is reached. In comparison to the
measurement, the slope of the model is slightly higher after the
perturbation, and also the decline in capture rate is slightly
overpredicted by the model. Nevertheless, the time when the
minimum capture rate is reached shows a very good agreement,
as does the overall transient behavior and the steady-state
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values before and after the perturbation. The minor
discrepancies that appear in the slope of the curve can be
explained by the assumption that all liquid volumes like sumps,
tanks, and the reboiler follow a continuously stirred tank
reactor modeling approach. A comparison of the stripped CO,
mass flow rate downstream of the condenser is illustrated in
Figure 4.

360
330
300
270
240

MCOs sripper (KE/D)

H --- Model
— Pilot plant

210 -

180 0 5000

Time (s)

10000

Figure 4. Validation of the CO, mass flow rate after the stripper
column.

As a result of the sudden increase in the reboiler heating, the
liquid temperature of the reboiler also rises rapidly. This leads
to a higher rate of CO, desorption which is represented by a
fast increase of mass flow rate in the figure. This step is
followed by another increase but with a much smaller slope that
is caused by the increased flue gas flow rate into the absorber.
In contrast to the change in the reboiler heating, this behavior
takes effect with a delay because the perturbation first has to
pass through the absorber and its sump, the pump, and the
cross-flow heat exchanger before it reaches the top of the
stripper. Despite the distinct measurement noise, this behavior
can also be observed in the measurement.

When the transient behaviors of both columns are compared,
it can be observed that the response of the stripper is much
faster than that of the absorber. The reason for these different

time constants is the large total amount of used solvent in
comparison with other carbon capture plants. Most of the
solvent content is situated in the absorber and desorber sump
and the large intercooling tank. The reason that the stripper
reacts much faster is that the rich loading is at its maximum,
regardless of the operating conditions of the plant due to an
oversized absorption unit. Therefore, the solvent loading in the
absorption sump and consequently the solvent input
concentration at the top of the stripper is only slightly affected
during load changes. On the other hand, it takes a very long
time for the lean loading in the desorber sump and the
intercooling tank to attain a new equilibrium state. Hence, the
overall absorber response is very slow.

All in all, it can be concluded that the agreement between
model and pilot plant is good. Now that the validity of the
model’s results is proven, further studies can be performed.

5. COUPLED MODEL OF POWER PLANT WITH CO,
CAPTURE

To be able to understand the transient behavior of the PCC in
actual operation, studying its mutual interactions with the
power plant is required.”'~>* For this purpose, the model of a
600 MW hard coal-fired power plant is retro-fitted with a CO,
capture unit. A graphical representation of this model can be
found in Figure S. Because of the restriction in size of the
separation columns and their periphery, the PCC consists of
two lines in parallel operation. The steam for the regeneration
of the loaded solvent is extracted from the crossover pipe
between intermediate-pressure and low-pressure turbines as the
steam provides optimal thermodynamic conditions at this
position.”**> This steam extraction ultimately leads to an
efficiency penalty of the power plant because after the
intermediate-pressure turbines nearly half of the mass flow
rate is diverted to the reboiler which would have passed the
low-pressure turbines otherwise. To integrate the PCC, the
power plant needs small adaptations. First of all, a pressure
maintenance valve is installed downstream of the steam tapping

1

T T/

=

Hu[ Power Plant

Absorber

= ]
=3 % -
-
=
Steam (&= ﬁ I
generator| [—
T
— 1
[ {]
2 ) L] [
g HP-Turbines
E
i
i

Combtion [ilg)]

Figure 5. Model of the power plant with postcombustion CO, capture.
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and upstream of the low-pressure turbines. Its task is to
maintain the pressure level needed for the heating of the
reboiler, also in part load operation of the power plant where
the pressure in the crossover pipe decreases. Second, the steam
tapping itself needs a throttling valve to be able to provide the
steam with the right conditions for full load of the power plant
where the steam in the crossover pipe exceeds the desired
pressure and temperature.”””’ This valve also serves as
actuating variable in case control power shall be provided by
throttling the reboiler heating. Finally, an injection cooler is
needed behind the throttling valve to desuperheat the steam at
full load operation. This measure is necessary because too high
steam temperatures lead to thermal degradation of the
solvent.”® The condensate from the reboiler is fed back to
the feedwater tank. The power plant model is operated with a
constant coal feed and is controlled by the feedwater pump and
the desuperheaters, whereas the PCC runs in feed-forward
operation. The pressure maintenance valve and the reboiler
throttling valve are marked by a circle. Different from Figure 1,
the condensate from the stripper is fed to the absorber sump in
the model which is represented as a tank symbol in Figure 5
because of its low temperature.

5.1. Case Description. An increasing share of renewable
energy sources in electricity generation leads to huge
fluctuations in the power supply. As a consequence, conven-
tional sources like power plants that were designed for base
load operation need be operated more flexibly. One option to
comply with these requirements is taking advantage of
additional actuating variables in power plants equipped with
CCs.

In the scenario presented below, initially, the power plant
and the PCC run at full load. Full load of the power plant is
defined such that the power plant is operated at full thermal
capacity. The PCC runs at full load when it has to treat the
maximum amount of flue gas, which is also the case when the
power plant is operated at full thermal capacity. At time t = 0 s,
the mass flow rate of the steam extraction is reduced by 50%
within 150 s. As soon as a new steady state is reached, the valve
is opened again and the system returns to its nominal operation
point.

5.2. Results. Figure 6 shows the heat transferred from the
steam to the solvent of the PCC inside the reboiler. First, it is

200
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Figure 6. Reboiler heating.

obvious that the mass flow rate of the heating steam does not
exactly correlate with the heat input. That is because the
extracted steam is overheated and therefore has to be cooled
with an injection cooler downstream of the tapping valve.
During the throttling, the amount of injected cooling water is
not adjusted; thus, a 50% reduction in heating steam leads to a
slightly larger drop in the heat flow rate. As a consequence of

12043

throttling the tapping valve, the mass flow rate decreases, which
in turn leads to a decreased amount of heat available. This is
directly related to a drop of the temperature illustrated in
Figure 7.
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Figure 7. Solvent temperature in reboiler (solid line) and working

capacity (dashed line).

The decreased solvent temperature leads to a lower
regeneration of the solvent which causes the lean loading at
the outlet of the reboiler to increase. Hence, the capacity of the
solvent to absorb CO, decreases (cf. Figure 7) and the capture
rate drops to approximately 25%, as shown in Figure 8. After
the valve is reopened, the capture rate returns to its original
target value of 90%.

Generator power (-)

CO, capture rate (%)

0.8

2000 4000
Time (s)

6000

Figure 8. CO, capture rate (solid line) and relative generator power
(dashed line).

The generator power of the power plant, which is also
depicted in Figure 8, reacts quite instantaneously to this
process. The generator power is normalized to the net capacity
of the power plant without PCC. It rises almost linearly with
the throttling of the valve. To confirm this, a cut-out of Figure 8
is illustrated in Figure 9. The reason lies in the steam that was
redirected to the reboiler. This steam can now pass the low-
pressure turbines and raise the generator output by 12% points.
The slight overshoot in generator power is caused by the
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Figure 9. CO, capture rate (solid line) and relative generator power
(dashed line)/cut-out of Figure 8.
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control of the pressure maintenance valve and by the level
control in the low-pressure preheaters, which both react to the
change in pressure due to the higher mass flow rate through the
low-pressure turbines. It appears that the ramp rate for the
provision of control power is restricted only by the minimum
valve stroke time. The valve stroke time chosen in this example
was £ = 150 s, which can still be considerably reduced. The
reason for the choice of the used ramp time is that this example
shall demonstrate the system’s general capability to provide
primary and secondary control power in a much more flexible
way than conventional power plants. Beyond that, current
components allow a minimum valve stroke time of around 10
s.”” The general capability of providing primary frequency
control is demonstrated in Figure 9. The amount of control
power can easily be set by adjusting the valve stroke height and
time. Furthermore, there is no bottleneck for the provision of
control power. Only when returning to nominal operation, the
load change rate of the PCC can be limited by the thermal
energy transferred in the reboiler because many solvents tend
to degrade when exposed to higher temperatures. Here, in the
case of MEA, the temperature on the shell side (solvent side) of
the reboiler shall not exceed 125 °C, otherwise thermal
degradation is inevitable.”® As a result, the temperature gradient
that can be applied for the reheating of the solvent in the
reboiler is limited. This is why an injection cooler is needed
behind the throttling valve in case the steam temperature
exceeds the saturation temperature (cf. Figure S).

When compared to the slope of the capture rate, it also
shows that the generator output reaches its new steady state
much faster. Especially when returning to nominal operation,
this means that the target capture rate is reached with a
significant delay of approximately 2000 s. During this period,
the CO, emission to the atmosphere is increased and has to be
compensated by purchasing CO, emission certificates. This fact
has to be addressed in the individual cost-effective analysis for
the provision of control power. If an increased emission is not
feasible or not permitted because of regulatory framework,
other measures have to be taken. One possibility is to hold an
additional tank with lean solvent ready. While the reboiler
heating is reduced, this solvent can be used to maintain the
target capture rate. However, after the process of providing
control power is completed, the excess solvent has to be
regenerated with an increased amount of steam which
temporarily increases the efficiency penalty of the PCC.

The efficiency penalty of the power plant due to the steam
extraction can also be seen in Figure 8. It corresponds to the
difference between 1 and the relative generator power before
the valve is closed.

All in all, from the simulation results it can be concluded that
the possibility to throttle the reboiler valve is a good measure to
rapidly increase the generator output.

6. CONCLUSION AND OUTLOOK

This paper presents a detailed model of a CO, capture process
coupled to a power plant. The validity of the PCC model’s
results is illustrated by comparison with measurement data
from a pilot-scale plant in Heilbronn, Germany. Both steady-
state and transient results show good agreement. Afterward, the
validated model is coupled to the model of a hard coal-fired
power plant. It can be shown that the reboiler valve is a good
actuating variable to provide control power in a fast and reliable
way.

Ongoing and future research focuses on modeling the start-
up of PCC and power plant. The goal is to optimize start-up
procedures and to reduce the downtime of the processes.
Another important aspect is the control of both processes
combined. A highly complex process like this needs a
sophisticated control strategy that integrates both processes
in a joint approach. A first step in that direction is taken by
Gottelt et al.”® using the models presented in this paper. The
authors implement a model-based control strategy based on
existing directives and extend it to be also used for power plants
with postcombustion CO, capture.
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B NOMENCLATURE

a = solvent loading (molco,/molyy,)

#n = mass flow rate (kg/h)

N = mole flow rate (mol/h)

Q = heat flow rate (W)

p = pressure (mbar or bar)

qpec = specific energy demand (MJ/kgco,)

T = temperature (°C or K)

X = CO, capture rate (%)

CCS = carbon capture and storage
HP = high pressure

IP = intermediate pressure

LP = low pressure

MEA = monoethanolamine

PCC = postcombustion carbon capture
PED = process flow diagram

abs = absorber

lean = CO,-lean condition

reb = reboiler

rich = CO,-rich condition

str = stripper
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