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A B S T R A C T

A detailed model of a post-combustion CO2 capture plant (pcc-plant) is developed in the Modelica® language
which allows the simulation of start-up and shutdown processes. The model of the pcc-plant is coupled to a
simplified model of a coal fired power plant to investigate the coupled process. To guarantee a stable and
automatic operation, a sequential control for start-up and shutdown procedures is implemented in both plants.
Two case studies, focussing on the pcc-plant, are subsequently performed in this contribution. In the first case
study, the influence of different parameters and input variables on the start-up time is investigated in order to
analyze the start-up process of the pcc-plant. The varied variables are the steam flow rate to the reboiler, the
solvent flow rate and the total amount of solvent in the pcc-plant. In the second case study two different start-up
control structures for the carbon capture plant are proposed and their performances are presented and com-
pared.

1. Introduction

At the United Nations Climate Change Conference (COP 21) in
2015, 196 countries accepted the Paris agreement to reduce their
carbon emissions. The common goal is to keep the global warming
“well below” 2 °C. The carbon capture and storage technology (CCS) is
one opportunity to capture CO2 emissions from flue gases of combus-
tions processes. One possible application is the capturing of CO2 from
flue gases of thermal power plants. The captured CO2 can be stored in
underground formations afterwards.

In general, several technologies for capturing the CO2 can be used.
One possibility is the post-combustion capture (pcc) technology in
which the CO2 is captured without changing the combustion process.
The main advantage is that the influence on the combustion process and
the power plant is relatively low compared to the pre-combustion and
oxyfuel technologies. The technology is also the most mature (Bhown
and Freeman, 2011) and existing power plants can be retrofitted with
this technology (Garđarsdóttir et al., 2017). In the oxyfuel technology,
the fuel is burned in the combustion chamber of the power plant using
pure oxygen which results in a flue gas consisting of H2O and CO2 only.
In the pre-combustion technology, the coal is gasified and reformed.
Subsequently, the CO2 is separated from the hydrogen resulting in a
synthesis gas that can be burned in a gas turbine for example.

Even if the share of renewable energies increases nowadays, fossil

power plants will still play a key role in the future until a sufficient
infrastructure of suitable energy storage systems will be developed and
built or other solutions will be found. In order to balance the frequency
change in the power grid, fossil power plants have to be operated in a
very flexible way. This implies that load changes, start-up and shut-
down sequences will occur more frequently in the future (Lew et al.,
2012). Therefore, a lot of research projects are carried out in this field
of study, aiming at faster and more cost-effective load changes as well
as start-up and shutdown procedures (Montanés et al., 2018). Many
publications deal with the investigation of the dynamic behavior of
carbon capture processes using dynamic models (Bui et al., 2014).
These models are often used to develop suitable control structures and
to investigate their capability of balancing disturbances (Panahi and
Skogestad, 2012; Nittaya et al., 2014; Montanés et al., 2017; Luu et al.,
2015; Mechleri et al., 2017; Lin et al., 2012; Sepideh Ziaii Fashami,
2012) which is indispensable for a safe and flexible operation of the
plant. Besides conventional control systems using PID controllers also
more sophisticated control systems such as model predictive control are
developed (Åkesson et al., 2012; Wu et al., 2018; Zhang et al., 2016).

Although a large amount of literature deals with thermal separation
processes in general, only few publications address the modeling and
simulation of the start-up of thermal separation processes in general or
the pcc-process in particular. Kvamsdal et al. (2009) and Jayarathna
et al. (2013) developed a non-equilibrium model for the start-up of an
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absorption unit of an amine based pcc-plant. Gaspar et al. (2015) also
presented a model for the simulation of the start-up process of a pcc-
plant. The heating-up process in the stripper is neglected and not si-
mulated in these publications. They use a storage tank filled with re-
generated solvent to start the solvent flow to the absorber.

Wellner (2016) developed a start-up model of the entire pcc-plant
which covers also the heating-up process in the stripper. This model is
used in this contribution to describe the start-up process of the pcc-
plant in an extended form.

Several publications also investigate the coupled process of coal
fired power plants combined with post-combustion capture. The goal is
to study the combined process in detail and to investigate the impact of
the pcc-plant on the power plant. They often conclude that the dy-
namics of the power plant are much faster than the dynamics of the pcc-
plant (Lawal et al., 2012). Wellner et al. (2016) successfully proved the
technical possibility of providing primary frequency control by throt-
tling the reboiler steam valve, using dynamic simulations of the com-
bined process. In the scenario, the power output of the power plant is
controlled using feed forward control.

Garđarsdóttir et al. (2017) used different PID control systems in a
likewise scenario, concluding that the generator power in the combined
system cannot be stabilized by the control system when the reboiler
valve is throttled. They recommend to test advanced control systems in
the future to improve settling times. Montanés et al. (2017b) analyzed
the load change dynamics of a natural gas power plant coupled with a

pcc-process. The authors pointed out that the coupled power plant is
still able to follow common load changes in operation when an ap-
propriate control scheme is used.

Walters et al. (2016) developed a steady state model of a power
plant combined with a dynamic pcc-model. The model is used to gain
more knowledge about the process, resulting in different recommended
control strategies in combined operation. Zhang et al. (2016) modeled a
550MW supercritical power plant integrated with a pcc-unit and
compare the performance of a PID control scheme and a MPC in com-
bined operation. Dutta et al. (2017) designed two different absorber
configurations for a 600MW natural gas fueled power plant and tested
their operability with dynamic simulations.

Mac Dowell and Shah (2014, 2015) use a dynamic model of a
subcritical power plant with a pcc-plant to study the profitability of
different process scenarios during flexible operation of the combined
plant including flue gas bypass, time-varying solvent regeneration and
solvent storage. They concluded that the time-varying solvent re-
generation scenario leads to the highest increase of profitability (Mac
Dowell and Shah, 2015). However, all these publications deal with the
regular operation of the plant. They do not simulate the start-up and
shutdown of the combined process. To close this gap, a detailed model
of a post-combustion capture plant is developed in this publication,
which allows the simulation of the start-up and shutdown process.
Subsequently, the model is coupled to a simplified model of a coal fired
power plant to study the combined process.

Nomenclature

Abbreviations

CCS carbon capture and storage
DAE differential algebraic equation
DOF degree of freedom
HP high pressure
IP intermediate pressure
L/G ratio liquid to gas ratio
LP low pressure
MEA monoethanolamine
MPC model predictive control
PCC post-combustion carbon capture

Greek symbols

α solvent loading in molCO2/molMEA or heat transfer coeffi-
cient in W/(m2 K)
η efficiency
λ thermal conductivity in W/(m K)
ρ density in kg/m3

σ Stefan–Boltzmann constant in W/(m2 K4)
ε emissivity

Latin symbols

A area in m2

a weighting factors for calculation of radiation
As absorbance of suspension m2

c molar concentration in mol/m3

CFfouling calibration factor for fouling
Ḣ enthalpy flow in J/s
h specific enthalpy in J/kg
k mass flow ratio
K calibration factor for approximate equilibrium condition
ṁ mass flow rate in kg/s
m mass in kg

Ṅ molar flow rate in mol/s
P power in W
p pressure in bar or Pa
Q̇ heat flow rate in W
Q amount of heat in J
T temperature in °C or K
t time in s
V̇ volume flow rate in m3/s
w particle velocity in m/s
X CO2 capture rate
y vapor mole fraction

Subscripts

* composition at phase boundary
bub bubble
conv convection
g gas
i component or sums
is isentropic
j index for stage or volume
L solvent
lean CO2 lean condition
liq liquid
mech mechanical
opt optimal
rad radiation
reb reboiler
rich CO2 rich condition
s suspension
st. steam
str stripper
sys system
trans mass transfer
vap vapor
w wall
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In the following section, the pcc-process and the power plant pro-
cess are described briefly. Afterwards, the model and the development
of the sequential control schemes are presented. The model is devel-
oped using the open-source modeling language Modelica® (Modelica
Association, 2017). The simulations are carried out in the simulation
environment Dymola® by Dassault Systèmes. For the simulation of the
pcc-process the ThermalSeparation library is used (Joos et al., 2009;
Dietl, 2012). The model was validated with pilot plant data of a pcc-
plant located in Heilbronn, Germany (Rieder and Unterberger, 2013;
Mejdell et al., 2017) which has been already done in earlier publica-
tions (Wellner, 2016; Marx-Schubach and Schmitz, 2017). The model of
the power plant is developed using the ClaRa library (ClaRa-Library,
2019; Gottelt et al., 2017) in cooperation with the Institute of Energy
Systems at the Hamburg University of Technology.

Subsequently, the sequence control systems are presented. The se-
quence control of the power plant is taken from the power plant located
in Heyden, Germany, and implemented into the model in a simplified
form. The sequence control model for the pcc-plant is developed in this
publication. The resulting model is used to simulate different case
studies with focus on the pcc-plant. First, the most important input
variables (steam flow rate to reboiler and solvent flow rate) are varied
to investigate their influence on the start-up process. Furthermore, the
total amount of solvent in the pcc-plant is varied. In the second step,
two different sequential control structures are tested and compared.

2. Process description

In this section, the power plant and pcc-process are described
briefly. For the realization of the pcc-process, an aqueous amine
scrubbing process using columns with structured packings is chosen as
it is supposed to be the most mature process (Leung et al., 2014;
Rochelle, 2009). More detailed information about the coupling between
both processes can be found in Wellner et al. (2016).

2.1. Power plant process

In Fig. 1 a simplified flow scheme of the water steam cycle of a
power plant is illustrated. In the steam generator, the water is evapo-
rated and superheated. The steam is then expanded in the high pressure
turbine (HP turbine). After the intermediate superheating, the steam is
expanded in the intermediate (IP) and low pressure turbine (LP tur-
bine). The process steam for the pcc-plant is typically extracted between
the IP and LP turbine. Afterwards, the steam is fully condensed in the
condenser and pumped through the low pressure preheater to the feed
water tank where part of the feed water is stored. The feed water is
preheated in the HP preheating unit and flows back to the steam gen-
erator.

2.2. Post-combustion capture process

The pcc-process in this publication is a conventional amine based
scrubbing process. The solvent is an aqueous monoethanolamine (MEA)
solution with 30 wt% MEA. The main reason for using MEA is that the
material data of MEA are well reported in the literature. The plant
consists mainly of three columns, which are usually filled with struc-
tured or random packings to increase the effective mass transfer area
and achieve a high mass transfer rate in the columns.

In Fig. 2 a simplified process flow diagram is depicted. In the first
step, the flue gas is washed with diluted aqueous sodium hydroxide
solution to wash sulfur dioxide out of the flue gas and is cooled to
approximately 35 °C. The flue gas is compressed in a blower afterwards,
which can also be situated upstream the flue gas cooler or downstream
the absorber. The flue gas is fed into the absorber, which is operated at
ambient pressure, and flows upstream through the absorption section
where the CO2 is removed from the flue gas. The washing section at the
top of the absorber is used to wash out amine residues from the flue gas.

The solvent flows countercurrent to the flue gas and the carbon dioxide
is chemically absorbed by the solvent. The rich solvent is collected in
the absorption sump from where it is pumped through a heat exchanger
to the stripper which operates at a higher pressure of 2 bar and a higher
temperature of about 120 °C. Subsequently, the solvent is heated up by
the steam flow into the reboiler leading to a desorption of the CO2 and a
regeneration of the solvent. The steam is extracted from the water
steam cycle of the power plant, typically between the intermediate and
low pressure turbine. After the desorption, most of the remaining steam
in the CO2 flow is condensed in the condenser. Then, the emitted CO2

can be compressed and stored in underground formations. The re-
generated solvent is used to preheat the rich solvent in the central heat
exchanger and pumped back to the absorber.

3. Model description

The model is developed using the Modelica® (Modelica Association,
2017) modeling language and the simulations are carried out in the
simulation environment Dymola® developed by Dassault Systèmes. The
pcc-unit is modeled with the ThermalSeparation library (Joos et al.,
2009; Dietl, 2012) and the ClaRa library was used to model the power
plant (ClaRa-Library, 2019; Gottelt et al., 2017). An overview of the
developed model can be seen in Fig. 3. The models are described in the
following subsections. The section is finished with a description of the
developed sequential control structures.

3.1. Modeling the power plant

The modeled power plant is based on the coal fired single block
supercritical power plant with a 920MW gross electric output located
in Heyden, Germany. During the modeling process, several simplifica-
tions were made to allow for a fast and robust simulation of the com-
bined process. Therefore, the results are not directly related to mea-
surements results. The model can be used to simulate the regular
operation of the plant in a load range of 23–100% and the start-up and
shutdown of the power plant.

The milling process is not modeled. Therefore, the coal dust is an
input variable and is mixed immediately with the primary air in the
model and fed to the combustion chamber.

The steam generator of the power plant is a Benson® boiler with two
passes. The combustion chamber is fired by 4 burner levels whereas in
the model the burner sections are combined to a single burner section.
The geometry of the steam generator is adapted to Heyden power plant
data. The gas side is modeled using a number of discretized gas volumes
with a stationary fuel mass balance in the burner, a dynamic flue gas
mass and component balances and a simple energy balance. The water
side is modeled using discretized pipes with a static momentum balance

Fig. 1. Simplified process flow diagram of the water steam cycle of a power
plant (Wellner et al., 2016).
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and dynamic mass, energy and component balances. The overall mass
balance in the pipes is given in the following simple form.

= − +

ρ

t
V m m

d

d
· ˙ ˙j

j j j 1 (1)

ṁj and +ṁj 1 are the inlet and outlet mass flows of element j and ρj is the
density in the element j with volume Vj. The energy balance is calcu-
lated in the following way, where hj is the specific enthalpy and pj the
pressure in the pipe section with volume V and Q̇w,j is the heat trans-
ferred through the pipe wall.
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Ḣj and +Ḣj 1 are the enthalpy inlet and outlet flows of the section and ρj
is the density of the fluid in the pipe section. The total mass of fluid in
the element is mj.

The pressure loss in the pipes is calculated using a simple linear
pressure drop model. On the water side, a steam water separator is

installed between the evaporator and the first superheating unit, which
is used in the part load operation of the plant.

The heat transfer to the wall is calculated in all gas volumes in the
steam generator using a radiation model from the German reference
book VDI Wärmeatlas in chapter K5 (VDI e.V., 2013), in which the
radiative heat flow is approximated by a summation formula. Ad-
ditionally, a fouling factor is introduced to take the fouling of the wall
into account. The fouling factors CFfouling are used to adjust the heat
transfer according to measurement data.

∑

=

− − −

−

=

Q A σ

ε ε
ε ε

a T a T

˙ CF · · ·

·
1 (1 )·(1 )

· [ · · ]
i

i

i

i i

rad,g fouling heat

1

3
s, w

w s,

,w w
4

,g g
4

(3)

Aheat is the area of the wall, σ is the Stefan-Boltzmann constant, εs,i is
the suspension emissivity factor, εw the emissivity of the wall, which is
fixed to εw=0.8. ai,w and ai,g are weighting factors which are depen-
dent of the gas temperature Tg and the wall temperature Tw. The
emissivity of the suspension εs,i and the weighting factors ai,w and ai,g
are also calculated according to the rules in the VDI Wärmeatlas.

The heat transfer on the gas side to the wall of the tube bundles Q̇tb,g

in the superheater, reheater and economizer is described using a com-
bined convection (Q̇conv,g) and radiation (Q̇rad,g) approach.

= +Q Q Q˙ ˙ ˙tb,g conv,g rad,g (4)

The contribution of the radiative heat transfer Q̇rad,g is calculated in
the following way (VDI e.V., 2013).

=
+ −

−

Q
A σ ε

A ε A ε
A T ε T

˙ CF · · ·
·

· [ · · ]

rad,g,tb
fouling heat tubes

s tubes s tubes

susp w
4

s mean
4

(5)

εtubes is the emissivity of the tubes, As the absorbance of the suspension
and Tmean is the mean temperature of the gas in the volume.

The convective heat transfer on the gas side is calculated with the
heat transfer coefficient αconv,g, the heat transfer area Aheat and the
temperature difference between the inlet temperature of the fluid Tg,in

Fig. 2. Simplified process flow diagram of a post-combustion capture plant
(Wellner et al., 2016).

Fig. 3. Model overview of the combined model.
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and the tube wall temperature Twall.

= −Q α A T T˙ · ·( )conv,g conv,g heat wall g,in (6)

The heat transfer coefficient for the convection is also calculated
according to correlations in the VDI Wärmeatlas (VDI e.V., 2013).

The heat transfer on the water side is described using a convection
model with a heat transfer coefficient of αconv,liq = 10, 000W/(m2 K) in
the evaporator and αconv,liq = 3000W/(m2 K) in the other sections.
Aheat is the mean surface of the tubes, Twall is the temperature at the
inner tube wall, and Tliq,out the temperature of the fluid at volume
outlet. A characteristic line is used to take the part load dependency of
the heat transfer coefficients into account.

= −Q α A T T˙ · ·( )conv,liq conv,liq heat wall liq,out (7)

The burner section is modeled using a gas volume section with a
constant burning time of t=0.5 s. Additionally, a fixed particle mi-
gration speed of =w 1.5fixed m/s is assumed. With these assumptions,
the fuel is burned completely in the burner section.

The evaporator consists of three gas volumes and a discretized pipe
with eight finite volumes whereas the second and third superheater,
reheater and economizer sections consists each of one gas volume and
one pipe representing the tube bundle pipes. In the reference plant, the
water walls cover the entire flue gas path. However, in the second part
of the flue gas path the working fluid is already superheated slightly in
the water walls. In the model, this is declared as the first superheater
section, which consists of two additional gas volumes without tube
bundles. Therefore, only the radiation heat flow to the wall is con-
sidered in the first two elements. Also the radiation to the wall in the
upper superheater and reheater gas volumes is taken into account. Each
heat flow connector is connected to one finite volume in a discretized
pipe model representing the water walls.

The turbine is split in a high, intermediate and low pressure part.
The turbines are modeled in a simplified way and steady state. The
turbine shaft is not modeled. Therefore, the temperature and heat ca-
pacity of the shaft and also the shell of the turbine is neglected. The
pressure drop is calculated using Stodola's law (David, 1984) where the
pressure drop is a function of the nominal mass flow rate and the
nominal pressure at turbine inlet and outlet (Alobaid, 2018). For all
turbines, a mechanical efficiency of ηmech= 0.98 is assumed. The
isentropic efficiency are considered to be ηis = 0.9 for the high and
intermediate turbine and ηis = 0.87 in the low pressure turbine. The
enthalpy of the steam at the turbine outlet hout is calculated in the
following way where hin is the enthalpy at turbine inlet and his is the
enthalpy at the turbine outlet in case of an isentropic process.

= − +h η h h h·( )out is is in in (8)

In the condenser, the shell side is modeled using a vessel. The
condenser temperature is set to 30 °C as a fixed boundary condition.
The required cooling load is calculated according to this temperature.
The tube side of the condenser is not modeled separately. The fluid in
the vessel is in thermodynamic equilibrium and subcooling is not
considered. The feed water tank is modeled using a volume element
with liquid and vapor phase in equilibrium.

The condenser and feed water pump are also modeled in a simpli-
fied way. The volume flow of the pump is calculated from the pressure
difference Δp and the drive power Pdrive.

=V P
p

˙
Δ
drive

(9)

The high pressure and low pressure preheaters are neglected which
leads to a reduction of the plant efficiency but also to a significant re-
duction of simulation times. This can be explained by the fact that the
zero mass flows occurring in the preheaters during downtimes of the
plant increase the simulation time as the DAE solver has difficulties to
solve the resulting equation system.

The control system and the step sequences for shutdown and start-
up of the power plant are implemented from the control system of the
Heyden power plant in a simplified form. Until now, the model can only
be used to model a hot/warm start-up of the power plant.

3.2. Modeling the pcc-plant

The developed pcc-model capable of simulating the start-up process
of the pcc-plant is based on the model developed by Wellner (2016) and
was validated with measured data from a pilot plant located in Heil-
bronn, Germany in a previous publication (Marx-Schubach and
Schmitz, 2018; Wellner, 2016).

The underlying basic equations of the columns and auxiliary com-
ponents can be found in the thesis of Dietl (2012). The model of the pcc-
plant for the regular operation of the plant is described in the pub-
lication from Wellner et al. (2016).

For the simulation of the start-up and shutdown process of the pcc-
plant some changes to the model from Wellner et al. (2016) were made.
A first version of this start-up model was also published by Wellner
(2016). For the sake of simplification, the flue gas cooler is replaced
with a simple heat exchanger with a pressure drop where the flue gas is
cooled and the sulfur dioxide is directly removed. The columns are
modeled as equilibrium-stage-model where the mass transfer equations
are neglected. A calibration factor in the absorber takes the deviation
from ideal equilibrium conditions into account. In the stripper, no ca-
libration factor is needed as the mass transfer is much faster due to the
higher temperatures.

First of all, for the simulation of the shutdown process the ambient
heat loss in the columns can no longer be neglected. Therefore, a heat
transfer through the column wall is modeled. On the outside wall,
natural convection is assumed and the heat transfer coefficient is cal-
culated using a correlation from the German reference book VDI
Wärmeatlas (VDI e.V., 2013). The heat conduction through the wall is
taken into account using the thermal conductivity coefficient of the
wall material. In the desorption unit the insulation is also taken into
account. The considered insulation material is mineral wool with a
constant thermal conductivity of λ=0.04W/(m K) (Szodrai and
Lakatos, 2014).

The model of the pcc-plant can be initialized in a cold and off state,
but the power plant model can only be initialized in steady state.
Therefore, the entire model is always initialized in normal operation at
steady state. Afterwards, the plant is shut down and started after a se-
lected downtime.

Except the mentioned calculation of the heat loss, changing the
equations in the absorption unit is not necessary, as the boiling point is
not reached. The filling process of the column and the beginning flue
gas flow can be described by the available equations.

The equations in the stripper are adapted to simulate the start-up
process as the heating-up process in the stripper cannot be described by
the equations in regular operation. The start-up process of the stripper
is divided into different steps. This approach is based on the model of
Wang et al. (2003). At the beginning of the start-up process, the tem-
perature of the solvent (aqueous monoethanolamine (MEA)) is below
the boiling point. This means that the equilibrium condition between
the liquid and vapor phase must not be valid to avoid a mass transfer
over the phase boundary. Therefore, the mass flow over the phase
boundary must be set to zero in the first step.

=Ṅ 0j i,
vap,trans

(10)

The pressure pj
sys cannot be calculated by the total amount of sub-

stances in the vapor phase and must be set by the user. The initial
pressure pj

init is usually the ambient pressure.

=p pj j
sys init

(11)

In the second step, the boiling point is first reached in the reboiler,
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leading to a partial evaporation of the solvent. Therefore, the pressure
in the columns increases and corresponds to the vapor pressure that is
determined by the total amount of substances pj

vap. The pressure is
controlled by a pressure valve downstream the stripper head.

=p pj j
sys vap

(12)

The evaporated solvent enters the first stage of the stripper. In the
model, the vapor phase in the stripper consists of steam and carbon
dioxide. MEA is considered to exist in the liquid phase only. At this
moment, the boiling point in the stage is not reached yet. It is assumed
that the entering steam condenses immediately and the carbon dioxide
does not react with the solvent as the solvent is loaded with carbon
dioxide.

=

= − −

N

N V c

ForCO : ˙ 0,

ForH O: ˙ ˙ ·

j i

j i j i j i

2 ,
vap,trans

2 ,
vap,trans

1,
vap,in

1,
vap,in

(13)

When the boiling point in the stage is reached, which means that the
vapor pressure pbub reaches the system pressure psys, the equilibrium
condition should be fulfilled in the third step. The switching to the
equation =y y*j i j i, , , where yj,i is the mole fraction of component i in the
vapor phase of stage j and y*j i, is the mole fraction at the phase
boundary, appears consistent. However, the resulting equation system
cannot be solved by the solver (Dietl, 2012). Therefore, the equation is
switched to an “apparent equilibrium”-condition for both vapor com-
ponents.

= − −N K y y˙ ·( * )j i j i j i,
vap,trans

, , (14)

The value for the constant K should be chosen as high as possible to
achieve only an infinitesimal small difference between the vapor mole
fraction in the bulk phase and the vapor mole fraction at the phase
boundary. To allow a smooth switching between the equations, a
smoothing function for the mass flow over the phase boundary is im-
plemented. The other equations remain the same in the stripper.

For the following case study, the process is scaled up with Aspen
Plus® to industrial scale capable of treating the entire flue gas flow of
the power plant. This results in three parallel capture plants, as the
maximum diameter is limited due to structural limitations1 (Ramezan
et al., 2007; Lawal et al., 2012) and the maximum diameter of the used
structured packing Sulzer Mellapak 250Y of 15m (Sulzer Chemtech,
2018). The diameter was calculated in Aspen Plus® with the “fractional
approach to maximum capacity” where the diameter is adjusted in such
a way that the column is operated at a defined fraction of the flooding
point velocity (Agbonghae et al., 2014). A fraction of 0.7 was chosen
according to a recommendation by Kister (1992). The height of the
columns was adapted manually to achieve the same plant efficiency as
in the pilot plant. For the sake of simplification, only one capture plant
is represented in the combined model and the flue gas flow into the
absorber and steam flow into the reboiler is divided by three. It is as-
sumed that the parallel capture plants show the same behavior. The
details of the column geometry are shown in Table 1. Please note that
the diameters of the absorbers are slightly higher than the re-
commendation of Ramezan et al. (2007), but a smaller diameter would
lead to a fourth plant or to lower safety margins concerning flooding of
the column.

3.3. Integrating the pcc-plant into the power plant

The pcc-plant and the power plant process have two connection
points. First, the flue gas of the power plant is fed to the pcc-plant after
the flue gas desulphurization process. Second, process steam is ex-
tracted between the intermediate and low pressure turbine. The con-
densed fluid is normally fed back to the low pressure preheating system

in the water steam cycle. As the preheaters are neglected in the model,
the water is fed back to the feed water tank. For the pcc-plant the steam
quality is of great importance to achieve a continuous desorption pro-
cess in the stripper. Therefore, the pressure in the reboiler tubes may
not fall below a certain value. In this case, a sufficient pressure of 3 bar
was chosen as sufficient, which results in a temperature difference of
approximately 10 K between the shell and the tube side in the reboiler
as proposed from Oexmann (2011). As approximately half of the steam
is extracted between the intermediate and low pressure turbine, the
pressure between the intermediate and low pressure turbine decreases,
especially in part load operation. To avoid that the pressure in the re-
boiler tubes drops below 3 bar, a pressure maintaining valve is installed
before the low pressure turbine.

3.4. Development of sequential control structures

For a safe and automatic start-up, the development of suitable se-
quential control structures is crucial. The control system is split up into
two areas in the model. PI controllers from the ClaRa library are used to
control the regular operation of the plant and the start-up is controlled
using a step sequence by switching the controllers between manual and
automatic operation. The step sequences are implemented in the model
using the Modelica-StateGraph2 library. The sequential control struc-
tures should fulfill the following requirements and goals:

• The switching between the steps should be as smooth as possible.

• All measured values should stay inside their desired limits to avoid
damage to any components.

• The start-up should work automatically without manual interven-
tions and should also cope with small disturbances.

• The step sequence should guarantee a minimal steam flow to the low
pressure turbine as well as into the reboiler.

Considering a nominal flue gas flow rate and process constraints
(e. g. level controllers, MEA concentration in the solvent) two un-
constrained degrees of freedom (DOF) remain that can be used to op-
erate the pcc-plant in an optimal way (Panahi and Skogestad, 2011). In
general, the two remaining DOFs are used to control a temperature on a
specific stripper tray or the reboiler temperature and the carbon capture
rate (Montanés et al., 2017). In this publication, two common control
structures are used in regular operation (Fig. 4 and Fig. 5). In the first
control structure (Fig. 4), the solvent flow rate V̇L of the solvent pump
downstream the stripper is used to control the capture rate and the
reboiler steam valve (proportional to heat flow Q̇reb) is used to control
the reboiler temperature Treb. In the second control structure (Fig. 5),
the solvent flow rate of the stripper pump controls the stripper tem-
perature on the lowest stripper stage, the carbon capture rate is con-
trolled with the reboiler steam valve. This allocation is summarized in
Table 2.

Instead of using the solvent pump downstream the stripper to con-
trol the stripper temperature, the solvent pump downstream the ab-
sorber is often used to control the stripper temperature (Montanés et al.,
2017). In this model, the control deviation during load changes is lower
and the control is more robust when the solvent pump downstream the
stripper is used to control the stripper temperature. The following case
study focuses less on the load changing behavior of both control
structures but on the capability of achieving a smooth change between

Table 1
Overview of the column geometry.

Absorber Stripper

Quantity 3 3
Diameter 14.51m 8.51m
Packing Height 15m 10m

1 Ramezan et al. recommend a maximum diameter of 12.2 m (40 ft)
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the start-up and regular operation.
As the process set points of the reboiler temperature and carbon

capture rate cannot be controlled at the beginning of the start-up pro-
cess, the controllers have to be operated in manual mode. For an au-
tomatic and safe start-up suitable switching conditions between the
steps have to be found. One possible developed step sequence can be
seen in Fig. 6. The effects and changes in these steps must ensure that
the switching occurs in almost any event. For instance, when the sol-
vent flow rate is too low compared to the power plant load, it could
happen that the carbon capture rate of =X 90%CO2 is not reached and
the switching to the last step does not occur.

In the first step, the pcc-plant is in an empty state. Before the firing
in the power plant is started, the solvent pumps have to be switched on
to wet the columns and mix the solvent. When the firing in the power
plant is started, the solvent flow rate should be set manually to an
optimal L/G ratio (the ratio of solvent flow rate and flue gas flow rate).
The optimal L/G ratio is dependent of the power plant load. This

ensures that the solvent flow rate is sufficient to reach a carbon capture
rate of =X 90%CO2 . A constant solvent flow rate is also possible but if
the power plant load is increased comparatively fast after start-up, the
solvent flow rate may not be sufficient for the target carbon capture
rate. A higher constant solvent flow rate would lead to an inefficient
pcc-plant operation at low partial loads. Therefore, the coupling of the
solvent flow rate to the L/G-ratio is a good compromise. The constant
solvent flow approach is tested in an alternative step sequence in a case
study in the last section.

When the steam flow to the low pressure turbine is started and the
pressure between the IP and LP turbine reaches 4 bar, the steam flow to
the reboiler is started. In this case, a constant valve opening would be
also possible but this could lead to the same problem as explained
above in the case of the solvent flow rate. Nevertheless, this is also
examined in the case study in the last section. In regular operation,
approximately half of the steam mass flow to the low pressure turbine is
used for the solvent regeneration. Hence, the steam flow to the reboiler
is controlled in such a way that half of the steam flows into the reboiler.
The gain and the reset time of the controller are adapted to perform this
control task. After step 4, the controller parameters are reset to regular
values. An additional benefit of this step is that the steam mass flow
into the reboiler as well as the steam mass flow to the low pressure
turbine cannot drop below a defined minimum value. As soon as a
certain reboiler temperature (e.g. 120 °C) is reached, the temperature in
the stripper or reboiler is controlled by the steam mass flow into the
reboiler or the solvent flow rate depending on the control structure.
When the carbon capture rate reaches its targeted value, the carbon
capture rate is controlled by the remaining manipulated variable. In the
model, the step sequence is parallelized after step 4 which means that
step 6 can also be active before step 5 has been activated.

This step sequence shows the best performance with regard to sta-
bility. In the case study section, another possible step sequence is shown
and the results are compared.

The alternative step sequence can be seen in Fig. 7. This step se-
quence can only be used with control structure A.

Fig. 4. Control structure A of pcc-plant.

Fig. 5. Control structure B of pcc-plant.

Table 2
Overview of control structures.

Control Manipulated variable Control variable

A V̇L XCO2

Q̇reb Treb
B V̇L Tstr,1

Q̇reb XCO2

Fig. 6. Step sequence control structure.
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4. Simulation results

In this section, the simulation results of a reference hot start-up of
the power plant with pcc-plant are shown. For the reference case, the
load profile of a shutdown and a downtime of approximately 10 hours
followed by a hot start-up is taken from a real start-up case of the power
plant in Heyden. The control structure A (Fig. 4) and the reference step
sequence (Fig. 6) are used for the simulation. The effect of the other
control structure and step sequence are investigated in Section 5.4. The
start-up is finished when the targeted capture rate within a relative
tolerance of± 3% is reached.

= ±X 0.9 0.027CO ,end2 (15)

The load profile that was used for the simulation is depicted in
Fig. 8. It was taken from measurement results of the Heyden power
plant.

In the reference scenario, the power plant is initialized at full load in
steady state. After t=5000 s the load is reduced with a constant load
change rate of 1.57%/min. The load change rate is adjusted at
t=7520 s to 0.24%/min. After the load reduction, the plant is operated
at a constant low partial load of 23% until the plant is shut down at
t=15, 600 s. After a downtime of approximately 10 h, a hot start-up of
the power plant is performed. The firing starts at t=50, 000 s. At
t=51, 000 s, the air flow rate and the amount of fuel to the burner

section is increased resulting in a higher heat output of the furnace.
Subsequently, the produced steam is fed to the turbines and the pcc-
plant. The power plant is again operated at a low partial load of 23% for
a short time before the load of the power plant is increased to full load
again.

In Fig. 9 the carbon capture rate during the simulation is shown.
First, it is demonstrated that the pcc-plant can be operated at a constant
carbon capture rate of =X 90%CO2 also at low partial loads. When the
power plant is shut down, the carbon capture rate drops to zero as the
flue gas flow stops. Prior to the start of the firing, the solvent pumps in
the pcc-plant are started. When the firing is started and the flue gas is
fed to the absorption unit, the carbon capture rate increases to a high
value of nearly 90% as the solvent is not saturated yet. As the solvent
loading in the absorption unit increases and is not regenerated in the
stripper yet, the carbon capture rate drops slowly to a lower value until
the targeted temperature in the stripper is reached and the regeneration
of the solvent starts. The capture rate increases slowly until the con-
troller is switched on to control the carbon capture rate.

The oscillation in the carbon capture rate at t=51,000 s occurs due
to the fact that the air flow rate and the amount of fuel is increased
resulting in a lower mass fraction of CO2 in the flue gas at absorber
inlet.

The start-up of the pcc-plant is started at t=46,000 s, when the
solvent pumps are switched on and all heat exchangers are put into
operation. Using this defined start time, the calculated start-up time of
the plant is 2.54 h.

Fig. 10 shows the reboiler temperature during shutdown, downtime
and start-up operation. When the pcc-plant is shut down, the pressure in
the stripper decreases. Therefore, the reboiler temperature drops to the
boiling temperature of the solvent at ambient pressure and due to the
heat loss to ambience the temperature continues to drop. When the
solvent pumps are switched on at t=46, 000 s, the reboiler tempera-
ture decreases rapidly as the reboiler is cooled by the fresh solvent.
After starting the steam supply, the reboiler temperature increases until
the operation temperature is reached again.

The solvent flow rate is shown in Fig. 11. It decreases with de-
creasing power plant load to guarantee that the pcc-plant is operated at
the optimal operating point. As the mass flow and CO2 concentration of
the flue gas flow decrease, the amount of solvent, that is needed for the
absorption of the CO2 in the flue gas, decreases. Therefore, the solvent
flow rate corresponds to the power plant load.

The same applies to the graph of the steam flow rate behind the
intermediate pressure turbine, which is split up into a part that is di-
rected to the reboiler of the pcc-plant and a part that flows through the
low pressure turbine, depicted in Fig. 12. Approximately half of the
steam is needed for the regeneration of the solvent in the pcc-plant.
After the power plant start-up, the steam mass flow is split up into two
equal parts until the reboiler temperature is reached as presented in the
step sequence in Fig. 6. When the reboiler temperature is reached, the
steam flow to the pcc-plant is reduced slightly. Subsequently, the total
steam flow continues to rise as the power plant load is increasing.

Fig. 7. Alternative step sequence control structure.

Fig. 8. Load profile of the simulated process used for the simulations.
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The solvent loading in the absorber and stripper sump are shown in
Fig. 13. During normal operation, the rich and lean loading are only
slightly changed as the reboiler temperature is controlled in such a way
that the plant is operated at its optimal operation point. Before start-up,
it is important that the solvent is mixed to get a homogeneous mixture.
Therefore the solvent pumps are switched on one hour before power
plant start. At the start-up time, the solvent loadings in the absorber and
stripper reach the same value, which means that the solvent is mixed
completely in the plant. During start-up, both solvent loadings increase
until the regeneration of the solvent starts. Finally, the lean solvent
loading decreases until a steady state value is reached.

The gross electric output of the power plant depicted in Fig. 14 is
also related to the power plant load and shows nearly the same beha-
vior

5. Case study

The previously outlined model is used for two different case studies.
In the first case study, some input variables and parameters are changed
and their influence on the start-up time are evaluated. In the second
case study, the existing control system is compared with a different step
sequence. Finally, their advantages and disadvantages are discussed.

All simulations of the first case study are carried out using Control
Structure A and the step sequence control illustrated in Fig. 6.

5.1. Variation of different parameters

In this subsection, the influence of different parameters and process
input variables is investigated. The solvent flow rate during start-up can
be adjusted by the plant operator. Furthermore, the steam flow to the
reboiler during start-up can also be varied if the limitation due to the
power plant is taken into account. The variation of the total amount of
solvent in the pcc-plant is also of interest as an increase of the total
amount of solvent increases the stability of the plant but also increases
start-up and settling times.

5.1.1. Variation of solvent flow rate
The solvent flow rate is adapted manually during start-up and is

determined by the L/G ratio as depicted in the step sequence in Fig. 6.
During start-up, this manual value can also be adapted in such a way
that a faster start-up is achieved. To investigate the influence of the
solvent flow rate on the start-up time, the solvent flow rate is varied by
introducing a calibration factor k.

=V k V˙ · ˙L L,opt (16)

The start-up time for the reference scenario and both variations are
shown in Table 3.

On the one hand, a reduction of the solvent flow rate leads to a
significant increase of the start-up time as the carbon capture rate in-
creases slower in this case. This can be explained by the reduced re-
generation rate in the stripper sump. On the other hand, an increase of
the solvent flow rate results in a decreasing start-up time as the re-
generation rate in the stripper is increased and the targeted carbon
capture rate is reached faster. In future optimization approaches, the
model can be used to find the optimal calibration factor to minimize the
start-up time.

It is also possible to use more complex step sequences. For instance,
it would be possible to set a low solvent flow rate to increase the heat-
up rate in the reboiler and to increase the solvent flow rate when the
targeted reboiler temperature is reached. This can decrease the start-up
time even more as shown in a previous publication (Marx-Schubach and
Schmitz, 2017).

However, the optimal constant solvent flow rate or optimal solvent
flow rate trajectory is dependent on many different specific plant
characteristics and a general recommendation for all pcc-plants cannot
be given.

5.1.2. Variation of steam flow rate
In a similar way, the steam flow rate to the reboiler is varied. To

vary the steam flow rate, the controller nominal value of the ratio be-
tween the steam mass flow to the reboiler and the steam mass flow to

Fig. 9. Carbon capture rate during shutdown, downtime and start-up operation.

Fig. 10. Reboiler temperature in K during shutdown, downtime and start-up operation.
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the LP turbine is changed. In the reference scenario a factor of 1 was
used.

=
m
m

k
˙
˙
steam,Reb

steam,LP (17)

The start-up time for the reference scenario and both variations are
shown in Table 4 .

Fig. 11. Solvent flow rate in m3/s during shutdown, downtime and start-up operation.

Fig. 12. Steam flow rate during shutdown, downtime and start-up operation.

Fig. 13. Solvent loading during shutdown, downtime and start-up operation.

Fig. 14. Gross electric output of the power plant during shutdown, downtime and start-up operation.
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As expected, the start-up time decreases when the steam flow rate is
increased. It is worth mentioning, a reduction of the steam flow leads to
a larger absolute change in start-up time then an increase of the steam
flow rate.

5.1.3. Variation of total amount of solvent
The total amount of solvent in the pcc-plant in the reference sce-

nario is 1107m3. The total amount of solvent is increased and de-
creased by 30% in the stripper and absorption sump in this case study.

The start-up time for the reference scenario and the variations are
shown in Table 5.

The start-up time increases with increasing total amount of solvent
as more solvent has to be heated up and regenerated.

5.2. Variation of steam supply time

In this subsection, the steam supply time to the reboiler is varied.
The firing of the power plant starts at t=50, 000 s. At t=51, 000 s the
fuel and air input into the combustion chamber is increased to put the
steam generator in operation. Subsequently, the produced steam flows
through the turbines and the reboiler valve is opened to heat up the
solvent. The time between those two events is increased in this case
study, leading to a longer total start-up time. The results of the carbon
capture rate are shown in Fig. 15. The solvent flow rate pumps are
switched on at t=46, 000 s in all three cases and the reboiler tem-
perature is decreasing until the steam to the reboiler is supplied.
Therefore, also the start-up time after steam supply increases, when the
steam supply time is delayed. The slope of the carbon capture rate is
lower in the delayed cases. The results of both start-up times are out-
lined in Table 6.

5.3. Variation of the start-up time of solvent pumps

The solvent pumps must be switched on to fill the columns before
the flue gas enters the absorption unit. Furthermore, the solvent pumps
are used to mix the solvent and to prevent an uneven composition of the
solvent. In the following, the influence of the start-up time of the sol-
vent pumps will be investigated.

Table 3
Comparison of start-up time when varying the solvent flow circulation rate.

Variable Ref. k=0.9 k=1.1

Start-up time in h 2.54 3.14 2.46

Table 4
Comparison of start-up time when varying the steam flow rate into the reboiler.

Variable Ref. k=0.9 k=1.1

Start-up time in h 2.54 2.64 2.48

Table 5
Comparison of start-up time when varying the total amount of solvent.

Variable Ref. −30% +30%

Start-up time in h 2.54 2.32 2.67

Fig. 15. Carbon capture rate results when varying steam supply time.

Table 6
Comparison of start-up time when varying the total amount of solvent.

Variable Ref. tst. = 53, 000 s tst. = 57, 000 s

Total start-up time in h 2.54 3.20 4.42
Start-up time after steam supply in h 1.15 1.25 1.36

Fig. 16. Carbon capture rate during start-up.

Fig. 17. Reboiler temperature in K during shutdown, downtime and start-up
operation.

Table 7
Comparison of start-up time when varying the start of the solvent flow rate.

Variable Ref. tsolvent = 40, 000 s tsolvent = 48, 000 s

Total start-up time in h 2.54 2.57 2.51
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In Fig. 16 the carbon capture rate of the reference case and two
other cases are compared. In one case, the start of the solvent flow rate
is delayed and in the other case, the solvent flow rate pumps are
switched on earlier. As expected, the start-up time decreases when the
solvent flow rate pumps are started later.

The reason can be seen in Fig. 17. The reboiler temperature de-
creases due to the circulation of the fresh solvent in the plant. As a
result, the steam supply starts at a lower reboiler temperature resulting
in a longer start-up time. The start-up times are compared in Table 7.

To minimize the start-up time, the solvent flow rate pumps should

be switched on as late as possible. However, this effect on the start-up
time is comparatively low in the time period from tsolvent = 40, 000 s
until tsolvent = 48, 000 s. To examine the mixing process of the solvent,
the rich and lean solvent loading in the absorber and stripper sump of
all three cases are illustrated in Fig. 18. It can be concluded that the
start of the solvent flow rate pumps at tsolvent = 46, 000 s is just suffi-
cient to achieve a complete mixing of the solvent. When the solvent
flow rate pumps are started at tsolvent = 48, 000 s the solvent is not
mixed completely as the rich and lean loading are not the same at time
instant tsolvent = 50, 000 s. It can be summarized that approximately
one hour of solvent mixing time is needed with a total amount of sol-
vent of 1107m3.

5.4. Variation of pcc-plant control structures

In the last case study different control structures and sequential
control structures are compared. In Section 3.4 two control structures
from the literature are presented. Furthermore, two different sequential
control sequences are developed and presented.

In a first step, the reference step sequence depicted in Fig. 6 is used
for the simulation and the control structure is changed from control
structure A to control structure B. The resulting carbon capture rate
during start-up is shown in Fig. 19 for both control structure.

At the beginning of the start-up, the carbon capture rates show the
same behavior in both cases until the targeted reboiler temperature is
reached. In the reference case (control structure A) the reboiler tem-
perature is controlled by the steam pressure valve at the steam inlet.
When the desired reboiler temperature is reached, the steam valve is
throttled slightly which can be seen in Fig. 12. As the impact of the
reboiler steam valve on the capture rate only takes effect with a long
delay, the carbon capture rate shows no fluctuations at this point. In the
second case (control structure B), the stripper temperature is controlled
by the solvent flow rate pump downstream the stripper. By the time the
targeted temperature is reached, the controller is switched on. The
solvent flow rate is increased to control the stripper temperature as the
steam flow to the reboiler is slightly higher than needed. The dead time
of the carbon capture rate, when the solvent flow rate is changed, is
much lower than in the reference case. Therefore, a significant fluc-
tuation can be seen in the carbon capture rate.

The carbon capture rate reaches its target value much faster than
with control structure A. This can be explained by two reasons. First,
the mean steam flow to the reboiler during start-up is higher when
using control structure B as the steam flow is not reduced until the
carbon capture rate of 90% is reached. Second, the controller increases
the solvent flow rate to control the reboiler temperature resulting in a
faster decrease of the solvent loading in the stripper sump. Increasing
the solvent flow rate, after the reboiler reached its operation

Fig. 18. Rich and lean loading in the carbon capture plant during start-up.

Fig. 19. Comparison of two control structures: carbon capture rate.

Fig. 20. Comparison of two sequential step sequences: carbon capture rate.
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temperature, results in a decreasing start-up time as shown in an earlier
publication (Marx-Schubach and Schmitz, 2017).

It can be outlined that the control structure B results in a faster start-
up time but also increases the fluctuations of the carbon capture rate
which could lead to stability issues in the pcc-plant. It also should be
noted that the choice of the control structure in regular operation has
also a high impact on the start-up process.

In addition to varying the control structure, it is also possible to
choose another step sequence. In the alternative step sequence (Fig. 7),
the focus is on choosing constant values for the manual operation mode
of the controllers. The resulting carbon capture rate is illustrated in
Fig. 20. For these simulations, control structure A was used.

In this case, the start-up time of the alternative step sequence is
shorter than in the reference case. The start-up time depends on the
constant value of the reboiler steam valve opening. Here, the steam
flow to the reboiler is higher than in then reference case. If a lower
value for the constant valve opening was chosen, the result was a higher
start-up time. However, for much lower valve opening values stability
problems could be observed, as the steam flow to the reboiler was not
sufficient to reach the targeted reboiler temperature especially when
small disturbances occur. Although this step sequence results in a lower
start-up time, the stability of this step sequence is lower compared to
the reference sequence. Small disturbances in a lot of process variables,
for example the pressure in the water steam cycle, could result in an
unstable start-up making manual interventions necessary.

Beyond these step sequence controllers also other step sequences are
a possible option. Instead of controlling the ratio between the steam
mass flows to the reboiler and the low pressure turbine, one could also
control the power generation during start-up using the reboiler steam
valve if required.

6. Conclusion and outlook

In this contribution, the development of a simplified power plant
model and a more detailed pcc-plant model is shown. The model is
capable of simulating the start-up and shutdown process, as well as the
regular operation in a load range of 23–100% of the combined process.
The model is used to develop appropriate control structures and step
sequences for the pcc-plant to allow an automatic start-up of the
combined process.

The results indicate that the total start-up time of the pcc-plant
when performing a hot start simultaneously with the power plant is
2.54 h in the reference case. The case study shows that a variation of the
solvent flow rate has a high impact on the start-up time. It can be
concluded that the choice of the correct solvent flow rate trajectory is
essential for a fast and stable start-up. As expected, a higher steam flow
rate to the reboiler results in a decreased start-up time and a higher
total amount of solvent in an increased start-up time. Additional case
studies point out that the choice of an appropriate control structure and
a suitable step sequence are important for the start-up of the combined
process in order to minimize the start-up time or to increase the sta-
bility of the plant.

Further studies should focus on the impact of the pcc-plant on the
power plant during start-up in more detail. For this purpose, a more
detailed power plant model is desirable to study the restrictions, effects
and limitations imposed by the pcc-plant. Additionally, the control
structures of the power plant and pcc-plant should be extended to de-
velop a more detailed control system. In a real case scenario, the de-
veloped model could be used to optimize the start-up process with re-
gard to the start-up time or energy demand.
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