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. Introduction

In order to mitigate the effects of climate change attributed to
he anthropogenic combustion of fossil fuels carbon capture and
torage (CCS) is identified as one of the potential technolo-gies
International Energy Agency, 2012). CCS is considered as
ransitional technology until the energy demand is fully supplied
y renewable sources. Some of the technologies required for CO2
apture are already applied commercially in the chemical indus-
ry, such as CO2 absorption, and can be considered well proven. 

oreover, recently CO2 capture from power plants has been
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utilized in combination with enhanced oil recovery (Whittakera et
al., 2011). In the face of commercial-scale application in the power
sector, various aspects are currently studied, such as pro-cess
energy efficiency, plant complexity and operational flexibility. For
the successful implementation of CCS also challenges related to
economic viability, public acceptability, uncertainties in policies
and regulations need to be overcome.

Among the CO2 capture technologies, pre-combustion CO2 cap-
ture applied to integrated gasification combined cycle (IGCC)
power plants is a promising technical solution due to its potential
for high net efficiency (Damen et al., 2006; NETL, 2013). Moreover,
IGCC power plants feature advantages regarding fuel flexibility and

low emission of other air pollutants in comparison to conven-
tional pulverized coal steam power plants. The integration of the 
capture unit into the very complex gasification process and com-
bined cycle power plant leads to challenging problems as far as
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Nomenclature

�p pressure drop, Pa
a specific surface area, m2 m−3

C constant
d diameter, m
FV gas/vapour capacity factor, Pa−0.5

Fr Froude number
g gravitational acceleration, m s−2

H height, m
hoL column holdup, m3 m−3

K wall factor
M total mass, kg
m mass flow rate, kg/s
p pressure, Pa
Re Reynolds number
T temperature, K
u internal energy, J kg−1

v specific volume, m kg−3

w velocity with reference to free column cross-section,
m3 m−2

X mass fraction
CCS carbon capture and storage
DAE differential and algebraic equation
DEPEG dimethylether of polyethylene glycol
EoS equation of state
IGCC integrated gasification combined cycle
L/G liquid-to-gas ratio
PC-SAFT perturbed chain-statistical associating fluid theory
TR test run

Subscripts
h hydraulic
i,j mixture component
in inlet
L liquid phase
P particles
S loading point
V vapour phase

Greek letters
� void fraction, m3 m−3

� dynamic viscosity, kg ms−1

resistance coefficient
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� density, kg m−3

ynamic operation is concerned. Transient performance of power
lants is becoming extremely relevant, due to recent developments

n the electricity market, namely the liberalization (in the European
ountries) and the increase of the share of electricity obtained from
enewable energy sources. As a consequence, the IGCC power plant
nd the integrated capture unit have to be able to follow frequent
nd fast load changes in order to balance the intermittent nature
f wind and/or solar radiation.

Dynamic process modelling and simulation is the state-of-
he-art approach to improve the dynamic performance of such
omplex systems. Transient simulations can be of various use
or example, to test different control strategies including control
arameter tuning (Casella and Colonna, 2012), to design startup and
hutdown procedures (Dietl, 2012) as wells as emergency shut-

own logics, and to study malfunction (Koch et al., 1999). The 
tudy described here focuses on dynamic modelling and simula-
ion of load changes aimed at aiding the design of control strategies 
hat can improve the dynamic performance of this type of plants.
Startup and shutdown procedures are not treated because on the
one hand they are considerably more complex, and on the other,
overall improvement of dynamic performance due to an improve-
ment of startup and shutdown operation is much less significant
than that due to fast load changes.

In order to investigate the transient performance of the
pre-combustion capture unit among others, a unique, fully instru-
mented CO2 capture pilot plant has been realized at the Buggenum
IGCC power station in the Netherlands by the utility company Vat-
tenfall (Damen et al., 2011). Detailed dynamic models of the capture
process have been developed by the authors and validated by com-
parison with transient experimental data obtained from the pilot
plant. These validated models have been subsequently used in sim-
ulation studies on optimal control strategies in order to improve
the process performance during load variations (Trapp et al., 2014;
Trapp, 2014).

The study documented here focuses on the simulation and vali-
dation of one of the key components, the CO2 absorber column
with its auxiliaries. The literature treating the dynamic modelling
and simulation of physical absorption for pre-combustion CO2

capture is scarce. Heil et al. developed a dynamic model for a
pre-combustion CO2 removal unit utilizing methanol as solvent in
an equilibrium-based absorber column model. The thermophy-
sical properties of the fluid mixtures involved in the process are
modelled with a simplistic approach (Heil et al., 2009).

A larger number of published studies is related to the dynamic
performance of reactive absorption for post-combustion CO2 cap-
ture, typically investigating the use of aqueous amine-based
solvents (Chikukwa et al., 2012; Boot-Handford et al., 2014; Bui et
al., 2014). This might be related to the fact that currently vari-ous
post-combustion demonstration projects are ongoing, see, e.g., Ref.
Wang et al. (2011). Moreover, the reactive absorption process is
more challenging from the modelling point of view in com-parison
to physical absorption. For adequate model predictions of multi-
component fluid processes involving chemical reactions, the more
complex rate-based approach is required (Kucka et al., 2003; Lawal
et al., 2009; Kale et al., 2013; Mac Dowell et al., 2013). Dif-ferent
software tools have been identified as suitable for dynamic model
development and simulation of chemical absorption for CO2
capture (Ziaii et al., 2011; Prölß et al., 2011; Harun et al., 2012;
Jayarathna et al., 2013). Specific model libraries are available in
some commercial tools. Dietl developed an open source library
according to a general modelling approach in order to allow for
modelling of very different kinds of absorption and distillations
processes (Dietl, 2012; Dietl et al., 2012).

Most of the dynamic models of post-combustion capture units
were validated by comparison with steady-state experimental
data (Lawal et al., 2010; Prölß et al., 2011; Harun et al., 2012;
Jayarathna et al., 2013). Only few publications present transient
measure-ment data obtained from pilot plant operation, mainly
due to challenges in operating the CO2 absorption plant in dynamic
mode. Some authors treated the dynamic validation of the
standalone CO2 absorber model (Kvamsdal et al., 2011; Posch and
Haider, 2013), while others validated the model by comparison
with transient measurements related to the entire post-
combustion capture unit, therefore including an integrated
absorber and desorber column ( Åkesson et al., 2011; Biliyok et al.,
2012; Dietl, 2012). Accord-ing to the knowledge of the authors, an
experimentally validated model (static or dynamic) of the physical
absorption section of a
pre-combustion CO2 capture plant is not documented in the liter-
ature.
The notable aspects of this work are:
• Demonstration of an equation-based, object-oriented modelling

approach using a non-proprietary modelling language, which
is supported by various simulation environments (proprietary
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and open source). The highly non-ideal fluid mixture proper-
ties are computed with accurate thermodynamic models, which
have been validated against experimental data. These models are
implemented, together with fast and robust algorithms, within
an in-house property package, which is free for academic use.
The open source model library containing the developed process
models is available for academic purposes.
Comprehensive dynamic model validation, whereby the absorber
model and the model of the absorption and solvent regenera-
tion section are validated by comparison with experimental data
obtained from a pilot plant. Two transient tests have been per-
formed, monitoring the response to step-wise changes of the
syngas and solvent mass flow rate.

This paper is structured as follows: Section 2 briefly describes
he CO2 capture process, the applied modelling approach, the
elected software tools and the model development focusing on
he absorber column model. Section 3 covers the dynamic model
alidation of the standalone absorber model and subsequently the
odel of the absorption and solvent regeneration section. Conclud-

ng remarks are summarized in Section 4.

. Model

.1. Process description

This study is about the dynamic modelling of the absorption and
olvent regeneration section of pre-combustion CO2 capture units
owever, for the sake of clarity, the entire capture process is shortly
escribed. The simplified process flow diagram of the CO2 capture
ilot plant built at the site of the Buggenum IGCC power station is
hown in Fig. 1. The configuration of the pilot plant is applicable to
ull-scale process plants, apart from few simplifications that are
llustrated in the following.

The syngas from the gasifier entering the CO2 removal unit is
ixed with process water in order to obtain a pre-set steam/CO

atio, and thereafter the syngas–water mixture is fully evaporated
nd superheated by means of electrical heaters. Carbon monox-
de present in the syngas is converted into hydrogen and carbon

ioxide via a three-stage, sweet, high-temperature water–gas shift
rocess. The excess process water is recovered from the shifted syn-
as through condensation and recycled. The shifted syngas, which
ontains about 35–40 mol% of CO2, thereafter enters the absorption

ig. 1. Process flow diagram of the CO2 capture pilot plant. The absorption and solvent
olour in this figure legend, the reader is referred to the web version of this article.)
and solvent regeneration section. Carbon dioxide is removed from
the syngas in a packed column by means of physical absorption
utilizing the solvent dimethylether of polyethylene glycol (DEPEG)
at process conditions corresponding to 40–45 ◦C and 21.5–22.5
bar. The resulting H2-rich syngas is fed to the gas turbine of the
com-bined cycle power plant and the CO2 is recovered by three-
stage depressurization of the loaded solvent. The lean solvent is
recycled to the absorber, while the CO2-rich product stream is
compressed and in case of the pilot plant mixed again with the H2-
rich syn-gas. Typically, 80–85% of the CO2 present in the shifted
syngas is removed.

The design of a commercial-scale absorption and solvent regen-
eration unit is very similar to that of this pilot plant. The main
difference is that the gas recovered from the first flash vessel (also
called H2 recovery vessel), which primarily contains co-absorbed
hydrogen, is recompressed and recycled to the absorber column.
This way the combustible H2 is not lost with the CO2 product.

2.2. Modelling approach

Dynamic system models for the aid of process and system
design usually follow the lumped parameters approach, see, e.g.,
Ref. Cameron and Hangos (2001). Here models are based on first
principles. Moreover the models are modular in order to master
system complexity, i.e., the system is decomposed into suitable
component models, which are connected through inter-faces
representing physical boundaries. Typically zero-dimensional or
one-dimensional component models were considered, as they
provide a sufficient degree of detail for accurate predictions of the
system performance, as shown in Section 3.

The models where implemented using the object-oriented,
equation-based Modelica language (Fritzson, 2003). Modelica is a
non-proprietary modelling language, which is supported by vari-
ous commercial as well as open source simulation tools. Modelling
features include reusability and extensibility, which allows for an
easy adaptation of existing models.

2.3. Thermophysical properties
The thermophysical properties of the two-phase multi-
component syngas–DEPEG mixture are calculated with the 
perturbed chain-statistical associating fluid theory (PC-SAFT) 
equation of state (EoS) (Gross and Sadowski, 2001) due to its success in

regeneration section is highlighted in red. (For interpretation of the references to
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Based on this modelling procedure, the stage-wise discretized
packed column with counter-current flow of vapour and liquid can
redicting vapour–liquid equilibria of complex fluids and mixtures
or a broad range of conditions. Moreover, due to the strong
hysical background and the small number of pure-component
arameters, the PC-SAFT EoS is robust, consistent and
xtrapolative (Gross and Sadowski, 2001) even if calibrated on the
asis of a limited amount of experimental thermodynamic
roperty data.

The solvent DEPEG is employed in industry under the com-
ercial names of SelexolTM or Genosorb 1753TM, whereby the

atter one was tested in the pilot plant. For simplicity the sol-vent
hich is a blend of glymes, is represented as a pseudo pure fluid in

he thermodynamic model. The required pure-component
arameters were obtained by fitting the EoS to published vapour
ressure and liquid density data which is available for the lighter
ompounds of the blend (Nannan et al., 2013). The parameters of
he heavier pseudo glyme were estimated by extrapolation fol-
owing a method demonstrated by Nannan et al. (2013). In order to
etermine the binary interaction parameters, the PC-SAFT EoS was
pplied to experimental vapour–liquid equilibrium data pro-vided
y the solvent vendor resulting in good agreement for binary
ixtures between DEPEG and gases such as CO, CO2, H2, N2, and
ater, if for the latter mixture cross-association interactions are

onsidered (Nannan et al., 2013). The accuracy of the resulting
hermodynamic model has proved to be suitable for engineering
urposes. With regard to the transport properties, the liquid and
apour viscosity are predicted with the default models suggested
or use together with the PC-SAFT EoS, see Ref. Aspen Technology
2013)

This EoS has been implemented, together with fast and robust
lgorithms, into an in-house property package (Colonna et al.
004), which is interfaced with the dynamic modelling tool (Trapp
t al., 2014). The use of external fluid property functions in
odelica process models puts some restrictions on the model

evelopment. Specific attention requires the formulation of the
ifferential model equations, the choice of state variables and the
ausality of the system model. A detailed discussion of these
odelling aspects is beyond the scope of this paper and the

nterested reader is referred to the publication of Trapp et al
2014)

.4. Dynamic absorber model

Models of physical absorption of gases into liquids differ in the
ay the mass transfer is treated (Taylor and Krishna, 1993). A

imple representation of the phenomena is based on the assump-
ion of thermodynamic equilibrium between the vapour and liquid
hase. The more rigorous and accurate formulation accounts for the
ass and heat transfer resistance between the phases, thus requir-

ng rate equations. However, accuracy of the model predictions
omes at the cost of model complexity and computational load
or dynamic process models, which are mathematically more com-
lex than steady-state models, a reduction in degree of detail might
e required in order to increase robustness and allow for reason-
ble simulation times. This applies especially to dynamic models
sed for plant-wide system analysis, such as it is the case for the
bsorption and solvent regeneration section model. This model is
lso intended for integration into the model of the entire CO2 cap-
ure plant, and ultimately into the full power plant system model

oreover, the aim of dynamic models is the accurate prediction
f the transient performance and deviations in absolute values of
rocess variables have often negligible impact on the prediction of

he system dynamics.

The packed absorber column was therefore modelled follow-
ng the equilibrium-based approach. The column is subdivided in 
heoretical stages assuming equilibrium between the vapour and 
iquid phase of the working fluid within each volume. Here, the 
umber of equilibrium stages is tuned by comparison with the
simulation results of a full rate-based model1 in order to match
steady-state performance at nominal operating conditions. When
the absorber operation departs far from the design point less accu-
rate steady-state performance estimates are then obtained with
the equilibrium-based model. This behaviour is evaluated in the
following.

Fig. 2(a) shows the percentage absolute deviation in CO2

absorption efficiency2 between the simulation results of the
equilibrium-based and rate-based column model (operating
range: syngas mass flow rate 800–1600 kg/h and solvent mass
flow rate 10–18 kg/s). The comparison of the model predictions is
also plot-
ted in terms of CO2 absorption efficiency as function of L/G ratio,
see Fig. 2(b). Throughout the considered operating window devia-
tions are smaller than 4.5% with a maximum at liquid-to-gas (L/G)
ratio 22.5 and absorption efficiency 67.3%. In general, differences
are higher at low L/G ratios corresponding to lower absorption effi-
ciencies. Considering the observed differences in CO2 absorption
over the wide range of operating conditions, it can be argued that
the equilibrium-based model describes the values of the main pro-
cess variable with adequate accuracy for the aim of dynamic system
simulations, whereby the interest is more on the correct estimation
of transients.

It should also be considered that such an absorption and sol-
vent regeneration unit is controlled based on the L/G ratio in order
to maintain a constant extent of carbon capture. During transient
operation it is therefore expected that the absorption efficiency
does not deviate significantly from its design value and hence a
well-tuned equilibrium-based model is sufficient to describe the
transient performance. Section 3 describes the verification of this
model assumption by means of model validation against experi-
mental data.

In general, a dynamic process model is described by conser-
vation and constitutive equations typically resulting in a set of
differential and algebraic equations (DAE’s), which can be classi-
fied according to its index (Lötstedt and Petzold, 1986; Unger et al.,
1995). It is numerically difficult to solve high-index DAE systems
and therefore current simulation tools implementing the Modelica
language employ state-of-the-art techniques for index reduction.
However, difficulties related to index reduction operations might
arise in case external functions, such as those providing fluid prop-
erty estimations, are needed within the process models (Trapp et
al., 2014).

In order to keep the index of the DAE system as low as possible,
the modelling procedure described, e.g., in Refs. (Casella et al., 2008;
Casella and Colonna, 2012) has been adopted. It can be synthetically
explained as follows:
• The model of each component is first discretized into so-called

resistive (zero volume approximation) and storage modules (zero
potential drop approximation), thus solving the conservation law
equations for the generalized flow variable within the resistive
module, and for the generalized potential variable within the
storage module.

• Resistive modules are then connected to storage modules to form
components, and such causality is used to connect components
to form the system model.
1 The performance of the absorber column is obtained by a rigorous, rate-based 
model for simulating all types of multi-stage, vapour–liquid fractionation operations 
under steady-state operating conditions (Aspen Technology, 2013).

2 The CO2 absorption efficiency is defined as the molar flow rate of absorbed CO2 

in the rich solvent leaving the absorber divided by the molar flow rate of CO2 in the 
syngas entering the column.
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ig. 2. Comparison of steady-state simulation results obtained with the equilibrium
fficiency. (b) CO2 absorption efficiency for different liquid-to-gas ratios.

e represented as a series of equivalent tray modules (storage mod-
le) and valve or liquid head modules (resistive module).

Within the equivalent tray module, pressure, temperature and
omposition of the liquid and vapour phase are determined by
olving the conservation equations for mass and energy, assum-
ng thermodynamic equilibrium between liquid and vapour. The
omponent mass and energy balance read

dM

dt
Xi +MdX i

dt
= mLinXLin,i +mVinXVin,i

−mLoutXLout,i −mVoutXVout,i, (1)

du

dt
+ udM

dt
= mLinhLin +mVinhVin −mLouthLout −mVouthVout, (2)

here M, u, Xi are the total mass, internal energy and component
ass fraction of the fluid within the volume of the tray. For reasons

f computational efficiency the vessel pressure p, temperature T
nd overall mass fraction Xi are selected as state variables. Hence,
he mass and energy balance need to be expressed in terms of the
tate derivatives dp

dt , dTdt and dXi
dt , yielding

dM

dt
= −M�

[(
∂v
∂p

)
T,X

dp

dt
+

(
∂v
∂T

)
p,X

dT

dt

+
n∑
i=1

(
∂v
∂Xi

)
p,T,Xj /= i

dX i

dt

]
, (3)

du

dt
=

(
∂u
∂p

)
T,X

dp

dt
+

(
∂u
∂T

)
p,X

dT

dt
+

n∑
i=1

(
∂u
∂Xi

)
p,T,Xj /= i

dX i

dt
. (4)

he required thermodynamic properties, including the partial
erivatives of fluid thermodynamic properties, are obtained from
he external thermophysical property library as prop = prop(p, T, Xi).

The momentum equation pertaining to the resistive module is

ubstituted by empirical correlations to describe the hydrodyna-
ics of the stage predicting the liquid and vapour flow rate as a

unction of the pressure difference between the stages, the liquid

3 The absolute deviation of CO2 absorption efficiency is defined as the difference
etween the prediction of the equilibrium-based and rate-based model divided by
he estimation of the rate-based model.

 

 

the rate-based models. (a) Absolute deviation3 of the prediction of CO2 absorption

holdup and the packing characteristics. The pressure drop �p is
calculated with empirical correlations of Billet and Schultes (1999),
thus

�p

H
=  L

a

(�− hoL)3

F2
V
2

1
K
, and (5)

 L = Cp

(
64
ReV

+ 1.8

Re0.08
V

)(�− hoL

�

)1.5
(
hoL

hoL,S

)0.3

exp
(
C1

√
FrL

)
withC1 = 13300

a3/2
. (6)

The pilot plant absorber is operated in the pre-loading region,
therefore the liquid holdup equals the holdup at the loading point:
hoL = hoL,S. The liquid holdup hoL is given by Billet and Schultes 
(1999)

hoL =
(

12
1
g

�L

�L
wLa

2
)1/3(ah

a

)2/3
,with (7)

ReL = wL�L

a�L
≥ 5 :

ah

a
= 0.85ChRe

0.25
L

(
w2

La

g

)0.1

. (8)

Storage of thermal energy in the packing is considered, however 
heat losses to the environment are neglected.

Based on the implemented model equations, various model
parameters have to be specified related to the column geometry
and the characteristics of the packing. These parameters and the
related values applicable to the pilot plant absorber are given in
Table 1. Transport properties such as dynamic viscosity of the liq-
uid and vapour phase are assumed constant and mean values are
used based on the absorber operating point (Aspen Technology,
2013).

2.5. Additional process models and control

For the modelling of the entire absorption and solvent regen-
eration section, additional process models for the absorber sump,
the flash vessels, the solvent cooler and solvent pump are neces-
sary (see Fig. 1). These models are documented in a related paper
dealing with the dynamic modelling and simulation of the entire

CO2 capture unit (Trapp et al., 2014). The system model is obtained 
by assembly of the individual component models and adjustment 
of the geometrical data. Equipment sizing information of the pilot 
plant components is summarized in Table 1.



Table 1
Model parameters of main pilot plant components.

Parameter description Value

Number of theoretical absorber stages 3
Absorber column diameter d 0.76 m
Absorber packing height H 9.4 m
Packing type Raschig Super-Pack 250Y
Packing specific surface area a 250 m2 m−3

Void fraction � 0.98 m3 m−3

Constant for pressure drop correlation Cp 19.5b (default 0.18a)
Constant for holdup correlation Ch 0.65 a

Packing density 310 kg m−3

Packing specific heat capacity 500 J kgK−1

Absorber sump diameter 0.76 m
Absorber sump height 9.3 m
1st flash vessel volume 5.6 m3

2nd flash vessel volume 2.4 m3

3rd flash vessel volume 2.4 m3
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a Provided by packing supplier.
b Adjusted to foster numerical convergence.

In addition, for dynamic process simulations, an appropriate
ontrol scheme is required. That entails in this case the modelling
f linear valves and PI controllers. The pilot plant control scheme is
hus included in the dynamic system model. The individual con-
rol loops are summarized in Table 2 and depicted in the object
iagrams of the dynamic models presented in Section 3. For a

arge-scale plant, the capture rate is typically maintained by a L/G
atio controller, which was however not implemented in the pilot
lant. Other critical control parameters are those influencing the
bsorption of CO2. These are the pressure in the absorber column
he temperature of the lean solvent and the pressure of the low-
ressure flash vessel.

The basic component models such as sinks, sources, valves
res-sure drops and pumps are taken from the ThermoPower

ibrary (Casella and Leva, 2006, 2005) and adapted in terms of their
ork-ing fluid models which have been replaced with functional

alls to the external property tool in order to accurately estimate
he property values of the syngas–DEPEG mixture.

. Dynamic validation

Two types of dynamic experiments were performed at the
uggenum CO2 capture pilot plant for model validation purposes:
uring the first tests (TR-Solvent), the solvent mass flow rate was
hanged stepwise, while keeping the syngas mass flow rate, the
ater content in the solvent, the absorption pressure and temper-

ture constant. In the second tests (TR-Syngas), the syngas mass
ow rate was perturbed stepwise, while maintaining unchanged

he values of the other input variables. Both types of experiments
ause transient changes of the liquid-to-gas flow ratio, which has a
arge impact on the process performance, e.g., on the CO2 capture

able 2
bsorption and solvent regeneration section control loops.

Process variable Control variable Set point

Absorber column pressure Opening H2-rich gas flow valve 21.7 bar
1st flash vessel pressure Opening 1st flash vessel gas flow

valve
7.5 bar

2nd flash vessel pressure Opening 2nd flash vessel gas flow
valve

2.9 bar

Absorber sump level Opening rich solvent flow valve 2000 mm
1st flash vessel level Opening 1st flash vessel liquid flow

valve
2000 mm

3rd flash vessel level Opening 2nd flash vessel liquid
flow valve

800 mm

Solvent mass flow rate Opening lean solvent flow valve 15 kg/s
Lean solvent temperature Opening cooling water flow valve 40 ◦C

 

 

 

 
 
 
 

Fig. 3. Object diagram of the system model used for the absorber validation.

efficiency. These tests are expected to be suitable for the validation
of the predictive capabilities of the models.

First, the validation of the standalone absorber model is dis-
cussed in detail and afterwards the validation of the absorption
and solvent regeneration section model is presented.

3.1. Absorber model validation

The purpose of the dynamic tests is to obtain data for the qualita-
tive and quantitative validation of the transient performance of the
process model. Regarding the absorber column, the holdup in the
liquid and vapour phase is the main process variable which deter-
mines the dynamic system response. Hence, the experimental data
are used to qualitatively validate the correct choice of the holdup
correlation, see Eqs. (7) and (8). Note that the adopted correlation
is commonly used for higher gas capacity factors than observed in
the pilot plant (Billet and Schultes, 1999). The hydrodynamic coef-
ficient of the holdup correlation Ch can be tuned in order to achieve
good agreement between model predictions and measurements.
For the test run results presented in this paper tuning of the hydro-
dynamic coefficient was not necessary and the default value was
used throughout all simulations. The measured process variables
used for the quantitative absorber model validation are volumetric
flow rate, temperature, CO2 and H2 composition of the H2-rich gas,
absorber pressure and column pressure drop.

The object diagram of the system model used for the absorber
validation is illustrated in Fig. 3. The model comprises the absorber
column and sump, a flow source for the syngas and the lean sol-
vent, the sump level control, a pressure sink for the rich solvent,
a pressure drop representing frictional losses of the H2-rich gas
in the overhead cooler, a gas tank representing storage of mass in
the overhead cooler, the H2-rich gas control valve including the
absorber pressure PI controller, a quadratic pressure drop repre-
senting the frictional losses in the piping delivering the H2-rich gas
to the flare and a pressure sink representing the flare.

The friction coefficient for the linear pressure drop of the over-
head cooler was fitted to experimental data in order to match
outlet pressures for on- and off-design steady-state operation. The
friction coefficient of the quadratic pressure drop of the piping to
the flare was tuned in a similar way in order to match pressures
and the valve opening.

Inputs of the model which fluctuate or change during the tran-

sient and influence the transient response of the system are chosen 
as prescribed variables. These are: syngas mass flow rate, solvent 
mass flow rate, solvent inlet temperature and the overhead cooler 
outlet temperature. The overhead cooler has not been modelled



Table 3
Process condition of syngas and lean solvent stream.

Process variable Shifted syngas Lean solvent

Pressure [bar] 22a 22a

Temperature [◦C] 40 40b

Mass flow rate [kg/s] 0.39b 15b

Mole fraction
CO 0.024 5 ppm
H2 0.546 30 ppm
CO2 0.375 0.031
H2O 0.004 0.106
N2 0.051 30 ppm
DEPEG 0 0.862
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Initial start value. The actual value is an output of the simulation.
 Initial steady-state value. This variable is a prescribed variable for the dynamic 
odel, hence measurements are used as input.

ue to lack of measurement data. The other input variables such as
yngas temperature, rich solvent pressure and flare pressure
emain constant during the transient operation.

The process measurements are obtained from the distributed
ontrol system of the pilot plant and are transferred for off-line
ata analysis to suitable data processing tools. Measurements are
ecorded when changes in variable values exceed a threshold which
as set for most of the variables to 0.1% of the individual measure-
ent range. All instruments were calibrated either on-site or at the

roduction facility typically at nominal operating conditions. The
easurement uncertainty is estimated with about 1% for most of

he instruments.
Open-loop tests (i.e., control system not in operation) are most

uitable in order to validate that the process dynamics are captured
orrectly by the dynamic model. However, open-loop tests cannot
e performed safely on the absorption and solvent regeneration
nit. Partial open-loop test were therefore designed, in which only
ontrol loops which do not compromise the safe and stable opera-
ion were put into manual mode. The transient of such disturbance
ejection experiments is thus the result of the interaction between
he process dynamics and the inherent control loop dynamics and
rimarily provides relevant dynamic information in the frequency
ange around the controller’s crossover frequency. The evaluation
f measured and predicted dynamics is based on the main transient
arameters such as time and value of maximum overshoot, settling
ime, frequency and damping of oscillations.

.1.1. Change in solvent mass flow rate (test run TR-Solvent)
The process conditions of the syngas and lean solvent flow are

ummarized in Table 3. During this experiment, the mass flow con-
rol valve of the solvent was manually changed without the
olvent flow controller in operation. The perturbations to the valve
pen-ing correspond to changes in solvent flow of 2, 4 and 5 kg/s
he validation is performed with process data acquired during the
est in which the solvent mass flow rate was increased from 10 kg/
 to 15 kg/s. This is an upward step from off-design to the nomi-nal
perating condition, therefore the initial steady-state values
redicted by the model might deviate somewhat from the experi-
ental values. The change in solvent mass flow rate is depicted in

ig. 4(a).
The syngas mass flow rate, which is a prescribed variable for

he dynamic model, is shown in Fig. 4(b). The opening of the valve
ontrolling the syngas mass flow is maintained constant during the
est in order to keep the syngas flow constant. However, during the
hange of the absorber column pressure, which is the same as the
ack pressure to the syngas control valve, the syngas mass flow

aries. Though, the syngas flow changes are relatively small 
ompared to the changes in solvent flow.

Considering the absorber pressure response depicted in Fig. 4(c), 
the stepwise increase in solvent mass flow rate initially results in a
column pressure increase. The pressure control opens the valve in
order to maintain the pressure set point. Subsequently, the
pressure decreases again and reaches its set point value after a few
oscilla-tions. The increase in solvent flow rate enhances CO2
absorption resulting in a lower H2-rich gas flow, which leads to a
decrease of the pressure drop over the overhead cooler. The final
steady-state column pressure is therefore slightly lower as the
pressure is controlled downstream of the overhead cooler.

First, the performance of the pressure control loop is analyzed
by considering the transient of the pressure at the top of the
absorber column (process variable), the opening of the H2-rich gas
flow valve (control variable) and the H2-rich volumetric flow rate,
which are depicted in Fig. 4(c)–(e) respectively. It can be observed
that the frequency and damping of the oscillations, which are
determined by the dynamic interaction of the controller and
process dynamics, are well matched by the simulation. Thus, the
dynamic influence of the control variable on the controlled
variable is captured correctly in the frequency range which is
relevant for the closed-loop performance, i.e., around the
crossover frequency (about 0.016 rad/s).

The process response to the applied disturbance on the other
hand is overestimated during the initial part of the transient,
where the model predicts a much larger change than observed in
the experimental measurements. For example, the initial pressure
peak is predicted to be 3 times larger than measured. Thereafter,
however, deviations are rather small. This means that the high-
frequency response of the model is overestimated, compared to
reality. This is probably due to some neglected phenomenon which
has a damping action on the effect of the disturbance. At the top of
the absorber column, a liquid distributor is located, which can
store liquid in the order of 100 l and thus delay fast transient
changes in the solvent flow. This liquid distributor is not included
in the dynamic model. The more aggressive variable changes
predicted by the simulation might therefore be explained by the
fact that storage occurs in the distributor particularly during the
initial tran-sient which is not modelled. Another possible
explanation might be due to the fact that the absorber is modelled
as the connection of a finite number of volumes at thermodynamic
equilibrium, while the real process is a continuum of non-
equilibrium mass and energy transfer phenomena, which might
react more slowly to this kind of disturbance.

As far as steady-state values are concerned, the model under-
predicts the initial off-design value of the H2-rich flow and
consequently the opening of the valve. This deviation to the mea-
sured flow value, which is in the order of 4%, is related to the fact
that, at L/G ratios much smaller than the ratio at the design point,
the equilibrium-based model overpredicts the absorption
efficiency (see Section 2.4). However, the accuracy of the
prediction of dynamic indicators is not affected by this deviation.

In the following the results of the pressure drop of the absorber
packing is discussed. The adopted Billet and Schultes pressure drop
correlation includes the friction coefficient Cp, which can be tuned
in order to match the measured pressure drop over the column. As
the dynamic pressure drop of the two column packings is not
measured individually but lumped with the frictional losses of the
liquid distributors, a fitting of the measured values to determine
the friction coefficient is not meaningful. Moreover, due to
numerical instabilities of the simulations in case of small dynamic
pressure drop, the friction coefficient was adjusted such that the
overall column pressure drop is approximately 20 mbar. Such a
relatively high value of the dynamic pressure drop significantly
enhances the robustness of the simulations. This value is similar to

the total pres-sure loss measured in the absorber column at 
nominal operating conditions, which includes the dynamic 
pressure drop and the dis-tributor losses. In general, the pressure 
drop does not affect the dynamics of the absorber column model in 
terms of heat and mass
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(a) Solvent mass flow rate (model input).
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(b) Syngas mass flow rate (model input).
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(c) Pressure at the top of the absorber column.
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(d) Percentage opening of th e H2-rich gas val ve.
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(e) H2-rich gas volumetri c flow rate.
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(f) Gas temperature between the packings.
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(g) Pressure drop over the first packing.

Fig. 4. TR-Solvent: comparison of

ransfer, hence the adjustment of the pressure drop for numerical 
easons is justified.

The comparison of the time-dependent measurements and

odel predictions of the pressure drop over the first and the 

econd packing are visualized in Fig. 4(g) and (h). The first pack-ing 
s situated at the upper part of the column and the second below.
(h) Pressure drop over the second packing.

urements and simulation results.

The transient of the working fluid pressure drop over the first
packing is not predicted correctly. The model predictions only
depend on the solvent and syngas volumetric flow rate and the

densities of the vapour and liquid (see Billet and Schultes pressure 
drop correlation Eqs. (5) and (6)), while the pressure loss induced 
by the liquid distributor situated above the packing is not 
modelled. This might be the main reason of the discrepancy
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(a) H2 content in H2-rich gas flow.
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(b) CO2 content in H2-rich gas flow.
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Fig. 5. TR-Solvent: comparison of

etween measured and simulated values. The model predicts an
nitial increase of the pressure drop caused by the step increase in
olvent mass flow rate. The pressure drop successively decreases
nd returns approximately to its initial value, which is explained
y the delayed decrease of the H2-rich gas flow associated with a

ower frictional loss due to the increase of CO2 absorption.
The model correctly predicts the pressure transient of the

ork-ing fluid experienced by the second packing. However, the
bsolute change in pressure drop is underpredicted, which is
xplained by the fact that the redistributor situated above the
econd bed is not represented in the model. Inspection of Fig. 4(h)
hows that the pressure drop due to flow friction within the
econd packing increases with increasing solvent flow rate
oreover, the gas flow

ate variation due to enhanced CO2 absorption is smaller within
he second packing than the first. It can therefore be concluded
hat the pressure drop variation depends mainly on the solvent

ass flow rate.
Due to the fact that measurements and simulation results of the

ressure drop represent different phenomena (dynamic pres-sure
rop and distributor losses versus adjusted dynamic pressure
rop), the steady-state values will in principle not match. The fric-
ion coefficient of the dynamic model has however been adjusted
uch that a reasonable agreement is achieved for the final steady-
tate values at nominal condition.

Fig. 4(f) presents the comparison of measurements and model
esults for the response in gas temperature between the packings
he gas temperature temporarily increases caused by fluctuations
n the lean solvent temperature, which is therefore applied as a
rescribed variable for the dynamic model. The transient model
redictions show good agreement with the measurements.

Finally, Fig. 5(a) and (b) depicts the measured H2 and CO2 con-
ent in the H2-rich gas flow as function of time, together with their

odel-based predictions. The simulation results compare well
ith the experimental data, except for an initial time delay in the
ea-surements. In this respect, it is important to mention that the
ixture composition is not measured continuously but values are

ecorded every three minutes. Time delays for sampling and com-
osition analysis are only approximately known (about 300 s) and
ave already been corrected for in the comparison. The initial
elay that can be observed in the recorded values cannot therefore
ully be explained. The difference between the predicted and

easured initial transient might, however, be attributed to the
ssumption of thermodynamic equilibrium for the absorber model
As far as initial steady-state values are concerned, the model 
verpredicts the value of H2 content and underpredicts the value 
f CO2 content. This is attributed to the overprediction of the CO2 
bsorption efficiency by the equilibrium-based model at this off-
esign operational point (see Fig. 2).
urements and simulation results.

3.1.2. Change in syngas mass flow rate (test run TR-Syngas)
During the test run TR-Syngas, manual step changes were

applied to the back pressure control valve of the upstream syngas
compressor without the pressure control in operation. The vali-
dation is performed with the data recorded during the experiment
in which the syngas mass flow rate was decreased from 1400 kg/h
to 800 kg/h. Differently from the TR-Solvent test run, this is a
down-ward step from the nominal operating condition to an off-
design condition. The change in syngas mass flow rate is depicted
in Fig. 6(b).

The set point of the lean solvent mass flow controller was kept
constant during the transient in order to maintain the flow rate.
However, the solvent mass flow rate fluctuates slightly, by less
than 1.5 % (see Fig. 6(a)). These fluctuations are due to changes in
the absorber column pressure during the test. Since the absorber
column pressure is the same as the back pressure to the solvent
control valve, the solvent flow controller needs to adjust.
Therefore, the solvent flow rate is set as prescribed variable for the
dynamic model.
     For the absorber pressure, the step decrease in syngas mass flow
rate results in a drop of the column pressure. Subsequently, the
pressure controller adjusts the opening of the H2-rich gas valve to
return to the given pressure set point. As a result, the pressure
increases again and reaches its final steady-state condition after a
few oscillations. The final steady-state value is slightly lower than
its initial value. As explained for the validation of the test run TR-
Solvent, this off-set is related to the decrease in H2-rich gas flow
rate.

The predicted and measured transient of the variables related
to the pressure control loop are compared in Fig. 6(c) – pressure at
the top of the absorber column, in Fig. 6(d) – opening of the H2-rich
gas flow valve, and in Fig. 6(e) – H2-rich volumetric flow rate.
Excellent agreement is achieved between the model and the
experiments for the closed-loop performance, i.e., the dynamic
interaction of the controller and process dynamics, and for the
process response to the disturbance.

In comparison to the test run TR-Solvent, the model predictions
for the pressure control loop are significantly better, in particu-lar
considering the initial transient. While during TR-Solvent the
damping action of the liquid distributor might have effected the
disturbance, this phenomenon is not relevant for TR-Syngas and
might therefore explain the much better agreement. It is also
worth pointing out that the perturbation of the syngas mass flow
rate dur-ing TR-Syngas is a ramp with a duration of approximately

600 s, whereas the ramp duration of TR-Solvent is roughly 300 s. 
This might indicate that the model predictions are less accurate for 
high-frequency response, possibly due to the use of an 
equilibrium-based absorber column model.
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(a) Solvent mass flow rate (model input).
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(b) Syngas mass flow rate (model input).
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(c) Pressure at the top of the absorber column.
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(d) Percentage opening of th e H2-rich gas val ve.
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(e) H2-rich gas volumetri c flow rate.
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(f) Gas temperature between the packings.

0 5 10 15 20 25 30 35 40 45
0

2

4

6

8

10

12

14

Time [s]

P
re

ss
ur

e 
 d

ro
p 

[m
ba

r]

Experiment
Model

(g) Pressure drop over the first packing.
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(h) Pressure drop over the second packing.
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Fig. 6. TR-Syngas: comparison of

As far as steady-state values are concerned, the model accurately
redicts the initial and final steady-state values of the variables

elated to the absorber pressure control. The largest deviations are 
bserved for the off-design value of the H2-rich gas flow.

    Fig. 6(g) and (h) visualizes the comparison of the experimen-
al data and model predictions for the pressure drop over the first
urements and simulation results.

and second packing. For both packings the transient response, a
decrease in pressure drop caused by a decrease in vapour flow,

is predicted correctly. The change in vapour flow has two rea-
sons: first the decrease in entering syngas flow and second the
decrease in H2-rich product flow as a result of enhanced CO2
absorption.
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(a) H2 conten t in H2-rich gas flow.
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(b) CO2 content in H2-rich gas flow.
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Fig. 7. TR-Syngas: compariso

The absolute values for the initial and final steady-state pres-
ure drops are not predicted correctly. As explained for TR-Solvent
he pressure drop of the liquid distributors above the first and sec-
nd bed are not modelled and therefore measured losses cannot be
ompared with model predictions which only represent the
ynamic pressure drop.

During test run TR-Syngas, the solvent mass flow rate and
here-with the pressure drop of the liquid distributors remained
lmost constant. Hence, the change in pressure drop is mainly
elated to the variation in vapour flow. Consequently, the absolute
hange in pressure loss could be used to tune the friction
oefficient of the adopted pressure drop correlation in order to
atch experimental data. However, this fitting was not performed

s it was required to adjust Cp in order to improve the numerical
obustness of the simulation (see discussion for test run TR-
olvent).

Fig. 6(f) shows the measurements and model predictions for the
ransient of the gas temperature between the packings. The
emporary increase in gas temperature is caused by fluctuations in
he lean solvent temperature which is thus defined as prescribed
ariable. The model predictions show good agreement with the
xperimental data. The observed deviations in the final steady-
tate are approximately 0.5 ◦C. Finally, Fig. 7(a) and (b) show the
ompar-ison of the experimental data and model predictions for
he H2 and CO2 content in the H2-rich gas flow. With a decrease in
yngas mass flow at constant solvent flow rate, the CO2 absorption
fficiency increases which leads to a lower CO2 content and higher
2 content in the H2-rich product flow. The transient response as
ell as the steady-state values are predicted correctly. A slight

ime delay is observed in the measurements similar to experiment
R-Solvent.

To summarize, with respect to model performance for the
teady-state values of the main process variables, excluding the
acking pressure drop, the following conclusions can be drawn: (a)
t on-design operation (L/G = 38.6) the variable values are repro-
uced with an error of less than 1% and (b) at off-design operation
L/G = 67.5 & 25.7) the values are reproduced with less than 5% error
hese results can be considered as satisfactory, keeping in mind that
he latter deviations are related to the equilibrium assumption (see
ig. 2).

Considering the main dynamic parameters of the observed
ransients of absorber pressure and temperature, H2-rich gas flow
ate and composition, namely, time and value of maximum over-
hoot, settling time, frequency and damping of oscillations, then
hese parameters are predicted with less than 15% error; larger

eviations are observed during the initial transient of TR-Solvent 
elated to the fact that a possible delay in solvent flow variation is 
ot modelled. In general, this agreement between the 
xperimental data and model predictions can be considered as 
atisfactory.

 The transient and the absolute values of the column pressure drop 
ver the first and second packing is in most cases not predicted
Fig. 8. Object diagram of the system model used for validation of the absorption 
and solvent regeneration section.

correctly due to the fact that the frictional losses of the distributors
are not modelled. In addition, agreement in the absolute values is
not achieved because the friction coefficient Cp had to be adjusted
in order to enhance numerical robustness of the simulations.

3.2. Absorption and solvent regeneration section model validation

After validation of the standalone absorber model, the model of
the absorption and solvent regeneration section was validated. The
process variables used for the quantitative comparison of the tran-
sient performance of the model with the recorded measurements
are the volumetric vapour flow rates and pressures of the three
flash vessels, and the CO2 and H2 composition of the 3rd flash (see 
Fig. 1).

The object diagram of the absorption and solvent regeneration
section model used for validation is depicted in Fig. 8. Here, the
model of the absorber (see Fig. 3) is extended with three flash ves-
sels, two gas control valves with PI pressure controller and two
liquid control valves with PI level controller, a CO2 product pres-
sure sink and a lean solvent flow sink. For ease of validation the
solvent recycle was kept open in the system model. In the solvent
regeneration section, the pressure of the 3rd flash vessel and the
lean solvent flow leaving the 3rd flash are applied as prescribed
variables.

3.2.1. Change in syngas mass flow rate

The validation was performed using the experimental results of 

test run TR-Syngas, in which the syngas mass flow rate was 
changed stepwise from 1400 kg/h to 800 kg/h, see Fig. 6(b). As 
response to the decrease in syngas flow rate, it is expected that the 
vapour
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(a) 1st flash pressure.
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(b) 1st flash volumetric vapour flow rate.
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(c) 2nd flash pressure.
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(d) 2nd flash volumetric vapour flow rate.
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(e) 3rd flash pressure (model input).
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Fig. 9. TR-Syngas: comparison of

ow rates at the flash vessels decrease. Subsequently, the vessel
ressures drop initially and the pressure controllers act in order to
aintain the pressure set points.

The experimental data and simulation results of the dynamics 

f the pressures and volumetric vapour flow rates of the three ves-
els are compared in Fig. 9. It can be observed that the presence of 
scillations is captured correctly, which are primarily the result of
(h) H2 content in 3r d flas h vapou r flow.

urements and simulation results.

the interaction between the controller and the process dynamics.
The damping of the oscillations however is slightly underestimated
by the model. The transient response of the process to the dis-

turbance is predicted satisfactory for the 1st and 3rd flash vessel,
however for the 2nd flash, the model estimates a much larger
change, in particular in the pressure, than observed in the mea-
surements.
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oticeable for the 2nd vessel is also the difference in the initial
teady-state value of the volumetric flow rate, which is underpre-
icted by the model by 10 m3/s, see Fig. 9(d). The difference even

ncreases for off-design. In general, the volumetric vapour flow
ate is very sensitive to the temperature and pressure in the vessel
he results indicate that one or both variables are not predicted
ccu-rately enough by the simulation in order to achieve good
greement in the volumetric flow rate. As no sufficient
emperature measure-ments were available for the vessels
ossible heat losses along the process have not been included in
he model and a comparison of vessel temperatures could not be
erformed. Concerning the pres-sure, recorded measurements can
e subject to biases, hence the actual vessel pressure value might
e different than implemented in the model. It is also worth
ointing out that saturation is assumed for the vapour flow in the
odel of the flash vessel. This simplifi-cation leads to an

nderprediction of the vapour flow rate in case the actual vapour
uality is smaller than 1. This might in particular occur during fast
ressure transients. These possible reasons for the difference in
teady-state values of the volumetric flow would also impact the
ransient of the pressure control loop of the 2nd vessel. The
xperimental data and the model prediction for the CO2 and H2

ontent in the 3rd flash vapour flow are depicted in Fig. 9(g) and
h). An offset of 300 s related to sampling and composition analysis
as been removed from the experimental data. Overall, very good
greement is observed in terms of transient response but also
onsidering the absolute values, whereby the H2 content
s marginally underpredicted by the model.

To conclude, with respect to the values of the main process
ariables at initial steady-state (data recording stopped before all
ariables reached final steady-state) it can be observed that most
f the variables are reproduced with less than 2% error. Larger
rrors are found, for example, for the volumetric vapour flow rates
n the first and second vessels. These deviations are attributed to
he uncertainty in predictions for temperatures and/or pressures
n the vessels. The dynamic parameters of the transients are
redicted with less than 20% error, larger errors are observed for
ressure and volumetric vapour flow rate of the second vessel
hich are most probably also related to the uncertainties
entioned above. The good agreement between simulation results

nd experimental data for the CO2 and H2 content in the CO2

roduct confirms that the composition of the rich solvent flow
ntering the solvent regeneration section is predicted accurately
y the absorber model.

. Conclusions

The work documented in this paper demonstrates that a well-
uned, equilibrium-based dynamic model for physical absorption
f CO2 provides sufficiently accurate transient performance pre-
ictions for the purpose of dynamic process analysis and control
ystem design. The largest deviations between measurements and
imulation results were observed during the initial transient of a
est whereby a fast change was applied to the lean solvent mass
ow rate. This might indicate that either some phenomena which
ave effect on the response have been neglected or that the model
redictions are less accurate for high-frequency response due to
act that the absorber is modelled as the connection of a finite num-
er of volumes at thermodynamic equilibrium. The accuracy of the
odel predictions during initial transient might be improved by

sing a rate-based absorber model. A rate-based model however is
ess suitable for analysis of the entire system comprising the power
lant and the capture unit due to the increase in model complexity

ssociated with higher computational effort.

The validated process models have been implemented in an
pen source library, which serves as reliable basis for the devel-
pment of models representing a large-scale CO2 absorption and
solvent regeneration unit. The object-oriented modelling approach 
allows to easily develop new process models by re-use and/or 
extension of existing models and additional implementation of 
more sophisticated models if required. The dynamic model of the
CO2 absorption and solvent regeneration unit can be easily com-
bined with a model of the water–gas shift unit to obtain a full model
of the pre-combustion CO2 capture plant. Ultimately, a model of 
the entire IGCC power plant can be formed by integrating object-
oriented models of the gasification unit, the combined cycle and the
CO2 capture plant. Such a system model can be extremely valuable 
for the design of new plants to support equipment selection and 
sizing, and to develop and test control strategies. Dynamic simula-
tion is also useful to investigate and ultimately to improve dynamic 
performance of existing plants.
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