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1

Introduction

SCARLET is a 3-year research project funded by the EU 7th Framework Programme
coordinated by the Institute for Energy Systems and Technology (EST) of the
Technische Universität Darmstadt (TUD). The project runs from April 2014 to March
2017. Its aim is to obtain reliable information and tools for the scale-up of the Calcium
Carbonate Looping (CCL) process and pre-engineering of a 20 MWth CCL plant by
continuous self-sustaining pilot plant operation. The project shall provide a technical,
economic and environmental assessment of this promising technology as well as the
fundamental expertise needed for the scale-up and integration of precommercialization CCL facilities. The following objectives are defined to reach this
aim:
•
•
•
•

Identification of key process parameters and control strategies by testing
the process in a 1MWth pilot plant at Technische Universität Darmstadt
Development of scale-up tools and guidelines validated by experimental
data of the 1 MWth CCL pilot plant for reactor design and process layout
Design, cost estimation and risk assessment of a 20 MWth CCL pilot plant
using UNIPER’s Emile Huchet Power Plant in France as a site basis
Techno-economic and environmental impact of CCL application to hard
coal and lignite fired power plants, cement and steel industry at commercial
full scale

The SCARLET consortium (see Figure 1) consists of 11 international members
including two universities, a research organization and 8 industrial partners. Details
for members are given in Table 1. The consortium with an excellent industrial support
provides a strong platform to adress the key challenges in scaling-up the CCL
technology.

Figure 1: SCARLET consortium
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Table 1: Details of the SCARLET consortium
Full Name

Short Name

Country

Type

Technische Universität Darmstadt

TUD

DE

University

GE Carbon Capture GmbH

GECC

DE

Technology provider

Centre for Research & Technology Hellas

CERTH

EL

Research institute

University of Ulster

ULster

UK

University

Lhoist Recherche et Développement

LRD

BE

Material supplier

UNIPER Technologies

UNP

UK

Utility

RWE Power AG

RWE

DE

Utility

Steinmüller Babcock Environment GmbH

SBE

DE

Technology provider

ArcelorMittal Maizières Research SA

AM

FR

Steel producer

Cemex Research Group AG

CEMEX

CH

Cement producer

SWR Engineering Messtechnik GmbH

SWR

DE

Equipment provider

The project is structured in 9 Work Packages. The overall work plan is shown in
Figure 2.

Figure 2: Overall strategy of the work plan (WP leaders in brackets)

The long-term test campaigns in WP1 aimed at collecting data concerning the use of
different fuels (hard coal and lignite), requirements and operation conditions for
improved system efficiency, and best practice guidelines for scaling-up the system to
commercial application sizes. In WP2, process models and three-dimensional models
for reactor simulation were developed and validated by experimental data from WP1.
The final results of WP2 are tools, boundary conditions and guidelines for the scaleup of the CCL technology.
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In WP3, the process configuration and heat and mass balances for the 20 MWth pilot
plant is being established based on the results of WP1 and WP2 utilizing validated
scale-up tools developed therein. In WP4, WP5, and WP6, the models validated in
WP2 are used to define the processes, costs and the risk assessment for full scale
hard coal and lignite power plants as well as for cement and steel production plants.
The effect of operating conditions on the plant efficiency, economics and
environment will be evaluated. All these tasks are accompanied by project
management, dissemination and technical coordination activities in WP7, WP8, and
WP9, respectively.
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2 Progress and achievements
In the second year of the project, SCARLET focused on the final preparation and
execution of experimental 1 MWth long-term pilot testing (WP1) and development of
scale-up tools (WP2). Before the start of the project, the 1 MWth carbonate looping
pilot had been erected at Technische Universität Darmstadt and had already been
operated for 400 h in CO2 capture mode. The aim of this plant is to advance in the
experimental validation of this technology and to speed up the development of the
Calcium Carbonate Looping towards commercial scale. Process and CFD
simulations tools are being developed which will be validated with the experimental
data. The simulation tools are the basis for the scale-up of the process to 20 MWth.
The progress and the most important results of the running Work Packages 1 to 6 in
the covered reporting period are presented in this section.

2.1 WP1: Long-term Pilot Testing
The 1 MWth pilot plant consists of two interconnected, refractory lined circulating
fluidized bed (CFB) reactors and is provided with all the conventional components of
a typical industrial CFB combustor, including fuel and limestone feeder, and flue gas
treatment. The heat release of the carbonation reaction can be extracted directly from
the carbonator bed by means of axial internal cooling tubes. The flue gases are
cooled down by means of two-pass heat exchangers. The entrained solid particles
are removed from flue gases in bag filters.

H 2O

Stack

Decarbonised
flue gas

CO2 + H2O
Gas analysis

Filter
ID Fan

Filter

CO, CO2,
NO, SO2, O2

Heat
exchanger

Heat
exchanger

Fly ash

ID Fan
Fly ash

M

Gas analysis

Coal

LS

CaO

Cyclone

LS

LS

Coal

Fluidized bed
Calciner T = 900 °C

Filter

Make-up
CaCO3

X

Fluidized bed
Carbonator T = 650 °C

FGD

Cyclone

M

CO, CO2, H2O,
NO, SO2, O2

Stack

Gas analysis

CaCO3

Air

Flue gas
recirculation

Coal
CFB 400

CFB 600

ID Fan

Air

Combustor

ID Fan

Preheating

Preheating
Gas analysis
CO2, O2,
Steam

M

Flue gas

N2

Fan

O2

Ash

M

CO2

Air

SO2

H 2O

Figure 3: Scheme of upgraded 1 MWth CCL pilot plant at TU Darmstadt

In SCARLET, the key process variables and control strategies for a wide range of
different operating conditions in an upgraded pilot plant have to be determined.
Therefore, the pilot plant configuration has to be as close as possible to the set-up of
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an industrial plant demonstrating the process under real conditions. During the
covered period of this report, the following adaptions for improving and extending the
operability of the pilot plant have been made to reach this aim:
•
•
•
•
•
•
•
•
•

Upgrade of thermal capacity to allow increased carbonator velocities similar to
full-scale CFB plants
Integration of flue gas recirculation for the calciner to realize oxy-fuel
combustion
Cone valve for controlling the flow of solids between the two CFB reactors
Coal supply systems for crushed hard coal and for lignite (see Figure 4)
Equipment for SO2 and steam addition to the carbonator
Improved design of reactors and components
Integration of an automated limestone supply system
Enhanced sampling systems
Enhanced measurement equipment

Figure 4: Erection of lignite silo supply for 1 MWth CCL pilot plant

Long-term pilot testing of the Calcium Carbonate Looping process at 1 MWth scale
was conducted. Hard coal as well as lignite was fired to produce representative flue
gas supplied to supply the calciner. During 1,795 h of pilot operation in CO2 capture
mode, thereof 643 h with hard coal and 1,152 h with lignite, reliable results of process
performance were obtained. Stable process operation using hard coal under a wide
range of parameters e.g. reactor temperatures and inventories, sorbent looping
ratios, make-up ratios and fuel particle size as well as composition were
accomplished. Different limestones were tested in the test campaigns under realistic
conditions. High CO2 partial pressures in the calciner were achieved with flue gas
recirculation to investigate the long-term effects of oxy-calcination at high
temperatures needed for the process. The results show that high CO2 absorption
rates were achieved during steady-state operation, which will be the basis for
validation of scale-up tools. Carbonator absorption rates of 80-90 % for hard coal and
80-95 % for lignite corresponding to total CO2 capture efficiencies of 90-95 % and 9097 % respectively, were accomplished for periods >30 h in steady-state operation
(see Figure 5). Solid samples, regularly taken from the fly ash, the circulating
sorbents and the bed material of the reactors, made it possible to investigate the
deactivation caused by sintering and enrichment of impurities (ash and calcium
7

20

100

15

75

10

50
E Carb

5

C O 2,Carb,in

C O 2,Carb,out

25

0
0

5

10

15

20

h
Time

CO 2 capture [%]

CO 2 conc.[vol%]

sulphate). In fact, a significant enrichment of iron, titan and sulphur could be
observed, but it was possible to compensate this effect with slightly increased solids
circulation to keep the capture rates constant Thus, the long-term pilot testing
provides the experimental experience and data for reliable scale-up of the Calcium
Carbonate Looping process. Consistent experimental data is available for validating
the developed scale-up tools in WP2, which will be applied for a 20 MWth pilot plant in
WP3. Crucial process parameters, e.g. make-up and sorbent looping ratio as well as
fuel particle size in the calciner and temperatures in the reactors, have been
identified to strongly influence operational performance. The gained experience of
realistic long-time sorbent properties enables scale-up on a solid foundation.

0
25

Figure 5: Exemplary results of long-term steady state operation

Additionally, TUD successfully conducted several in-furnace profile measurements of
solids loads and velocity and gas composition inside the circulating fluidized bed
reactors. A capacitance probe and a gas extraction probe system, applicable in hottemperature environment, were constructed by TUD. Measurements with the
capacitance probe were conducted during all of the four carbonate looping
campaigns. A very comprehensive knowledge of the 3-dimensional particle flow
structure inside the reactors could be gained by conducting these radial profile
measurements at different height positions in both reactors (carbonator and calciner).
The results show the prevalence of a strong core-annular flow structure at almost
every measured height inside the reactors. Particles mainly rise upwards in the
reactor center and predominantly fall down near the reactor wall (see Figure 6).
Thereby, the upward flow in the reactor center has a much lower particle
concentration than the downward flow near the reactor wall. These results could be
confirmed by gas composition measurements which show an increased reactivity in
the highly particle loaded zone near the reactor wall.
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Figure 6: Particle velocity profile at 1.4 m height in carbonator

These detailed and comprehensive in-furnace measurement data will significantly
improve the 3-D CFD models through a much more accurate validation procedure.
Thus these conducted measurements will substantially contribute to the success of
the scale-up of the carbonate looping process to 20 MWth.
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2.2 WP2: Development and Validation of Scale-up Tools
Reliable design tools to model the whole system are required for the scale-up of the
CCL technology from 1 MWth to 20 MWth and finally to larger units. Guidelines for
scale-up of components will be adopted from state-of-the-art CFB technology. Three
types of models for the determination of heat and mass balances will be used within
the project to optimize the CCL plant layout and design of a 20 MWth pilot plant:
•
•
•

Steady-state process model
Dynamic process model
Computational Fluid Dynamic (CFD) model

Steady-state process modelling
TUD and GECC jointly developed an existing steady-state ASPEN PLUSTM process
model further. Empirical 1D reactor models of carbonator and calciner for calculating
heat and mass balances of CCL plants have been included. Sub-models have been
implemented to account for detailed modelling of the carbonation reaction, the
hydrodynamics within the carbonator, particle attrition as well as cyclone solid
separation efficiency. Each implemented sub-model is described in detail. In
particular, the carbonator sub-model, which is of major concern for the determination
of the overall process performance, is discussed extensively. To account for changes
in the particle size distribution of the circulating sorbent, an attrition sub-model and a
detailed cyclone calculation algorithm according to Muschelknautz are implemented.
The flowsheet of the CCL process model is depicted in Figure 7.

Figure 7: Flowsheet of the ASPEN PLUSTM CCL steady-state process model

The discretization of the particle distribution towards lean and dense phase is of great
concern for the CO2 absorption patterns in the carbonator reactor. Within the dense
phase a higher, constant solid volume fraction is prevailing, where most of the CO2
contained in the flue gas is absorbed. In Figure 8, the experimental pressure profile
of an exemplary operating point is compared with the pressure profile as determined
from computation of the carbonator sub-model. During operation, the solid inventory
of the carbonator amounts to around 200 kg. The dashed line indicates the
9

calculated pressure profile, whereas the squares are the measured pressure values
at a certain reactor height. The calculated pressure profile matches well with the data
obtained in experiment. Additionally, the constant solid fraction, which results in a
linear pressure decrease, indicates the height of the dense phase, in this case
around 1.9 m. The lean phase represents the remaining 6.7 m of the reactor height.
Taking the reactor solid inventory into account, one could conclude that the dense
phase which represents around 25 % of the reactor height contains 66 % of the solid
inventory. In contrast, the lean phase constitutes the contrary solid loading (75 %
height and 34 % of the solid inventory).

lean phase

dense phase

Figure 8: Carbonator pressure profile and lean / dense phase discretization

The prediction of the CO2 absorption efficiency of the carbonator (Ecarb) is of great
concern for the determination of the overall process efficiency. Therefore, the
accurate prediction of the carbonation reaction in the carbonator and hence its CO2
absorption efficiency is crucial. In order to show the ability of the model to account for
a global system mass balance and hence to predict the absorption efficiency, the
composition of gaseous streams that leave both reactors (in this case O2, CO2, N2,
SO2 and H2O) are compared. Figure 9 depicts the comparison of the composition of
the flue gas streams that leave the system through the carbonator (left) and calciner
(right) cyclones.

Figure 9: Flue gas composition at carbonator (left) and calciner (right) outlet
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The composition of the flue gas leaving the carbonator is reasonably reproduced by
the model; the occurring deviations are mainly due to little inaccuracies related to the
data available for validation. The SO2 content at the outlet, remaining after the
formation of CaSO4 which blocks free CaO available for CO2 absorption, is almost
close to zero. Hence, the assumed SO2 conversion of 99 % seems to be reasonable
for the carbonator. The model predicts the CO2 capture efficiency quite well with
inaccuracies below 5 %. Focusing on the calciner, the outgoing gaseous flue gas
mass fractions are summarized in Figure 9 in the right diagram. Here, the release of
CO2 from the calcination of CaCO3 as well the combustion of coal is of major
relevance. Deviations in the O2 balance usually indicate inaccuracies in the
combustion calculations. In this case, both quantities are slightly too low, which is
due to the fact that the CO2 balance is additionally affected by the CO2 that is
transported to the calciner in the form of CaCO3. Thus, deviations in the CO2
absorption efficiency calculation in the carbonator influence the CO2 from the flue gas
present at the calciner outlet. Summing up, the occurring deviations in terms of the
O2 / CO2 balance are most likely caused by a combination of missing CO2 in the form
of solid CaCO3 and some uncertainties related to char burnout.
Dynamic process modelling
The distinct dynamic behavior of the carbonate looping process makes the modelling
procedure challenging in terms of predicting accurately the hydrodynamics of the
circulating fluidized bed reactor, the chemical gas-solid interactions, and energy
transfer rates between circulating solids and gaseous streams. ASPEN DYNAMICS
supports many plant components such as compressors, valves or draught fans that
can be used with defined characteristic component curves. The available circulating
fluidized bed reactor models in ASPEN DYNAMICS are not suitable to simulate
accurately the hydrodynamics of the bed or to calculate the chemical reaction rate
between CO2 and CaO. Due to those limitations, ASPEN CUSTOM MODELER
(ACM) was selected as an appropriate simulation tool that allows the implementation
of custom-built reactor models using the ACM programming language. Several
regulators to control the stream temperatures and stream mass flows have been
defined in order to supply the model with appropriate boundary conditions during the
transient simulation. Hence, the dynamic model was implemented using the program
ACM in association with ASPEN DYNAMICS.
The parameters computed by the simulation are:
• Amount of CO2 moles at the exit of the carbonator
• CO2 volume concentration at the carbonator outlet
• Carbonator CO2 absorption efficiency
• Entrainment solid flux from the carbonator
• Pressure at different reactor heights in the carbonator
• Carbonator temperature (Tdense, Tlean)
• Sorbent conversion (maximum sorbent activity)
The validation of the dynamic process model during start-up was performed with
experimental data. Figure 11, the left graph, depicts the simulated temperature profile
of the carbonator in comparison to the experimental temperature measurements.
Generally, the simulation of the temperature profile is in good agreement with the
experimental data however the temperature gradients are not fully matched during
the start-up phase of the plant. The deviations of the temperature gradient are
multifaceted and therefore cannot be directly contributed to a certain cause. The
11

following reasons may give a possible explanation for the discrepancy of experiment
and simulation: (1) the sorbent stream mass flows into the carbonator are in
disagreement with real stream mass flows, resulting in a discrepancy in the overall
energy balance of the plant (2) the convective heat transfer coefficient 𝛼𝑤𝑤𝑤𝑤 is not
precisely known and probably overestimates the heat transfer during start-up. Figure
11, the right graph, depicts the temperature profile during steady-state operation. The
simulated temperature profile during nominal operation is partly in good agreement
with experimental data.

Figure 10: Temperature profile of the carbonator during
start-up (left) steady-state (right) operation

Despite the very complex overall process physics in the carbonator reactor (including
reactive multiphase-flow and several solid inlet streams the first comparison study
gives very good agreement with experimental data in terms of temperature profile in
the carbonator. In the next step the model will be applied in WP3 for the reactor
scale-up and for the simulation of different dynamic scenarios of the CCL plant.
Computational Fluid Dynamic (CFD) modelling
One major challenge for scale-up of the CCL technology is expected to be the design
of the two fluidized bed reactors and their auxiliaries. The calciner reactor has to
achieve complete combustion of the fuel as well as close to complete calcination of
the limestone from the carbonator. The carbonator reactor has to provide particle
residence time and allow efficient heat transfer to the coupled steam cycle at
preferentially low pressure drops. Both aspects require pilot studies to allow proper
process design at large scale. Three types of CFD models (for different parts of the
reactor system and with different degree of accuracy) are used within the project to
optimize the design of the 20 MWth pilot plant:
TUD applies an existing in-house CFD code considering particle/particle interaction
by means of the discrete element method (DEM) to study dedicated components,
e.g. loop seals and cone valves. The focus of TUD has been on simulation of
simplified cases like cold flow model simulation and individual reactor parts with the
in-house code DEMEST using the discrete element model and FLUENT’s Dense
Discrete Phase Model (DDPM). Validation of the DDPM has taken place with
experimental data from a cold flow model in order to conduct first numerical
simulations of reactor parts (e.g. carbonator, calciner and loop seals). Different drag
models have been modified and implemented in the code. DEMEST, DDPM and
experiments have been compared in terms of computational time and accuracy. A
drag model study to analyze their capabilities predicting the flow pattern using the
Euler-Lagrange dense discrete element method (DDPM) approach has been carried
12

out. The comparison shows promising results that the improved CFD/DEM model is
able to simulate the high complex hydrodynamic behaviour of dense gas–solid flow in
the fluidized bed.
Experimental data from 1 MWth pilot testing were applied to validate the numerical
results of a non-reactive and reactive flow simulation. The numerical results are
described in terms of pressure profile, particle velocities and CO2 mass fraction for
different reactor heights.
It can be observed in Figure 12 (a) that the pressure profile contains a dense region
with higher particle concentrations at lower heights. The simulated pressure profile is
in good agreement with experimental measurements. The typical core annulus flow
can be observed on the right hand side of Figure 12 (b), with fast particles in the
center of the reactor and slower particles in the vicinity of the reactor walls. In the
simulation, few particles accumulated inside the outlet part of the reactor. Such a
particle bridge building could be observed in the experiments as well. Figure 12 (c)
depicts the time averaged CO2 mass fraction along different reactor heights.
a)

b)

c)

Figure 11: a) Time averaged pressure profile; b) Instantaneous particle Z-Velocity; c) Slices of
time averaged CO2 mass fraction for different reactor heights (TUD DEM)

It is obvious that the most CO2 is captured in the bottom part of the reactor. In
agreement with the solids distribution within the reactor, the CO2 capture rate is
higher at the vicinity of the walls. The CO2 concentration is increased along the
reactor axis. Above a certain reactor height, the CO2 is nearly homogenously
distributed over the cross section of the reactor. However, it can be observed that the
CO2 has not reached ideal mixing at the top of the reactor. The CO2 profile
represents the typical core annulus flow of CFB reactors. Overall judging, the
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agreement of the simulation with the experiment is very good. Deviations may be
caused by the fact that the reaction model does not take into account the effect of
steam on the reaction rate. Steam may improve the diffusional characteristics of
calcium oxide and lead to pores opening during surface reaction, consequently
increasing the total surface of the CaO.
CERTH applies the energy-minimization multi-scale (EMMS) model integrated in
a two-fluid model considering particle/particle interaction by means of the theory of
granular flows using ANSYS FLUENTTM to study the CFB reactors. Reaction models
for carbonation/calcination and coal combustion have been implemented into the
CFD codes. Simulation activities have started by developing and applying a TwoFluid-Model (TFM) for the carbonator using the conventional Gidaspow and the
advanced EMMS drag scheme. Therefore, TUD provided experimental data of the
CCL process in the pilot plant from various previous and actual test campaigns. The
model was validated regarding both hydrodynamics and CO2 capture mechanisms.
CERTH simulated the calciner focusing on the development of a TFM model for this
reactor. Efforts are focused on the simulation of fuel combustion and calcination
mechanisms as well as sorbent/fuel particle interaction using custom built codes
which will be subsequently integrated in the ANSYS FLUENTTM platform.
Several simulations came to the conclusion that the advanced EMMS model coupled
with the TFM proposed reproduces results of high accuracy with a high
computational efficiency. The implemented reaction rate gives results of high
accuracy concerning the CO2 concentration with a relative error of 7.22 %, while the
assumption of homogeneous conditions inside each control volume for the
calculation of the carbonation reaction rate may limit the accuracy of the model.
Figure 13 depicts results from carbonator simulation. The contours of the time
averaged CO2 (a) and CaCO3 (b) mass fractions for a time averaging equal to taver=
65 s and of the reaction rate at a time instant equal to t=270 s (c) at different planar
slices along the riser are shown.
a)

b)

c)

z=8 m

z=6 m

z=4 m

z=2 m

z=0.2 m
Figure 12: Contours of the time-averaged (a) CO2 and (b) CaCO3 mass fraction and (c)
instantaneous reaction rate at different carbonator riser heights (CERTH TFM EMMS)
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As it can be seen most CO2 capture is realized near the centre axis of the reactor. At
this area the CO2 mass fraction and thus the heterogeneous reaction rate are high. In
contrast, the area near the riser walls is mostly occupied by the solid CaCO3 species
due to the induced lower gas velocity, a fact which is not observed near the core area
that is quite dilute (core-annulus flow pattern). It should be noted that the lowest
values of the CaCO3 mass fraction are observed near the bottom zone (Figure 13-b)
owed to the fact that near this area limestone consisting of 9%-wt CaO and 91%-wt
CaCO3 enters the carbonator from the loop seal.
The 3D CFD TFM model of the calciner reactor is a much more complicated model
than the one applied in the carbonator unit. This is attributed to the fact that the
carbonator model incorporates a lot of custom built models since the commercial
platform of ANSYS does not fully support heterogeneous reacting flow simulations.
The developed custom-built codes consider the heterogeneous reaction rates, the
EMMS scheme, and the heat interaction between the solid phases, as well as the
polydispersed granular stress model and proper boundary conditions. The developed
model reproduces quite accurate results. The respective computational cost is
significantly higher than the respective cost of the carbonator model. However, the
model efficiency can be enhanced through parallel processing. Exemplary results are
depicted in Figure 14.
a)

b)

Figure 13: Contours of the a) char combustion and b) calcination reaction rates (kmol/m3s) at
a plane X=0 at a time instant equal to t=25 s. (CERTH TFM EMMS)
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Most of char combustion occurs near the bottom zone of the riser. For this reason,
the O2 is higher near the distributor area and decreases as the flue gas approaches
the calciner exit. From the development of the CO2 profile it can be concluded that
the calcination reaction is slower than the char combustion.
The contours of char combustion (a) and calcination (b) instantaneous reaction rates
at a plane X=0 are shown in Figure 14. These contours correspond to a time instant
equal to t=25 s. It is inferred that the calcination reaction is almost two orders of
magnitude slower than char combustion. Moreover, most of the char combustion
occurs near the bottom zone of the reactor, almost immediately after the fuel enters
the domain. However, this is not the case for the calcination reaction, which can
occur at higher heights of the reactor. This can be attributed to the fact that the fuel
particles have smaller diameter than the sorbent particles.
GECC applied a CFD based discrete particle model considering particle/particle
interaction by means of stochastic collision detection using the BARRACUDATM
software to further validate empirical hydrodynamic model parameters of steady state
process models.
Exemplary results of carbonator simulation are shown in Figure 15. The left picture
(Figure 15-a) shows the instantaneous CO2 loop profile showing that the main
capture takes place in the bottom zone of the reactor where most of solids (Figure
15-b) are. The vertical cut indicates that the bulk of reaction is associated with the
dense bed. The horizontal cuts indicate lower concentrations of CO2 near the riser
wall are the result of local solids recirculation just above the dense bed. The effect of
solids recirculation on the CO2 composition becomes very limited with an increasing
distance from the dense bed. In the bottom zone, temperatures are higher due to the
exothermal carbonation reactions (see Figure 15-c). A strong variation in fluid
temperature is recognizable in the vicinity of the lean fed and near the cyclone inlet
duct.
The simulation represents quite well the experiments in the 1 MWth pilot plant.
a)

b)

c)

Figure 14: Instantaneous CO2 (a) and average pressure (b)
and temperature (c) loop profile (GECC stochastic)
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2.3 WP3: Scale-up and Engineering for a 20 MWth CCL Pilot Plant
In WP3 the process configuration and heat and mass balances for the 20 MWth pilot
plant are established based on the results of WP1 and WP2 utilizing validated scaleup tools developed therein. The components of the 20 MWth pilot plant system like
the fluidized bed reactors with their auxiliaries, the steam cycle and the coal, sorbent
and oxygen supply systems are designed. The operation is also studied: nominal
operating conditions, start-up and shut-down procedures and the logistics for the
supply of consumables and the disposal of residuals. After a HSE (Health, Safety and
Environmental) risk assessment, actions start to obtain the required permission for
the erection and operation of the 20 MWth pilot from the authorities. The Emile
Huchet Unit 6 power plant was selected as the host site for the integration of a CCL
capture plant. The selected 600 MWe coal-fired power station, owned and operated
by Uniper, is located in Saint-Avold in France.
A Basis of Design (BoD) has been established. The BoD document consolidates all
elementary initial information and boundary conditions required for the design of the
20 MWth field pilot plant based on the current project execution phase and related
level of detail. Also, the process configuration and control loops for the pilot plant
were defined and the concepts were depicted in process flow diagrams (PFDs). The
design heat and mass balance of the 20 MWth pilot plant was created.
Potential health and safety risks during erection, operation, and future dismantling of
the 20 MWth CCL pilot were identified by conducting a Process Hazard analysis with
Hazard Study 1 methodology (HAZID). The Process Hazard analysis was prepared
by a pertinent trained safety expert (HAZID moderator) from GECC, collecting all
required base documents and preparing the HAZID workshop. The HAZID Workshop
was executed then in a joint team effort at the host site Emile Huchet 6 at SaintAvold, France. It was combined with a site visit which served to inspect and discuss
the planned plot area for the pilot plant and the integration/tie-in locations to the host
plant. A preliminary layout draft is depicted in Figure 16.

Figure 15: Layout planning for 20 MWth CCL pilot plant at Emile Huchet 6 in Saint-Avold, France
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2.4 WP4: Integration of CCL into a Full-scale Hard Coal Power Plant
In WP4 the models validated in WP2 are used to define the processes for full scale
integration of CCL into a hard coal power plant. The effect of operating conditions on
plant efficiency, economics and the environment is evaluated.
The Emile Huchet Unit 6 power plant was selected as the host site for the integration
of a CCL capture plant. The selected power plant, owned and operated by Uniper, is
located in Saint-Avold in France. It is a 600 MWe coal-fired power station fitted with
flue gas desulphurisation (FGD) and selective catalytic reduction (SCR) for reduction
of SOx and NOx respectively. Figure 17 shows an aerial view of the site, with the
Emile Huchet Unit 6 shown in the foreground.

Figure 16: Aerial Photograph of Emile Huchet Power Plant at Saint-Avold, France

The Emile Huchet Unit 6 power plant was the first 600 MWe installation built with a
forced circulation boiler in France. It was designed to combust low-quality coals with
varying particle sizes (< 1 mm) and high content of abrasive ash (> 50 %). A
particular requirement was to respond rapidly to demand changes, particularly with
short start-up times. This unit was inaugurated in October 1981.
The basis of design and the boundary conditions for scaling-up the CCL technology
are set for thermodynamic evaluation. The existing and validated process model of
WP2 will be used to evaluate the retrofit of a CCL plant. Additionally, technoeconomic analysis, identification of cost of electricity (CoE) and cost of CO2 avoided
to evaluate CCL technology compared to other CCS solutions will be conducted
based on the scaled process. Finally, the environmental impact of CCL systems by
conducting a life cycle analysis (LCA) will be assessed.
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2.5 WP5: Integration of CCL into a Full-Scale Lignite Power Plant
In WP5 the models validated in WP2 are used to define the processes for full scale
integration of CCL into a lignite power plant. The effect of operating conditions on the
plant efficiency, economics and environment the is evaluated.
One of the most advanced and efficient RWE power plant units, BoA 1 (BoA is the
German abbreviation for “plant with optimized engineering for lignite”) was defined to
be used for the integration of a CCL capture plant. BoA 1 is the host for different
research and development activities like a fluidized bed dryer for lignite, a high
performance FGD and especially an amine based post combustion capture pilot
plant, with an integrated CO2 compression and liquefaction facility. The extensive
research activities on BoA 1 provide an excellent data basis as source for studies
carried out in SCARLET. This comprises trace element content in the flue gas, plant
behaviour during load changes and a broad knowledge of the lignite composition.

Cooling tower

Steam generator

Control station
Desulphurization
Electrostatic filter

Power house

Figure 17: BoA1 lignite plant at Niederaußem, Germany
(left: setup and right: view of the power plant front)

The BoA1 power plant, owned and operated by RWE, is located in Niederaußem in
Germany. It is a 944 MWe lignite-fired power station The host plant is equipped with
a once-through boiler of the Benson type with single reheat and all necessary flue
gas cleaning equipment for dust (electrostatic precipitator) and SOx (wet limestone
FGD). Staged over fire air is used to keep the NOx content of flue gas below permit
limits. The coal is milled in 8 beater wheel mills. The steam cycle includes a 10 stage
regenerative feedwater heating. The feedwater pump is turbine driven. The heat of
cooling water is dissipated by means of a natural-draught wet cooling tower. Figure
18 shows the setup of BoA1.
The basis of design and the boundary conditions for scaling-up the CCL technology
are set for thermodynamic evaluation. The existing and validated process model of
WP2 will be used to evaluate the retrofit of a CCL plant. Additionally, technoeconomic analysis, identification of cost of electricity (CoE) and cost of CO2 avoided
to evaluate CCL technology compared to other CCS solutions will be conducted
based on the scaled process. Finally, the environmental impact of CCL systems by
conducting a life cycle analysis (LCA) will be assessed.
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2.6 WP6: Integration of CCL into Full-Scale Industrial Plants
In WP6 the models validated in WP2 are used to define the processes for full scale
integration of CCL into industrial cement and steel plants. The effect of operating
conditions on the plant efficiency, economics and the environment is evaluated.
The overall concept for integration of the CCL technology into a cement process was
defined. CEMEX selected the Rüdersdorf Plant, located in Germany, as the basis for
the case study of the integration of a CCL unit into a cement plant. Figure 19 shows
an aerial view of the site.

Figure 18: Aerial Photograph of Rüdersdorf Plant at Berlin. Germany

Rüdersdorf is a modern cement plant combining high product quality with high
standards environmental sustainability. A fine processed and homogenized raw meal
with a minimum limestone content of 75% is provided for preheating with the hot kiln
exhaust gases in a 4-6 staged cyclone preheating system. Calcination of the raw
meal takes place in a first firing step without any moving parts at 830-900°C and
sintering of the cement clinker in a rotary kiln follows as the second firing step at
about 1,450°C. The clinker is cooled with simultaneous preheating of the combustion
air up to 900°C in a grate cooler. Now practised and worldwide applied ways of using
secondary fuels in the cement production process have been enhanced in
Rüdersdorf with an innovative step - the furnace was preceded with a circulating
fluidized bed. Here, secondary substances are decomposed by a gasification process
into their combustible and mineral components. They are supplied as a lean gas as
fuel and in the form of a burned-ash as a raw material component to the optimum
position in the oven.
The basis of design and the boundary conditions for scaling-up the CCL technology
are set for thermodynamic evaluation. The existing and validated process model of
WP2 will be used to evaluate the retrofit of a CCL plant. Additionally, technoeconomic analysis, identification of cost of electricity (CoE) and cost of CO2 avoided
to evaluate CCL technology compared to other CCS solutions will be conducted
based on the scaled process. Finally, the environmental impact of CCL systems by
conducting a life cycle analysis (LCA) will be assessed.
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3 Dissemination activities
3.1 Homepage
The SCARLET website has been developed and is regularly being updated by TUD.
The main objective of the website is to communicate the objectives and results as
wide as possible, targeting the scientific community and the public. Additionally, the
website operates as the project’s repository for public documents. The project
website can be accessed at the following URL:
www.project-scarlet.eu
The structure of the SCARLET website is illustrated in Figure 20. The main
information contained in the website includes:
•
•
•
•

Information about the SCARLET project and its activities including contact
details, participants, main objectives, brochure, background information, a
plant description and events (workshops, conferences)
Results obtained during the project, including all the scientific papers and
presentations at conferences
Photos and videos of the pilot plant
Frequent news and updates on the public material

Figure 19: Public SCARLET website

3.2 Newsletter
Every six months, a newsletter giving news about project developments is produced
and disseminated to all relevant stakeholders who register their interest at the
website. The newsletter can be subscribed by sending an email to:
info@project-scarlet.eu
In October 2014, the first issue of the SCARLET newsletter was disseminated to
interested stakeholders. Two additional newsletters in June 2015 and April 2016
followed. Figure 21 shows the header of the latest SCARLET newsletter.
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Figure 20: SCARLET newsletter (Issue 3, April 2016)

The SCARLET newsletters can be downloaded at the SCARLET website on the
following link (SCARLET-Publications):
http://www.project-scarlet.eu/wordpress/?page_id=431

3.3 Publications
SCARLET dissemination activities has not only covered the scientific and industry
field but also has focused in other targeted audience such as politics and general
public, both groups with a crucial importance to the success of the future deployment
of the technology. The SCARLET project was topic of several scientific articles and
conferences (see Table 2).
Table 2: SCARLET publications
Conference publications
Stroh A., Alobaid F., Ströhle J., Hilz J., Epple B. “Numerical CFD simulation based on the EulerLagrange approach”, 6th IEAGHG High Temperature Solid Looping Cycles Network Meeting, Milano,
Italy, September 2015
Hilz J., Helbig M., Stroh A., Ströhle J., Epple B., Weingärtner C., Stallmann O. “1 MWth pilot testing
and scale-up of the carbonate looping process in the SCARLET project”, 3rd IEAGHG Post
Combustion Capture Conference (PCCC3), Regina, Canada, September 2015
Zeneli, M., Nikolopoulos, A., Nikolopoulos, N. Grammelis, P., Kakaras, E. “Application of a TFM model
to a pilot CFB carbonator”, FBC, 2015, Finland
Zeneli M., Nikolopoulos A., Nikolopoulos N., Grammelis P., Kakaras E., “A critical review of cluster
diameter correlations in CFB modelling of Fluidized Beds”, 70th IEA-FBC meeting, Turku, Finland, 14
June 2015
Journal publications
Stroh A., Alobaid F., Ströhle J., Hasenzahl M.T., Hilz J., Epple B. “Comparison of three different CFD
methods for dense fluidized beds and validation by a coldflow experiment”, Particuology 2015, Article
in Press
Zeneli, M., Nikolopoulos, A., Nikolopoulos, N. Grammelis, P., Kakaras, E. “Application of an advanced
coupled EMMS-TFM model to a pilot scale CFB carbonator”, Chemical Engineering Science, 138, pp.
482–498, 2015
22

3.4 Public workshop
During the course of the SCARLET project, a first public workshop was organized to
inform relevant stakeholders about the results of the project. Stakeholders were
notified by email and through the website – energy engineers, utilities, academia and
research institutions, industry, consultants and general public.
The 1st Public SCARLET Workshop on 20th April 2016 presented the results of the
first phase of the project focusing on the long-term pilot testing of the Calcium
Carbonate Looping (CCL) process and the development and validation of scale-up
tools: process and 3D-CFD models. Also the possibility of a site visit of the
1 MWth CCL pilot plant was given. The agenda is shown in Table 3 including a guest
presentation from J. C. Abanades presenting the results from CCL testing in the La
Pereda pilot plant.
Table 3: Programme of the 1st Public SCARLET Workshop

Time
09:00
09:15
09:25
10:30
11:00
11:20
11:35
12:00

Topic, Presenter
Welcome,
B. Epple, Technische Universität Darmstadt
Introduction to the SCARLET project,
J. Ströhle, Technische Universität Darmstadt
Long-term pilot testing in 1 MWth scale with hard coal,
J. Hilz, Technische Universität Darmstadt
Long-term pilot testing in 1 MWth scale with lignite,
M. Helbig, Technische Universität Darmstadt
Coffee break
Analysis of sorbents from pilot testing,
J. Emmerich, Lhoist Recherche et Développement
In-bed flow pattern measurements,
A. Daikeler, Technische Universität Darmstadt
Experiences from La Pereda pilot plant,
J. C. Abanades, Spanish Research Council CSIC-INCAR

12:30

Open discussion on operational experience

12:45

Lunch break

13:30
14:00
14:30

Development and validation of a CCL process model,
M. Haaf, Technische Universität Darmstadt
CCL reactor simulation with the discrete element method,
A. Stroh, Technische Universität Darmstadt
CCL reactor simulation with the two-fluid model,
A. Nikolopoulos, Centre for Research & Technology Hellas

15:00

Open discussion on model development

15:15

Coffee break

15:30

Scale-up of CCL to a 20 MWth pilot plant,
C. Weingärtner, GE Carbon Capture GmbH

15:45

Future work , open discussion and concluding remarks

16:00

Visit of the CCL 1 MWth pilot plant

17:00

End of workshop
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All presentations are available for download from the public SCARLET website.
Download can be accessed by the following link:
http://www.project-scarlet.eu/wordpress/?page_id=630
Some photographs of the workshop are shown in Figure 22 and Figure 23. Figure 22
shows the auditorium of the workshop, Figure 23 the guest speaker J.C. Abanades
from the Spanish Research Council CSIC-INCAR presenting the results from La
Pereda pilot plant in order to discuss and compare with TU Darmstadt results from
pilot tests.

Figure 21: Auditorium of the 1st Public SCARLET Workshop

Figure 22: Presentation of the guest speaker J. C. Abanades presenting experiences from CCL
testing in the La Pereda pilot plant in Spain
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The participants also had the opportunity to attend a poster session, held during the
breaks. Every Work Package of the SCARLET project was presented by a poster in
the break room, where attendants had the possibility to take a look. Figure 24 shows
the posters.

Figure 23: Poster session in the break room

At the end of the workshop, participants were invited to visit the 1 MWth CCL pilot
plant and the other research facilities of the EST (e.g. cold flow model, indirectly
heated carbonate looping pilot etc.). Figure 25 shows the attendees of the workshop
in front of the pilot plant.
At the

Figure 24: Pilot plant visit of the workshop participants
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