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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 1 MWth 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 MW th 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 provided 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 larger
scale field demonstration units and commercial application.
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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 scale-up of the CCL technology.
WP3 focused on the design and engineering of a 20 MW th pilot plant utilizing the
operational and design experience from the 1 MW th pilot plant tests (WP1), the
design models and scale-up tools developed and validated (WP2), the fundamental
knowledge and experience of the involved partners in the area of power, industrial
and chemical plant engineering in general, as well as specifically in scale-up of new
CCS technologies. The workload comprised the definition of the process
configuration, definition of the nominal operation conditions, the design and
engineering of reactor and auxiliary systems as well as of the heat recovery to the
water/steam cycle, the definition of a measurement plan and operation procedures
for various scenarios as well as detailed planning for operation and logistics. The
engineering activities included further preparation of Process & Instrumentation
Diagrams (P&IDs) and plant layout planning. A health and safety risk analysis was
carried out for identification of potential risks and thereby supporting the initial
permitting actions. The health and safety risk assessment was performed by
execution of a Process Hazard Analysis (PHA) applying the HAZARD STUDY 1
methodology. The technical risk assessment was based on the Failure Mode, Effect
and Criticality Analysis method (FMEA). All information acquired was used to
calculate the overall investment costs (CAPEX), operational costs (OPEX) and
maintenance costs expected for the scaled-up 20 MWth pilot plant.
The objectives for WPs 4-6 were the thermodynamic, economic and environmental
evaluation for hard coal, lignite, steel and cement host plants. Existing host plants
were selected to provide the basis of design and the boundary conditions for the
work to be carried out. The defined boundary conditions for the host plants were
reconciled to ensure the comparability of the results for the different plants
considering the European Benchmarking Task Force definitions. This allowed the
comparison of CCL with other capture technologies. Based on the host plant data,
the thermodynamics (i.e. heat and mass balances, energy penalties) were calculated
with the validated and scaled-up process model (WP2). With this input data,
calculation of the cost of electricity (CoE) and the cost of CO2 avoided was carried
out to evaluate and compare the CCL technology with other CCS solutions. In
addition, the assessment of the environmental impact of CCL systems was
conducted by a life cycle analysis (LCA).
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 third year of the project, SCARLET focused on the scale-up and engineering of
a 20 MW th pilot plant including CFD simulations of the scaled-up pilot plant reactors.
Integration scenarios of CCL retrofits at various full-scale reference power (hard coal,
lignite) and industrial (cement, steel) plants were assessed evaluating
thermodynamics, economics and environmental impact. The progress and the most
important results in the covered reporting period are presented in this section.

2.1 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 MW th pilot
plant were established based on the results of WP1 and WP2 utilizing validated
scale-up tools developed therein. The components of the 20 MWth pilot plant system
including the fluidized bed reactors with their auxiliaries, the steam cycle and the
coal, sorbent and oxygen supply systems were designed. The operation was also
studied: nominal operating conditions, start-up and shut-down procedures and the
logistics for the supply of consumables and the disposal of wastes. After a HSE
(Health, Safety and Environmental) risk assessment, actions start to obtain the
required permit for the erection and operation of the 20 MW th pilot plant 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 MW e coal-fired power station,
owned and operated by Uniper, is located in Saint-Avold in France.
Process configuration
The process configuration for the 20 MWth CCL pilot plant was defined (see Figure
3). A slip stream of flue gas is fed from the wet FGD of the host power plant to the
CCL plant and the treated flue gas is returned to the flue gas duct of the host power
plant. In the carbonator flue gas is contacted with CaO in a circulating fluidized bed
and the gaseous CO2 contained in the flue gas reacts with solid CaO and forms solid
CaCO3. Treated, CO2-lean flue gas is sent back to the existing power plant after solid
separation and heat recovery. CaCO3 formed in the adsorption process in the
carbonator is transferred to the calciner reactor. In the calciner, CaCO3 is calcined to
CaO in a fluidized circulating bed by means of coal combustion under oxy

Figure 3: Simplified Process Flow scheme of the 20 MWth CCL pilot plant
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combustion conditions. Regenerated sorbent is sent back to the carbonator for
repeated adsorption. CO2 released during the calcination will be – after solids
separation and heat recovery – purified to specified saline aquifer product quality in a
CO2 purification unit..
Nominal operating conditions
The process model for the 20 MW th pilot plant is directly derived from the CCL
process model as an outcome of WP2. A simplified flowsheet of the process model is
presented in Figure 4. The structure is related to the process flow scheme of the
20 MWth pilot plant.

Figure 4: Simplified process flowsheet - based on the PFD of the 20 MWth pilot plant

With the help of the process model, operating points (OP) were defined and detailed
heat and mass balances for each operating point were calculated to set the basis for
the design and engineering of the 20 MWth pilot plant. The parameter variations were
chosen in order to give the possibility to investigate crucial process parameters, as
identified during pilot testing in WP1. The operating points include variation of the
thermal pilot plant load, operating temperature of the reactors, solid circulation rate
between the reactors, type of coal, thermal load of the host plant as well as sorbent
make-up rate. The evaluation of the process is mainly based on the experience
gained during long-term pilot testing at 1 MWth scale in WP1.
Design and engineering of reactors and components
Based on process definition and heat and mass balances, the design of the reactor
systems and the auxiliary components was conducted. The reactor design
parameters are shown in Table 2..
The specified circulating fluidized bed superficial gas velocity of 5 m/s at normal
operating conditions results in a required cross-sectional area of 2.25 m² (1.5 m × 1.5
m) for the carbonator for normal volumetric flow and operating temperature of
650 °C. The height of the carbonator was selected to be 20 m to achieve the required
residence time of the particles for the carbonation reaction and, due to plant layout
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requirements, to provide the required height that will ensure both the gravitationally
driven flow of solids through cyclones and loop seals back to the reactors and the
adequate slope of piping to accommodate the angle of repose for the solids involved.
For the calciner reactor, the specified circulating fluidized bed superficial gas velocity
was defined at 5 m/s for normal operating conditions. As a result, a required crosssectional area of 2.2 m² (1.48 m × 1.48 m) for normal volumetric flow and operating
temperature of 950 °C is required. The height of the calciner was selected to be the
same as the carbonator. In addition to the required height to ensure gravitationally
driven solid flows, the required residence time of the particles for the calcination
reaction and for complete burn-out of the coal particles were considered.
A square cross-section design for both reactors was selected because investment
costs are lower than for a round cross-section design considering the low operating
pressure and the required refractory lining.
Table 2: CCL reactors design parameters
Description

Value

Unit

Superficial gas velocity inside carbonator reactor

5

m/s

Superficial gas velocity inside calciner reactor

5

m/s

Inner height of carbonator reactor

20

m

Inner height of calciner reactor

20

m

Total thermal duty of pilot plant

20

MW th

Make-up sorbent “Messinghausen – fein”

100 – 300

μm

Type of coal fuel for calciner reactor” -

El Cerrejon

-

Alternative coal fuel for calciner reactor

US High Sulphur

-

Process temperature inside carbonator reactor

650-675

°C

Process temperature inside calciner reactor

900-950

°C

In addition to the reactor system, the auxiliary systems required to operate the pilot
plant were designed based on the boundary conditions given by the design
operation. The following auxiliary systems were designed:
•
•
•
•
•
•
•

Flue gas connections to the host power plant
Coal handling and processing system
Sorbent handling system
Oxygen supply system
Ash/spent sorbent handling system
CO2 purification system
Heat recovery and filter systems

The 20 MWth carbonate looping pilot plant to be designed and engineered requires
the outfit with measurement equipment. Measurement application in the pilot plant
has to be as detailed as possible in order to evaluate the carbonate looping process
and for extending the validation of related tools to a larger range of scale. A detailed
measurement plan is provided focusing on process evaluation.
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The results of design and engineering work as well as the detailed measurement plan
are incorporated in Process and Instrumentation Diagrams (P&IDs). As a result of
the engineering phase, required process instrumentation including analytical
equipment and control loops as well as required sizes for major piping/ducts are
provided with these basic documents.
The normal operation, start-up and planned/emergency shut-down procedures
were defined based on the results from engineering and the experiences from pilot
testing in Darmstadt. The work was supported by dynamic process simulation
studying the dynamic behaviour of the 20 MWth CCL pilot plant during start-up and
shut-down and other identified major transient scenarios.
Health and Safety Risk Assessment (HSE) was carried out to identify potential
health & safety risks by conducting a Process Hazard analysis with Hazard Study 1
methodology (HAZID). As a result, a risk mitigation plan was developed. A Technical
Risk Assessment was conducted to identify the potential technical risks by a Failure
Mode & Effect Analysis (FMEA) considering experience from the erection and
operation of the 1 MWth plant. Risk can be minimized by mitigation actions, and no
showstoppers were identified. The risk assessment will be reviewed and updated in
subsequent phases.
Advanced CFD modelling of reactors in 20MWth pilot plant
The hydrodynamics as well as chemical reactions taking place inside the CCL
reactors are dynamic processes, which can only be modelled in a simplified manner
when using steady state process models. Therefore, 3D CFD simulations where
executed by TUD, CERTH and GECC to predict the performance of the reactors at
20 MWth scale and to verify the adequacy of the initial CCL reactor design selected.
The developed CFD tools are suitable for simulation of both the carbonator and
calciner reactors, perfectly equipped for scale-up exercises. The pressure profiles
inside both reactors was well represented by model predictions with an acceptable
accuracy considering the inherent uncertainties associated with measured input
variables such as riser material PSD and composition/density.
The carbonator models are robust tools allowing accurate prediction of reactor
performance (see example in Figure 5) instilling confidence for performance
projections to larger reactors. The most important design conclusion for the
carbonator is that internal heat removal is not required to reach a temperature of the
mix of solids and flue gas entering the reactor of above >590 °C (thus ensuring
optimal carbonation rates in the dense bed). As an important result, an external
fluidized bed cooler can be used to extract the heat of carbonation, this being more
efficient and less expensive than heat removal via reactor internals (for example,
water walls, wing wall or panels).
The calciner simulation helps with the prediction of reactor performance in terms of
calcination efficiency (see example Figure 6). Residual coal conversion in the
calciner cyclone is recognizable; therefore, performance simulations of the calciner
reactor should best consider combustion in the dedicated cyclone(s). The most
important conclusion is that a fine and fast burning coal is important for efficient
Calciner operation, ensuring that burnout is achieved in one pass.
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Figure 5: Carbonator instantaneous CO2 (left),
temperature (middle) and pressure profile (right)

Figure 6: Calciner instantaneous CaCO3 mass fraction (left), fluid
temperature (middle) and pressure profile (right)
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Layout planning
A plant layout arrangement and a 3D CAD software model of the 20 MW th CCL pilot
plant were created to present a first overview of its dimensions at the host Emile
Huchet power station in Saint-Avold, France (see Figure 7 and Figure 8). The layout
supports cost estimation, permitting evaluations and risk assessments.

Figure 7: 3D Model View of the 20 MWth CCL pilot plant

Figure 8: 20 MWth CCL pilot plant embedded into host plant
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2.2 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.
Host plant definition
The Emile Huchet Unit 6 (EH6) 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 MW el coal-fired power station
fitted with flue gas desulphurisation (FGD) and selective catalytic reduction (SCR) for
reduction of SOx and NOx respectively. Figure 9 shows an aerial view of the site, with
the Emile Huchet Unit 6 shown in the foreground.

Figure 9: Aerial Photograph of Emile Huchet Power Plant

Thermodynamic evaluation
Investigation of the net efficiency losses of the host plant equipped with the CCL unit
were carried out with the steady-state process model (see Figure 10). For the
determination of the overall net electrical efficiency, a water-steam cycle estimation is
coupled with the CCL process model. The model calculates heat and mass fluxes
which are used to calculate the net efficiency of the host power plant with a retrofitted
CCL process. For the host plant, four load cases were defined and evaluated in
detail. All heat and mass flows were determined, and key process parameters for the
assessment of the CCL performance calculated for each load case. The influence of
CCL related process parameters on the whole system is shown and discussed
below.
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Figure 10: CCL process integration into full scale power plants

In the full-load operation case, the efficiency penalty of a CCL retrofit was calculated
to be around 3.5 percentage points excluding the electric demand of the CO2
compression unit. Taking CO2 compression into account, the penalties were 7.0
percentage points in full load (39.1 to 46%) and 8.6 percentage points (36.9 to
45.5 %) in part load full load, adding 436 MW el and 298 MW el, respectively, to the
host power plant. One parameter that limits the CCL process performance is the
rather low CO2 concentration in the flue gas received from the host plant. The
negative effect of rather low CO2 concentration on the CCL performance comes
apparent when evaluating the part-load operation cases. Comparing the full-load
case 10.18 vol.% (w) and the part-load case 7.21 vol.% (w), crucial process
parameters like the heat ratio as well as the specific oxygen consumption are
affected negatively. During part-load operation, 0.483 kgO2/tCO2,capt. are needed for the
CCL unit. In the full-load case, improved conditions for CO2 absorption are present;
consequently less oxygen is needed for capturing CO2 (0.446 kgO2/tCO2,capt.).
Economic assessment
An economic assessment has been successfully performed for the study involving
600 MW el hard coal power generation and CO2 capture using the CCL. The economic
evaluation includes the estimation of the total operating and maintenance costs of adding
CCL plant to the power plant. A bottom-up approach is adopted to estimate the overal
unit cost for this study. To get the basic information about the equipment and
components as well as operating and maintenance costs within the CCL CO2 capture
unit, the generated mass and energy balances were applied.
The following conclusions can be drawn:
•

The selected 600 MWel hard coal power plant without CO2 capture has an
efficiency of 39.1 % (LHV), a specific investment of €1,540/kW el, a breakeven
electricity selling price (BESP) of €66.9/MWh and it emits 860 g CO2/kWh.

•

To reduce the CO2 emissions by 90 % using the CCL process, the overall
efficiency is reduced by 7 percentage points, the capital costs increased by
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€813M and the BESP increased by €15.5/MWh, resulting in a cost of about
€20 per tonne of CO2 avoided.
•

If the host power plant is run at half load conditions, the cost of CO2 avoided
will be increased by 26 %.

Environmental assessment
An Life Cycle Assesment (LCA) study was completed to evaluate the environmental
impact of generating electricity, while simultaneously capturing CO2 with CCL
technology. This system has been compared to the base hard coal power plant
without capture. The LCA was carried out using ReCiPe midpoint and endpoint
methods.
The single score endpoint results indicate that the hard coal power plant with CCL
has a lower environmental burden than the base hard coal power plant. The midpoint
results show that some impact categories were reduced, while some increased.
Impact categories that were reduced by the retrofit of the CCL technology are those
that are normally affected by the hard coal power plant flue gas emissions: climate
change, terrestrial acidification, particulate matter formation and natural land
transformation. The most prominent of which is the climate change impact, where
there was a 72% reduction. The impact categories that were increased were already
pronounced in the base HPCC analysis; the average increase in these impact
categories was 9.5%. However, these increases have to be balanced against the
benefits of the reduction in the climate change impact.
From the results presented in this work, it would appear that while the environmental
burden from generating electricity from hard coal is not eliminated, it can be reduced
by integrating CCL as a carbon capture technology.

2.3 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 has been evaluated.
Host plant definition
One of the most advanced and efficient lignite-fired power plant units, BoA 1 (BoA is
the German abbreviation for “plant with optimized engineering for lignite”) was used
for the integration of a CCL capture plant. The BoA1 power plant, owned and
operated by RWE, is located in Niederaußem in Germany. It is a 944 MW e lignitefired 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 lignite 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 (see Figure 11).
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Figure 11: BoA1 lignite plant at Niederaußem, Germany
(left: setup and right: view of the power plant front)

Thermodynamic evaluation
Based on the detailed CCL process model, which was successfully validated during
Work Package 2, the thermodynamic evaluation for the CCL retrofit of the BoA1
lignite-fired power unit has been carried out. In addition to an assessment
considering full-load and part-load operation of the host plant, the influence of
moisture content of the lignite is assessed and discussed.
In the full-load operation case, the efficiency penalty of a CCL retrofit is calculated to
be around 2.93 percentage points excluding the electricity demand of the CO2
compression unit. Taking CO2 compression into account, the penalties increase to
6.42 percentage points. These numbers are based on the assumption of feeding predried lignite to the calciner. It can be expected that the efficiency penalties will slightly
increase if the pre-drying system for the lignite is considered in the model as well. In
the base case scenario (BoA1 full load, pre-dried lignite) 0.483 tonne of oxygen is
needed for capturing one tonne of CO2 in the calciner of the CCL unit. For the
minimum load case, this number increases to 0.384, which is mainly due to the lower
CO2 concentration in the flue gas stream (12.52 vol.% vs 11.35 vol.%). The total
electric power output of the system increases to 1,469 MW el and 611 MW0el for full
and part load, respectively.
Economic assessment
An economic assessment has been successfully performed for the study involving
1000 MW el lignite power generation and CO2 capture using the calcium looping
technology. The following conclusions can be drawn:
•

The selected 1000 MW lignite power plant has an efficiency of 43 % (LHV), a
specific investment of €1,311/kW el, a breakeven electricity selling price
(BESP) of €42.5/MWh and it emits 823 g CO2/kWh.

•

To reduce the CO2 emissions by 90 % using CCL, the overall efficiency is
reduced by 6.4 percentage points, the capital costs increased by €1,022M and
the BESP increased by €18.4/MWh, resulting in costs of €19.8 per tonne CO2
captured and €26.9 per tonne CO2 avoided.
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•

Reducing the capital cost investment of CCL to 30 % will reduce not only the
BESP by 7 %, but the cost of CO2 avoided by 22 %.

•

If the lignite power plant is run at half load conditions, the cost of CO2 avoided
will be increased by 38 %.

Environmental assessment
An LCA study was completed to evaluate the environmental impact of generating
electricity, while simultaneously capturing CO2 with CCL technology. This system has
been compared to the base lignite power plant without capture. The LCA was carried
out using ReCiPe midpoint and endpoint methods.
The single score endpoint results indicate that the lignite power plant with CCL has a
lower environmental burden than the base lignite power plant. The midpoint results
show that some impact categories were reduced, while some increased. Impact
categories that were reduced by the retrofit of the CCL technology are those that are
normally affected by the lignite power plant flue gas emissions: climate change,
terrestrial acidification, particulate matter formation and natural land transformation.
The most prominent of which is the climate change impact, where there was an 82%
reduction. The impact categories that were increased were already pronounced in the
base life cycle analysis; the average increase in these impact categories was 38%.
However, these increases have to be balanced against the benefits of the reduction
in the climate change impact.
From the results presented in this work, it would appear that while the environmental
burden from generating electricity from lignite is not eliminated, it can be reduced by
integrating CCL as a carbon capture technology.

2.4 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.
Host plant definition –cement
The overall concept for integration of the CCL technology into a cement process was
defined. CEMEX selected the Rüdersdorf Plant (see Figure 12), located in Germany ,
as the basis for the case study of the integration of a CCL unit into a cement plant.
Rüdersdorf is a modern cement plant combining high product quality with high
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
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fuel and in the form of a burned-ash as a raw material component to the optimum
position in the oven.

Figure 12: Aerial Photograph of Rüdersdorf Plant at Berlin. Germany

Thermodynamic evaluation – cement
This work presents the thermodynamic evaluation of a CCL retrofit for a cement
plant. The case study is carried out for the boundary conditions from real process
data of the Rüdersdorf cement plant. Based on the detailed process model for the
CCL process, which was successfully validated during Work Package 2, the
thermodynamic evaluation for the retrofit of the cement plant Rüdersdorf was
conducted. To be able to consider the influence of raw meal replacement by purged
material of the CCL unit on fuel savings, clinker composition as well as flue gas

Figure 13: CCL process integration into full scale cement plant
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composition, a simplified process model of the cement process was developed in
ASPEN PLUSTM. The applicability of this newly developed model was proven by a
thorough validation in terms of crucial process parameters like the compositions of
the clinker product and flue gases, the specific CO2 emissions as well as the specific
heat demand for cement manufacturing. Finally, a temperature profile of the gaseous
and solid streams involved in the system is presented.
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Figure 14: CO2 formation in cement production process
depending on raw meal substitution by CCL spent sorbent

Two different integration cases are considered. In Case I, the flue gas stream is
extracted at the end of the cyclone preheating tower, whereas an extraction between
the 3rd and the 4th preheating stage is investigated for Case II. Case I implies lower
CO2 concentration in the flue gas due to some leakage air, as well as lower
modifications of the host system. Thus, the conditions for CO2 absorption for Case II
are more beneficial. For the base case of each integration case, a raw meal
replacement substitution rate of around 15 % is chosen, since it allows reasonable
sorbent activity by assuring an appropriate clinker quality. The CO2 emissions
released are reduced by 90 % in both cases. For Case I, around 60 t/h of limestone
are fed to the CCL calciner, increasing the total thermal duty of the system to
570 MW th. Considering the heat utilization in the attached water steam cycle, around
167 MW el are generated on a gross basis. By taking the auxiliary demand of the
system (fans, ASU, CO2 compression) into account, a surplus of around 86 MW el is
available to be sold to the grid. The total specific thermal duty for clinker production is
increased to 8.81 MJ/kgclinker (base line 2.98 MJ/kgclinker). Focusing on integration
Case II, the improved conditions for CO2 absorption can be recognized directly.
Taken the specific heat for CO2 capturing into account, around 4.9 MJ/tCO2,capt are
required for the back-end solution in Case I, whereas this is number reduced to
4.7 MJ/tCO2,capt for Case II. The amount of surplus electricity available is also reduced
to 73 MW el. From an overall perspective, integration case II seems to be more
favourable, since the total thermal duty of the system is reduced by 20 MW th
compared to integration Case I.
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Economic assessment – cement
An economic assessment has been successfully performed for the study involving
5,500 tonnes per day cement plant and CO2 capture using the calcium looping
technology. The following conclusions can be drawn:
•

The selected 5,500 cement plant without and with CO2 capture have Levelised
Cost of Cement of €74/tclinker and €92.5/tclinker, respectively.

•

To reduce the CO2 emissions by 90 % using the calcium looping technology,
average capture cost is €15.8 per tonne CO2 captured and CO2 avoidance cost is
€27.6 per tonne CO2 avoided.

Environmental assessment – cement
An LCA study was completed to evaluate the environmental impact of producing
clinker product, while simultaneously capturing CO2 with CCL technology. This
system has been compared to the base CP without capture. The LCA was carried out
using ReCiPe midpoint and endpoint methods.
The single score endpoint results indicate that the CP with CCL has a lower
environmental burden than the base CP. The midpoint results show that some impact
categories were reduced, while some increased. Impact categories that were
reduced by the retrofit of the CCL technology are those that are normally affected by
the CP flue gas emissions. The most prominent of which is the climate change
impact, whereby, there was a 78% reduction. The impact categories that were
increased were already pronounced in the base CP analysis; the average increase in
these impact categories was 51%. However, these increases have to be balanced
against the benefits of the reduction in the climate change impact.
From the results presented in this work, it would appear that while the environmental
burden from producing clinker product is not eliminated, it can be reduced by
integrating CCL as a carbon capture technology.
Host plant definition –steel
The test site for the steel plant is assumed to be a built at a new green field site. The
simplified steel plant is composed of a sinter plant, a coke oven plant, blast stoves and a
blast furnace process. All fuel gases, namely the coke oven gas (COG) as well as the
blast furnace gas (BFG) are introduced into a self-contained power plant and burnt in the
boiler furnace to generate steam. The selected steel plant produces 4 million tonnes per
year of hot metal and 3,000 tonnes per year of blast furnace slag (BF slag) as a byproduct. The power plant has its own 600 MW el power output.

Thermodynamic evaluation – steel
A simplified schematic of CCL integration is given by Figure 15. The host integrated
steel mill (ISM) process, as well as the newly attached CCL unit, are marked
separately. The flue gases are extracted right after the flue gas cleaning system of
the existing on-site power plant and fed to the carbonator for subsequent CO2
absorption. The calciner is operated at oxy-combustion conditions, being fired with
coal and oxygen diluted recirculation off gas. Such a process routing can be
retrofitted to existing units with reasonable effort. In comparison to a state of the art
pulverized coal fired power plant, the CO2 concentration in the flue gas of an on-site
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power plant of an ISM is significantly higher (13-15 %vol. to 20 - 25 %vol.). The first
CCL integration case clearly shows the beneficial effects of high CO2 concentration in the
gas stream to be CO2 depleted on the performance of the attached CCL unit. CO2
capture rates up to 97 % are feasible even with rather low make-up feed. However, the
total thermal input of the system is increased by around 1,000 MW th, that requires around
300 t/h of additional oxygen that may be delivered due to capacity expansion of the
already existing ASU of an ISM. Taking the specific CO2 emission of the host ISM into
account, CCL integration reduces the specific CO2 emission for steelmaking from
1.36 kgCO2/kghotmetal to 0.45 kgCO2/kghotmetal.
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Figure 15: Simplified schematic of the CCL integration case

Economic assessment – steel
Economic analyses for the study involving 4 million tonnes per year steel plant and CO2
capture using the calcium looping technology came to the the following conclusions:
•

The selected 4 million tonnes per year steel plant without and with CO2 capture
have Levelised Cost of Hot Rolled Coil (HRC) of €434/t HRC and €471/t HRC,
respectively.

•

To reduce the CO2 emissions by 90% using the calcium looping technology,
average capture cost is €18.3 per tonne CO2 captured and CO2 avoidance cost is
€38.6 per tonne CO2 avoided.

Environmental assessment – steel
An LCA study was completed to evaluate the environmental impact of producing hot
metal, while simultaneously capturing CO2 with CCL technology. The system has
been compared to the base ISM without capture. The LCA was carried out using
ReCiPe midpoint and endpoint methods.
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The mid-point results show that a number of impacts are quite low; even in the base
case with no CCL. These include climate change and ionising radiation etc. However,
it must be stressed that, as described in the goal/scope that the power plant
integrated into the steel plant nominally powers two steel plants including the
downstream processes that are not included in the boundary of this study. Therefore,
the power usually consumed by the second power plant and the finishing process
stages, is treated as export and thus, an avoided product. The ISM then receives an
environmental credit for this export. If the boundary were to be expanded to include
the full ISM the environmental credit would be much less as the power would be
consumed within the boundary and the avoided product would be lowered if the later
stages or the ISM were modelled independently of the current study boundary. They
would not receive and environmental credit for on-site generation, if fact, they would
attract an environmental burden for importing electricity into the boundary; it is
important to ensure that credits and burdens are not double counted. The ideal
scenario would be to model the entire system, however data constraints made this
impracticable. This illuminates the need to carefully select the boundaries of a system
for an LCA study.
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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 16. 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 16: Public SCARLET website

3.2 Newsletter
Every six months, a newsletter giving news about project developments distributed 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
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
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3.3 Publications
SCARLET dissemination activities have not only covered the scientific and industrial
communities but have also focused on other targeted audiences such as politicians
and the general public, both groups of crucial importance to the successful
deployment of the technology in the future. The SCARLET project was the topic of
several scientific articles and conferences (see Fehler! Ungültiger Eigenverweis
auf Textmarke.).
Table 3: SCARLET publications
Journal publications
M. Zeneli , A. Nikolopoulos , N. Nikolopoulos , P. Grammelis , E. Kakaras ; “Application of an
advanced coupled EMMS-TFM model to a pilot scale CFB carbonator”, Chemical Engineering
Science, Vol. 138, pp. 482–498, 2015, doi: 10.1016/j.ces.2015.08.008
A. Stroh , F. Alobaid , M. T. Hasenzahl , J. Hilz , J. Ströhle , B. Epple; “Comparison of three different
CFD methods for dense fluidized beds and validation by a cold flow experiment”, Particuology, Vol. 29,
pp. 34-47, 2016, doi: 10.1016/j.partic.2015.09.010
A. Nikolopoulos , A. Stroh , M. Zeneli , F. Alobaid , N. Nikolopoulos , J. Ströhle , S. Karellas , B. Epple,
P. Grammelis; “Numerical investigation and comparison of coarse grain CFD – DEM and TFM in the
case of a 1MWth fluidized bed carbonator simulation”, Chemical Engineering Science, Vol. 163, pp.
189-205, 2017, doi: 10.1016/j.ces.2017.01.052
M. Zeneli, A. Nikolopoulos, N. Nikolopoulos, P. Grammelis, S. Karellas, E. Kakaras; “Simulation of the
reacting flow within a pilot scale calciner by means of a three phase TFM model”, Fuel Processing
Technology, accepted
J. Hilz, M. Helbig, M. Haaf, A. Daikeler, J. Ströhle, B. Epple; “Long-term pilot testing of the carbonate
looping process in 1 MWth scale”, Fuel, VSI: CCT2017, in preparation
Other journal publications
“SCARLET - Scale-up of Calcium Carbonate Looping Technology for Efficient CO2 Capture from
Power and Industrial Plants”, European Energy Innovation, Issue Winter 2016, p. 41, 2016
J. Hilz, M. Haaf, M. Helbig, J. Ströhle, B.Epple; “Calcium Carbonate Looping Technology: CO2 capture
by using limestone in the cement industry”, CEMENT INTERNATIONAL, Volume 15, No. 01/2017, pp.
53-63, 2017
Oral presentations
A. Stroh, F. Alobaid, J. Ströhle, J. Hilz, B. Epple, “Numerical CFD simulation based on the Eulerth
Lagrange approach”, 6 IEAGHG High Temperature Solid Looping Cycles Network Meeting, Milano,
Italy, September 2015
M. Zeneli., A. Nikolopoulos, N. Nikolopoulos, P. Grammelis, E. Kakaras, “Application of a TFM model
nd
to a pilot CFB carbonator”, 22 International Conference On Fluidized Bed Conversion (FBC), Turku,
Finland, June 2015
Zeneli M., Nikolopoulos A., Nikolopoulos N., Grammelis P., Kakaras E., “A critical review of cluster
th
diameter correlations in CFB modelling of Fluidized Beds”, 70 IEA Fluidized Bed Conversion (FBC)
Meeting, Turku, Finland, June 2015
A. Daikeler, “Experimentelle Untersuchung der lokalen Strömungsverhältnisse in einer 1 MWth
Wirbelschichtanlage mittels eines kapazitiven Messsystems“, DECHEMA - Jahrestreffen der
ProcessNet-Fachgruppen, Bingen am Rhein, Germany, March 2016
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Oral presentations
rd

J. Hilz, “CO2 capturing using lime”; 3 Alternative Fuels Symposium, Duisburg, Germany, October
2016
M. Helbig, J. Hilz, M. Haaf, A. Daikeler, J. Ströhle, B. Epple; “Long-term carbonate looping testing in a
th
1 MWth pilot plant with hard coal and lignite”, IEAGHG 13 Conference on Greenhouse Gas Control
Technologies (GHGT-13), Lausanne, Switzerland, November 2016
A. Daikeler, “Charakterisierung der lokalen Strömungsverhältnisse in einer 1 MWth Wirbelschichtanlage mittels eines kapazitiven Messsystems “, DECHEMA - Jahrestreffen der ProcessNetFachgruppen, Dresden, Germany, March 2017
J. Hilz, “ CO2 capture by means of limestone - Calcium Carbonate Looping“, DECHEMA Jahrestreffen der ProcessNet-Fachgruppen, Frankfurt am Main, Germany, March 2017
J. Hilz, “Scale-up of Calcium Carbonate Looping Technology for Efficient CO2 Capture“, CLUSTER
Workshop, Berlin, Germany, April 2017
J. Hilz, M. Helbig, M. Haaf, A. Daikeler, J. Ströhle, B. Epple; “Long-term pilot testing of the carbonate
th
looping process in 1 MWth scale”, 8 International Conference on Clean Coal Technologies
(CCT2017), Cagliari, Italy, May 2017
A. Stroh, M. Haaf, M. von Bohnstein, F. Alobaid, J. Ströhle, B. Epple, “Numerical CFD simulation of
th
the 1 MWth CFB carbonator using the discrete element method”, 12 International Conference on
Fluidized Bed Technology (CFB12), Krakow, Poland, May 2017
A. Daikeler, J. Ströhle, B. Epple, “Experimental investigation of the flow hydrodynamics in a 1 MWth
th
circulating fluidized bed reactor with a capacitive probe”, 12 International Conference on Fluidized
Bed Technology (CFB12), Krakow, Poland, May 2017
J. Hilz, M. Helbig, M. Haaf, A. Daikeler, J. Ströhle, B. Epple, “1 MWth long-term pilot testing of the
th
carbonate looping process with hard coal and lignite”, 12 International Conference on Fluidized Bed
Technology (CFB12), Krakow, Poland, May 2017
M. Zeneli, A. Nikolopoulos, N. Nikolopoulos, P. Grammelis, S. Karellas, E. Kakaras, “A numerical
th
study of the carbonator design effect on CO2 capture efficiency”, 12 International Conference on
Fluidized Bed Technology (CFB12), Krakow, Poland, May 2017
Poster presentations
J. Hilz, M. Helbig, A. Stroh, J. Ströhle, B. Epple, C. Weingärtner, O. Stallmann, “1 MWth pilot testing
rd
and scale-up of the carbonate looping process in the SCARLET project”, 3 IEAGHG Post
Combustion Capture Conference (PCCC3), Regina, Canada, September 2015
M. Haaf, A. Stroh, J. Hilz, M. Helbig, J. Ströhle, B. Epple; “Process modelling of the calcium looping
th
process and validation against 1 MWth pilot testing”, IEAGHG 13 Conference on Greenhouse Gas
Control Technologies (GHGT-13), Lausanne, Switzerland, November 2016
A. Stroh, “ Simulation einer kalten Wirbelschicht mit der Diskrete-Elemente Methode und Vergleich mit
experimentellen Messungen“, DECHEMA - Jahrestreffen der ProcessNet-Fachgruppen, Dresden,
Germany, March 2017
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Conference proceedings
M. Haaf, A. Stroh, J. Hilz, M. Helbig, J. Ströhle, B. Epple; “Process modelling of the calcium looping
process and validation against 1 MWth pilot testing”, Energy Procedia, in progress
M. Helbig, J. Hilz, M. Haaf, A. Daikeler, J. Ströhle, B. Epple; “Long-term carbonate looping testing in a
1 MWth pilot plant with hard coal and lignite”, Energy Procedia, in press, doi:
10.1016/j.egypro.2017.03.1160
A. Stroh, M. Haaf, M. von Bohnstein, F. Alobaid, J. Ströhle, B. Epple, “Numerical CFD simulation of
th
the 1 MWth CFB carbonator using the discrete element method”, Proceedings of the 12 International
Conference on Fluidized Bed Technology (CFB12), Krakow, Poland, submitted and accepted
A. Daikeler, J. Ströhle, B. Epple, “Experimental investigation of the flow hydrodynamics in a 1 MWth
th
circulating fluidized bed reactor with a capacitive probe”, Proceedings of the 12 International
Conference on Fluidized Bed Technology (CFB12), Krakow, Poland, submitted and accepted
J. Hilz, M. Helbig, M. Haaf, A. Daikeler, J. Ströhle, B. Epple, “1 MWth long-term pilot testing of the
th
carbonate looping process with hard coal and lignite”, Proceedings of the 12 International
Conference on Fluidized Bed Technology (CFB12), Krakow, Poland, submitted and accepted
M. Zeneli, A. Nikolopoulos, N. Nikolopoulos, P. Grammelis, S. Karellas, E. Kakaras, “A numerical
th
study of the carbonator design effect on CO2 capture efficiency”, Proceedings of the 12 International
Conference on Fluidized Bed Technology (CFB12), Krakow, Poland, submitted and accepted

In addition, the SCARLET project was presented in a magazine covering research
projects to scientific and industrial stakeholders:
https://www.tudarmstadt.de/vorbeischauen/aktuell/news_archive/news_details_en_174720.en.jsp

3.4 Second public workshop
The 2nd Public SCARLET Workshop presented the results of the second phase of the
project focusing on the scale-up and engineering of a 20 MWth pilot plant including
CFD simulations of the up-scaled pilot plant reactors. Integration scenarios of CCL
retrofits at various full-scale reference power (hard coal, lignite) and industrial
(cement, steel) plants were assessed evaluating thermodynamics, economics and
environmental impact. In addition, experimental results from CCL pilot testing in a
1 MW th pilot plant with more than 1,200 hours stable operation were presented. The
possibility of a site visit of the 1 MWth CCL pilot plant was also given. The agenda is
shown in Table 4 including a guest presentation from K. Jordal (SINTEF Energy
Research) presenting the EU H2020 project CEMCAP.
Table 4: Programme of the 2

nd

Public SCARLET Workshop

Time

Topic, Presenter

09:00

Welcome,
B. Epple (Technische Universität Darmstadt)

09:10

Introduction to the SCARLET project
J. Ströhle (Technische Universität Darmstadt)

09:20

Long-term CCL pilot testing in 1 MWth scale
J. Hilz (Technische Universität Darmstadt)
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Time

Topic, Presenter

10:00

Coffee break

10:20

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

11:00

CFD simulation of 20 MWth CCL pilot plant reactors
M. Balfe (GE Carbon Capture GmbH), A. Stroh (Technische Universität Darmstadt), A.
Nikolopolous (CERTH)
Lunch break
Full-scale reference power and industrial plants
D. Peralta-Solorio (Uniper Technologies Ltd), G. Wiechers (RWE Power AG), A. Pita
(CEMEX Research Group AG)
Thermodynamic assessment of full-scale CCL integration scenarios
M. Haaf (Technische Universität Darmstadt)

12:00
13:00

13:30
14:15

15:00
15:20

Economical and environmental assessment of full-scale CCL integration
scenarios
Y. Huang, A. Rolfe (University of Ulster)
Coffee break
Introduction to the H2020 project CEMCAP
K. Jordal (SINTEF)

16:10

Open discussion, recommendations for future developmental work of CCL and
concluding remarks
J. Ströhle (Technische Universität Darmstadt)
Visit of the 1 MWth CCL pilot plant

17:00

End of workshop

15:50

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=704
All stakeholders will be notified by the regularly issued newsletter to take a look and
download the presentations from the public website.

Figure 17: Opening of the 2

nd

Public SCARLET Workshop
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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 18 shows
the posters.

Figure 18: Poster session in the break room

At the end of the workshop, participants were invited to visit the 1 MW th CCL pilot
plant and the other research facilities of the EST (e.g. cold flow model, indirectly
heated carbonate looping pilot etc.). Figure 19 shows the attendees of the workshop
in front of the pilot plant.
At the

Figure 19: Pilot plant visit of the workshop participants
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