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Abstract

This paper describes the development of a post combustion carbon capture process from lab-scale to large-scale,
with special focus on the validation of the scale-up with pilot plant tests. Important features like separation
efficiency, solvent stability towards stress (caused e.g. by heat and oxygen) and reaction mechanisms with byproducts in the flue gas (e.g. SOx and NOx) could be investigated. A fully automated laboratory plant operated on
synthetic flue gas on 24/7 basis was used for investigation. For a first scale-up step and for testing the process with
real flue gas in industrial vicinity, a pilot plant out of stainless steel was erected on a power plant site and
successfully operated for more than 9,000 h. This allowed e.g. the well-founded selection of materials, the validation
of various process parameters, the testing of control concepts and isokinetic emission measurement. Equipment was
validated and optimized with respect to design features. The size of a full-scale carbon capture plant poses special
challenges to e.g. constructability, operability and maintenance and thus requires a subtle completion concept. This
paper summarizes how those requirements can be supported by sophisticated scale-up based on thorough pilot plant
experiments.
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1. Introduction
Forecasts indicate that fossil energy sources will remain the backbone of power generation worldwide in the
coming decades, see Figure 1 [1]. While the relative share of fossil power generation is expected to shrink slightly in
the future, the absolute value of power generation from fossil fuels is expected to increase significantly. This also
means that the total CO2 emissions from power generation are very likely to grow, despite worldwide efforts to
reduce greenhouse gas emissions. However, if Carbon Capture and Storage (CCS) or – preferably – Carbon Capture,
Utilization, and Storage (CCUS) are implemented along with the maximizing of efficiency levels in power
generation, there is still a chance to achieve CO2 emission reduction targets and thus the assumed maximum
allowable increase in global warming. According to the International Energy Agency (IEA), CCS can play an
important role, contributing to 14 percent of the global cuts in CO2 emissions required by 2050 - in accordance with
the maximum 2 °C global warm-up scenario [2].
Power generation mix
worldwide, in TWh

Source: Siemens

Figure 1: Global electricity market forecast for 2030 (Siemens estimation)

Following the global goal to fight climate chance, it was anticipated up to a few years ago that carbon capture and
storage projects would be triggered by legal requirements and would to a large extent be able to base on public
funding, both from national governments as well as from multi-national institutions. For most of these projects it was
foreseen that feasibility studies would be followed by FEEDs, flanked by pilot plant investigations. As a next step,
semi-commercial so-called demo-plants should be erected, capturing CO2 from a flue gas slip-stream (equivalent to
approx. 100-250 MWel) of a power plant. Besides their contribution to reduce CO2 emissions, these demo-plants
should deliberately serve for gaining more experience on carbon capture, and public institutions would be the ones to
bear a main part of both the technological as well as the cost risk. After successful operation of several demo-plants
for several years, full-scale carbon capture plants should be implemented. For a variety of reasons, most of these
“greenhouse gas projects” have either been cancelled or are still on hold.
However, during the last years, CO2 is more and more seen from the perspective of utilizing it as a valuable
resource, especially for application in EOR (enhanced oil recovery), a tertiary method of injecting CO2 underground
with high pressure and thus extracting oil. Studies name a potential worldwide demand of 260 Gt of CO2 for EOR,
which will be finally stored underground [3]. Thus besides the economic value, the struggle against global warming
would be supported. The approach to such projects is dominated by investors, who expect mature technology with
binding statements on cost, schedule and performance when taking the investment decision respectably signing the
contract - usually with a partner responsible for engineering, procurement and construction (EPC). Upscaling risks
have then to be borne by the EPC contractor together with the technology owner. No demo-plants are intended; there
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is only one single step from the process development / pilot plant size to the commercial full-size plant, which has to
be operated economically. Therefore upscaling based on pilot plant tests becomes even more important.
Nomenclature
AAS
BMWi
CAPEX
CCM
CCS
CCUS
CHP
EOR
EPC
FAT
FEED
IEA
OPEX
PostCapTM

Amino acid salt
German federal ministry for economic affairs and energy
Capital expenditures
Carbon capture Mongstad project
Carbon capture and storage
Carbon capture, utilization and storage
Combined heat and power plant
Enhanced oil recovery
Engineering, procurement and construction
Factory acceptance test
Front end engineering and design
International Energy Agency
Operational expenditures
Siemens’ proprietary carbon capture process

2. Main Part
2.1. The Siemens PostCapTM CO2 capture technology
Post combustion CO2-capture utilizing selective absorption (based on an amino acid salt solvent) of the CO2 from
the flue gas and subsequent desorption (thus gaining nearly pure CO2) is the preferred method by Siemens to reduce
carbon emission from flue gases of coal and gas fired power stations as well as from industrial waste gases. The
primary targets for development of the PostCapTM process were to meet the most stringent environmental
requirements without compromising the economics and the operability. The technology is ready for full-scale
application. Amino acid salts have numerous benefits as CO2 absorption solvents. These positive properties have
been validated by more than 9,000 operating hours in a CO2 capture pilot plant adapted to treat flue gas from burning
coal as well as natural gas, and beforehand by an extensive laboratory research program.
The particular differentiators and benefits when using AAS as solvent are [4]:
x minimal detectable solvent emissions,
x good solvent stability against various degradation mechanisms, particularly against oxygen and as a result low
solvent refill need,
x low energy consumption,
x environmentally friendly solvent and
x ease of handling by power stations operators and personnel.
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Figure 2: Simplified flow diagram of the PostCap™ process.

Figure 2 shows a simplified flow diagram of the PostCap™ process. The flue gas to be cleaned (1) is fed by a flue
gas blower (2) into the absorption column (4), where it is counter-currently treated with a (regenerated or so-called
“lean”) washing agent resp. solvent (6). Prior to absorption, any useful heat in the flue gas should be recovered by
means of producing steam for heating the reboiler (9), before the flue gas is further cooled to absorption temperature
in a flue gas cooler (3). During absorption, CO2 is captured in the solvent so that cleaned gas leaves the column at
the top (5). The so-called “rich” solvent, saturated with CO2, is taken from the absorber’s bottom (7) and heated up
before being fed into the desorption column (8). There, the solvent is regenerated by heat introduction by steam in
the reboiler (9), resulting in the release of water vapor and CO2. The steam is condensed in a condenser at the top of
the desorber column, so that the remaining CO2 can be further treated - compressed in a usually multi-stage
compressor (10) with intercoolers and/or liquefied - in a next step. The regenerated washing agent (lean solvent)
leaves the bottom of the desorption column and is used for heating up the saturated solvent. After further cooling, the
lean solvent (6) can again be used for capturing CO2 in the absorption column.
With the application of a lean solvent flash (11), the evaporation of the aqueous phase of the solvent at the bottom
of the desorber is supported by lowering the pressure in a flash drum. By doing this, thermal energy can be saved at
the expense of electrical energy used for the generation of the vacuum by the flash gas compressor, leading to
considerable advantages in the overall energy balance.
During operation of the carbon capture plant, a part of the solvent is continuously deactivated by e.g. reaction
with minor components in the flue gas. To remove degradation products of the solvent formed by thermal stress or
reactions with SOx, NOx, and oxygen, the solvent is reclaimed in a corresponding reclaimer unit (12). A proprietary
two-step reclaiming process for the selective separation of SOx related by-products and for other impurities,
including NOx related by-products, from the AAS solvent, the so-called PostCapTM reclaimer [5], was developed. In
order to separate the impurities, a split stream is taken from the solvent loop. The cleaned solvent is re-supplied into
the process, whereas part of the residue can be sold as valuable, the other part is discharged. The reclaimer unit
minimizes solvent refill and residue streams and enables a continuous economic long-term operation of the capture
plant.
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2.2. Solvent selection and process development
The optimum solvent should have high absorption capacity to minimize liquid holdup. At the same time, a
solvent should be able to release CO2 during desorption easily and quickly. To avoid environmental impact and
solvent loss, the solvent or secondary products should not be emitted (low vapor pressure). The solvent should be
chemically stable, non-toxic, non-explosive and environmentally friendly. Furthermore, to keep material costs
reasonable, the solvent ingredients should be compatible with common construction materials. The solvent should
allow simple operability, e.g. characteristics toward foaming or precipitation.
To find the best compromise, a solvent screening was carried out at Siemens’ lab and pilot facilities. As a result,
the decision was taken in favor of amino acid salts (AAS) as the basis for the process. This is because the physical
and chemical properties of AAS best meet the requirements listed above and are thus advantageous in terms of
solvent handling, plant operation, and operating permissions. For this solvent, property data of pure components and
mixtures (e.g. CO2 solubility, reaction equilibrium and reaction kinetics) were measured at the Siemens’ labs in
equipment as shown in Figure 3.

Figure 3: Typical lab equipment for investigation on property data

From the raw data, model parameters were gained by regression, and these parameters were linked to the process
simulation software. In connection with literature data this procedure allowed reliable description of the physicchemical properties in the process simulation.
During the early phase of process development, nearly 50 process configurations were determined. 20 process
configurations were selected and compared, using simulation tools. The complete process was a network of different
interacting topics as shown in Figure 4. The most important target was to achieve low specific energy demand,
leading to optimized CAPEX and OPEX.
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Figure 4: Screening of process configurations for carbon capture

Typical process operation parameters are:
x Continuous plant operation.
x Pressure in the absorber is close to atmospheric conditions, since compression of the flue gas would require too
much energy.
x Pressure in the desorber is usually close to atmospheric conditions. However, it can also be higher depending on
local conditions resulting in the optimized power integration.
x Typical thermal energy consumption per ton of captured CO2 is approx. 2.7 GJ by application of a lean solvent
flash, with potential for further optimization.
x The capture rate can be modified. Typical economically reasonable range is between 85-95 %.
2.3. Process validation at laboratory plant and scale-up to pilot plant
For any substantial validation of a process which had initially been designed by simulation and experimental
investigation of single, dedicated steps, it is important to operate a complete plant (lab or pilot scale) in a reliable,
continuous manner. Therefore a fully automated laboratory plant with glass columns was installed and operated with
synthetic flue gas on a 24/7 basis. Important features like separation efficiency, solvent stability towards stress
caused e.g. by heat and oxygen and reaction mechanisms with by-products in the flue gas (e.g. SOx and NOx) could
be proven.
For a first scale-up step and for testing the process and the solvent with real flue gas in an industrial vicinity, a
pilot plant out of stainless steel was erected on a power plant site. Advantages of the chosen size (absorber DN200,
desorber DN150, same packing height as for full-size plant) are low costs and flexibility for changes and
optimization, taking credit of the fact that modern modelling approaches allow large scale-up factors for the column
diameter. At first the pilot plant was operated with flue gas from a hard coal fired power plant for more than 6,000 h.
Then a gas burner was installed, which produced flue gas equivalent to gas fired combined cycle power plants. This
arrangement has been running for more than 3,000 h. The pilot plant operation allowed e.g.
x the well-founded selection and optimization of materials with dedicated samples
x the validation of the heat balance
x the testing of control concepts and procedures for start-up and shut-down of the capture plant, following
respective operating modes of the power plant
x the further validation of a computational process model
x isokinetic emission measurement.
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At the Siemens PostCapTM pilot plant, an in-spec availability of 93 % (relative to all operating hours with flue gas
available) was achieved during a 4,000 h campaign, as shown in Figure 5. The process parameters - like flue gas
amount and composition (including SOx and NOx by-products), capture rate, steam input, solvent pump-around,
temperature and pressure at desorber - were kept within the comparably narrow pre-agreed ranges. A CO2 capture
rate of 90 % was maintained at a constant steam input.

Calendar Hours

Figure 5: Pilot plant operation maintaining pre-set operating conditions

A typical daily availability was 23 h. A 20 min “off-spec” time was caused by a daily self-test procedure of the
gas burner. The procedure itself took only 1 min however, the resulting non-conformity of the flue gas lasted for 2030 min.
The procedure followed for the verification of the process simulation model is shown in Figure 6. As explained
in the preceding chapter, the process simulation model was developed based on property and process data measured
at lab scale. In a next step, the pilot plant was simulated with this model, and good accordance was found between
the modelling results and the data recorded at the pilot plant. No further adaptation of model parameters was
necessary. Thus the model can be applied for the design of full-scale plants.

Figure 6: Verification of the process simulation model and transfer to full-scale design
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2.4. Equipment validation at pilot plant
At pilot plant scale, equipment should be validated and optimized with respect to design features. For scale-up
from pilot plant to industrial size, the key parameters of every process step and the equipment involved have to be
thoroughly analyzed, and transfer to full scale should be conducted based on profound experience, industrial
references and state-of–the-art knowledge gathered during the engineering process.
The absorber and desorber column internals in particular are essential for the efficient and reliable operation of
the capture plant. For example, columns equipped with structured packings will be operated with the same packing
type both for pilot plant and industrial scale; the packing height will basically be kept constant, whereas the crosssectional area is increased.
A very important performance parameter to be validated is the emission behavior of the capture plant, mainly
emissions of solvent and low-boiling degradation products (like NH3) with the treated flue gas. Regarding solvent
emissions, evaporation, aerosols and entrainment of droplets have to be considered. Evaporation is an issue for
amine based, volatile capture solvents but can be ruled out for AAS, since its salt character entails an extremely low
vapor pressure. The formation of aerosols has to be prevented by appropriate technical measures. Solvent droplets
carried out by entrainment have to be rejected by demisters.

Figure 7: Demister used at pilot plant and test results (droplet analysis) –
the bars indicate the detection limits in ppb range, which varies due to the time period of sample taking

The selection of the suitable demister is based on common rules and experience, but has to be ensured by
experiments. In order to minimize up-scaling risks, the same type of demister should be used for pilot tests as will be
applied later for full-scale. At the Siemens PostCapTM pilot plant, demister tests were carried out during campaign 5
(see Figure 7) with significantly increased gas load (F-factor 2.3 vs. 2.0 Pa0.5) and thus enforced entrainment
upstream. The results was, that no solvent droplets were detected downstream of the demister. The bars in Figure 7
indicate the respective detection limit allocated to the time period for sampling.
The emission of low-boiling degradation products depend on the stability of the solvent, i.e. its robustness
towards degradation caused e.g. by oxygen or thermal stress. Concentrations of the by-products in the treated flue
gas are usually very low, and emission limits vary from site to site. If necessary, respective washing steps can be
applied as countermeasures.
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Another component deserving special focus is the desorber reboiler. By application of the thermosiphon
principle, pumps (rotating parts) can be avoided. Usually thermosiphon reboilers would be arranged vertically. This
was not possible, however, due to the large heat exchanger area necessary for the task:
x constructing long, slim vertical heat exchangers would result in a static pressure and a density difference too high
for maintaining the thermosiphon principle
x constructing short, thick vertical heat exchangers would result in staffing the whole circumference of the desorber
column with exchangers; the vapor/liquid outflow being re-fed into the column would interact with the exchanger
on the opposite side.
Therefore the more unusual horizontal design was applied. A reboiler of this type was tested at the pilot plant.
Figure 8 lists important key parameters of the reboiler at pilot plant and full scale. Whereas the pipe dimensions are
kept constant, the process parameters are less favorable at the pilot plant. Even under these preconditions, the
reboiler operated very smoothly and reliably, so that applicability for full-scale design can be concluded.

Figure 8: Key parameters for the horizontal thermosiphon desorber reboiler at pilot plant and full scale

2.5. Scale-up to full-scale and challenges for plant design
The absorber and desorber column internals are essential for the efficient and reliable operation of the carbon
capture plant. The packing type and height used in the pilot plant is equal to the packing of the full-scale plant.
Figure 9 summarizes the scales of the lab facility, the pilot facility, and a typical full-scale capture plant for a gasfired power plant.

Flue gas

Absorber

Nm³/h
kg/h
Diameter
Packing type

Solvent holdup
Scale-up factor

m³
Cross-section
area absorber

Lab-scale

Pilot-scale

Full-scale

3
4

230
300

2.3 Mio.
3 Mio.

50 mm

DN 200

2 x >15 m

structured

structured

structured

0.01

0.4

4,000

-

16 x
lab scale

5,625 x
pilot scale

Figure 9: Scale-up factors for Siemens’ lab and pilot plant and an assumed full-scale application (CHP; 1.2 Mio t CO2/a)
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From Figure 10 is can be concluded, that these scale-up factors are in good agreement with common engineering
practice for thermal unit operations like absorption and distillation.

Source

Vogel (2005)

Krekel and Siekman (1985)

Distillation / Rectification

1,000 – 50,000

1,000 – 10,000

Absorption

1,000 – 50,000

Extraction

500 – 1,000

500 – 1,000

Drying

20 – 50

20 – 50

Crystallization

20 – 50

20 – 30

Unit Operation

Figure 10: typical scale-up factors applied in chemical industry (translated from [6])

For the large columns, the flue gas distribution has to be planned and evaluated by CFD-modeling. Equal liquid
distribution is a very crucial parameter and has to be ensured in order to reach the required process performance.
Due to their importance, a factory acceptance test (FAT) has to be conducted for every liquid distributor before
delivery on site. Since there are no such large vendor facilities available, liquid distributors cannot be tested in one
piece but have to be segmented. The horizontal alignment in the column has to be maintained carefully as deflection
issues require additional T-girders.
An overview of a full-scale carbon capture plant is shown in Figure 11. The capture plant comprises main
columns (two absorbers, one desorber, two flue gas coolers) with an empty weight of up to 1,000 tons (prefabricated, steel, cylindrical shape).

Figure 11: PostCapTM carbon capture plant for Mongstad/Norway (CHP; 1.2 mio t CO2/a)
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During the design of the full-scale plant, special challenges were encountered due to the large dimensions.
Solutions can be achieved by transferring experience from other large-scale projects (e.g. power plants) and
intensive cooperation of interdisciplinary teams. Some examples are given in the following.
A. Constructability
For many sites (e.g. with severe weather conditions or high labor costs) it is mandatory to reduce on-site work in
order to control the costs. Therefore pre-fabricated components, e.g. modular pipe bridges (see Figure 12) should be
applied. Columns should be pre-fabricated in a shop and transported and erected in one piece. For empty weights up
to 1,000 tons, special preconditions are necessary, like shop and site very close to ports as well as appropriate roads.
These vessels can be transported only very slowly for short distances with self-propelled modular trailers. For
erection, tower lift systems together with tailor cranes have to be used. The erection sequence has to be planned in a
way to minimize the time period for which the heavy lift equipment is on site.

Figure 12: Examples for reduction of on-site work: modular pipe bridges and tower lift system /
self-propelled modular trailer for erection of 1,000 ton vessels

Tolerable surface loads for the intended locations of the lifting systems and any possible obstacles underground
and above ground have to be carefully considered.

B. Completion
Completion is understood as all activities necessary on site to reach the start of production. Well-known
procedures from e.g. power plant or chemical plant projects are adapted to the carbon capture plant (see Figure 13).
The achievement of milestones according to IEC 62337 is documented with the help of check-lists, which are
revised to meet the needs of carbon capture projects.

Figure 13: Completion strategy for full-scale carbon capture projects
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C. Operability
In order to reach reliable plant operation, a simple and robust, but simultaneously comprehensive operating
model has to be developed, see Figure 14. All modes and transitions of this model have to be thoroughly tested in
the pilot plant in order to ensure smooth and continuous operation of the full-scale plant. During short process
interruptions of the power plant the capture plant will be set into the ‘Hot Standby’ mode. As soon as the power
plant will return into operation, the capture plant will immediately go back into ‘Normal Operation’; thus down-time
of the capture plant is minimized.

Figure 14: Operating modes and transitions for the PostCapTM process

D. Maintenance
At a very early engineering stage, requirements for maintenance have already to be considered, especially during
layout planning. The maintenance approach for the absorbers of a full-scale capture plant is shown in Figure 15.

Figure 15: Maintenance approach for absorbers
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3. Conclusion
For post combustion carbon capture processes and plants using chemical absorption and desorption as process
principle, technological upscaling risks can be minimized by thorough process design, supported by laboratory
experiments, both for single unit operations and for the complete process. Comprehensive tests should be performed
at pilot scale, with special focus on key parameters and dedicated pieces of equipment. Some of the key parameters,
e.g. the height of the structured packing, have to be transferred 1:1 to full scale, whereas others, e.g. the column
cross-section allows large scale-up factors. For some components (e.g. for the structured packing and the demister as
well as for some pumps), it is advisable to test and use the same type of component at the pilot plant which will be
use later in the full scale plant. Risks related to the functionality of the equipment and to the effort required for onsite work can be minimized by pre-fabrication and by thorough FAT’s. Even though FAT’s are a cost factor
themselves, they are essential for some components, e.g. liquid distributors.
Even with intensive pilot plant testing, profound experience from other large scale projects (e.g. power plants) is
necessary for various disciplines and tasks, such as construction, commissioning, completion, operation and
maintenance – in order to ensure a successful transfer of a post combustion process from pilot scale to full scale.
Putting together interdisciplinary project teams with comprehensive in-house competence in e.g. turn-key power
plants, chemical process development, flue gas treatment and CO2 compressor technology will help to minimize the
risk.
In order to come to successful business models for projects and plants based on the utilization of the separated
CO2 as valuable, e.g. for EOR, the cost of CO2 produced have to be monitored, which are composed of CAPEX and
OPEX. The CAPEX can be controlled by thorough process development, vigilant engineering and stringent
management of construction and commissioning. OPEX are more complex; e.g. maintenance and labor cost can be
monitored by suitable process and plant design and the selection of appropriate equipment. Looking at the
consumption of chemicals, the refill amount (especially of solvent as the most important factor) can be well
estimated and controlled based on pilot plant experiments. However, the development of the prices for chemicals in
the future will bear some uncertainty. In any case, appropriate risk strategies have to be developed at a very early
stage between the various important stakeholder (such as investors, operators, contractors, technology owners), and
they have to be continuously adapted throughout the project.
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