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Abstract. The production of concrete, especially the contained cement clinker, causes a high
proportion of the manmade gaseous air pollution. Studies show that the decarbonation of limestone
effects roughly 8% of worldwide CO2 emissions, which underlines the need for action and research.
Due to the present building and infrastructure stocks and their obsolescence, or rather replacement,
the amount of demolition material is permanently increasing. In many cases the demolition material
consists of high-quality concrete, which could be used again as recycled aggregate in the production
process to conserve sources of raw materials. Most of the concrete waste is not carbonated which
means that the potential as CO2 sink can be exploited in the course of the recycling process. Since
the recycled and carbonated material is used as a replacement for primary raw material, the state of
carbonation itself is irrelevant to any steel corrosion or associated problems. The main objective of
this work was to investigate the CO2 absorption of concrete waste, to investigate and prove its use as a
possible carbon sink. At this point, the carbonation velocity had to be optimised by the use of special
equipment. First test series show that the ecological footprint of concrete can be significantly reduced
if concrete waste is used for carbon storage and admixed as recycled aggregate during the production
process. The aim of this study was to point out further possibilities for the ecological optimisation of
concrete besides alternative binders, which are the subject of research in various projects worldwide.
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1. Introduction
The protection of the environment and the global cli-
mate is currently a major field of action. Not only
changing climate conditions are perceptible, but also
rising raw-material demand, land consumption and
the pollution of important habitats occur as main
problems.

Since every industrial sector has more or less im-
pact on the environment, the question arises where
significant entry points for ecological optimisations
can be found. Often a close connection can be found
between the amount of materials used by a particular
business branch and its environmental impact. The
construction industry and related trades are associ-
ated with an enormous need for raw materials. Fur-
ther processing uses high amounts of energy, which
means that there is a tangible potential for green-
house gas reduction.

One of the most commonly used materials for civil
engineering structures and buildings at present is con-
crete or rather reinforced concrete. Especially the
contained cement clinker is a highly climate rele-
vant substance. According to the current state-of-
the-art, structural concrete cannot be adequately re-
placed, neither technically nor economically. Its ro-
bustness, stability and formability, in combination
with low material and manufacturing costs, are the
main reasons for the continuously rising demand.
Air-pollution is increasing analogously to the growing
amounts of produced binder or rather the contained

cement clinker. The fact that nowadays about 8%
of the worldwide CO2 emissions (by population) re-
sult from producing cement has to be highlighted as
absolutely critical.

The mentioned emissions result only partly from
combustion processes to provide the needed heat to
process clinker out of lime stone. If modern technol-
ogy is used, over 50% of the overall CO2 emissions
concerning the cementitious binder production result
from the lime stone decarbonation, as seen in Table
1.

Emissions due to the raw material decarbonation
are process-related and cannot be substituted, if the
known characteristics of cement shall not be modi-
fied. Especially the corrosion protection of the rein-
forcement depends on the alkalinity of the hardened
concrete.

This paper brings the described problems with
greenhouse gas in context with rising amounts of
demolition materials, especially concrete recycling
products. The majority of concrete waste is not car-
bonated, in particular the inner sections of structural
elements of many civil engineering structures, like
bridges with large thicknesses of concrete members.

2. Background for ecological
optimisation of concrete

As described before, concrete is an indispensable con-
struction material, because of its technical charac-

467

https://doi.org/10.14311/APP.2022.33.0467
https://creativecommons.org/licenses/by/4.0/
https://www.cvut.cz/en


Marc-Patrick Pfleger, Markus Vill Acta Polytechnica CTU Proceedings

Raw material
decarbonation

Combustion of
fossil fuels

Combustion of
biogenic fuels total

2016 524 260 72 856
2017 517 256 71 844
2018 515 254 75 844

Table 1. Specific CO2 emissions in [kg] per [to] clinker in Austria [1].

teristics. Therefore, optimisations concerning the
ecological footprint of concrete can actually only be
made if the occurring of actual disadvantages can be
consistently avoided. In general, improvement poten-
tial can be seen in alternative binder recipes or using
high-grade recycling processes for an ideal reuse of
concrete waste.

The minimum share of cement clinker in the most
commonly used standardised cement mixtures (CEM
II) is about 65%. The rest consists, depending on
the exact cement type, of fly ashes, blast furnace slag
or lime dust. The currently available amount of fly
ash and slag is already completely used up, so that
no more substitution can be expected. Furthermore,
due to the focus of future energy policy, the available
quantity of additives, based on fossil combustion pro-
cesses, will decline. Therefore an extensive amount of
research activity is done worldwide to develop alter-
native binders for concrete applications, like [2], [3].
Commonly the main objective is to reduce or avoid
the share of cement clinker in the binder mixture.
Problems with durability may occur as a consequence
and are not investigated enough in long term tests.

Apart from binder optimisation the rising stream of
demolition material has to be involved in high quality
recycling. Particularly in urban regions new buildings
can only be produced if a site is previously cleared
from its original building stock. It can be observed
worldwide that a building’s life cycle is decreasing,
which means that the building stock becomes a more
important source of raw material in the sense of "ur-
ban mining". Generally demolished concrete struc-
tures are processed by one or more crushers to receive
a useable concrete granulate.

Depending on the valid standards, this concrete
recycling aggregate can be used with a certain per-
centage as replacement for natural aggregates. Con-
cerning the national documents of Austria, additional
differentiation is made for admixing, depending on
the grain size of the recycling product [4]. Usually
those recycled aggregates have a grain size distribu-
tion from 0 to 30 mm or smaller. The maximum grain
size in general depends on the desired configuration
of the jaw crusher.

3. Carbonation of concrete
3.1. Carbonation as concrete damage
The carbonation of concrete is usually known as a
classic concrete damage and can be described as the

reaction of CO2 from the surrounding atmosphere
with calcium hydroxide, as a product of the hydra-
tion of cement clinker. The calcium hydroxide is con-
tained in the pore water of a concrete matrix and its
concentration may vary due to the particular binder
mixture and the surrounding conditions during hy-
dration. The specific concentration of lye determines
the alkalinity of the pore water and thus the capabil-
ity to prevent the reinforcement from corrosion. Un-
der the absorption of CO2 this potential declines over
time, starting from the concrete surface. Therefore
the tolerable carbonation depth is generally limited
to the minimum concrete cover of the reinforcement.
Concrete technological measures are taken to prevent
fast carbonation. Main ambient parameters for the
carbonation velocity can be:

• Carbon dioxide level of the surrounding atmo-
sphere,

• Ambient air and concrete temperature,
• Concrete moisture,
• Pressure.

Additional influencing factors result mostly from
the material itself such as content of cement, porosity
or (micro) cracks which provide an increased surface
area for carbon dioxide absorption and reaction [4].

3.2. Carbonation of concrete as carbon
sink

The inner cross-section parts, or rather the area be-
tween the outer reinforcement layers, are usually not
carbonated until the demolition of a structure. Emit-
ted CO2 caused by the calcination of the binder re-
mains in the atmosphere and has a negative impact
on the materials ecological footprint.

The question arises as to which surrounding condi-
tions and related time span are required until the car-
bonation process is completed after a concrete struc-
ture is recycled into aggregates. As described be-
fore, the carbonation of concrete is a natural process,
though natural conditions only lead to a slow reac-
tion process with the actual CO2 consumption not
defined. Nevertheless, there is carbon absorption at
any time where the essential conditions, such as con-
crete moisture, are given. The chemical conversion of
calcium hydroxide into calcium carbonate effects that
a solution transforms into solid [5]. As a result, the
gas permeability of the cement matrix decreases and
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Figure 1. Not-carbonated share of a cross-section.

the carbonation velocity asymptotically approaches
zero within the grain [6].

Based on this knowledge, an artificial method shall
be preferred in comparison to carbonation under nat-
ural conditions. Controllable parameters and the pos-
sibility of measurements during the carbonation en-
sure a consistent recycling product [7].

4. Experimental setup and
methods

The test setup was designed to investigate forced
carbonation of recycled concrete aggregates, which
means that no correlation with natural carbonation
could be expected. The first step of the experimen-
tal carbonation test series was to determine the exact
amount of carbon dioxide which can be bound by a
concrete matrix. For this purpose, special equipment
was necessary, since standard carbonation chambers
do not allow to vary and monitor the reaction condi-
tions in real time as desired [8]. Especially the used
experimental setup allowed to monitor and control
the exact CO2 consumption of the sample material
in real time. Further it was planned to find the opti-
mal parameters to fully carbonate a particular sample
as fast as possible.

4.1. Reaction parameters
As basis for the equipment design, the previously de-
fined external parameters were taken into consider-
ation. Thus temperature, humidity as well as the
amount of CO2 in the sample atmosphere should be
varied. Increasing the ambient pressure was planned
for future sample series. The range of reaction pa-
rameters was defined according to feasible values in
large-scale techniques or rather concerning industrial
facilities as shown in Table 2.

From To
CO2 0,04% 30%
Humidity 0% 100%
Temperature 20◦C 65◦C

Table 2. Range of reaction conditions.

4.2. Equipment design
The equipment consists of a carbonation chamber
that can be top-loaded with the sample material. A
removable grate is filled with the sample aggregates
up to 25cm layer thickness. The container sits her-
metically on a catch, so that a forced flow of the ambi-
ent atmosphere through the material can be ensured
by the integrated fans. The perfusion of the sample
container happens from bottom to top.

As shown in Figure 2, all fittings and connections
are located at the cover of the carbonation chamber.
So only the tempered and humidified granulates are
inside the reaction tank which consists of stainless
steel. The acryl glass lid is prepared for an attachable
steel frame to ensure sufficient stiffness if tests with
overpressure will be carried out in the future.

A main requirement was that the CO2 absorption
of the samples should be measurable at any time
of the carbonation process. A standard carbonation
chamber does not allow a real-time monitoring of the
actual CO2 consumption as desired. Further, any im-
plementation of additional custom equipment is eas-
ier, dealing with a setup from scratch. It is planned
to generate a completely automated process by using
artificial intelligence to set the ideal reaction condi-
tions and vary them over the test’s duration. Due to
the moistened material and the increased humidity
inside the chamber it is not possible to obtain reason-
able results by measuring the sample’s mass during
the experiment. The material moisture varies dur-
ing the test. Additionally, condensation will distort
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Figure 2. Simplified scheme of the test set-up.

any weighing process inside the chamber. CO2 reacts
with the calcium hydroxide contained in any concrete
waste to CaCO3, so that a direct conclusion can be
drawn about the absorbed carbon. Therefore the in-
creasing weight of the aggregates shall be proved by
other boundary parameters such as the decreasing
gas bottle mass, the opening time of the valve and
the flow volume of CO2. All these three parame-
ters where monitored and compared to validate the
accuracy of the data. The measured values are docu-
mented and analysed in real time, which allows state-
ments about the actual CO2 consumption according
to current reaction conditions. At the end of the ex-
periment dry mass of the sample can be weighed and
compared with the initial mass in order to verify the
results derived from the experiment.

Data-logging and the real-time analysis is physi-
cally located in an extra housing where also the CO2
probe was placed. Gas from the reaction chamber
is extracted, analysed and pumped back. Since only
carbon consumption was expected here, no precau-
tions were taken to reduce the carbon dioxide share
of the test atmosphere. Due to the more or less con-
stant reaction of CO2 the valve is only opened when
necessary to keep the concentration just as desired.
Ideally the reaction conditions are varied during the
carbonation process to achieve more efficiency. Fur-
thermore, initial tests show that varying the reaction
conditions according to different cement types gives
better results.

4.3. Samples
Granulated concrete with accurately known recipe
was found to be a suitable sample material for the
first test series, which also should serve for data ver-

ification. Several concrete test cubes with 15cm edge
length were produced and stored in the air for 60 days
under standardised conditions for 60 days exposed to
air.

5. Test series
5.1. Sample concrete aggregates
All experiments carried out with crushed concrete ag-
gregates were done by using the same concrete mix-
ture to achieve ideal comparability. The determined
samples were made from C25/30 containing CEM II
B with a maximum grain size with 22mm in the ma-
trix. The binder portion was defined as 15% of the
wet concrete mass. The water-cement ratio was kept
at 0.5.

5.2. Preparation of the sample material
The first step of each test series was the determina-
tion of the samples dry mass. To extract residual
moisture the grains were put in a dry kiln until the
dry weight was proven by mass stability. As basis for
all test series the aggregate mixture was separated
into grain fractions 0 to < 8mm and 8 to 22mm. The
fraction <8mm had 26.5% of the total mass, thus
73.5% were weighed with 8-22mm.

Depending on the particular experiment the sam-
ples were moistened with a defined amount of water
to exploit the influence of material moisture to the
carbonation velocity. In fact, the ideal material mois-
ture cannot be expressed with a simple percentage,
since the porosity, in particular the pore diameter,
is a key factor for the amount of water needed to
moisten the pore walls [5].
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Figure 3. Carbonation results for C25/30, CEM II-
B, grain size 0 − 8mm.

5.3. Structure of the grain fractions
After separating the grain fractions visual inspection
alone showed that most of the cementitious parts of
the crushed down concrete find themselves mainly in
small grains. This means that also most of the poten-
tial carbon sink was initially expected in small grain
fractions.

5.4. Influence of the layer thickness
Several carbonation tests were done with mainly
small grain sizes from 0 to 8mm. As expected, the
permeability of a sample layer consisting of only small
grain fractions is poor. The effect is seen when check-
ing the carbonation of grains from the centre of the
bulk. When testing coarse aggregates, a more consis-
tent carbonation through the whole layer depth was
verified, whereas aggregate mixtures do not ensure
enough permeability as well as recycling sands. The
issue with poor permeability can be obviated by using
a non-static process.

6. Results
6.1. Concrete aggregates
The following results show the total amount of bound
carbon dioxide in the samples over the test duration.
Ideally the mass increasing shall not be compared di-
rectly with the total mass at the experiment’s start,
because of the contained natural aggregates in the
concrete matrix, which are not reactive. When the
ecological improvement is calculated, only the binder
or cement clinker share shall be considered.

6.1.1. Grain sizes under 8mm
Figure 3 shows exemplarily how carbon absorption
proceeds at grain fractions below 8mm. The exper-
iments duration was 24 hours with 20% CO2 in the
carbonation chamber, heated to 40◦C. The carbon
dioxide concentration as well as the temperature was
constant during the whole test. The sample’s dry
mass was determined to 11.289g at the beginning.

It can be seen that the CO2 consumption is very
high at the beginning, which can be explained by the
rapid carbonation of the surface areas of the crushed

Figure 4. Carbonation results for C25/30, CEM II-
B, grain size 8 − 22mm.

down concrete and the high share of cement of the
recycling sands.

The further course of the graph varies visibly over
time. In this case this phenomenon cannot be ex-
plained by the saturation of the aggregate. When the
test was completed it was seen that poor carbonation
results were achieved in the centre of the bulk. This
can be explained by too little gaseous exchange due
to the high packing of the small grains. The test ends
with 238g CO2 bound in the sample, resulting in 21g
CO2 per 1kg recycled aggregate (grain size < 8mm).

6.1.2. Grain sizes over 8mm

Figure 4 shows exemplarily how carbon absorption
proceeds at grain fractions over 8mm. The outer pa-
rameters of the experiment were exact the same as
mentioned in 6.1.1., which means: 24 hours of carbon-
ation with 20% CO2 at 40řC in the test setup. Both
the carbon dioxide concentration and the tempera-
ture were stable during the whole test. The sample’s
dry mass was determined to 11.385g at the start.

Again it can be seen that CO2 consumption is high
at the beginning, whereas the gradient is less promi-
nent when smaller fractions are analysed. The graph
shows a clearly more flat carbonation curve at the
start due to the smaller surface to volume ratio.

Furthermore, the reaction velocity decreases per-
manently over time and approaches zero. After the
removal of the sample material it was seen that con-
stant carbonation took place in all layers of the bulk.
The test ends with 284g CO2 bound in the sample, re-
sulting in 25g CO2 per 1kg recycled aggregate (grain
size 8-22mm).

The test series show that CO2 can be absorbed
with 2.1% to 2.5% of the sample mass in a static
process. That mass increase is accompanied by the
formation of lime in the concrete matrix which means
that simultaneously the porosity of the samples must
decrease. This phenomenon was proved by an ad-
ditional saturation experiment before and after the
carbonation process.
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6.2. Exemplary presentation of the
ecological benefit

Based on the results from 6.1. the ecological advan-
tage of recycling concrete with forced carbonated can
be pointed out. Due to current Austrian national
standards, the admixture of up to 50% recycled which
is explained by unpredictable increased water needs
[4].

The following example states, that 50% of the
natural aggregates are substituted by a forced car-
bonated recycling product. It is expected that a
concrete strength of C25/30 with CEM II shall be
achieved. It can be assumed that 900kg of carbon-
ated aggregates are admixed while concrete produc-
tion. Thereby 22.5kg carbon dioxide can be credited
per m3 fresh concrete if the ecological footprint of the
material is calculated. In comparison to the carbon
emissions due to the binder production with approx-
imately 170kg per m3, an improvement of about 13%
can be achieved.

7. Conclusion
The exemplary stated test series show the potential
of forced carbonation of recycled concrete aggregates
in principle. An absorption of 2.1% to 2.5% of the
sample’s mass was achieved by the test setup. As
the cement clinker production increases permanently
worldwide and thereby the carbon dioxide emissions
rise, ways for ecological optimisation must be found.
The experiments show that forced carbonation is suit-
able to utilise existing carbon sink potentials of de-
molished concrete. If the carbonation of recycled
concrete aggregates can be implemented in current
processes with high carbon dioxide emissions, such
as cement plants, the ecological footprint of concrete
actually can be reduced.

Currently, the life-cycle assessment of concrete does
not take recarbonation into account. In practice car-
bonation of structural concrete elements is generally
present. However, only the surface areas can be prac-
tically considered during a buildings period of use. At
the end of a structure’s life-cycle, a demolished con-
crete is stored in piles and may be used as recycled
aggregates for mixing concrete or technical backfill
material. As the test showed an increased natural
carbonation cannot be expected, because of insuf-
ficient air flow or rather gas exchange through the

stored material. A forced carbonation process can ef-
ficiently use the crushed down material as carbon sink
in a much more predictable period of time. For this
reason an uninterrupted recycling process leading to
the final product is possible.

The further purpose is to show if the expected dif-
ferences in the carbonation behaviour of different ce-
ment types will occur during the tests. If decisive dif-
ferences are seen, the findings can simplify a possible
automation for the adjustment of ideal carbonation
parameters.
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