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ABSTRACT

Accurate quantification of concrete carbonation is critical for Life Cycle Assessments (LCA) and
structural diagnostics of urban infrastructure. This reality case study at Linkdping University’s
Norrkoping campus utilizes high-resolution ThermoGravimetric Analysis (TGA) to evaluate CO>
sequestration concrete structure exposed to Nordic climate. Through incremental depth profiling
(0-4.5 cm), the study compares an outdoor wall (constructed in the 1950s and 2004) and an indoor
parking floor (constructed in 1997).

The TGA results enabled the quantification of calcium hydroxide depletion and calcium carbonate
formation, providing a chemically based assessment of carbonation progression. The outdoor wall
exhibited significantly higher carbonation levels, reaching a maximum CO: uptake of 7.75 %,
whereas the indoor parking floor showed limited carbonation, with values as low as 0.70 %. These
results indicate that environmental exposure conditions, particularly moisture availability and
atmospheric interaction, exert a stronger influence on carbonation kinetics than the chronological
age of the concrete.

The depth-resolved thermogravimetric profiles also enabled identification of a partial carbonation
zone within the outdoor structure. The study demonstrates that TGA provides a reliable method
for assessing carbonation states in existing concrete structures and offers useful insights into the
CO: sequestration potential of aging urban infrastructure under Nordic environmental conditions.

Key words: Carbonation, CO; sequestration, Thermogravimetric Analysis (TGA), Nordic
climate, Urban infrastructure.
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1. INTRODUCTION

Concrete is the cornerstone of modern infrastructure and the second most consumed substance on
earth, surpassed only by water [1]. Current global cement production—the primary binder in
concrete—is approximately 4.1 billion tons per year [2], corresponding to an estimated 30 billion
tons of concrete annually. This consumption is projected to drive demand even higher, with global
concrete production expected to increase by 12 % to 23 % by 2050 [3] to support an urbanizing
population of 9.7 billion people[4]. This demand of concrete is attributed to its unique engineering
properties, including exceptional high compressive strength (typically ranging from 20 to 40 MPa
for residential use and exceeding up to 100 MPa for high-performance infrastructure), durability,
fire resistance and thermal mass [5-7]. The availability of the raw material such as aggregates and
water close by significantly reduces transportation-related carbon footprints compared to
materials like timber or steel, which often require international shipping [8]. While aggregates
and water are often available locally, the environmental footprint is significantly influenced by
the transport of cement clinker, which may still require substantial shipping. Morteover, its
ubiquity comes at a staggering environmental cost. The cement industry is responsible for
approximately 6-8 % of global anthropogenic CO> emissions [1]. As the world strives to meet the
climate goals set by the Paris Agreement, the construction sector is under immense pressure to
decarbonize. Most of the emissions (approximately 85 %) originate from the production of
Portland cement clinker, which releases CO, as the calcium carbonate decomposed. When
considering typical cement compositions and mix designs, this corresponds to approximately 0.1
kg CO: per kg of concrete [9-11]. As a result, reducing the carbon footprint of concrete has
become a major focus in the context of global climate targets.

In contrast to its emissions during production, concrete possesses the unique, intrinsic ability to
re-absorb atmospheric CO: throughout its service life and post-demolition phase through
carbonation. This process involves the diffusion of CO: into the pore structure of concrete, where
it dissolves in pore water and reacts with hydration products such as calcium hydroxide and
calcium silicate hydrates to form calcium carbonate. Global estimates suggest that cement-based
materials produced between 1930 and 2013 have reabsorbed approximately 4.5 Gt of carbon,
partially offsetting process emissions [12]. However, carbonation is often excluded from Life
Cycle Assessments (LCA) and national greenhouse gas inventories due to uncertainties in
modelling and a lack of reliable field-based data [13,14].

Carbonation is governed by both material properties and environmental conditions, including pore
structure, moisture availability, and CO- exposure [14]. The fundamental influences of relative
humidity and temperature on these kinetics are well-documented in established literature, such as
Neville [15] and Betonghandboken [16]. The reaction is typically most active at intermediate
relative humidity levels (approximately 60-80 %), where sufficient pore water enables CO:
dissolution while maintaining adequate gas permeability [14]. At lower humidity, carbonation is
limited by insufficient moisture for CO- dissolution, whereas at higher humidity levels, pore
saturation restricts CO: diffusion [14]. In addition, material parameters such as water-to-cement
ratio and pore connectivity significantly influence carbonation rates, with higher porosity
generally promoting faster CO: ingress [17-20].

While carbonation is generally considered detrimental in reinforced concrete, both indoors and
outdoor, due to reduced alkalinity and the risk of reinforcement corrosion [21-23], it can be
beneficial in non-structural elements. In such cases, the formation of calcium carbonate leads to
densification of the microstructure, reduced porosity, and improved surface hardness and
durability [24]. Furthermore, carbonation represents a natural CO. uptake mechanism,
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contributing to the long-term sequestration of atmospheric carbon in cement-based materials [12].
A schematic illustration of the carbonation process and its representation in ThermoGravimetric
Analysis (TGA) is shown in Figure 1. TGA enables the quantification of carbonation by
measuring mass loss associated with the thermal decomposition of calcium carbonate and calcium
hydroxide, providing a direct chemical assessment of CO: uptake in concrete [24].

Material phases
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Figure I - Carbonation process in concrete. a) illustration of uncarbonated concrete. b) concrete
after carbonation and schematic illustration of carbonation in concrete and its representation in
thermogravimetric analysis (TGA), showing the transformation of Ca(OH): to CaCOs and the
corresponding mass loss during heating, is provided in Sections 3 and 4. [15].

This study aims to bridge the gap between theoretical estimation and empirical reality by utilizing
precise quantification method of TGA. Concrete samples were collected from non-structural
elements at Linkoping University’s Norrkoping campus, including an outdoor wall and an indoor
parking floor, representing different exposure conditions and service ages. By applying
incremental depth profiling between 0 to 4.5 cm, the study evaluates carbonation gradients,
identifies the partial carbonation zone, and quantifies CO: uptake under Nordic climatic
conditions. The results provide insight into the influence of environmental exposure on
carbonation kinetics and the potential role of existing concrete infrastructure as a long-term carbon
sink.

2. RESEARCH METHODOLOGY

ThermoGravimetric Analysis (TGA Discovery 550) was used to quantify the CO» uptake
quantification. Pulverized concrete samples were heated from ambient temperature to 900 °C with
10 °C/min increase rate while continuously monitoring its weight.

Samples were obtained from buildings at Linkdping University (campus Norrkdping), from
basement indoor car park represents a specific micro-environment, and outdoor walls,
representing typical Nordic semi-urban environments. Concrete powder samples were collected
using the profile drilling (incremental sampling) method, which is commonly applied in forensic
investigations of concrete to evaluate depth-dependent chemical changes such as carbonation and
chloride ingress. A total of six sampling positions were selected across the two structures. At each
position, a single drill hole was produced to collect powdered material at three depth intervals: 0—
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1.5 cm, 1.5-3.0 cm, and 3.0-4.5 cm. This single-hole incremental approach was strictly
maintained to preserve the resolution of the carbonation gradient and prevent the data dilution that
occurs when homogenizing powders from multiple adjacent locations.These depth increments
allow the evaluation of carbonation gradients from the surface toward the interior of the concrete.

To prevent cross-contamination between depth increments, the drill hole was cleaned after each
sampling step using a portable vacuum or compressed air to remove residual powder before
continuing to the next depth. This procedure ensured that the collected material corresponded to
the specific depth interval. Three drill holes were produced at each sampling location, and powder
was collected from the three defined depth intervals in each hole, resulting in 18 depth-resolved
samples across two investigated structures. Sampling was conducted at two locations with
different construction periods. The indoor parking floor (PS1-PS3) was constructed in 1997. The
outdoor wall consists of two concrete types: WS1 and WS2, constructed in the 1950s, and WS3,
constructed in 2004. These structures provide concrete samples with different exposure histories
and ages for carbonation assessment.

A key objective of this study was to evaluate the carbonation state of existing infrastructure
through 'blind' chemical analysis, specifically when original mix designs, binder types, and water-
to-cement ratios are no longer available. Due to the non-structural but integrated nature of the
sampled walls and floors, destructive testing (such as core extraction) to determine the
compressive strength class was not possible. Consequently, the TGA method was employed as a
non-dependent diagnostic tool to characterize the material based solely on its current chemical
profile.

3. RESULT
3.1 TGA thermograms and identification of decomposition phases

Thermogravimetric analysis was performed on the 18 powdered samples collected from the
constructions at campus Norrképing. Representative ThermoGravimetric (TG) and Derivative
ThermoGravimetric (DTG) curves for the surface layer (0-1.5 cm) are presented in Figure 2 for
the outdoor wall (Figure 2a) and the indoor parking floor (Figure 2b). These samples were selected
to illustrate the characteristic thermal decomposition behaviour and the extent of carbonation near
the exposed surface. The thermogravimetric profiles of the samples follow the established
sequential decomposition of cementitious compounds described in the literature [25]. As
expected, both the samples exhibit initial mass losses below 250 °C, consistent with the
evaporation of free water at 105 °C and the subsequent dehydration of calcium silicate hydrates
(C-S-H). A second mass-loss region between approximately 350 °C and 450 °C is associated with
the dehydroxylation of portlandite (Ca(OH)2). At higher temperatures, typically between 500°C
and 700°C, a distinct mass-loss peak is observed corresponding to the thermal decomposition of
calcium carbonate (CaCOs).

Clear differences in the relative intensity of these thermal events were observed between the two
investigated environments. The outdoor wall samples exhibit a pronounced DTG peak within the
carbonate decomposition range, indicating a higher content of CaCOs in the surface layer. In
contrast, the indoor parking floor samples show a comparatively weaker carbonate peak and a
more distinct portlandite decomposition signal, suggesting that a larger fraction of Ca(OH):
remains uncarbonated. These thermogravimetric characteristics confirm that the investigated
samples follow the expected decomposition behaviour of hydrated cementitious materials while
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also revealing differences in carbonation states between the indoor and outdoor concrete elements.
The identified temperature ranges were subsequently used for the quantitative determination of
Ca(OH): and CO: uptake from the TGA data.

a 100

concrete from outdoor wall concrete from indoor parking

0 260 4[‘)0 660 BIOO ] 260 460 560 BC’)D
Temperature (°C) Temperature (°C)

Figure 2 - TGA analysis of concrete samples obtained from a) outdoor wall and b) indoor parking

floor. Top panels show the weight loss percentage and bottom panels show the derivative curve

versus temperature. Insets show where the samples were taken.

3.2 Quantification of CO: uptake and Ca(OH): content

The thermogravimetric data were used to quantify the carbonation level and the remaining
portlandite content in the investigated concrete samples. The quantification was based on the mass
losses associated with the thermal decomposition of calcium carbonate (CaCOs) and the
dehydroxylation of calcium hydroxide (Ca(OH).), identified from the DTG peaks described in
Section 3.1. To minimize the influence of residual moisture and loosely bound hydrates, all mass-
loss calculations were normalized to the sample mass at 200 °C (W200). This reference temperature
excludes the evaporation of free water and the initial stages of C—S—H dehydration typically
occurring below 200 °C, providing a stable baseline for chemical quantification.

The CO: uptake was calculated from the mass loss associated with the decomposition of CaCOs.
In this study, CO2 uptake percent is defined as the amount of CO> absorbed by the concrete matrix
relative to the stable weight of the pulverized sample at 200 °C (W200). This normalization
minimizes the influence of residual moisture and allows for a direct chemical comparison between
samples of different ages and exposure histories. For the outdoor wall samples, the carbonate
decomposition interval was defined between 575 °C and 700 °C, while for the indoor parking
floor samples the interval 565 °C to 600 °C was used based on the observed DTG peak positions
(Table 1). The CO: uptake was calculated as:

AW
CO; Uptake[%] =[W] x 100 (1)
200
where AW (carbonate) T€presents the mass loss within the carbonate decomposition temperature
interval.

The Ca(OH)2 content was determined from the mass loss related to the dehydroxylation reaction.
The stoichiometric relationship between Ca(OH). and the released H-O was applied using the
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molecular mass ratio: (Mcaon)2/Mu20 = 74.09/18.01 = 4.11). Hence the Ca(OH), content can be

calculated as:
AWy

Ca(OH): [%] =[W ] X 4.11 X 100 (2)
200
where AW ch) represents the mass loss measured in the portlandite decomposition range (Table
1). The temperature intervals used for the calculations were determined from the DTG curves by
identifying the onset and offset temperatures of each decomposition peak. These intervals were
subsequently applied consistently for the quantitative analysis of all samples, as summarized in
Table 2.

Table 1 — Thermal decomposition windows.

Sample Site Phase Start Temp End Temp
(0 (C)
Outdoor Wall Ca(OH), 350 408
(Portlandite)
CaCO; (Calcite) 575 700
Indoor parking Ca(OH), 380 410
floor (Portlandite)
CaCO:s (Calcite) 565 600
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Table 2 — The mass loss from TGA analysis of samples from outdoor walls and indoor parking
floor. Multiple TGA measurements were conducted for the same sample type to ensure
reproducibility, the results here show example of one measurement from each obtained sample.

Specification
Place CaCO; CO: Ca(OH):
Sample ]?;I:)h ag (xrerf) (\r)\r]lCHrl) (\ZIC};Z) \R/(C;bo‘gtEI W(Cr";’lb";?ez Content Uptake Content
¢ ¢ ¢ ¢ N ORI CORN(D
wsipr 20~ 1844 Without  Without 00 yohs 59 775
1.5 peak peak
WSI1D2 15507 70 17.61 17.54 17.49 17.27 16.98 3.69 1.62 1.10
WSI1D3 34057 13.10 12.99 12.93 12.76 12.66 1.82 0.80 2.04
WS2D1 Oiosi 14.56 Negligible Negligible 13.93 13.17 11.87 5.23 ~0
Outdoor — werpyy 15 70 1304 1383 13.77 13.34 13.12 358 158  1.68
Wall 3.0
WS2D3 34057 18.62 18.54 18.47 18.22 18.19 0.38 0.17 1.66
WS3Dl1 Oiosi 17.78 17.61 17.44 17.38 16.87 6.51 2.87 3.86
WS3D2 15507 20 12.69 12.67 12.63 12.55 12.53 0.30 0.13 1.10
WS3D3 3405* 11.55 11.49 11.46 11.31 11.25 1.08 0.48 1.35
PS1DI1 Oiosf 17.13 17.20 17.05 16.95 16.83 1.59 0.70 3.65
PS1D2 15507 30 12.09 12.01 11.89 11.67 11.59 1.45 0.64 4.32
PS1D3 34057 13.89 13.83 13.71 13.60 13.55 0.69 0.30 3.52
PS2D1 Oiosi 11.17 11.12 11.07 10.91 10.77 291 1.28 1.69
Indoor | 57
Parking PS2D2 éO 30 11.41 11.36 11.32 11.14 11.11 0.66 0.29 1.51
floor 3(')
PS2D3 457 12.42 12.37 12.33 12.24 12.22 0.26 0.11 1.42
PS3D1 Oiosi 18.11 18.00 17.90 17.49 17.17 3.99 1.76 2.07
PS3D2 15507 30 11.53 11.40 11.29 11.00 10.88 2.44 1.08 4.13
PS3D3 34057 16.40 16.23 16.09 15.68 15.63 0.66 0.29 3.43
33 Depth-dependent carbonation profiles

Examples of the thermogravimetric profiles of the samples from outdoor wall (WS) and the indoor
parking floor (PS) are shown in Figure 3. For each structure, samples were collected at three depth
intervals (0-1.5 cm (D1), 1.5-3.0 cm (D2), and 3.0-4.5 cm (D3)), allowing the evaluation of
carbonation gradients from the exposed surface toward the interior of the concrete. The calculated
CO: uptake and Ca(OH): contents for the investigated samples from the outdoor wall (WS) and
the indoor parking floor (PS) are summarized in Figure 4. For the outdoor wall samples, a clear
depth-dependent carbonation profile was observed. The highest CO: uptake was detected in the
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surface layer (0-1.5 cm), where values reached up to 7.8 % in sample WS1D1, and relatively high
in WS2D1 (5.2 %). In this region, the portlandite content was close to zero, indicating an advanced
stage of carbonation. With increasing depth, the CO: uptake decreased significantly, while the
Ca(OH): content increased. At the depth interval of 1.5-3.0 cm, intermediate carbonation levels
were observed, with moderate CO- uptake around 1.5 % and partially preserved portlandite. At
the deepest interval (3.0-4.5 cm), the CO: uptake decreased further below 1 % and measurable
amounts of Ca(OH). were detected, indicating limited carbonation influence at this depth. In
contrast, the indoor parking floor samples exhibited substantially lower carbonation levels across
all investigated depths. The CO. uptake values in the surface layer ranged between 0.7 % and 1.7
%, while significant amounts of Ca(OH). were still present. Only minor changes were observed
with increasing depth, and the overall carbonation levels remained low throughout the sampled
profile.

1 ——WS1D1 (0-1.5¢m) 95 { ——PS81D1 (0-1.5 ¢m)

861 - - ~WS1D2 (1.5-3¢cm) | - --PS1D2 (1.5-3 cm)
WS1D3 (3-4.5 cm) PS1D3 (3-4.5 cm)
84 T T T T T T T T 94 T T T T T T T T
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)

Figure 3 - Examples of TGA analysis of samples obtained from a) outdoor wall and b) indoor
parking floor at three different depth.

These results demonstrate distinct differences in carbonation progression between the two
investigated structures. The outdoor wall samples show a pronounced carbonation gradient with
depth, whereas the indoor parking floor exhibits a relatively uniform chemical profile with limited
carbonation. The depth-resolved TGA results therefore provide a quantitative description of
carbonation development within the concrete elements. In addition, the variation observed
between samples obtained from the same structure at similar depths indicates that the method can
reliably capture differences in carbonation states under slightly varying environmental conditions.

a gl b g]
8 ] WS1D1 I outdoor 8 ] I outdoor
7] B indoor 7] B indoor
6 6 -
| o
o 54 T
2 77 =7 PS1-3D2
o' 4] O 4- PS1-3D1
ST S 1 PS1-3D3
34 O 3
24 PS1-3D1 wWs1-2D2 24
11 PST3D2 \vs1.2D3 1]
] PS1-3D3 1 Ws1-2D1
0- 0-

0-1.5cm 1.5-3 cm 3-45cm 0-1.5cm 1.5-3cm 3-4.5cm

Figure 4 - The content of a) CO:z and b) Ca(OH): in outdoor and indoor samples at different
depth.
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3.4 Comparison of carbonation levels at 1.5 cm depth

To compare carbonation levels under different exposure conditions, a detailed analysis was
performed for samples collected at the 0-1.5 cm depth interval from both investigated structures.
The outdoor wall includes concrete sections constructed in the 1950s (WS1 and WS2) and 2004
(WS3), while the indoor parking floor was constructed in 1997 (PS1-PS3). Figure 5 presents the
thermogravimetric profiles of these samples, while the calculated phase contents are summarized
in Figure 6. The outdoor wall samples exhibit significantly higher carbonation levels compared
with the indoor samples. The highest CO. uptake was observed in WSI1DI, reaching
approximately 7.8 %, while WS2D1 also showed a high carbonation level of 5.2 %. In contrast,
the younger outdoor sample WS3D1 exhibited a lower CO: uptake of 2.8 %, accompanied by a
measurable Ca(OH): content, indicating that carbonation in this section is still progressing. In
comparison, the indoor parking floor samples displayed considerably lower carbonation levels.
The CO- uptake values ranged between 0.7 % and 1.8 %, while significant amounts of Ca(OH):
were still present in all samples. These results indicate that carbonation has only occurred to a
limited extent in the indoor parking environment.

{ —ws1D1 —psi>t e
864 - _ —ws2D1 934 _ _ _ps2D1
1—-—- WS3D1 —.—- PS3D1
84 T T T T 92 T T T T
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)

Figure 5 - Comparative TGA profiles for a) outdoor and b) indoor samples at 1.5 cm depth.

The comparison at the same sampling depth therefore highlights a clear difference between the
two exposure conditions. The outdoor wall samples show substantial conversion of Ca(OH): into
CaCO:s in the surface layer, whereas the indoor parking floor samples retain a larger fraction of
uncarbonated portlandite. This contrast demonstrates the strong influence of environmental
exposure on carbonation development in the investigated concrete structures.
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Figure 6 - The content of a) CO> and b) Ca(OH): of sample from outdoor and indoor contructs
at the depth of 1.5 cm.

4. DISCUSSION

The thermal analysis summarized in Tables 2 provides a quantitative assessment of the
carbonation progress. The data reveal a strong contrast between the outdoor wall and the indoor
parking floor, primarily governed by the interaction between chronological age and micro-
climatic exposure.

4.1 Influence of exposure conditions and structural age

The thermogravimetric results reveal clear differences in carbonation behaviour between the
investigated structures. The outdoor wall samples exhibit substantially higher CO: uptake
compared with the indoor parking floor, particularly within the surface layer (0-1.5 cm). As shown
in Tables 2, the outdoor samples reach CO- uptake values of up to 7.8 %, while the indoor samples
remain below 2 % across all investigated locations. The outdoor wall includes sections constructed
in the 1950s (WS1 and WS2) as well as a more recent section from 2004 (WS3), whereas the
indoor parking floor was constructed in 1997. Although structural age influences the overall
duration of exposure to atmospheric CO:, the results indicate that environmental exposure
conditions play a dominant role in carbonation progression.

This effect is particularly evident when comparing the younger outdoor sample WS3D1 with the
indoor samples. Despite being approximately 20 years old, the outdoor WS3D1 sample shows a
CO: uptake of 2.9 %, which exceeds the carbonation levels measured in the indoor parking floor
samples that are nearly 30 years old. This observation indicates that carbonation in the indoor
environment has progressed only to a limited extent despite the longer service period. The higher
carbonation levels observed in the outdoor wall can be attributed to continuous exposure to
atmospheric CO: combined with environmental moisture cycles, which promote the diffusion of
CO: into the concrete pore structure and facilitate the carbonation reaction. In contrast, the indoor
parking floor is sheltered from precipitation and experiences lower humidity variations,
conditions that may significantly reduce carbonation rates.

It is important to note that the indoor parking garage investigated in this study does not represent
a typical indoor environment. While typical climate-controlled indoor structures often exhibit
high carbonation rates due to moderate humidity, the basement parking floor (PS1-PS3) is
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sheltered from precipitation and experiences a unique micro-climate. The extremely low humidity
in this specific setting likely hindered the dissolution of CO into the pore water, effectively
stalling the carbonation process despite the structure's 30-year age. Consequently, these results
highlight that carbonation kinetics in 'indoor' structures are highly dependent on the specific
micro-environment rather than chronological age alone.

Furthermore, while carbonation-induced corrosion is often limited in dry indoor settings due to
insufficient moisture, parking structures present a more complex durability challenge due to the
frequent application of deicing salts. The presence of chlorides from these salts can initiate
corrosion even at lower humidity levels, especially when the protective alkalinity of the concrete
is compromised by carbonation. Consequently, quantifying the carbonation front in these
structures via high-resolution TGA remains essential for accurate structural diagnostics and
maintenance planning.

These results demonstrate that carbonation progression in existing concrete structures is
controlled not only by the duration of exposure but also strongly by the surrounding environmental
conditions. The comparison between indoor and outdoor structures therefore highlights the
importance of micro-climatic exposure in determining the carbonation state and associated CO:
sequestration potential of concrete elements. In fact, carbonation kinetics typically stall at relative
humidity (RH) levels below 50% due to the lack of pore water needed to dissolve CO;. This
provides a physical reason for unexpected indoor results.

4.2 Identification of the partial carbonation zone

The depth-resolved thermogravimetric analysis allows the identification of a transition region
where carbonation is progressing but has not yet reached completion. This partial carbonation
zone is characterized by the simultaneous presence of calcium carbonate (CaCOs) and unreacted
portlandite (Ca(OH)2), reflecting the ongoing conversion of hydration products during CO:
ingress. In the outdoor wall samples, this transition zone appears within the 1.5-3.0 cm depth
interval, where measurable CaCOs formation occurs together with remaining Ca(OH).. The
coexistence of these phases indicates that the carbonation front has migrated beyond the exposed
surface layer but has not yet fully penetrated the concrete matrix. With increasing depth, the
decreasing carbonate content and the gradual recovery of portlandite suggest that the influence of
atmospheric CO: diminishes toward the interior of the element.

In contrast, the indoor parking floor does not exhibit a clearly developed partial carbonation zone
within the investigated depth range. The persistence of portlandite and the limited formation of
carbonate phases indicate that carbonation has remained confined to a very shallow surface region.
This observation suggests that the carbonation front in the indoor structure is located within a thin
outer layer that cannot be resolved using the 1.5 cm sampling increments applied in this study.
The identification of this transition region highlights the advantage of thermogravimetric analysis
for assessing carbonation progression. Rather than defining carbonation as a single boundary, the
TGA-based approach reveals the gradual chemical evolution across the carbonation front and
provides insight into the spatial distribution of carbonation products within the concrete matrix.

4.3 Reliability of the thermogravimetric analysis
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The reliability of the thermogravimetric analysis is supported by the consistent thermal
decomposition behaviour observed across the investigated samples. The TG-DTG curves exhibit
well-defined and reproducible peaks corresponding to the dehydration of hydrated phases, the
dehydroxylation of portlandite, and the decomposition of calcium carbonate. As shown in Figure
7, the TGA curves of concrete sample obtained from the same location show promising
reproducibility. The positions of these thermal events remain consistent across the replicate
measurements, indicating stable experimental conditions and reliable phase identification.

Additional confidence in the results is provided by the systematic relationship observed between
CaCOs formation and Ca(OH): depletion. In the outdoor samples, increased carbonation levels
correspond to reduced portlandite contents, reflecting the expected stoichiometric conversion
during the carbonation reaction. At greater depths, the gradual increase in Ca(OH): together with
decreasing carbonate content further confirms the presence of a chemically consistent carbonation
gradient.
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Figure 7- a) comparison of TGA curves of samples from the same locations. b) comparison of
TGA curves of samples from the same location measured at N> and air environment.

The chemically specific and depth-resolved nature of thermogravimetric analysis enables
meaningful interpretation of carbonation processes from targeted samples. Unlike indicator-based
carbonation tests that rely on visual pH boundaries and often require extensive spatial sampling,
TGA directly quantifies the decomposition of carbonation products and portlandite. In addition,
the use of incremental depth profiling enhances the information obtained from each sampling
location by capturing carbonation gradients and transition zones within the concrete matrix. The
clear and systematic phase relationships observed across the investigated samples therefore
provide a robust representation of the carbonation state and CO. uptake potential of the studied
concrete structures.

While environmental models like SS-EN 16757 utilize concrete strength and moisture as primary
inputs, our results suggest that in aging infrastructure, TGA can provide a more direct assessment
of CO: sequestration when these historical parameters are missing. Furthermore, while
instantaneous moisture content was not recorded, the 20-to-70-year exposure history suggests that
long-term micro-climatic conditions—specifically the extremely low humidity of the sheltered
parking garage—exerted a more significant influence on the carbonation front than the theoretical
k-values predicted by standard models.

4.4 Carbon sequestration potential of the investigated concrete structures
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The thermogravimetric analysis provides quantitative insight into the role of existing concrete
structures as long-term sinks for atmospheric CO:. The formation of calcium carbonate observed
in the surface layers reflects the gradual carbonation of hydration products, primarily through the
reaction between atmospheric CO: and calcium hydroxide present in the cement matrix.

The outdoor wall samples show a substantially higher degree of carbonation compared with the
indoor parking floor. In the most carbonated outdoor samples, the near-complete depletion of
Ca(OH): in the surface layer indicates that a large portion of the available portlandite has already
reacted to form CaCOs. This condition represents an advanced stage of carbonation where the
concrete matrix has approached its stoichiometric capacity for CO: uptake within the exposed
zone. In contrast, the indoor parking floor retains significant quantities of unreacted Ca(OH):
across the investigated depths, indicating that the carbonation reaction has progressed only to a
limited extent. This suggests that a considerable fraction of the theoretical carbonation capacity
of the concrete remains unutilized under sheltered environmental conditions.

These observations highlight the strong dependence of CO: sequestration in concrete on
environmental exposure. Concrete elements subjected to direct atmospheric interaction and
moisture cycles may progressively accumulate carbonation products over long service periods,
whereas structures located in protected indoor environments exhibit significantly slower
carbonation development. The results therefore demonstrate that aging concrete infrastructure can
contribute to long-term CO: uptake, particularly in outdoor exposure conditions where
carbonation reactions are more actively sustained.

4.5 Carbonation Kinetics and estimation of the carbonation coefficient

The progression of carbonation in concrete is commonly described by a diffusion-controlled
relationship in which carbonation depth increases proportionally to the square root of exposure
time:

x=k\/f2>k=% (3)

where x is the carbonation depth, ¢ is the exposure time, and & is the carbonation coefficient,

typically expressed in mm/year'’?,

The depth-resolved TGA results provide a chemically based indication of carbonation
progression, allowing the approximate position of the carbonation front to be inferred from the
depletion of Ca(OH): and the formation of CaCOs. For the outdoor wall, carbonation products
were detected across all investigated depth increments, indicating that the carbonation front has
progressed beyond the deepest sampled layer. Assuming a carbonation depth of approximately
37.5 mm for the oldest outdoor section (~70 years), an approximate carbonation coefficient of k
~ 4.5 mm/year'’? can be estimated. In contrast, the indoor parking floor shows very limited
carbonation even at the shallowest sampling depth. Assuming that the carbonation front remains
within the first sampling increment (<7.5 mm) after approximately 30 years of service, the

corresponding carbonation coefficient is estimated to be k < 1.4 mm/year!’?.

The large difference between these values highlights the dominant influence of environmental
exposure on carbonation kinetics. The outdoor structure experiences continuous interaction with
atmospheric CO: and environmental moisture cycles, which promote diffusion and carbonation
reactions. In contrast, the sheltered indoor environment significantly limits these processes,
resulting in substantially slower carbonation progression. These findings demonstrate that
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carbonation rates and consequently the associated CO: uptake are strongly governed by micro-
climatic conditions in addition to the age of the concrete structure.

According to SS-EN 16757, the carbonation coefficient (k) for indoor concrete is generally
expected to be significantly higher than for outdoor concrete exposed to rain, as moisture
saturation in outdoor elements typically hinders CO» diffusion. However, our empirical TGA
results show the opposite trend. This discrepancy highlights the impact of extreme micro-climatic
variations. In the investigated indoor parking garage, the lack of moisture may have limited the
carbonation reaction to the near-surface layer. This suggests that for aging infrastructure where
the concrete strength class and binder type are unknown, empirical TGA profiling provides a
necessary correction to theoretical models that may overestimate sequestration in very dry indoor
environments or underestimate it in specific outdoor Nordic conditions.

4. CONCLUSIONS

This study demonstrates the effectiveness of thermogravimetric analysis (TGA) for evaluating the
carbonation state and chemical evolution of existing concrete structures. By quantifying the
depletion of calcium hydroxide and the formation of calcium carbonate, the method provides a
reliable chemical characterization of carbonation processes and avoids the limitations associated
with conventional indicator-based testing. The depth-resolved TGA profiles enabled the
identification of carbonation gradients within the investigated concrete elements and allowed the
location of the partial carbonation zone to be determined. The results also showed strong internal
consistency between Ca(OH): depletion and CaCOs formation, confirming the reliability of the
thermogravimetric approach for assessing carbonation in field samples.

A key finding of this study is the dominant influence of environmental exposure conditions on
carbonation kinetics. Our findings regarding the dominant influence of environmental exposure
over chronological age are consistent with established concrete technology principles.
Specifically, the observed carbonation rates under Nordic conditions align with the behavioral
trends described in Betonghandboken and Neville’s Properties of Concrete, where moisture
availability serves as the primary governing factor for carbonation kinetics. The outdoor wall
samples exhibited significantly higher CO: uptake compared with the indoor parking floor, despite
differences in structural age. The estimated carbonation coefficients indicate that carbonation in
the outdoor environment proceeds substantially faster than in the sheltered indoor structure,
highlighting the importance of moisture availability and atmospheric exposure in promoting
carbonation reactions under Nordic climatic conditions.

The results further demonstrate that existing concrete infrastructure can act as a long-term sink
for atmospheric CO: through the formation of calcium carbonate in the surface layers. At the same
time, identifying the position of the carbonation front provides valuable information for structural
durability assessment. The presented methodology therefore offers a useful tool for evaluating
both the environmental and durability implications of carbonation in aging concrete structures.

5. PERSPECTIVE

The quantitative findings of this study demonstrate that the concrete matrix can sequester
approximately 8 kg of CO» per 100 kg of concrete, or 50 kg per 100 kg of cement (If one assume
a concrete density of typical 2300 kg/m?® and 350 kg cement/m? concrete on arrive at a binding
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capacity of 50 kg CO2/100 kg cement approximately). This capacity enables the development of
strategies that move beyond theoretical models toward the direct assessment and optimization of
urban carbon sinks. Crushing concrete at the end of its service life to increase exposed surface
area is an established technology for maximizing CO, uptake through accelerated carbonation .
Therefore, by intentionally removing external layers or increasing the surface area of non-
reinforced elements, gas diffusion could be accelerated to maximize CO; storage over a building’s
lifespan. This methodology highlights the potential of concrete to contribute to CO: uptake
through carbonation. By enabling direct quantification of carbon absorption in non-structural
elements, this approach offers a practical framework for evaluating both existing and future
constructions. The gained insights could support the development of management and design
strategies that consider carbonation as part of broader carbon mitigation efforts. In this context,
urban concrete infrastructure may play a complementary role in long-term CO: sequestration
while maintaining the durability requirements of structural materials.

Furthermore, these insights support more nuanced durability assessments. While carbonation-
induced corrosion is generally not a problem for reinforced concrete in dry indoor environments
due to low moisture availability, parking structures represent a critical exception due to the ingress
of deicing salts (NaCl). In such micro-climates, the combined presence of chlorides and
carbonation necessitates precise chemical profiling to ensure structural integrity.
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