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A B S T R A C T

A novel concept is proposed and analyzed, in which long-term thermochemical energy storage based on CaO is 
combined with direct air capture (DAC) by utilizing the carbonation of Ca(OH)2 under ambient conditions. With 
a theoretical heat storage density of approximately 320 kWh/t CaO and an intrinsic DAC functionality with a CO2 
storage capacity of 44 wt%, the technical lime cycle offers two storage functions and thus promotes flexibility in 
energy networks with the goal to enable CO2-negative heat supply. Since CO2 uptake is the rate-determining step 
in the closed technical lime cycle, the parameters affecting the carbonation of powdered Ca(OH)2 are identified 
and analyzed to assess the feasibility of the proposed concept. Influence of CO2 concentration, layer thickness 
and air flow are experimentally investigated, each showing a dependency on the carbonation rate. With a 2.0 mm 
Ca(OH)2 layer, 72.3% carbonation could be achieved in 62 h. Based on these experimental results, initial system 
estimates indicate that with a hydration efficiency of 95%, 240 kWh of heat on demand, corresponding to the 
heating demand of an average week, require 0.78 t of CaO and could capture up to 430 kg CO2 from the 
atmosphere.

1. Introduction

In European households, almost two thirds of the final energy de
mand are required for the provision of space heating and hot water and 
yet only 27% heat were provided by renewable sources in the European 
Union (EU) [1,2]. As a result, provision of heat accounts for a large share 
of CO2 emissions. One reason why heat supply has so far relied pre
dominantly on fossil fuels is the fluctuating availability of renewable 
energy in times of heat demand, making it a challenge to shift it from 
times of surplus energy to times of heat demand, making long-term 
energy storages necessary.

At DLR, a thermochemical energy storage was developed, which can 
store renewable energy as chemical potential over long time periods 
with minimum losses to release it in periods of demand as thermal en
ergy [3,4]. Basis is the reversible, exothermic reaction of burnt lime 
(CaO) and water to slaked lime (Ca(OH)2), utilizing the reaction heat for 
space heating as well as the provision of hot water. Whenever renewable 
energy is available, the storage is electrically charged, releasing thermal 
energy whenever there is a demand. Basis for this renewable heating is 
lime, which is an especially suitable thermochemical energy storage 
material, as it is abundant, inexpensive and non-toxic [5].

For the same reasons, lime is gaining interest as material for carbon 
dioxide removal, which is required to achieve climate goals [6–8]. CaO 
has been proven as suitable CO2 sorbent in the application of Calcium 
looping as a post-combustion point source carbon capture. Carbonate 
(CaCO3) is formed in flue gas with elevated CO2 concentrations and 
temperatures usually between 600–700 ◦C, with a subsequent regener
ation in a calciner afterwards [9–11]. Ca(OH)2 is already utilized in 
direct air capture (DAC), technologies actively removing CO2 from the 
ambient air [12]. The company Carbon Engineering uses a liquid sor
bent, with the capture process taking place in two cycles: in the first 
cycle, an alkali hydroxide solution is brought into contact with air under 
ambient conditions, where it absorbs CO2. In the regeneration cycle, the 
formed carbonate is mixed with Ca(OH)2, precipitating CaCO3 and 
regenerating the sorbent [13,14]. The formed carbonate is regenerated 
with calcination at around 900–1000 ◦C, making it a high-temperature 
DAC technology [15]. Next to Carbon Engineering, which utilizes Ca 
(OH)2 as the regeneration material in their DAC system, approaches 
using lime-based sorbents at lower temperatures are also being devel
oped. The company Heirloom based in the USA utilizes Ca(OH)2 powder 
using it as solid sorbent and allowing the carbonation to take place over 
longer time scales. They accelerated the rate to 85% conversion in three 
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days, by spreading the material in thin layers on large trays, whereby 
scaling up and handling has a reduced complexity compared with the 
liquid sorbent approach of Carbon Engineering [16,17].

New approaches for DAC based on lime are focus of current research. 
Criado and Abanades investigated the use of Ca(OH)2 bricks for DAC and 
proved their concept with a lab-scale contactor [9,18–21]. Paulsen 
investigated the scalability of the Heirloom technology, calling it solid 
calcium looping, and concluded that countries in Northern Europe meet 
both demands on the energy system and suitable weather conditions for 
passive carbonation as DAC technology [22].

DAC has the advantage to be locally independent, so it can be placed 
where renewable energy is cheap and area requirements are feasible. 
This also minimizes costs for CO2 transport either to subsequent utili
zation or storage sites [23]. Other than carbon capture from point 
sources like flue gas, it can make up for distributed emissions like CO2 
from the transport sector. On the other hand, it faces the challenge that 
CO2 concentration in the atmosphere is very low, which leads to high 
energy demands for separation and subsequently high costs. The mini
mum thermodynamic energy to separate these low CO2 concentrations 
from a gas stream are approximately 20 kJ/mol CO2 [23]. Additionally, 
energy penalties must be accounted for, as well as the energy required 
for subsequent compression, necessary for storage, which is under 
research itself. Samari calculated an energy requirement of almost 4 
GJ/t CO2, including subsequent compression to 100 bar which is 
required for sequestration, but energy requirements differ depending on 
the DAC technology used [14]. This leads to costs that are estimated very 
differently in the literature, ranging between 20–1000 USD/t CO2 
captured.

In this work, a novel concept based on lime is introduced, which 
combines its storage functionality for heat with the storage capacity for 
CO2. In contrast to existing technologies, this approach enables the 
temporally decoupled thermal discharge to be utilized for heat supply 
before the material is subsequently used as CO2 sorbent. Thereby, the 
reactor for CO2 uptake exploits the storage time periods of the lime and 
can be continuously charged and discharged. The dual storage func
tionality enables the system to operate flexibly according to the avail
ability of renewable electricity. Basis is the technical lime cycle, which 
combines three subsequent reactions: firstly, the provision of renewable 
heat on demand through hydration as described above. In a second step 
the energetically discharged Ca(OH)2 is utilized as a CO2 sorbent, 
forming CaCO3 with atmospheric CO2 during carbonation. With regen
eration through calcination at around 900–1200 ◦C, the technical lime 
cycle is closed [5]. By combining the systems, regeneration energy is 
utilized for two uses: provision of renewable heating and subsequent 
utilization for DAC. This could not only lead to reduction in emissions 
caused by heat provision, but increase the overall efficiency.

The aim of this study is to provide an initial assessment of the 
feasibility of the proposed concept combining heat storage and DAC. 
Following the evaluation of the individual reaction steps, the study fo
cuses on the carbonation, as this is considered as rate-determining step 
under ambient conditions for the closure of the technical lime cycle. 
Literature data are complemented with own experiments conducted 
under technically relevant conditions for the application, to identify CO2 
capture capacity, energy and material requirements and cycle time. This 
enables first quantifications to assess the feasibility of the proposed 
system.

2. Concept

Basis of the proposed concept of combined energy storage and CO2 
capture is the technical lime cycle, which is shown in Fig. 1. The 
exothermic reaction of quicklime with water is utilized to provide heat, 
while the subsequent carbonation of slaked lime with atmospheric CO2 
is utilized for DAC. Calcination separates the CO2 and charges the ma
terial energetically, making it the regeneration step and closing the 
technical lime cycle.

Limestone is an abundant material and thus inexpensive, has no 
environmental impact and is already widely used in industrial applica
tions [5]. In order to use limestone as an energy storage material it needs 
to be burnt at temperatures of around 900–1200 ◦C, whereby CO2 es
capes, following Eq. 1 [5]. This calcination process is used in industrial 
applications worldwide, using different reactors like rotary kilns, which 
might be adaptable for calcination of the small particles used in this 
concept [5].

2.1. Calcination – energetic charging and CO2 separation

A key factor for maximizing the CO2 capture capacity in the concept 
is the carbon footprint associated with the energy used for calcination. 
As high temperatures are required, this requires the main energy input 
in the system (178 kJ/mol CaCO3, calculated based on standard en
thalpies according to Barin [24]). The less carbon is produced to provide 
this energy, the higher the efficiency of the CO2 capture. Current state of 
the art in Europe is the use of shaft kilns, most commonly the parallel 
flow regenerative kiln (PFRK) [5]. Two parallel shafts connected with a 
crossover channel are used to preheat and calcine the material at 
900–1100 ◦C, with a heat demand between 3200–4200 MJ/t CaCO3 and 
an electricity demand of 20–41 kWh/t CaCO3 [5]. Up to now, heat has 
mainly been generated by burning fossil fuels. This causes additional 
energy related emissions, as during the reaction about two third of the 
CO2 is released by the chemical reaction (Eq. 1), while one third is 
emitted by the combustion of fossil fuels to provide high temperatures 
[25]. 

CaCO3(s)+ ΔHR →CaO(s)+CO2(g) (1) 

As an example, in PFRKs between 0.987–1.120 t CO2/t CaO are 
emitted, along with other pollutants, with more than two thirds un
avoidable emissions caused by the reaction [5]. A reduction in the use of 
fossil fuels can therefore contribute to a reduction in emissions, but a 
large proportion of emissions cannot be avoided, which is why new 
approaches combine calcination with carbon capture.

One possibility is oxy-fuel combustion, where combustion is per
formed in a high purity oxygen stream, releasing a CO2-rich exhaust 
stream, which can be compressed and further utilized by carbon capture 
and storage or utilization (CCS or CCU) [11]. A new possibility since 
2020 is the use of a direct separation reactor from Calix (DSR), inves
tigated in the Low Emissions Lime and Cement (LEILAC) project. It 
consists of a pre-calciner and an inner and outer reactor tube. In the 
outer reactor shell the burners are located, which indirectly heat the 
inner reactor tube. Raw material enters at the top and calcined material 
exits at the bottom, with the process CO2 rising in a counterflow, 
recovering thermal energy [26]. This design prevents the mixing of re
action gases and exhaust gases from the combustion, and a 98% 

Fig. 1. Schematics of the technical lime cycle.
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(minimum 95%) pure CO2 stream can exit the reactor. To prevent 
re-emitting into the atmosphere, it should be captured as a possibly pure 
gas stream, to then be compressed and either stored underground or 
made available for subsequent processes like production of synthetic 
fuels or food industry. According to Schmidt and Hahn, the potential 
CO2 demand in 2030 could be around 234–423 Mt CO2/a, exceeding the 
amount which can be supplied by industrial sources [27]. DSRs can be 
operated electrically, with the emissions then depending on the elec
tricity mix. The most favorable case is the use of renewable energies, so 
that the emission value is reduced to a minimum. Thereby, thermal and 
electrical energy input is not expected to increase compared to con
ventional calcination with the LEILAC technology [26,28,29].

The overall aim of the presented concept of energy storage and DAC 
is combining heat on demand with CO2 capture from the atmosphere, 
aiming for CO2-negative heat supply in the future. In order to achieve 
this and thus maximize CO2 capture capacity, the future goal is to 
exclusively use renewable energy. As their availability is highly fluctu
ating, using surplus energy brings the need for a dynamically operating, 
electrically heated calciner. With this, the combined system can work as 
a sector coupling technology with long-term storage option and there
fore provides flexibility for a renewable energy system.

2.2. Lime slaking – energetic discharging

As the energy is chemically bound in the charged material burnt 
lime, it can be stored over long periods of time with almost no losses, 
making it a suitable long-term energy storage system. In times of heat 
demand, the exothermic reaction can be started by adding water to 
quicklime, releasing heat which can provide space heating or hot water. 
Stoichiometrically, 300 ml water can release 0.323 kWh/kg CaO during 
hydration, described in Eq. 2 (based on standard enthalpies according to 
Barin [24]). This equals 37% of the energy input during calcination, 
representing the maximum recoverable energy. 

CaO(s)+ H2O(l)→Ca(OH)2(s)+ ΔHR (2) 

The principle of lime-based heating is described by Schmidt et al. [3]
in more detail, with their developed reactor serving as a starting point 
for the presented concept. A mechanically induced fluidized bed of 
powdered CaO is generated inside the reactor, where water is injected 
via a nozzle. The released reaction heat is transferred to a heat transfer 
fluid via the reactor shell. Operation is carried out in batch mode, so 
before and after hydration, the material is transported in and out the 
reactor via a vacuum conveyor. [3]

Theoretical efficiency is high, the real efficiency is currently under 
investigated in tests with a pilot plant [3]. The most important factor is 
the achieved conversion of the chemical reaction, but additional factors 
such as the energy consumption of stirrer and vacuum pump must be 
considered. Further designs of the hydration reactor to achieve higher 
temperatures or utilize CaO pellets are the subject of current research.

2.3. Carbonation – site-independent CO2 capture

The energetically discharged, powdered Ca(OH)2 then forms the 
basis for the extension of this thermochemical energy storage system 
with CO2 capture. Ca(OH)2 reacts with atmospheric CO2 under ambient 
conditions, binding it chemically in CaCO3 with a high storage density of 
44 wt% (compare Eq. 3). The reaction is exothermic and releases heat at 
a low temperature level. 

Ca(OH)2(s)+ CO2(g) → CaCO3(s)+H2O(g)+ ΔHR (3) 

Carbonation has slow kinetics under ambient conditions and thus is 
the rate-determining step in the proposed system. However, through 
combination with lime-based heating, carbonation times on the order of 
days to weeks can still be technically feasible, as the energy storage has 
storage phases without heat demand and thus the material passively 

waiting for its use without utilizing its full potential. As heat demand 
fluctuates, the utilization of lime as an energy storage material fluctuates 
as well. From a technical perspective, the reaction should be accelerated 
as much as possible without compromising efficiency through additional 
energy input. Therefore, a detailed examination of influencing param
eters affecting the kinetics of carbonation is given in the following 
section.

The cycle is completed by calcination as a regeneration step, to 
charge the material energetically and separate the stored CO2.

3. Literature study on carbonation under ambient conditions

Carbonation under ambient conditions exhibits slow kinetics, mak
ing it the rate-determining step in the proposed concept [30,31]. Various 
parameters influence the reaction and its rate, important for the tech
nical application of Ca(OH)2 powder as a CO2 sorbent material. In the 
following, the reaction mechanism reported in the literature, as well as 
results on the influence of relative humidity, temperature, CO2 con
centration, layer thickness, material characteristics and air flow are 
summarized.

3.1. Reaction mechanism

Previous studies have investigated the reaction mechanism, initially 
focusing on concrete structures due to their importance for the dura
bility and lifespan of the construction material [32], then for the purpose 
of carbon capture with lime-based materials.

The reaction takes place in two steps: a fast, chemically controlled 
step, and a second, diffusion-controlled step [33–36]. Initially, gaseous 
CO2 diffuses in the pores. The importance of water during the reaction is 
widely understood and reported by various authors [18,33,36–39], as 
CO2 needs to dissolve in the adsorbed water and form carbonic acid and 
its ions, in order to react with solid Ca(OH)2. With the changing pH, 
solid Ca(OH)2 dissolves in its ions instantaneously [30], and CaCO3 is 
precipitated [39]. The reaction mechanism is described in Eqs 4, 5, 6 and 
7. 

CO2 + H2O → H2CO3 (aq) (4) 

H2CO3 (aq) →2 H+ + CO3
2− (5) 

Ca(OH)2 → Ca2+(aq)+2 OH− (6) 

Ca(OH)2 + CO2→ CaCO3 + H2O (7) 

The precipitated CaCO3 forms a layer on the surface, which shifts the 
reaction towards the second, diffusion-controlled step [35,40]. Diffusion 
resistance for CO2 increases with the growth of the layer as CaCO3 has a 
larger volume and grows into free pore space, which decreases total 
porosity [30,36] and thus is often the limiting factor for the reaction 
[41].

From the reaction equation, key parameters affecting carbonation 
can be identified: the amount of water to start the reaction, temperature 
for the reaction kinetics and dissolution of CO2, decrease in CO2 con
centration through consumption during the reaction, simultaneous 
growth of the carbonate layer, etc. These and others have been inves
tigated in previous studies, but with varying materials and reaction 
conditions. In the following, experimental results from literature are 
summarized and key findings for the utilization of Ca(OH)2 powder as 
CO2 sorbent material in the combined system with lime-based heating 
are obtained.

3.2. Relative humidity

Several authors investigated the influence of water on the carbon
ation reaction of lime-based materials, mostly in cement materials or 
CaO, but as well as in porous Ca(OH)2 powder. As it can be seen from the 
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reaction mechanism (Eq.4), water is required for the dissolution of CO2 
and thus the start of carbonation under ambient conditions. It can either 
already be adsorbed on the powder surface or be present in the air as 
relative humidity (RH). This has been confirmed by multiple experi
ments in the literature.

Shih et al. [36] investigated the carbonation of Ca(OH)2 powder 
(volume mean diameter 19 µm) at 60–90 ◦C in humid N2 (0–70%) for 
different concentrations of CO2. Experiments were carried out in a fixed 
bed reactor and the samples were humidified by a humid N2-stream 
prior to carbonation. Their results show that no carbonation occurred 
below the critical value of 8% RH in the gas stream and RH affected the 
reaction significantly in the tested conditions, reaching the highest 
conversion at the highest temperature and RH tested (90 ◦C, 70% RH, 
34.8% in 1 h with a plateau after 10–20 min). They stated that water 
may be the limiting factor in the dissolution of CO2 in the pore water 
during carbonation. But as the temperatures are higher, as well as the 
CO2 concentration (between 3–12%), conclusions on carbonation under 
ambient conditions cannot be drawn without limitations. Beruto and 
Botter [37] tested Ca(OH)2 powder with average particle size between 
0.5–2 µm in lower temperatures (20 ◦C and 88% RH) but with elevated 
CO2 concentrations of approximately 6500 ppm (0.65 kPa) and could 
prove in their experiments that water plays a catalytic role in carbon
ation under ambient temperatures.

Dheilly et al. [33] investigated carbonation of powdered Ca(OH)2 in 
a temperature-controlled chamber with a saturation system at different 
RH values of 30%, 60% and 100% and 10 ◦C, 20 ◦C and 40 ◦C over 10 
days with a CO2 concentration of 300 ppm and 7 mm sample height. 
They observed different results depending on the RH present during the 
reaction. At the lowest RH, carbonation is low or non-existent, but with 
increasing RH, kinetics of carbonation increase. After 10 days, a mass 
gain of 13% at 60% RH and 25% at 100% RH are measured after drying, 
corresponding to approximately 37% and 71% carbonation degree, 
respectively. Koga et al. [39] also tested the influence of different RH 
(0%, 50% and 100%) on carbonation. They used compressed Ca(OH)2 
powders with 3 mm height and observed the reaction in a CO2 reaction 
vessel, with an inlet stream of 200 ml/min CO2, at room temperature for 
14 days. Results show that no changes occurred at 0% RH, while at 
100% RH the sample was completely converted to CaCO3. At 50% RH, 
carbonation occurred, but no complete conversion was achieved in 14 
days. They concluded that humidity is the key factor for carbonation 
under ambient conditions. In addition to the compressed Ca(OH)2 
powder, they tested a Ca(OH)2 compact made from lime paste in 100% 
RH and results showed, that conversion was reduced compared to the 
compact powder. They concluded that the presence of water inside the 
paste may prevent diffusion and thus an optimum humidity exists for 
carbonation.

Erans et al. [42] investigated lime-based sorbents with the aim of 
using them as sorbent materials for DAC. Next to CaO, hydrated samples 
were prepared by spraying CaO with deionized water and using a me
chanical granulator. Carbonation conditions were in ambient air inside 
the lab with an average temperature of 18 ◦C and 51% RH. After 7 days 
5 mm samples achieved 50% conversion and after 12.5 days 70%. Re
action kinetics were faster than for dry CaO material, which confirms 
that humidity accelerates carbonation kinetics under ambient condi
tions. Criado et al. [18] followed the experiments and tested carbonation 
in the TGA with an elevated CO2 concentration of 5 vol% CO2 and 65 ◦C. 
In these conditions, 90% conversion was reached in 10 min. With 
decreasing RH, they observed that the reaction slows down but still 
reaches the maximum conversion in hours. Testing the gas with 0% RH, 
no conversions beyond 5% were achieved. They tested the same with 
compressed Ca(OH)2 pellets and concluded that values of > 80% RH 
promote fast reaction rates for any Ca(OH)2 material.

Dependency of carbonation rate on relative humidity seems very 
clear from experimental studies on Ca(OH)2. To conclude, Criado et al. 
stated that RH must be over 50% to reach carbonation over 60% and 
best between 80% and 100%, Beruto and Botter concluded that RH must 

be over 70% to significantly promote the reaction and Dheilly et al. 
achieved best results in RH close to 100% [18,33,37]. Moorehead did 
experiments with lime compacts and concluded that carbonation is 
maximized when 50% of the pores are filled with water [43], which may 
proceed at a slower rate in the larger pores of powder instead of cement 
material.

Pore water can not only form through the presence of RH, but can 
also result from hydration. This is an important aspect of the presented 
concept, as hydration precedes carbonation and could therefore be used 
to optimize subsequent carbonation. Reaction conditions influence the 
presence of adsorbed water on the material as well as material proper
ties. Gillott [44] observed that Ca(OH)2 made by vapor hydration car
bonates at a slower rate in ambient temperature than Ca(OH)2 formed 
by water hydration as considered in the presented concept. Dheilly et al. 
[33] also tested the influence of pre-hydration of Ca(OH)2 samples 
before carbonation with humid oxygen (100% RH). Results show that 
carbonation occurs faster for pre-hydrated samples. In air with 300 ppm 
CO2, 100% Ca(OH)2 reacted to CaCO3 in 25 days, with 4.5% humidity 
adsorbed on the sample compared to the initial dry mass. Moreno et al. 
[45] found that RH in storage conditions of Ca(OH)2 strongly influences 
the later carbonation and higher RH leads to higher CO2 capture rates. 
They investigated carbonation in a fluidized bed in ambient temperature 
and pressure with 1% CO2 with previous RH of 24 ± 2%, 58 ± 2%, 75.5 
± 2%, 100 ± 3% during the storage period and assumed that the for
mation of the adsorbed water film is the most determining factor. 
Recently, Paulsen et al. [22] investigated the influence of different 
slaking ratios on the carbonation of the formed Ca(OH)2 under ambient 
conditions in order to use the material for DAC. Best results were ob
tained for a slaking ratio of one, but the results are also influenced by the 
RH present during the following carbonation.

RH seems to influence not only the rate but possibly the reaction 
itself. López-Arce et al. [46] tested Ca(OH)2 dispersed in isopropyl 
alcohol in a climate chamber at 20 ◦C, exposed to 33%, 54%, 75% and 
90% RH in 530 ppm CO2 for 7, 14, 21 and 28 days on its influence on the 
formed CaCO3. Their results show that carbonation in higher RH 
(75–90%) leads to faster kinetics and the formation of larger particle 
sizes while carbonation in low RH (33–54%) leads to the formation of 
smaller particle sizes with lower crystallinity, which may affect subse
quent reactions.

3.3. Temperature

Chemical reactions increase their kinetics with increasing tempera
ture. However, for the carbonation reaction, an additional aspect is 
observed: as the initial step is the dissolution of CO2 in pore water, the 
optimum is a tradeoff between fast reaction kinetics at high tempera
tures and the optimum temperature for solubility of CO2 in water. Sol
ubility of CO2 in aqueous solutions decreases with increasing 
temperature, related to the temperature dependency of Henry’s law 
[41].

Most of the studies on these opposing effects found in literature were 
carried out for CaO and the results for the carbonation of Ca(OH)2 at low 
temperatures are not consistent.

In their experiments with Ca(OH)2 powder Shih et al. [36] found that 
a temperature between 60–90 ◦C affects the reaction only mildly, with 
RH being the most important parameter. Dheilly et al. [33] investigated 
lower temperatures closer to ambient conditions and showed in their 
experiments described above that 10 ◦C is more favorable for the 
carbonation kinetics of Ca(OH)2 than 20 ◦C or 40 ◦C.

Paulsen et al. [22] recently published their work on Ca(OH)2 as a 
DAC sorbent material and found that 20 ◦C accelerates the reaction 
compared to 12 ◦C, but temperature does not change the overall 
conversion.
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3.4. CO2 concentration

CO2 concentration in the atmosphere is very low with approximately 
420 ppm and thus could be a limiting factor for the carbonation reaction 
[47]. In order to react with solid Ca(OH)2, CO2 needs to diffuse in the 
pores and dissolve in water. Thereby, the diffusion of CO2 in water is 
significantly slower than in air and the dissolution is dependent on the 
temperature, following Henry’s law [48,49].

Until now, the influence of CO2 concentration on the carbonation 
under ambient conditions was mainly investigated for accelerated 
carbonation of cement materials as decisive for the lifespan of the con
struction material, and thus in higher concentrations of CO2 as investi
gated in this work. The literature provides different statements on the 
influence of CO2 concentration: while some authors stated a significant 
influence of CO2 concentration on the carbonation under ambient con
ditions, others concluded that parameters like the RH are significantly 
more important for the carbonation kinetics.

Shih et al. [36] found that in their experiments conversions of Ca 
(OH)2 powder are the same for 3.15, 6.30, and 12.60% CO2 (at 60–90 ◦C 
and 0–70% RH) and that the investigated CO2 concentrations have no 
influence on the reaction rate. Lower CO2 concentrations of 300 ppm 
were used in the experiments by Dheilly et al. [33], with the conclusion 
that CO2 partial pressure is not the dominant influencing factor and 
partial pressure of water dominates the carbonation at low tempera
tures. Van Balen [34] tested lime samples of laboratory-grade (specific 
surface area 14.14 m2/g, mean particle size 4.68 µm), commercial dry 
Ca(OH)2 (specific surface area 17.89 m2/g, mean particle size 4.68 µm) 
as well as an experimental lime type with a higher specific surface area 
(43.73 m2/g) but the same particle size distribution as the commercial 
dry Ca(OH)2 in humid gas with different CO2 concentrations 
(7–17 mol/m3, corresponding to approximately 150–380 ppm CO2). 
They used a closed-loop set-up with ambient conditions (20 ◦C) and 
tested for 24 h. For the studied conditions, results also showed that 
carbonation seems independent of CO2 concentration.

On the other hand, Moorehead [43] found that an increase in the CO2 
concentration increases the reaction rate of carbonation in lime mortar. 
Visser [50] investigated the hypothesis that, following Fick’s law, 
carbonation has to be proportional to the increase in CO2 concentration. 
In the experiments, Ca(OH)2 in cement was experimentally tested and it 
could be observed that for this material high CO2 concentrations do not 
change the carbonation process for itself, as the reaction will occur 
instantly at the reaction surface, but will accelerate the transport of CO2 
in the air-pore solution and thus lead to faster reaction kinetics. 
Following this, Criado et al. [18] could show the dependency of 
carbonation speed and CO2 concentration for Ca(OH)2 powder experi
mentally. In their experiments described above, carbonation of Ca(OH)2 
follows Fick’s law in CO2 concentrations between 450 ppm and 12%, 
and thus CO2 concentration have a direct influence on the growth of the 
carbonation layer. Less than 24 h was required for complete conversion 
of the samples for 25% RH, 80 ◦C and 8% as well as 12% CO2.

3.5. Layer thickness

Carbonation starts immediately at the Ca(OH)2 surface, forming a 
CaCO3 layer, which covers the surface of the reacting material. As 
CaCO3 has a higher volume, the growth leads to the closure of pores and 
reduction in porosity. Simultaneously, the carbonate layer forms around 
the reacting particles, making it necessary for CO2 to diffuse through 
before carbonation can continue. These effects lead to a high influence 
of layer thickness on the carbonation rate under ambient conditions, but 
are reported differently in literature.

The influence of layer thickness on the carbonation under ambient 
conditions to utilize it in the application of DAC was investigated in 
more detail by Criado et al. [18]. Different Ca(OH)2 mortar samples with 
porosities between 0.2 and 0.8 were prepared from a raw material with 
5–6 µm average particle size and a layer thickness between 4–15 mm. 

Tests were carried out in a test room with 500 ± 25 ppm CO2, 52 ± 3% 
RH and 10 ± 2 ◦C, with a fan in front of the sample ensuring a contin
uous velocity of approximately 0.5 m/s over the sample. Results show 
60% carbonation in 500 h for a material with a specific surface area of 
18.2 m2/g, while high-grade Ca(OH)2 with a specific surface area of 
39.3 m2/g reached 80% conversion in the same time. They compared 
their results with predictions of a carbonation model, which describes 
the limitation by diffusion following Fick’s diffusion law under consid
eration of material and environmental influences and found good 
agreement between predictions and experimental tests. The same results 
were obtained for a Ca(OH)2 material with a higher specific surface area 
of 39.3 m2/g, which achieved 85–90% conversion in the same time of 
500 h. To extend the capability of Fick’s diffusion law, they also tested in 
higher CO2 concentrations, as described above. For controllable condi
tions, they carried out experiments in a sealed glass container with 
temperatures between 20–80 ◦C and 200 l/h compressed air with 450 
± 35 ppm CO2 and adjustable RH with extruded shapes of Ca(OH)2 with 
porosities between 0.51 and 0.34. 90% conversion was achieved in 
> 95% RH, confirming prediction of the carbonation front is possible 
with known porosity, assumed maximum conversion and fitted 
tortuosity.

Hawrot and Renforth [51] also analyzed the influence of different 
layer heights, but for a significantly longer time. 2.5, 5, 10, 25 and 
50 mm layers of Ca(OH)2 (mean particle size of 2–6 µm, specific surface 
area 16–18.5 m2/g) on sample trays were exposed to laboratory condi
tions (temperatures 4–26 ◦C, average 17 ◦C, and 10–89% RH, average 
50%) for 184 days (six months), whereby weight and composition were 
regularly measured. The thinnest layer (2.5 mm) showed the fastest 
carbonation of 58 ± 6% in 22 days, with only minimal increase after
wards. The increase in layer thickness results in a decrease in carbon
ation over time. 5 mm layer converted to 53 ± 6% in 27 days, 10 mm 
achieved 56 ± 3%, in 55 days and 25 mm converted to 57 ± 2% in 114 
days. Afterwards, a plateau is formed and only minimal increases are 
recorded. At the end of the experimental time, all layers reached the 
same CaCO3 content. This confirms, that not the overall conversion, but 
the reaction speed are significantly determined by layer thickness of Ca 
(OH)2.

Compared with the experiments conducted by Criado et al. [18], 
significantly lower reaction rates were observed. As material charac
teristics as specific surface area and particle sizes are comparable, this 
may be attributed to the highly varying reaction conditions in the lab
oratory environment and different experimental settings.

3.6. Material characteristics

A decisive parameter on carbonation is the material characteristics, 
also influencing the parameters discussed above.

Shih et al. [36] and Van Balen [34] stated that CO2 uptake and Ca 
(OH)2 surface area have a linear dependency, and Moreno et al. [45]
emphasize that the surface of the sorbent actually exposed to the air and 
thus CO2 is the main limiting factor for the carbonation. Morales-Flórez 
et al. [52] observed increased reaction rates with increased surface area 
for CaO, which was confirmed for Ca(OH)2 samples by Criado et al. [18]. 
In their experiments, higher carbonation occurred for Ca(OH)2 samples 
with higher specific surface area: in a test atmosphere with 500 
± 25 ppm CO2, 19 ± 2 ◦C and 52 ± 3% RH and a fan located in front of 
the samples, porous Ca(OH)2 with a specific surface area of 18.2 m2/g 
achieved 60% conversion in 500 h, while high-grade Ca(OH)2 with a 
specific surface area of 39.3 m2/g reached 80% conversion in the same 
conditions [18].

Hawrot et al. [51] observed that surface area of Ca(OH)2 decreased 
during carbonation, reducing from initially 12.89 m2/g to 6.4 m2/g 
during their experiments, with increasing particle size. This may be due 
to the effect that growth through carbonation proceeds inside the porous 
particles, which was also observed by Beruto and Botter [37]. Porosity 
highly influences the dependence of CO2 concentration and RH on 
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carbonation kinetics, as CO2 diffuses faster in air, but needs to dissolve in 
the pore water to react with solid Ca(OH)2, leading to competing effects 
[50]. Samari et al. [14] investigated different lime-based sorbents for 
DAC and argued that pelletized limestone has a greater diffusivity due to 
its greater porosity, while Koga et al. [39] and Van Balen [34] stated that 
the presence of water inside the pores may prevent diffusion and thus an 
optimum humidity exists for carbonation.

3.7. Air flow

In DAC systems, large quantities of air are pumped through the 
system to compensate for the low CO2 concentration in the atmosphere, 
with electrical air fans required in all commercial DAC plants [13]. Air 
flow is therefore an important design parameter for the air contactor. In 
natural conditions, carbonation has slower kinetics, raising the question 
of whether CO2 is a limiting factor in the reaction and an active air flow 
can enhance kinetics. But to the author’s knowledge, no explicit inves
tigation of the influence of an active overflow with air on the carbon
ation under ambient conditions was carried out. Instead, it is not 
consistently clarified in most reported experiments whether an airflow 
was present during the experiments and may be one of the parameters 
explaining why experimental results differ strongly in otherwise iden
tical conditions.

Hawrot et al. [51] observed conversion of 53 ± 6% in a 5 mm layer 
Ca(OH)2 in 27 days (average 17 ◦C, 50% RH, laboratory conditions), 
while Erans et al. [42] achieved 70% carbonation in 300 h (12.5 days), 
also in laboratory conditions (18 ◦C, 51% RH).

Criado et al. [18] conducted experiments for a similar material in the 
same conditions (52 ± 3% RH, 19 ± 2 ◦C), but with an air velocity of 
0.5 m/s over the sample through a fan, and achieved almost the same 
carbonation of 60% in 21 days for a material with similar properties and 
90% for a high-grade Ca(OH)2. This is in common with the experimental 
findings of Moorehead [43], where carbonation under ambient condi
tions was tested for 30 min, but in a pure CO2 stream, and 71% 
carbonation with forced circulation and 76% without forced circulation 
were obtained. These results indicate that gas flow velocity on the 
sample surface seems to have little effect on the carbonation.

In a recent paper, Criado et al. [19] investigated different Ca(OH)2 
materials (compact powder with a porosity of 0.55, dried mortar in a 1:1 
water ratio and extruded Ca(OH)2 slurry with porosities between 
0.35–0.4) in a lab-scale air contactor with air channel velocities between 
0.5 – 5 m/s. Experiments took place under ambient conditions of 21 ± 3 
◦C, 43–80% RH and an average of 450 ppm CO2 for 300 h. The com
pressed powder achieved conversion rates of 90% in 3–4 mm layers, the 
mortar achieved 70% in the same thickness and time. The extruded Ca 
(OH)2 showed lower conversion of 20–30%. Their results showed that 
the CO2 capture efficiency reduced with increasing air velocities, even 
though the average CO2 value is higher and in theory, capture efficiency 
should not be influenced by the air stream.

El-Turki et al. [53], on the other hand, achieved faster reaction and a 
100% degree of carbonation in 5 days with the exposure gas being 
passed over the sample in the reaction chamber, but with extruded Ca 
(OH)2 paste [53]. Accordingly, these results indicate a correlation be
tween air flow and carbonation rate.

Although several studies have already investigated carbonation 
under ambient conditions, their findings are often difficult to compare 
and, in some cases, remain inconclusive. Therefore, literature results are 
not directly applicable to the proposed concept and require further 
experimental investigation under the specific boundary conditions and 
material properties of the subsequent application.

4. Experimental investigation

To determine the feasibility of the proposed concept, experimental 
investigations of important influencing parameters are required. By 
combining DAC with renewable heating, carbonation is preceded by 

hydration, which can significantly influence reaction conditions such as 
humidity and moisture. Additionally, large volumes are required for the 
storage functionality of heat and CO2. To investigate conditions that are 
representative of those in the intended later application, a test bench 
was built and experiments were carried out. In the following sections, 
the set-up is described in more detail and experimental results are 
summarized and discussed.

4.1. Test bench

In order to investigate the realizability of the proposed concept, key 
parameters which could not be determined from the literature were 
experimentally investigated. The aim is to determine optimal values for 
carbonation under ambient conditions for DAC. Therefore, a test bench 
was set up in the laboratory, shown in Fig. 2, with controllable reaction 
conditions comparable to those intended in the technical application. 
The reaction is intended to proceed under ambient conditions.

The key component is a scale, which records the sample mass to 
observe the weight increase and thus the reaction over time. Due to the 
CO2 uptake of Ca(OH)2 and thus the formation of carbonate, the mass 
can increase up to 35%. A Mettler Toledo ME4002 with a readability of 
10 mg was used, suitable for small sample masses. Scale and sample are 
placed in a plexiglass chamber with a volume of approximately 79.2 l, in 
which ambient conditions can be set. Therefore, the evaporator unit 
CEM W− 202A− 330− K from Bronkhorst was installed, with a maximum 
water flow of 50 g H2O /h, which is controlled by a liquid flow meter 
L23− PBD− 11− K− 30S with ± 1% accuracy. In order to pump the 
deionized water, an FNP1.7 pump from KNF is used. With 40% of the 
power, the required pre-pressure for the evaporator of 2 bar is reached. 
Upstream, a microfilter from Headline filters with a diameter of 12 mm 
and length of 32 mm and > 99.99% removal of particles < 0.1 µm is 
additionally installed to protect the pump from any contamination. The 
supplied air flow is mixed from 4.9 ln/min compressed air and pure CO2, 
depending on the testing conditions. For the reference experiment, 
2 ml/min CO2 is set, achieving approximately atmospheric CO2 con
centrations in the reaction chamber. The air flow is then directed in the 
chamber from above without passing directly over the sample surface. A 
ventilator is installed in one corner of the reaction chamber to ensure 
mixing of the incoming air, but is also not directed at the sample to 
prevent airflow over the sample.

Inside the chamber, temperature, relative humidity and CO2 con
centration of the controlled atmosphere are measured. Thermocouples 
Type K with ± 1 K accuracy are used. For relative humidity, two probes 
from Driesen + Kern were used, measuring with ± 1.8% rH accuracy in 
the range of 20 – 80% relative humidity. CO2 is measured and recorded 
by Vaisala GMP 343, with a measuring range between 0–1000 ppm CO2. 
All sensors record measurements once per minute. For evaluation, every 
tenth data point is used, and values are averaged over 100 data points.

4.2. Material

Material properties are currently predetermined by the hydration in 
the lime reactor. Fine powdered Ca(OH)2 is used to serve as both heat 
storage material for renewable heating and CO2 sorbent material for 
DAC.

Therefore, lab-grade Ca(OH)2 from Honeywell with a purity of min. 
96%, a max. content of 3% CaCO3 and a density of 2.24 g/cm3 was used 
for the experiments. The specific surface area was measured by BET 
using nitrogen in a Micrometrics 3Flex to 15.09 ± 0.14 m2/g, and par
ticle size distribution to a D50 of 3.52 µm by a Mastersizer3000 + from 
Malvern Panalytical, based on five samples.

4.3. Method

The influence of CO2 concentration, layer thickness and an active air 
flow on the reaction rate of carbonation is analyzed experimentally.
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The literature reports different effects of CO2 concentration on 
carbonation, particularly under the low ambient concentrations 
required for the proposed application, and these effects require further 
investigation. It is known that increasing layer heights slow down 
carbonation, but this is being investigated in more detail for the material 
used in the concept and for layer heights feasible for the technical 
application. This is important for determining initial material and en
ergy flows as well as reaction time and thus area requirements, and 
consequently the feasibility of the concept. Given the lack of conclusive 
findings of an active air flow on the carbonation rate, experimental 
testing is necessary for the design of an air contactor.

From literature it is well known that relative humidity has a major 
influence on the carbonation in ambient temperatures and may even be 
the most dominant factor. The following experiments aim for approxi
mately 75% RH, as a compromise of RH as high as possible and technical 
feasibility without condensation in the technical application as well as in 
the test bench, but fluctuates as the temperature is not controlled.

All samples were placed in sample holders made from stainless steel 
in the test bench described above, with different atmospheric conditions 
set. Thereby, all sample holders have the same volume of 50 cm3, but 
different dimensions. After filling the Ca(OH)2 powder into the sample 
holders, it was smoothed on the surface, to create a flat surface and 
guarantee the same volume of each sample. The evaporator was set to a 
temperature of 50 ◦C, and the inlet stream of air to 4.9 lN/min. Inlet 
stream of water and CO2 were adjusted, depending on the experiment. 
The duration of the experiments varied between 7, 14 or 28 days.

A reference experiment (0_Ref) is defined, with a gas mixture similar 
to atmospheric conditions and a low layer thickness of 2.0 mm. All three 
different influencing parameters are analyzed in the following experi
ments and compared with this reference experiment.

The first set of experiments investigates the influence of CO2 con
centration in the reaction chamber on the carbonation. Three different 
CO2 concentrations were tested, corresponding to a possible later 
application: approximately 100 ppm, for low air exchange rates, 
approximately 400 ppm as average atmospheric condition and high CO2 
loadings of approximately 1000 ppm, for example from exhaust air in 
buildings. The values were calculated theoretically and then adjusted by 
the measured value in the sample box. The CO2 stream mixed to the air 
was set to 0.35 ml/min, 2.0 ml/min and 7.0 ml/min, respectively, 
theoretically resulting in 70 ppm, 400 ppm and 1400 ppm. For the last 

experiment, the CO2 stream was reduced to 5.0 ml/min during the 
experiment, as measured CO2 concentration began to increase above 
1000 ppm. In all experiments the sample holder with 2.0 mm sample 
height was used, as in the reference experiment.

Second tested parameter is the influence of the layer thickness on the 
carbonation kinetics for the fine Ca(OH)2 powder used. Three different 
geometries of sample holders were used: 2.0 mm (reference experi
ment), 4.6 mm (2_4.6 mm) and 20.0 mm (2_20.0 mm) height, but 
differing in diameter. The small sample heights correspond to layer 
thickness that have already been investigated in the literature, while the 
20.0 mm layer is a maximum that is being investigated for design of the 
technical application.

In a third experiment, the influence of an active mixing of the inlet 
airstream with the air in the reaction chamber was investigated by 
turning on the installed ventilator (3_Vent). As the reaction chamber is 
not airtight, the ventilator led to a loss in humidity and thus the 
incoming water stream was increased to 0.14 ml/min, to obtain the 
same values of RH.

In all experiments, the mass signal, as well as CO2 concentration, 
relative humidity and temperature were measured over experimental 
time. From the weight increase, the degree of carbonation can be 
calculated at any time, following Eq. 8. 

XCarb(m) =
Δm

ΔmCarb,max
• 100% (8) 

Δm is the change in weight in grams, measured by the scale on the 
test bench. ΔmCarb,max is the maximum mass increase due to the ab
sorption of CO2 during carbonation. It is calculated to be 35%, according 
to Eq. 9. 

ΔmCarb,max =
MCaCO3 − MCa(OH)2

MCa(OH)2
• m0 = 0.35 • m0 (9) 

As the weight also increases due to the adsorption and absorption of 
water, and since the assumption was made that pure Ca(OH)2 is used in 
the experiments, the final sample composition was determined with 
thermogravimetric analysis after the experimental time for validation of 
the carbonation degree. Therefore, approximately 20 mg sample was 
homogenously mixed and placed inside an Al2O3 crucible in a NETZSCH 
STA449C. Inlet stream is set to 150 ml/min N2 and the sample is initially 
heated to 110 ◦C with a heating rate of 10 K/min. After keeping the 

Fig. 2. Test bench for carbonation in the DLR lab, with scale to observe the reaction progress over time and adjustable relative humidity and gas compositions for 
controllable atmospheric conditions in the reaction chamber.
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temperature constant for 120 min in order to dry the sample, it was 
heated to 800 ◦C in a second step. After 20 min at the maximum tem
perature, the oven was cooled down.

Three steps in mass loss were identified with the software NETZSCH 
Proteus to calculate moisture content, then dehydration and lastly 
decarbonation at the highest temperatures. Stoichiometry of the reac
tion allows conclusions to be drawn regarding the components present 
in the sample. Means were calculated from triplicate samples, with one 
sample analyzed directly after the experiment and a high degree of 
reproducibility.

With the results, the degree of carbonation was calculated again, 
using Eq. 10. 

XCarb(TGA) =
xCaCO3 − xCaCO3,Ref

xCaO,Ref + xCa(OH)2,Ref
(10) 

Here, xCaCO3 is the proportion of CaCO3 in the sample after carbon
ation in %, while xCaCO3,Ref is the percentual proportion of CaCO3 in the 
reference sample before the carbonation. Accordingly, xCaO,Ref and 
xCa(OH)2,Ref are the percentual share of CaO and Ca(OH)2 in the starting 
material, respectively. The advantage of this calculation, compared to 
the calculation of the degree of carbonation based on the weight in
crease, is that the composition of the sample before the carbonation is 
included in the determination. Both existing CaCO3 and accumulated 
moisture are taken into account. This is why the average degree of 
carbonation of the three measurements was compared with the degree of 
carbonation calculated from the weight increase on the test bench. 
However, the measured samples are only very small (20 mg from an 
average sample mass of 20 g) and the results can only be obtained at the 
end of the experiment.

For the reference experiment, the specific surface area and average 
particle size were measured before and after the carbonation, with a 
Micrometrics 3Flex in nitrogen and from five samples in a Master
sizer3000 + from Malvern Panalytical.

4.4. Results

Firstly, the results for the reference experiment 0_Ref are presented in 
Fig. 3. Additionally, specific surface area and particle size distribution 
were determined after carbonation, for comparison with Ca(OH)2 before 
carbonation. It could be observed that D50 slightly increases to 4.28 µm, 
while the specific surface area significantly decreases from 15.09 
± 0.14 m2/g to 4.46 ± 0.05 m2/g after carbonation.

A continuous increase in weight can be seen on the left, until a 
plateau is formed that no longer shows any change in mass. The 
maximum weight increase is 31.9%, corresponding to XCarb(m) = 90.9% 
after the experimental time of 28 days. The right side of Fig. 3 shows the 

sample composition before and after the carbonation, determined by 
TGA. Whereas originally 93.6% Ca(OH)2 was presented, the proportion 
falls to 13.5%. Instead, the largest component is then CaCO3, growing 
from 2.8% to 86.0%. Taking the determined sample composition as a 
basis, this results in a slightly lower carbonation degree of XCarb(TGA)

= 85.6% (differences in the calculated degree of carbonation – based on 
weight increase and TGA analysis – are attributed to methodological 
variations and are further discussed in Section 4.5).

The first set of experiments investigated the dependency of carbon
ation speed and CO2 concentration. Fig. 4 shows the weight increase 
over two weeks, with a maximum of 35%, for 100 ppm CO2 and 
1000 ppm CO2 under set conditions of 20 ◦C and 75% RH averaged over 
100 measuring points. Shown as dashed lines are 14 days of the refer
ence experiment, which ran for a total time of 28 days at an atmospheric 
CO2 concentration of 400 ppm.

As shown in Fig. 4, there is a substantial difference in the speed of 
carbonation. 1_low shows a continuous, flat increase in weight over the 
entire experimental time, reaching a total weight increase of 16.5% after 
14 days. This corresponds to XCarb(m) = 46.9%. 1_high achieves this 
carbonation degree after approximately 32 h, which corresponds to 

Fig. 3. Reference experiment. Left: Weight increase due to carbonation of a 2.0 mm layer of Ca(OH)2 over four weeks under ambient conditions of approximately 22 
◦C and 71% RH in 370 ppm CO2. Right: Sample composition before and after carbonation determined by TGA.

Fig. 4. Weight increase due to carbonation of a 2.0 mm layer of Ca(OH)2 over 
two weeks under ambient conditions of approximately 22 ◦C and 75% RH for 
different CO2 concentrations of 100 ppm (1_low), 400 ppm (0_Ref) and 
1000 ppm (1_high).
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approximately a tenth of the time. The steep mass gain continues until it 
reaches a plateau of 32.0%, according to XCarb(m) = 91.2% after 
approximately 110 h, where only small increase and fluctuations in 
weight of 0.14 g are observed for the rest of the experimental time. The 
reference experiment 0_Ref achieves approximately the same weight 
gain of 31.6% in 14 days, indicating that, under the experimental con
ditions, the carbonation rate is affected, whereas the final degree of 
carbonation remains unchanged.

In a second set of experiments, the influence of the Ca(OH)2 layer 
thickness on the carbonation speed was investigated. Fig. 5 shows the 
weight increase over 28 days of experimental time for a layer thickness 
of 2.0 mm, 4.6 mm and 20.0 mm, averaged over 100 measuring points.

Three different courses can be observed. While experiments 0_Ref 
and 2_4.6 mm reach a plateau during the experimental time, 2_20mm 
with a layer thickness of 20.0 mm still gains weight after 28 days. 
Absolutely, 0_Ref and 2_4.6 mm show a weight increase of 31.9% and 
31.7%, resulting in XCarb(m) = 90.9% and XCarb(m) = 90.1%, while the 
2_20mm achieves XCarb(m) = 40.6%.

These results are also reflected in the determination of the sample 
composition at different layer heights measured by TGA. Fig. 6 shows 
proportion of Ca(OH)2, CaO and other components in the samples, 
derived from the experiments.

There is a clear progression in the proportion of Ca(OH)2 after 
carbonation at different heights of the sample. The deeper the sample 
was taken, the less CaCO3 and the more Ca(OH)2 are still present. As all 
experiments were carried out with the same starting material, they can 
be compared with the reference sample before carbonation, shown on 
the left. The sample composition at 20.0 mm depth shows almost no 
change in the proportions, which indicates that carbonation did not 
occur in this layer.

The third experiment shows the influence of an active airflow in the 
reaction chamber on the carbonation. Same conditions as in the refer
ence experiment are set. Additionally, a small ventilator mixes the air in 
the reaction chamber, without directly pointing at the sample. Fig. 7
shows the difference in weight increase between the ventilator being 
turned on and off.

As the reaction time is decreased significantly, only one week of 
experimental time is shown. The weight increases fast and after 
approximately 2.5 days a plateau is formed at XCarb(m) = 71.0%, which 
remains constant over the rest of the experimental time with a maximum 

deviation of 0.4%. The dashed line shows the first week of carbonation 
of the reference experiment 0_Ref, with a significantly lower gradient of 
weight increase and carbonation of XCarb(m) = 27.4% in 2.5 days. After 
one week, XCarb(m) = 64.0% is achieved, but still no plateau is formed, 
indicating that steady state is not reached.

Table 1 summarizes all experimental results and shows the carbon
ation degree derived from the weight increase, as well as calculated from 
the sample composition measured by TGA (provided in Table A.1 in the 
Appendix).

4.5. Discussion of experimental results

The described test bench was built to investigate the influencing 
parameters of carbonation in a later technical application as CO2 sorbent 
material in an air contactor. As the experimental set-up has been 
designed as a compromise between material investigation and repre
sentation of a later technical system, this chapter discusses the resulting 
unavoidable limitations.

Most importantly, carbonation degree calculated from the weight 
increase and by TGA show some discrepancy, as it shows slightly higher 
values for all experiments. This may be due to the adsorbed water on the 
sample surface, which can only be considered in the calculation by TGA. 
Additionally, the sample is not homogenous, showing different degrees 
of carbonation depending on the sample depth and agglomeration. 
Maximum deviation between carbonation degree determined by weight 
or TGA observed for experiments without ventilation was − 6.2% in 
experiment 1_high.

Weight values show slight fluctuations towards the end of the ex
periments. This could be due to fluctuating relative humidity and 
consequently varying amounts of adsorbed water on the sample surface. 
Humidity fluctuates because water and gas flow are controlled, whereas 
the temperature is not. It is influenced by the surrounding laboratory as 
well as temperature settings in the evaporator. The temperature and 
relative humidity measurements in the reaction chapter are provided in 
the Appendix (Figure A.1, A.2 and A.3). Humidity and temperature 
fluctuations also result in a small drift in the measured weight by the 
scale (maximum in the experiments was 0.12 g).

Results are shown as percentage weight increase, but although the 
sample volume was constant for all experiments, the weight varies due 
to differences in the powder bed.

The first set of experiments show, that CO2 concentrating had a 
significant influence on the carbonation speed, at least in the range of 
100–1500 ppm CO2. In these low concentrations, CO2 concentration 
seems to be the limiting factor for carbonation. Some authors stated that 
CO2 concentration has no influence on the reaction, but investigated 
higher concentrations, like Shih et al. [36] and Visser [50]. In the ex
periments conducted here it seems that the atmospheric concentration 
of CO2 may be the limiting factor for the rate of carbonation under 
ambient conditions. However, the overall conversion was not affected. It 
must be noted that the CO2 measurement showed strong fluctuations, 
exemplary between 250 ppm and 440 ppm in the reference experiment. 
This may be due to the rapid absorption of CO2 in the sample, or uneven 
distribution of CO2 in the reaction chamber. The stated CO2 concen
trations are therefore calculated theoretically, even if the measured 
concentrations are lower. This also applies to experiment 1_high, as the 
upper measuring limit of the CO2 sensor is 1000 ppm, and measured 
values may differ.

Evaluating the results of the experiments with different layer thick
ness, it has to be considered that sample holders only exposed the sample 
on the surface, as bottom and sides are closed air-tightly. Results show, 
as expected, a clear decrease in reaction speed with an increase in 
sample height. Analysis of the sample composition in different layer 
heights shows a progression of the reaction over depth, which has been 
referred to as carbonation front in previous studies [18]. For the appli
cation as an CO2 capture sorbent, that means there is a tradeoff between 

Fig. 5. Weight increase due to carbonation of Ca(OH)2 over four weeks under 
ambient conditions of approximately 22 ◦C, 75% RH and ambient CO2 con
centration in different layers: 2.0 mm (0_Ref), 4.6 mm (2_4.6 mm) and 
20.0 mm (2_20.0 mm).
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reaction rate, material quantities and required area, making it one 
decisive parameter for feasibility of the overall system.

The experiment with additionally installed ventilation for active 
mixing of the air in the reaction chamber achieved a significant accel
eration of the carbonation by 2.5 times. This may be due to two effects: 
the first is the faster distribution of CO2 even in deeper layers of the 
sample, thereby a limitation by CO2 diffusion would be reduced with the 
active transport. The air flow was not directed towards the sample, 
which means that there is no active air flow through the sample, how
ever, the increased air movement can lead to forced convection. A 

second effect relates to the mixing of the air in the reaction chamber. If 
the simplified Fick’s diffusion equation is used for the diffusion of CO2 in 
air, the CO2 concentration in air should equalize quickly. However, the 
carbonation consumes CO2 and due to the low concentration in the air, it 
could create an area with even lower CO2 concentrations. That this 
difference in concentration can already be a limiting factor for the re
action speed was shown in the experiments. Since the water flow to the 
evaporator had to be increased in this experiment to achieve a compa
rable relative humidity to the previous experiments, the potential in
fluence of this change cannot be ruled out. Although installing a 
ventilation demonstrated a promising approach to accelerate carbon
ation under the given ambient conditions, this aspect requires further 
investigation for its potential implementation in the future technical 
application.

In all experiments, lab-grade Ca(OH)2 powder was used. However, in 
the potential future application, the Ca(OH)2 would be the product of 
the hydration of CaO, which may lead to variations in material 
composition due to incomplete reaction or exposure to atmospheric air. 
With this, the maximum achievable conversion rates may be affected, 
but effects of the key influencing parameters are expected to remain 
unchanged.

5. Discussion

The experimental results are used to give a first estimate of mass 
flows of the combined system of renewable heating and DAC proposed in 
this work to assess feasibility.

Assuming a heating period of 26 weeks, the average heating demand 
per person in Germany is 240 kWh per week [54]. Accordingly, Fig. 8 is 
normalized to 240 kWh heat supply and shows required material flows 
for its provision in the proposed system.

Assuming a 95% efficiency of hydration, approximately 780 kg CaO 
are required to cover this demand in the lime-based heating, with 
addition of 250 l water (based on standard enthalpies according to Barin 
[24]). Thereby, full utilization of the reaction enthalpy but losses due to 
the electrical input energy required are considered, according to 

Fig. 6. Sample composition before carbonation (Reference) and after carbonation in different layer heights, with 0.0 mm being at the sample surface, determined by 
TGA. (Values for 2.0 mm and 4.6 mm were gained from the experiments 0_Ref and 2_4.6 mm, with the rest determined from 2_20mm).

Fig. 7. Weight increase due to carbonation of a 2.0 mm layer Ca(OH)2 over one 
week under ambient conditions of approximately 22 ◦C, 70–75% RH and 
ambient CO2 concentration without (0_Ref) and with an active overflow 
through the ventilator.

Table 1 
Overview of the experimental results of carbonation under ambient conditions with averaged values for relative humidity, CO2 and temperature over the experimental 
time.

Experiment Layer Time Airflow RH/% CO2/ppm T/◦C XCarb(m)/% XCarb(TGA)/%

0_Ref 2.0 mm 28 days No 71.2 367.4 21.6 90.9 85.6
1_low 2.0 mm 14 days No 75.2 109.5 22.6 46.9 42.7
1_high 2.0 mm 14 days No 76.1 916.6 22.7 91.5 85.3
2_4.6 mm 4.6 mm 28 days No 73.7 354.6 22.7 90.1 85.8
2_20mm 20.0 mm 28 days No 74.5 370.0 22.5 40.6 41.1
3_Vent 2.0 mm 7 days Yes 68.9 390.5 22.4 71.0 68.6
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Schmidt et al. [3]. The efficiency of the CO2 capture highly depends on 
the design of the air contactor and the time, as shown in the experi
mental result section. In Fig. 8, the available time for carbonation fol
lows the heat demand, since the material is cycled within the closed 
cycle. In the technical application, carbonation is therefore the optimi
zation between conversion, area requirements, time and material 
quantities. For this calculation, carbonation time equals the time of heat 
demand. Under optimal ambient conditions, as determined in the ex
periments, with a 2.0 mm layer and active mixing of the inlet airstream, 
70% carbonation could be achieved in one week. Since the carbonation 
is exothermic, approximately 300 kWh of heat are released at a low 
temperature level during this period. In the presented concept, this heat 
is not utilized, but utilization could be considered in future applications.

In 1.3 t CaCO3 and unreacted Ca(OH)2, 430 kg CO2 can be captured 
while the heat demand of one week is covered, showing synergies in the 
cycle times of long-term energy storage systems. To illustrate, if the 
entire heating demand of 6200 kWh per person were supplied by this 
process, the captured CO2 would exceed 11 t CO2, which is more than 
the CO2 footprint of a person in Germany in 2025 [55]. It should be 
noted that this is the maximum achievable CO2 capture capacity under 
the assumed boundary conditions. For an evaluation of the overall sys
tem, deductions due to CO2 emissions from energy supply, trans
portation or losses must be considered.

The electrical energy input is supplied from surplus renewable en
ergy during periods of excess power generation. Assuming the material 
returning material stream to the calcination consists of 1.3 t CaCO3, 
which is calcined to CaO again to close the material cycle, a thermal 
energy input of approximately 690 kWh is required for the endothermal 
chemical reaction. An additional 400 kWh are required to sensibly heat 
the material, but could be reduced, for example through internal heat 
recovery. Incomplete carbonation reduces the energy demand due to 

lower energy requirements for the dehydration of Ca(OH)2 compared to 
calcination of CaCO3. Further losses are determined by the efficiency of 
the electrical calcination, which is currently investigated.

Since these factors depend strongly on the implementation strategy, 
two alternative approaches for future technical implementation are 
described and discussed in the following. Fig. 9 shows that starting point 
for both is the central electrical calcination in the middle, where the 
material is thermally charged and escaping CO2 is captured as a point 
source for subsequent storage or utilization (CCS, CCU). From there, the 
material can either remain at the central site (option 1), or be trans
ported to the end-users directly (option 2). Aspects like transport dis
tance, storage duration, carbonation rate, etc. influence which variant is 
preferable and what CO2 capture capacity can be reached.

Option 1: Central carbonation
In the first system variant, the material is stored at a central side after 

calcination. On demand, it is used to feed heat into a district heating 
network or industrial processes on site. To cover the heat demand, large 
amounts of material and, consequently, larger storage capacities are 
required. The formed slaked lime is then also stored centrally, while 
capturing CO2 from the atmosphere.

The main decisive factor for the efficiency of this option is the effi
ciency of the district heating network. Heat losses in district heating 
networks increase with transport distance and amount to about 11% of 
the supplied heat on average, according to AGFW [56]. These energy 
losses must be compensated for by additional material, as the heat de
mand remains unchanged. On the other hand, almost no additional 
emissions related to transportation must be added.

Option 2: Decentral carbonation
Backbone for the second system variant is a community-based 

transport system, which makes it possible to transport the lime-based 
storage materials between centralized charging and decentralized 

Fig. 8. Estimated material requirements for the combined system of DAC and heating including the efficiencies of each reaction, with first assessment of energy 
requirements, normalized to a heat demand of 240 kWh.
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discharging sites. Heat provision and CO2 capture take place at the end- 
user site, who receives energetically charged material and returns ma
terial with stored CO2, giving both transportation ways a value.

Nevertheless, transport also accounts for CO2-emissions, which must 
be considered in an overall evaluation of the system. The German Fed
eral Environment Agency (Umweltbundesamt) calculated greenhouse 
gas emissions caused by transportation by truck to be 118 g/tkm [57], 
given in CO2 equivalents. Although this value varies depending on the 
vehicle used, it demonstrates both the dependency on weight and 
transport distance. Long distances with CO2-intensive transport decrease 
the CO2 capture efficiency of the system. The energetic efficiency of the 
transported material remains unchanged, since the energy is stored in 
chemical form.

Option 3: Other variants
In addition to the two shown options, trade-offs between decen

tralized and centralized carbonation can also be implemented. One 
example is a decentralized carbonation, but in larger, thermally con
nected residential complexes with short transport distances.

To assess the novel system, as with any other DAC technology, it is 
essential to consider the overall system. Material demands and energy 
input can cause additional emissions and environmental impacts, which 
need to be taken into account and are decided by the variant of technical 
implementation [58]. Beyond the system boundaries, the further utili
zation or storage of CO2 must be taken into account.

Additionally, material degradation plays a significant role, as the 
material undergoes repeated cycling in the process. It is well established 
that sintering can occur during the calcination, reducing the reactive 
surface area and porosity [10,59]. Previous studies have investigated the 
reactivation of CaO-sorbents through hydration in the context of cal
cium looping and achieved significant increase in CO2 uptake capacity 
[10,60,61].

Accordingly, the material is expected to be continuously regenerated 
by repeatedly undergoing all three reaction steps. Any unreacted frac
tion is converted to CaO during calcination and remains available for 
carbonation in subsequent cycles.

6. Conclusion

This work proposes a novel concept for a combined system of long- 
term energy storage and DAC. Basis is the technical lime cycle, which 
offers a theoretical heat storage density of 320 kWh/t CaO and an 

intrinsic DAC functionality with a CO2 storage capacity of 44 wt%. To 
enable a first assessment of the system and the synergies of combining 
thermal energy storage with DAC, literature data were supplemented 
with own experimental results. Carbonation under ambient conditions is 
the rate-determining step for operation. Therefore, three influencing 
parameters on the reaction were identified from the literature and 
experimentally investigated using fine Ca(OH)2 powder: CO2 concen
tration of 100 ppm, 400 ppm and 1000 ppm, layer thickness of 2.0 mm, 
4.6 mm and 20.0 mm and influence of an active air ventilation. Exper
iments were conducted under technically relevant conditions for the 
intended future application, to assess conversion rates, controllability 
and compatibility with the thermal energy storage system.

The experiments conducted at different CO2 concentrations showed 
a significant influence on the conversion rate. In the low concentrations 
investigated, higher CO2 concentrations resulted in faster carbonation 
kinetics. XCarb(m) = 91.2% was achieved after 110 h at approximately 
1000 ppm, progressing about ten times faster than at 100 ppm, where 
XCarb(m) = 46.9% was not exceeded in two weeks. Overall conversion 
was not affected, but the CO2 concentration seems to substantially in
fluence the time required for CO2 uptake.

Layer thickness of Ca(OH)2 powder is essential for the function as 
CO2 sorbent, determining the area requirement in the future application. 
Carbonation in a 2.0 mm layer achieved XCarb(m) = 90.9% in the 
experimental set-up, while the ten times higher layer of 20.0 mm 
carbonated less than half in the same time, showing a progression of 
carbonation with depth.

An experiment with additional installation of ventilation to mix the 
incoming air stream in the reaction chamber achieved promising results. 
The carbonation rate was significantly accelerated in the experimental 
set-up. XCarb(m) = 71.0% conversion was achieved in contrast to XCarb(m)

= 64.0% without ventilation, while maintaining ambient conditions 
close to those in the previous experiments. These results indicate that 
there are influencing parameters that may accelerate carbonation even 
under ambient conditions significantly, and provide a basis for further 
investigations.

The high degrees in carbonation of Ca(OH)2 powder under ambient 
conditions achieved during the experiments indicate that the proposed 
concept of combined energy storage and CO2 capture is feasible and may 
offer significant advantages. A first assessment of the overall system 
with the experimental results shows that a maximum of 430 kg CO2 can 
be captured in one week, supplying 240 kWh, the average heat demand 

Fig. 9. Different system variants. Left: central carbonation. Right: decentral carbonation.
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of one week. These results indicate that the combination of heat storage 
and DAC may enable the system to approach carbon negativity also 
when additional emissions and efficiency losses during the process are 
considered.

Due to its dual storage functionality for heat and CO2, the system 
provides flexibility for future renewable energy systems, as it can serve 
as a temporal buffer, while at the same time being site-independent. 
Utilizing part of the regeneration heat offers an additional revenue 
stream for the DAC technology, increasing overall system efficiency.
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Appendix

Nomenclature

Abbreviation Definition
CCS Carbon capture and storage
CCU Carbon capture and utilization
DAC Direct air capture
DSR Direct separation reactor
PFRK Parallel flow regenerative kiln
RH Relative humidity

Chemical abbreviation Definition
CaCO3 Calcium Carbonate
Ca(OH)2 Calcium Hydroxide
CaO Calcium Oxide
CO2 Carbon Dioxide
H2O Water
(g) Gaseous
(s) Solid
H Enthalpy of reaction in kJ/mol

Symbols Definition Unit
XCarb(m) Degree of carbonation, determined by weight increase %
XCarb(TGA) Degree of carbonation, determined by TGA %
Δm Mass increase %
ΔmCarb,max Maximum mass increase due to the absorption of CO2 during carbonation %
xCaCO3 Fraction of CaCO3 in the sample after carbonation %
xCaCO3,Ref Fraction of CaCO3 in the reference sample before carbonation %
xCaO,Ref Fraction of CaO in the reference sample before carbonation %
xCa(OH)2,Ref Fraction of Ca(OH)2 in the reference sample before carbonation %

Unit Definition
lN Normliter (gas volume referenced to standard conditions, 0.00 ◦C and 1013.25 hPa)
tkm Product of transported mass (t) and transport distance (km)
vol% Volume percent
wt% Weight percent
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Experimental results of carbonation with corresponding temperature and relative humidity profiles

Figure A.1. Weight increase due to carbonation of a 2.0 mm layer of Ca(OH)2 and corresponding temperature and relative humidity over two weeks under ambient 
conditions for different CO2 concentrations of 100 ppm (1_low), 400 ppm (0_Ref) and 1000 ppm (1_high)

Figure A.2. Weight increase due to carbonation of Ca(OH)2 over four weeks in ambient concentration with corresponding temperature and relative humidity in 
different layers: 2.0 mm (0_Ref), 4.6 mm (2_4.6 mm) and 20.0 mm (2_20.0 mm)

Figure A.3. Weight increase due to carbonation of a 2.0 mm layer Ca(OH)2 over one week in CO2 concentration with corresponding temperature and relative 
humidity for samples without (0_Ref) and with an active overflow through the ventilator

Experimental results of sample compositions

Table A.1 
Overview of sample compositions determined by TGA before and after carbonation, with carbonated samples reported as the average of triplicate measurements

Experiment Ca(OH)2 Reference Sample Carbonated Sample

CaCO3 Ca(OH)2 Rest CaCO3 Ca(OH)2 Rest

0_Ref 2.75% 93.61% 3.64% 85.97% 13.53% 0.50%
1_low 2.80% 93.98% 3.22% 44.32% 53.78% 1.90%
1_high 2.46% 94.43% 3.11% 85.68% 13.64% 0.68%
2_4.6mm 2.59% 94.51% 2.90% 86.20% 12.94% 0.86%
2_20mm 2.39% 92.66% 4.95% 42.55% 54.70% 2.75%
3_Vent 3.50% 94.27% 2.23% 69.70% 29.57% 0.73%
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[13] M. Erans, E.S. San-Pérez, D.P. Hanak, Z. Clulow, D.M. Reiner, G.A. Mutch, Direct 
air capture: process technology, techno-economic and socio-political challenges, 
Energy Environ. Sci. 15 (2022) 1360–1405, https://doi.org/10.1039/ 
D1EE03523A.

[14] M. Samari, F. Ridha, V. Manovic, A. Macchi, E.J. Anthony, Direct capture of carbon 
dioxide from air via lime-based sorbents, Mitig. Adapt. Strateg. Glob. Change 25 
(1) (2019) 25–41, https://doi.org/10.1007/s11027-019-9845-0.

[15] M. Fasihi, O. Efimova, C. Breyer, Techno-economic assessment of CO2 direct air 
capture plants, J. Clean. Prod. 224 (2019) 957–980, https://doi.org/10.1016/j. 
jclepro.2019.03.086.

[16] McQueen N., Ghoussoub M., Mills J. and Scholten M. A scalable direct air capture 
process based on accelerated weathering of calcium hydroxide. (2022). https 
://cdn.prod.website-files.com/639c8f646dc35afd81aeebc2/63c563a258baba2baf 
4813d9_Heirloom_Perspective-Article.pdf (Accessed: 10.03.2026).

[17] N. McQueen, D. Drennan, The use of warehouse automation technology for 
scalable and low-cost direct air capture, Front. Clim. 6 (2024), https://doi.org/ 
10.3389/fclim.2024.1415642.

[18] Y.A. Criado, J.C. Abandes, Carbonation rates of dry Ca(OH)2 mortars for CO2 
capture applications at ambient temperatures, Ind. Eng. Chem. Res. 61 (2022) 
14804–14812, https://doi.org/10.1021/acs.iecr.2c01675?urlappend=%3Fref% 
3DPDF&jav=VoR&rel=cite-as.

[19] Y.A. Criado, R. García, J.C. Abanades, Experimental demonstration of an air 
contactor to capture CO2 from the atmosphere using Ca(OH)2 solid forms, Chem. 
Eng. J. 520 (2025), https://doi.org/10.1016/j.cej.2025.166077.

[20] J.C. Abanades, Y.A. Criado, J.R. Fernández, An air CO2 capture system based on 
the passive carbonation of large Ca(OH)2 structures, Sustain. Energy Fuels. 4 (7) 
(2020) 3409–3417, https://doi.org/10.1039/d0se00094a.

[21] J.C. Abanades, Y.A. Criado, H.I. White, Direct capture of carbon dioxide from the 
atmosphere using bricks of calcium hydroxide, Cell. Rep. Phys. Sci. 4 (4) (2023), 
https://doi.org/10.1016/j.xcrp.2023.101339.

[22] M.M. Paulsen, S.G.R. Nielsen, F.J. Tilsted, T.H. Pedersen, Is solid calcium looping a 
scalable technology for mega-ton carbon dioxide removal? J. CO2 Util. 102 (2025) 
https://doi.org/10.1016/j.jcou.2025.103255.

[23] G. Leonzio, P.S. Fennell, N. Shah, Analysis of technologies for CO2 capture from 
the air, Appl. Sci. 12 (2022), https://doi.org/10.3390/app12168321.

[24] I. Barin, Weinheim: VCH Verlagsgesellschaft mbH, Thermochem. Data Pure Subst. 
(1995).

[25] M. Stork, W. Meindertsma, M. Overgaag, M. Neelis, A competitive and efficient 
lime industry - Cornerstone for a sustainable Europe, European Lime Association, 
2014. https://eula.eu/wp-content/uploads/2019/02/A-Competitive-and-Efficien 
t-Lime-Industry-Technical-report-by-Ecofys_0.pdf.

[26] T.P. Hills, M. Sceats, D. Rennie, P. Fennell, LEILAC: Low cost CO2 capture for the 
cement and lime industries 114 (2017) 6166–6170, https://doi.org/10.1016/j. 
egypro.2017.03.1753.

[27] C. Schmid, A. Hahn, Potential CO2 utilisation in Germany: An analysis of 
theoretical CO2 demand by 2030, J. CO2 Util. 50 (2021), https://doi.org/10.1016/ 
j.jcou.2021.101580.

[28] Hodgson P., Sceats M., Vincent A., Rennie D., Fennell P. and Hills T. Direct 
separation calcination technology for carbon capture: Demonstrating a low cost 
solution for the lime and cement industries in the LEILAC project. 14th 
International Conference on Greenhouse Gas Control Technologies; Melbourne 
2018.

[29] A techno-economic analysis of the Leilac technology at full commercial scale. 
(2023) [Leilac(eds.)] Report No.: Ref. Ares(2023)7034633.

[30] G. Bretti, M. Ceseri, R. Natalini, M.C. Ciacchella, M.L. Santarelli, G. Tiracorrendo, 
A forecasting model for the porosity variation during the carbonation process, GEM 
- Int. J. Geomath. 13 (1) (2022), https://doi.org/10.1007/s13137-022-00204-7.

[31] I. Galan, C. Andrade, M. Castellote, Natural and accelerated CO2 binding kinetics 
in cement paste at different relative humidities, Cem. Concr. Res. 49 (2013) 21–28, 
https://doi.org/10.1016/j.cemconres.2013.03.009.

[32] B. Lagerblad, Carbon dioxide uptake during concrete life cycle - State of the art, 
Swedish Cement and Concrete Research Institute, 2005 https://doi.org/91- 
976070-0-2.

[33] R.M. Dheilly, J. Tudo, Y. Sebai bi, M. Quéneudec, Influence of storage conditions 
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[54] Destatis. Pro-Kopf-Wärmebedarf Deutschland. (2022). https://www.destatis.de 
/DE/Presse/Pressemitteilungen/Zahl-der-Woche/2022/PD22_09_p002.html
(Accessed: 03.02.2026).

[55] Umweltbundesamt. Durchschnittlicher CO2-Fußabdruck pro Kopf in Deutschland. 
(2025). https://www.umweltbundesamt.de/bild/durchschnittlicher-co2-fuss 
abdruck-pro-kopf-in (Accessed: 03.02.2026).

[56] AGFW. AGFW Hauptbericht 2024. AGFW - Energieeffizienzverband für Wärme, 
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