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Problem Background  

The planet Earth is facing a real challenge due 
to the increased and constant emissions of 
greenhouse gases, GHGs. Carbon dioxide (CO2) 
is the GHG most emitted gas from large point 
sources such as power plants (energy 
generation) and other industrial facilities (steel 
manufacturing, cement production, etc.), and is 
responsible of the sharp Earth’s surface 
temperature raise since the industrial revolution 
started. A linear correlation between the 
concentration of the CO2 in the atmosphere and 
the temperature anomalies observed in the 
Earth’s surface has been observed1 (see Fig. 1). 
The increasing concentration of CO2 in the 
atmosphere is being carefully monitored using 
observatories placed in different locations. The 
Mauna Loa observatory monitors and publishes 
the CO2 concentration in a very regular basis, 
and at this moment the concentration of CO2 in 
the atmosphere2 is of 396 ppm. The CO2 
emissions are causing the global and so well-
known climate change problem. Governments, 
together with policy makers are putting effort 
and different type of resources to stop the 
increasing trend of CO2 emissions with the aim 
of trying to keep its concentration in the 
atmosphere constant. It should be done as soon 
as possible before it will be too late for the 
consequences of climate change to become 
irreversible.  

This situation clearly needs an imminent 
solution, as the renewables are not ready yet to 
comply with the actual demand of energy 
worldwide, therefore that we still need fossil 
fuels to produce energy. Consequently, whilst 
the energy panorama world-wide tries to 
achieve the transition towards greener energy 
production technologies, the imminent solution 
appears to be Carbon Capture and Storage 
(CCS).  

What is Carbon Capture and Storage?  

Carbon Capture and Storage (CCS) is the 
technology that captures the CO2 generated 
from the use of fossil fuels in electricity 
generation and industrial processes, and 
therefore avoids the CO2 release to atmosphere. 
It involves three steps: capture (separation), 
transport, and storage (Fig. 2).  

After being captured, CO2 is compressed 
and transported to the place where it will be 
forever stored. The most common places to 
store CO2 are saline aquifers, depleted oil and 
gas fields and coal seams. CO2 could be injected 
for Enhanced Oil Recovery (EOR) which is an 
alternative storage method that presents an 
economic profit and makes the cost of the 
technology more feasible.  

 

 
Figure 1. Global mean surface temperature increase as a 
function of cumulative global CO2 emissions1. 

From the above exposed, it can be deduced 
that climate change evidences are urgently 
requiring an engineering solution to decrease 
the CO2 emissions to atmosphere, consequence 
of the intense fossil fuel consumption needed to 
supply the world energy demand. Carbon 
capture technologies are contemplated as the 
hort to medium term solution to control such 
CO2 increasing emissions. However, the energy 
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penalty of CO2 capture from the flue gas 
(generated at power plants after the combustion 
of fossil fuels) is the major challenge of post-
combustion CO2 capture technologies. The 
reasons are the low concentration of CO2 in the 
flue gas (i.e. 15% for coal-fired and 4% for gas-
fired, dry basis), and the current energy and 
capital costs of separating CO2 and reaching 
purities of 95.5% or above needed for its 
transport and storage4, 5. A recent study6 stated 
that the electricity cost would increase by 32% 
and 65% for post-combustion carbon capture in 
gas and coal-fired plants, respectively. Thus, if 
research were able to reduce the required energy 
and monetary costs of separation in a more 
efficient way, it would significantly reduce the 
barrier to the CCS implementation.  
 

 
Figure 2. Schematic diagram illustrating the main stages 
of the Carbon Capture and Storage process3. 

Therefore, there is an unquestionable 
research need for more efficient technologies to 
capture CO2. In this line, adsorption using solid 
sorbents is considered a promising solution to 
control CO2 emissions from large-fixed sources 
such as power plants, due to the high CO2 
capture capacity and selectivity, fast adsorption 
and desorption kinetics, good mechanical 
properties and stability after repeated 
adsorption-desorption cycles4-7.  

For these reasons, the author has developed 
the laboratory-scale experimental setup called 
‘Microwave-regeneration Unit’ to study the 
potential of the innovative microwave heating 
technology to overcome the current drawbacks 
of the capture process associated with its high 
energy penalty during the regeneration. 

The practical CO2 separation at post- 
combustion conditions (after burning the fossil 
fuel) is done by a cyclic adsorption-desorption 

process (Fig. 3). The first step in the process is 
the adsorption, which consists of the interaction 
of the CO2 molecules with the surface of the 
solid sorbents, then CO2 gets trapped on the 
surface of the solid and it is captured. The next 
step is called desorption or regeneration, which 
purpose is to recover the CO2 previously 
captured to follow with the compression, 
transport and storage steps of the CCS process.  

Figure 4 shows the schematic representation 
of the adsorption-desorption process and the 
influence of temperature and pressure on the 
CO2 uptake from the adsorbent material (CO2 
capture). It can be observed that the 
regeneration of CO2 from the adsorbent’s 
surface can be done by either changing the 
temperature, the pressure, or both (TSA, PSA or 
PTSA for thermal, pressure, or pressure-and-
temperature swing adsorption, respectively).  

 
Figure 3. Schematic diagram of the adsorption-
desorption cycle configuration7. 

 

Figure 4. Separation process by changing the pressure, 
temperature or both (PSA, TSA or PTSA, respectively)8. 

The main drawbacks of TSA are the large 
amount of energy required for heating and 
cooling in each adsorption cycle, and the long 
heating/cooling times required for every cycle, 
and therefore the large equipment facilities 
needed.  
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What can microwave technology do for CCS? 

During adsorbents regeneration with convent- 
ional heating, the heat transfer depends on the 
thermal conductivity of the packed bed, thus the 
temperature gradient along the packed bed is the 
result of the high thermal inertia or the limited 
heat transfer. To avoid these drawbacks, the 
design of more efficient adsorption-desorption 
processes is needed. For that purpose, at the 
University of Aberdeen we have customized a 
bench-scale microwave-integrated experimental 
rotatory-reactor to evaluate this regeneration 
technology on a broad range of adsorbent 
materials employed for CCS. Accordingly, the 
purpose of our research project is to study the 
interaction of microwave radiation with 
adsorbents developed for carbon capture, and to 

explore both the potential and the feasibility of 
the use of microwave as a source of heat for the 
desorption step of the separation process (noted 
as MWSA from Microwave Swing Adsorption). 
Figure 5 shows the typical MWSA experimental 
steps which are part of the first cycle when the 
adsorbent is pre-conditioned to start the cyclic 
carbon capture process. It can be observed how 
the partial pressure of CO2 during the 
regeneration step assisted with microwaves 
sharply increases, and it is achieved at low to 
moderate temperature (120°C) after few minutes 
with microwave irradiation. This experimental 
example confirms our theory about the 
microwave heating potential to reduce the CCS 
penalties. 

 

 

 

Figure 5. Typical CO2 Microwave Swing Adosption (MWSA) experiment: steps involved in the first cycle (left); zoom of 
the first 10 minutes of MW-regeneration of a commercial CO2 adsorbent.  

The application of microwave heating for 
carbon capture processes is an emergent 
research technology idea that has the potential 
to overcome the costs of conventional heating 
carbon capture processes. The novelty of the 
process is based on the direct and selective 
volumetric heating of the adsorbent bed during 
the regeneration step, which is dependent on the 
adsorbent-microwaves interaction, and would 
avoid large thermal gradients (and consequently 
reduce the amount of energy applied to heat 
large columns of adsorbents). The main aim of 
using MWSA then is to minimize the overall 
capture process costs by reducing the energy 
consumption during CO2 regeneration due to the 
faster cycles and the easier and lower energy-
demanding regeneration of the adsorbents. 

Additionally, if adsorbent-adsorbate system 
couples with microwaves well, purity of 
recovered CO2 could potentially be enhanced. 
Thus the aim is to elucidate whether the 
application of microwave energy is technically 
feasible, and if microwaves are converted 
directly into heat to increase the temperature of 
the adsorbents, which lead to fast desorption of 
the CO2 will previously capture in the pore 
structure of the materials. It will have an impact 
in costs of carbon capture technologies, as the 
cycle times will potentially be reduced, as 
recently reported for amine-functionalized 
mesoporous silica9 that was found three times 
faster than conventional heating.  
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