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Design of retrofit flue gas  (CO2) 
scrubber for dependable clean 
energy at the Duvha Coal Power 
Plant
Hlamalani Innocent Baloyi 1, Leonard U. Okonye 1,2* & Jianwei Ren 2*

The coal-fired power sector is facing unprecedented pressure due to the shift to low-carbon energy 
sources and the need to prevent climate change. It is imperative to incorporate advanced technologies 
into conventional coal-fired power plants to enhance their efficiency, flexibility, and environmental 
sustainability. One advantage of post-combustion CCS methods is that they may be retrofitted into 
power plants that are already in place. The goal of this work is to design a  CO2 flue gas cleaning retrofit 
system that will meet the most stringent air quality regulations in an operational coal power station in 
Southern Africa. It will operate and expedite the removal of undesired gas  (CO2) in order to attain ideal 
requirements for air quality in one of Southern Africa’s current coal-fired power plants, the Duvha Coal 
Power Plant. This study is based on chemical absorption, and explores the mechanistic design of the 
scrubber, which was accomplished through simple computations and Ansys simulations. The approach 
for developing a wet  CO2 scrubber and LSTG system is based on chemical absorption and is integrated 
with a pilot plant. The results of the parametric study provide a foundation for a comprehensive 
industrial system design for South Africa’s coal-powered industry. The results show that the scrubber’s 
cylinder height and diameter can be used for an LSTG system and are appropriate for  CO2 gas flow and 
capture. The application of the suggested scrubber design and the LTSG’s contributions will allow the 
coal power station to operate with minimal GHG emissions released into the atmosphere. Instead of 
shutting down coal power facilities, this cleaning system that completely absorbs  CO2 emissions can 
be used to maintain a robust power infrastructure, rather than being phased out. This will boost the 
power plant’s efficiency over its initial operating efficiency and benefit the nation’s economy and the 
power industry.

Keywords Coal to electricity, Post-combustion,  CO2 capture, Coal-fired power generation, Decarbonize, 
Flue gas, LSTG, Scrubbing

Coal is the most readily available and economically priced source of energy for power plants in developing 
nations, including South Africa. Coal power plants, in particular, play a significant role in the generation of 
end-use  applications1–4. However,  NOx,  SO2, and  CO2 emissions are included in the flue gas that is created as 
a byproduct of the combustion process. As greenhouse gases, they have an impact and cause concern about 
rising environmental pollution, which has an impact on human interactions, food security, habitats of living 
things, global warming, and agricultural practices. This has led to extensive research on the world’s next energy 
 system2,5–11.

We will continue to rely on thermal electricity for a long time to come, despite the energy system’s capacity 
and share of renewable energy sources having rapidly increased over the past decade to sustain a growing 
economy. Therefore, constant efforts to lower the quantity of greenhouse gases in the atmosphere are required. 
By retrofitting the existing units and boosting standards in newly built units based on low-emission and 
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high-efficiency recommendations, air pollutant emission concentrations and overall emissions should be lowered 
even with an increase in coal-fired  power2,4.

The low-carbon energy transition and climate mitigation goals are putting unprecedented pressure on 
the coal-fired power industry since coal will remain the primary fuel for power generation through 2050. 
Conventional coal-fired power plants need to be updated with new technologies to become more flexible, 
efficient, and eco-friendly. Conventional coal-fired power stations already have air pollution control equipment 
like baghouse filters and electrostatic precipitators installed. These devices collect 90–95% of the dust or fly ash 
and draw the flue gas component of the waste products from the boiler into the exhaust stacks. However, they do 
not support the capture of gases like  CO2,  SO2, and  NOx. They are sufficiently effective for gathering fly ash or dust 
derived from post-combustion waste products; flue gas that exits the stacks is discharged into the  atmosphere8,12. 
Installing and developing gaseous cleaning or capture systems that can support an environmentally friendly 
power infrastructure is therefore urgently needed.

Amongst several coal power plants that are operating in South Africa, the Duvha power plant is a coal-power 
plant situated in Mpumalanga, which consists of six units (600 MW capacity) with a total size of 3,600 MW. 
Pulverized coal at the power station is required at 250–300 tons per hour for each unit, amounting to 11.7 million 
tons (Mt) of coal annually. To improve the efficiency and dependability of the current coal power plants, this work 
intends to build an advanced and user-friendly wet scrubber LSTG system for  CO2 gas capture for the Duvha 
power station. With the help of the flue gas scrubbing retrofit system, high emissions from the exhaust stacks 
will be reduced or eliminated by absorbing  CO2 and clearing away gaseous particles.

Thus, the main goal of this research is to design a flue gas scrubbing system for  CO2 gas capture, that will 
reduce or completely remove the high emissions emerging from the exhaust  stacks13. During the switch to 
renewable energy sources, this tactic enables the coal power plant to run emission-free, without endangering 
the reliability and efficiency of the current coal-fired power plants. The design will contribute to the existing 
state of South Africa’s power networks, as the  CO2 can be recycled to increase the power/energy plant efficiency. 
Additionally, the economy may grow since the gas molecule might be utilised to enhance other industrial 
technologies. South Africa will be able to achieve unprecedented levels of dependability, functionality, efficiency, 
affordability, and quality of zero-emission electricity, making the research extremely important. This scrubber 
concept has never been developed and used in the energy sector in Southern Africa. In addition, the data was 
acquired by professional experience in the energy sector and academic research studies. Since it will provide 
clearer, more dependable, and more efficient technological means of capturing pollutants (especially gases) that 
harm the environment and human lives, the design of the  CO2 scrubber will also significantly advance research.

Carbon dioxide  (CO2) capture and separation
Globally, it has been suggested that carbon capture and storage (CCS), a combination of various technologies, is a 
way of reducing and capturing  CO2  emissions14–17. There are three primary methods for reducing carbon dioxide 
 (CO2) emissions from fossil fuel power facilities, either through pre-combustion, post-combustion, or oxy-fuel 
combustion  approaches18. While the pre-combustion process is fully developed, efficient n low adaptation cost, 
it is however very expensive with traces of impurities (such as  H2S and CO) and often has heat transfer problems. 
On the other hand, although the oxyfuel combustion process is a relatively simple technology that is suitable 
for retrofit, the high energy requirement and associated costs hinder its widespread adoption. Although the 
post-combustion process is a developed technology that can be easily retrofitted to new and existing plants, its 
high energy demand and low process efficiency coupled with high  CO2 uptake capacity adsorbent requirement 
to minimise the presence of impurities are  drawbacks14,18. As a result, a lot of research has been done on the 
development of innovative  CO2 capture systems. Owing to these serious problems that remain, a great deal of 
research has gone into developing novel  CO2 capture devices, and various design and optimisation strategies 
have been used to increase efficiency and promote energy  sustainability6,11,19–33.

The numerous technologies for carbon dioxide separation and capture include absorption, adsorption, 
membrane, cryogenic distillation, and chemical  looping34,35. However, adsorption technologies have become 
more and more popular due to their potential to produce clean energy and improve the environment. The most 
widespread adsorption method, albeit it has drawbacks, is chemical absorption, which uses solvents based on 
 amines14,36.

Despite the abundance of  CO2 capture technologies, researchers are still working to develop new approaches 
that can reduce the energy needed for integration into thermal power plants, as well as the costs associated with 
CAPEX and OPEX. Post-combustion  CO2 collection is generally regarded as the most flexible and effective 
technology for integrating with coal-fired power stations without necessitating considerable  upgrading37–39. 
Over the past few decades, various technological advancements have considerably increased the efficiency of 
coal-fired power plants (CFPPs). In light of the energy revolution, China started retrofitting CFPPs to improve 
power generation efficiency (PGE) by updating generation technologies while lowering air pollution. It has been 
established that these retrofitting techniques have significantly decreased the emissions of greenhouse gases and 
air pollutants. These retrofits also increase the plant’s self-consumption, maximise heat re-integration into the 
water steam cycle and lower the scrubbing plant’s electrical self-consumption25,40,41.

Flue gas scrubbing
Since the beginning of the oil industry in the early 1900s, flue gases produced by the combustion of fossil fuels 
have been cleaned using the scrubbing method. One of the unique techniques for efficiently eliminating  CO2 
is amine scrubbing, to ultimately achieve the best or required environmental standards for air  quality31,42–45. A 
scrubber and absorber combination can function with a 90% removal  efficiency19,46. For the amine scrubbing to 
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be more successful, the  CO2-loaded solvent must be easily  regenerated23,44,47. The fundamental reaction chemistry 
between mono-ethanolamine (MEA) and  CO2 is illustrated by the reversible reaction below:

In air pollution control systems, industrial scrubbers are frequently separated into two categories: dry and wet 
scrubbers. Wet scrubbers employ liquid solvents to remove impurities, whereas dry scrubbers use solid materials 
to collect gas contaminants emitted by industrial exhaust  streams8,48–50. Pollutant removal is frequently higher 
with wet scrubbers than with dry scrubbers. A dry scrubber’s gas control effectiveness is less than that of a wet 
scrubber since it does not saturate the flue gas exhaust (due to moisture treatment). For the removal of danger-
ous gases, a wet scrubber is recommended over a dry scrubber. There are many different types of wet scrubber 
packing media, and their composition and consistency will change depending on things like temperature, level of 
purification, and usage. Wet scrubbers need less maintenance because they are denser and more compact. They 
might gather both gases and particulate debris, and they lack a backup system for gathering  dust29. Because the 
materials might eventually accumulate gases with significant particle mixes, packing towers are frequently used 
for chemical cleaning and are effective in eliminating contaminated particles. A packed tower may be a practical 
option even in situations where the contaminated gas stream has a moderate particle  density12,19,29,45,50,51. Packed 
bed scrubbers are designed to collect sub-micron particulate matter, smells, and water- or chemically-soluble 
vapours and fumes generated by industrial processes. Every wet scrubber operates according to the absorption 
technology concept, which entails exposing the pollutants to the cleaning solution. Packed bed scrubbers employ 
chemicals to remove contaminants from gas streams so that the cleaning solution can absorb them chemically 
or physically. In general, packed bed scrubbers cost less than other types of wet  scrubbers30,48,52.

Let-down steam turbine generator boost to the  CO2 scrubber
Unlike a normal CCS retrofit, a "flexible" one has a solvent storage component that allows the generator to remove 
most of the significant parasitic loads associated with the  CO2 capture process while keeping the  CO2 capture 
rate constant. After absorbing  CO2 into the solvent at a low temperature, the process releases  CO2 at a high 
 temperature6,13,21,24,53. This implies that an operational coal power plant that has a  CO2 scrubber decarburiza-
tion process installed, requires high-temperature and high-pressure steam which reduces the plant’s efficiency. 
Therefore, it is crucial to reduce the associated energy consumption for  CO2 capture  applications54. Rather than 
throttling and cooling down the steam to an ideal pressure and temperature with throttling valves and cool-
ers, eventually recycling exhaust water back to the condenser, the steam from the absorber’s reboiler can be 
propelled by a let-down steam turbine (LSTG) generator. Such improvement is straightforward to implement 
and  control32,54,55. From the extracted steam, the LSTG (which generates electricity and lowers carbon intensity 
when steam pressures are lowered) will recover the excess and increase the efficiency of the current plant. To 
capture the  CO2 gas and recycle the energy back into the main energy-producing unit, the LSTG will be utilised 
to increase the excess steam  generation10. The concept of retrofitting an existing coal power plant with a scrub-
bing system (with an LSTG improvement), will increase the power generation efficiency by 30%. The factors of 
release reduction, plant dependability, and cost-effectiveness will ultimately be satisfied, as it is easy to manage 
and  implement43,54.

CO2 scrubber design methodology
The separation performance is dependent on a variety of variables, including cycle configuration, temperature and 
pressure levels, and the number, direction, and order of cycle steps, to build a highly productive cyclic adsorp-
tion  process14,56. Furthermore, one of the crucial components that significantly influences the effectiveness of the 
cyclic adsorption process is the adsorbent performance. The following are the main design elements that affect 
the absorption process: the heat duty of the reboiler and condenser, the type, concentration, and flow rate of the 
absorbent, the pressure during absorption and desorption, and the stage number for the absorber and stripper. 
Numerous studies on thermally regenerated adsorption systems consider a TSA cycle, which consists of a low-
temperature adsorption stage and a high-temperature light product  (N2) purge  step57–63.

This study primarily focuses on the scrubbing mechanism’s design and computations. The materials, computa-
tions, and formulas utilised in the construction of the proposed CO2 scrubber were derived from the specifica-
tions of a typical South African coal-fired power station. The scrubber’s exact calculations are necessary since the 
amount of  CO2 that must be released in the outflow dictates the system parameters. The Duvha coal-fired power 
plant-specific data, based on the parameters in Table 1, were utilised for the calculations because the design is 
unique to a single South African plant (additional technical industrial data can be found at https:// www. eskom. 
co. za/ herit age/ duvha- power- stati on/). It is assumed that small losses are negligible and that the cleaning system 
is isothermal. The mechanical design model calculates the technical requirements of the intended  CO2 scrubber 
(such as sizing, dimensions, height transfer units, flow, internal features of the column, etc.) using a comprehen-
sive engineering formula technique based on the Duvha coal plant data,  CO2 scrubber’s technical characteristics 
and mechanical design. Technical drawings were created with Autocad 2015—English (20.0 s, LMS Tech) cov-
ering all pertinent technical and fabrication aspects. Using the engineering simulation and design programme 
“Ansys-Student” software (2022 R version), was used for the simulation tests using the calculated values.

CO2 scrubber design considerations
CO2 is chemically absorbed into a liquid solvent inside the absorber column of a standard post-combustion cap-
ture system to separate it from flue gas. The liquid solvent known as the  CO2-rich solvent is directed by solvent 
pumps into the stripper column. Here, the  CO2 is extracted from the rich solvent and the resulting  CO2 lean 
solvent is then recycled back into the  absorber11.

2(RNH2)+ CO2HOT ↔ RNHCOORNH3COLD

https://www.eskom.co.za/heritage/duvha-power-station/
https://www.eskom.co.za/heritage/duvha-power-station/
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This design process extracts  CO2 from coal-fired power plants using two columns, a scrubber, and a sump 
tank. As the absorber absorbs the  CO2, the sump tank’s job is to refill the solvent so that it may be added back to 
the absorber. The amount of  CO2 that needs to be contained enters the absorber through its bottom column and 
rises over one of its two feeds; the kind of flue gas determines how much  CO2 is in the feed. About 3% of  CO2 
mol is released into the flue gas from a gas turbine; coal-fired power plants release between 10 and 12% of  CO2 
mol, and natural gas-fired power plants release between 5 and 6%47. Therefore, this scrubber was designed (see 
drawing in Fig. 1) based on approximately 10%  CO2 gas per mole of flue  gas47. The materials that go into making 

Table 1.  Design parameters.

Type Cylindrical vertical packed bed type scrubbing system

Boiler capacity 66,000 kg/hr

Furnace fuel oil and pulverized coal

Gas load/handling capacity 918.4  m3/hr

Contents Air + Acidic vapours

Gas density in kg/m3 as per calculations

Gas temperature in °C 280 °C

Operating pressure Ambient (at the point of suction)

Scrubbing liquid MEA Solution

Pump head Per design

Solids present in the inlet Negligible

Desired scheme for scrubbing liquid Recirculation type

Type of column Packed column (Raschig Packing)

Column diameter Per design

Height of Packed bed Per design

ID fan capacity Per design capacity

Recirculation pump Per design

Fig. 1.  Isometric view of flue gas scrubbing retrofit.
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a scrubber have to be able to withstand harsh environments, like high pressure and temperatures, without losing 
their mechanical, chemical, or physical  qualities47. An optimal material packing arrangement is necessary to 
maximise mass transfer, minimise total scrubber size, and lower pressure drop. Structured packing significantly 
improved  CO2 removal. Because of dependability and safety issues, the system may be subjected to more stress 
in the event of anomalous external conditions than was originally anticipated during the design phase. For these 
reasons, the factor of safety (FOS) for this design was considered to be 1.5. The main process parameters used 
for this design are highlighted in Table 1 below:

CO2 scrubber design overview and equations
Equation 1 determines  Yin and  Yout, the concentrations of pollutants at the input and outflow, respectively, and 
is used to quantify the separation efficiency and trapping efficacy of the  scrubber64.

where η is the overall  CO2 efficiency,  Yin is the  CO2 input condition of  CO2 gas, and  Yout is the output condition 
of  CO2 gas.

Based on the volume flow dimensions, the volumetric fraction of the gas, the gas arrangement, and the sol-
vent content, the mass flow of  CO2 gas is  computed65. The  CO2 gas’s mass flow rate, density, and volume were 
determined using Eqs. 2–4.

For Volume:

where P is the  CO2 gas pressure (2 times the atmospheric pressure was employed because the heat of absorption 
of  CO2 in MEA is roughly two times that of water vaporisation), V is the volume of 1 mol of  CO2 gas, T is the 
 CO2 gas temperature, and R is the gas constant (8.314)26.

For density:

where ρ is the density of  CO2 gas, m is the mass of  CO2 gas, and V is the volume of  CO2 gas.
For the mass flow rate:

where, ṁ is mass flow rate, ρ is the density of  CO2 gas, and Q is the flow rate of  CO2 gas.
Equations 5 and 6 were used to determine how much urea or MEA solution was needed for decarburization 

 (CO2 collection) in the  CO2 scrubber design. Based on the movement of material between a boundary plane 
and an active moving fluid divided by an interface, the mass and heat transfer rate  Lmin were considered. Both 
forced and natural convection—which happens when temperature variations cause changes in the liquid phase’s 
density—and forced convection were also  considered66. Equations 5, 6 and 7 explain the concepts of capacity 
ratio, effectiveness, and the number of transfer  units67–69.

Equation 5 was used to determine the mass and heat transfer rate:

where: z = gas–liquid ratio, and c = conversion factor determined by the scrubber’s stage count.
Water absorbs about 0.3 g  CO2 per kilogramme of water, and the base case solvent had a MEA concentration 

of 30% on an unloaded basis (Huertas et al., 2015). According to this analysis, the real liquid needed by MEA 
 (Lmin1) is, therefore, three times  Lmin.

The heating effectiveness (ꞵ) Equation yields the necessary MEA liquid and the effectiveness ratio value is 
typically between 0 and  166.

where: ṁ = mass flow rate, L = MEA liquid required to separate  CO2 gas, z = gas–liquid ratio, c = conversion factor.

The number of heat transfer units
The number of transfer units (NTU) is the measure used to estimate the size of a scrubber. The NTU technique 
is utilized in mechanical applications if the liquid’s exit temperature is unknown, as it is in this instance. Equa-
tion 7 displays the formula to determine the NTU value.

where: η is the  CO2 to removal efficiency.
The principle of sizing distillation was applied to determine the flooding ratio in Eq. 10 48,67,69,70.

(1)η =
Yin − Yout

Yin

(2)PV = Mrt

(3)ρ = m/V

(4)ṁ = ρQ

(5)Lmin =
z

1+ c
[1−

Yout

Yin
]

(6)(β) =
Zṁ

(1+ c)L

(7)NTU =
ln{(1− ηβ)/(1− η)}

1− β

(8)
(

Gx/Gy

)

= (Lm/ṁ)
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where:  Gx = liquid mass flux,  Gy = gas mass flux, and  Lm = heat transfer rate, ṁ = mass flow rate of  CO2 gas.
From the flooding curve, the flooding velocity equation is used to determine the amount of solvent required 

for the separation process to  occur67,71.

where ρx = density of flue gases, and ρy = density of the slurry.
The flooding curve thus summarizes the equation, where the packing factor for the scrubber design was 

 considered48,69.

where: Gc = gravitational constant, F = packing factor, µx = viscosity of MEA.
The  CO2 Scrubber area and diameter were calculated from Eqs. 11 and 12

Equation 13 was used to calculate the  CO2 scrubber transfer unit height (HTU), which gauges how well the 
scrubber packing separates liquids from gases during the liquid-to-gas separation process in the scrubber shell 
and pipe system. The value of HTU decreases as mass transfer efficiency  increases68,69.

where: k is the overall mass transfer coefficient, ṁ = mass flow rate and A = Area of pipe. Therefore,

Pressure drop and frictional losses across  CO2 scrubber pipes
When a fluid encounters frictional forces due to flow resistance as it travels through the tube, a pressure drop 
happens. Fluid velocity in the pipe and fluid viscosity are the primary causes of fluid flow  resistance66,72–75. By 
summing the losses on the pipes and connectors connecting the scrubber to the sump tank, the pressure drop is 
computed. In contrast, the scrubber design-based friction, pipe length, and pipe diameter are used in Eq. 12 to 
determine the pipe losses related to solvent circulation. The total losses across the scrubber pipes are determined 
by adding the fitting and pipe losses. The amount of pressure passing through the scrubber pipe system, or the 
dynamic head, is then used to compute the pressure drop.

From Eqs. 4 and 11, the velocity is:

whereas the Reynolds number is obtained using Eq. 16:

where: Vc = velocity of fluid flow, D is the inside diameter of fluid flow, v = viscosity of the fluid flow.
Laminar and turbulent flows are calculated using the Reynolds number. Laminar flow can be identified by its 

smooth, continuous fluid motion with a low Reynolds number. High Reynolds numbers generate turbulent flow, 
which produces chaotic eddies and vortices. Reynolds numbers range from 2300 to 4000 for transitional flow and 
from 4000 and above for turbulent  flow65. The pressure loss in a fluid flow is calculated using the dimensionless 
Darcy friction factor. In calculating the amount of head loss due to friction, the Darcy-Weisbach friction factor 
(f) must be considered. The Moody  Chart65,72,74–76. Provided the value of the friction factor. Consequently, the 
following friction factor equation is applicable for turbulent flow:

where: ƒ = friction factor in the pipe, k1 = roughness of pipe, D = diameter of the pipe, Re = Reynold’s number.
The Pipe frictional losses were obtained using Eq. 18,

(9)
(

Gx/Gy

)√
ρy/

(

ρx− ρy
)

= constant

(10)
Gy

2 × F × ρ × µx
0.01

Gx(ρx − ρy)ρx
= 0.065

(11)A =
ṁ

ρyVy

(12)A =
πD2

4

(13)HTU =
ṁ

k × A

(14)Height of tower = HTU× NTU

(15)Vc =
Q

A

(16)Re =
Vc × D

v

(17)f =
0.25

{

log
(

k1
3.7×D + 5.74

Re0.9

)}2

(18)Kpipe =
f ℓ

D
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where K is the pipe frictional losses, ℓ is the length of the pipe (find length on drawing), D is the pipe diameter 
and ƒ is the friction factor.

Therefore, the total losses in the pipes are calculated using Eq. 19:

Fluid passing through pipes creates pipe frictional loss, which is a portion of the total head loss. In fluid flow, 
head loss is directly correlated with pipe length and tangentially correlated with pipe diameter. The turbulence 
caused by pipeline components at entrances, exits, and fittings, together with the friction between the fluid and 
the pipe wall, causes head  loss65. The pressure drop across pipe Eq. 21 was calculated using the Head loss Eq. 20.

where: HD = head loss, g = gravitational acceleration, K = pipe losses, Vc = fluid velocity.

CO2 scrubber design materials’ strength (thin wall cylinder)
Thin cylindrical shell structures are an essential structural element that finds numerous practical uses in engineer-
ing. The load-bearing capacity of cylindrical shell constructions is mostly dictated by their buckling strength, 
which is largely reliant on the geometric defects that they  display77–80. Many industries, such as the mechanical, 
civil, marine, aerospace, chemical, and power ones, use thin cylindrical shell constructions extensively and with 
great effectiveness. Thin cylindrical shell shapes are prone to numerous defects as a result of manufacturing prob-
lems. These flaws lower these shells’ ability to support  loads77,79,80. An accurate prediction of building buckling 
is crucial because failure resulting from buckling can be severe. As a result, stability tests are carried out more 
frequently, and for engineers to produce more accurate calculations, they must be skilled and  knowledgeable77–80.

Stress and strain analysis was conducted on the mild steel material used for the  CO2 scrubber design using 
Eqs. 22–25.

Circumferential stress θ:

Longitudinal stress L:

Circumferential strain εθ:

Longitudinal strain εL:

CO2 scrubber design drives
An induced draught (ID) fan and a pump are required to drive the fluid contents. As such calculating the total 
static head (a sum of static head illustrated in the scrubber drawing and head losses across the pipes) is neces-
sary to determine the power input needed to propel the fluid contents by the induced draught fan. Alongside 
the performance of the ID fan, fluid density across pipes and flow rate are among the factors that influence the 
power input.

The static head is given by Eq. 26:

Having derived the  CO2 flow rate (Q) from the design parameters, therefore, power input of the ID fan is 
given by Eq. 27:

A power input of 1.5 kW and 230 V for the pipe transfer system is required to pump a flow of MEA solvent 
into the scrubber, while 250 kW and 400 V are required by the LSTG to recover extra energy back to the main 
turbines for steam generation.

CO2 Scrubber design calculations and analysis
CO2 scrubber calculations
Using Eqs. 1–4, the initial step was to calculate the volumetric concentration of  CO2 gas, density, and mass flow 
rate. With a minimum separation efficiency (η) of 95%, the amount of  CO2 to be removed  (CO2 output,  Yout) from 

(19)Ktotal + Kfittings + Kpipe

(20)HD =
KVc2

2g

(21)PD = ρ × g ×HD

(22)σθ= P×D
2t

(23)σL= P×D
4t

(24)εθ =
(σθ−vσL)

E

(25)εL =
(σL−vσθ)

E

(26)Htotal = Hsmax +HD

(27)P =
Q ×�H × g × ρwater

Efficiency%
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Eq. 1 is 0.178 mol of  CO2 per kg of air considering that the amount of  CO2 in flue gases is 10%, or 0.1 mol of  CO2 
per mole of air (28.8 ×  10–3 kg). As a result,  CO2 input  (Yin) is 3.57 mol of  CO2 per kg of air.  CO2 gas pressure (P) 
equals 202.6 kPa given the  CO2 gas temperature (T) of 280 °C (553 K) and the gas constant R = 8.314. Equation 2 
gives the density (ρ) of  CO2 gas as 1.27 kg/m3 and the volume (V) of  CO2 gas as 0.02268  m3 per mole. The mass 
flow rate (ṁ) of  CO2 gas from Eq. 4 is calculated as 19.44 kg/min when the flue gas flow rate of 15.3  m3/s is used 
as the  CO2 gas flow rate. These values are summarized in Table 2 below.

Equations 5, 6, and 7 were used to calculate the mass and heat transfer rate, heating effectiveness, and heat 
transfer unit. The gas-to-liquid ratio (z) from the reaction between MEA and  CO2 is 36 at equilibrium, and the 
conversion factor (c) is 6, taking into account that material will flow between boundary planes. Equation 5 yields 
a heat transfer rate  (Lmin) of 94.9 kg/min. However, the actual heat transfer rate  (Lmin1) is 142.5 kg/min based on 
the minimum value of 1.5, since the actual liquid needed for decarburization is 1.5 to 3 times  Lmin. Equation 6 
yields a heating effectiveness/capacity ratio (ꞵ) of 0.8. As a result, 7.84 is the number of heat transfer units (NTU) 
derived from Eq. 7. These values are shown in Table 3 below.

Equations 8–14 were used to calculate the  CO2 scrubber gas velocity, area, diameter, and height of the transfer 
unit, respectively. Equation 8 yields a flooding ratio  (Gx/Gy) of 7.32, however, the flooding curve chat yields 0.3 
when Eq. 9 is applied. After determining ρx (1.27 kg/m3), ρy (1095 kg/m3) can be derived using Eq. 9. Equation 10 
yields a gas mass flux  (Gy) of 1.45 kg/m2s when the gravitational constant  (Gc) is 9.81  m2/s, the packing factor  (Fp) 
is 300  m-1 (for 34.3 mm of  Raschig71), and the viscosity of the MEA solution (µx) is 1.4 ×  10–6. However, because 
flooding velocity efficacy needs to be between 30 and 50%, the minimum effective gas mass flux  (Gy

1) will be 
0.435 kg/m2s. Combining Eqs. 4 and 11 yields an effective velocity  (Vy

1) of 0.34 m/sec (20 m/min). Following 
the determination of the scrubber velocity, Eqs. 11 and 12 were used to calculate the scrubber area (A = 0.77  m2) 
and diameter (D = 0.995 m). The transfer unit’s new diameter (D1) is 1.492 m, and the area  (A1) derived from 
the new diameter is 1.748  m2, assuming a safety factor of 1.5. Equation 14 yielded a scrubber height of 3 m since 
the height of the transfer unit (HTU) from Eq. 13 was found to be 0.37 using a mass transfer coefficient (K) of 
30. The calculated parameters taken into account in the design are shown in Table 4.

For the  CO2 scrubber pipes, given a pipe diameter  (D11) of 0.076 m and ṁ (142.5 kg/min = 2.375 kg/s), from 
Eqs. 4, 12 and 15, the pipe area  (A11), flow rate  (Q11) and velocity  (V11) were calculated as 0.00454  m2, 0.002375 
 m3/s, and 0.5235 m/s respectively. The pressure drop is calculated by adding the losses on the piping and connec-
tions that link the scrubber to the sump tank. Based on the number of entries and bends for the pipes that are a 
component of the  CO2 scrubber design, the fitting losses total are given (see Table 5). The Reynolds number (Re) 
of 30,371 was determined by applying the water’s viscosity of 1.31 ×  10–6  m2/s to Eq. 16. The Moody  diagram64,72 
yielded a value of 0.0025 for the roughness of the pipe (εk), and Eq. 19’s pipe friction loss (ƒ) is 0.02.

Equation 18 provides the losses in pipes 1  (Kpipe1) and 2  (Kpipe2), which are 1.742 and 1.435, respectively. 
According to Eq. 19, the total losses  (Ktotal) in pipes 1 and 2 are 5.892 (4.15 + 1.742) and 4.085 (2.65 + 1.435), 
respectively. Equation 20 yields the following head losses: pipe 1 head loss (HD1) = 0.0823 m; pipe 2 head loss 
(HD2) = 0.0571 m. As a result, using Eq. 21, the pressure drops (PD) across the pipes are 807.36 Pa (PD1) and 
560.15 Pa (PD2). Table 6 summarises these computed values and indicates that the pressure drop is minimal and 
enough for optimal system performance.

A mild steel cylindrical scrubber with an internal diameter of 1.492 m, a height of 3 m, a thickness of 4 mm, 
a Young’s modulus  (Ey) of 200 GN/m2, a chamber test pressure of 1 Mpa, and a Poisson’s ratio of 0.303 served as 
the foundation for the  CO2 scrubber  design65.

Table 2.  The volumetric concentration of  CO2 gas, density and mass flow rate.

Parameter Value

CO2 input (Yin) 3.57 mol

Separation efficiency (η) 95%

CO2 output (Yout) 0.178 mol

Volume of  CO2 (V) 0.02268  m3

Density of  CO2 (ρ) 1.27 kg/m3

Mass flow rate of  CO2 (ṁ) 19.44 kg/min

Table 3.  Mass and heat transfer rate, heating effectiveness, and heat transfer unit.

Parameter Value

Gas to liquid ratio (z) 36

Conversion factor (c) 6

Heat transfer rate  (Lmin) 94.9 kg/min

Actual heat transfer rate  (Lmin
1) 142.5 kg/min

Heating effectiveness (ꞵ) 0.8

Number of heat transfer units (NTU) 7.84
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Equation 22 yields circumferential stress (σθ) of 186.5 × 106 N/m2 and longitudinal stress (σL) of 93.5 × 106 
N/m2, whereas Eq. 25 yields both circumferential strain (εθ) and longitudinal strain (εL) of 7.908 ×  10–4.

The total static head  (Htotal) for pipes 1 and 2 is 1.414 m and 1.227 m based on Eq. 26. The static head  (Hsmax) 
across the reservoir solvent level is 1.32 m (1600 + 720 mm) and 1.16 m (720 + 440 mm) from Fig. 2 drawing. 

Limitations : Ratio =
t

r
=

4

0.0536
0.00536 < 0.01 s

Table 4.  CO2 scrubber gas velocity, area, diameter, and height of transfer unit.

Parameter Value

Flooding ratio 7.32

Flooding curve 0.3

Slurry density (ρy) 1095 kg/m3

Packing factor (F) 300

MEA viscosity (µx) 1.4 ×  10–6

Gas mass flux  (Gy) 1.45 kg/m2s

Effective gas mass flux  (Gy
1) 0.435 kg/m2s

Effective velocity  (Vy
1) 20 m/min

Area (A) 0.77  m2

Diameter (D) 0.995 m

Safety factor 1.5

New diameter  (D1) 1.492 m

New area  (A1) 1.748  m2

Height of transfer unit (HTU) 0.37

Scrubber height 3 m

Table 5.  Fittings losses.

Fitting item Pipe 1 items Pipe 2 items K fittings value Pipe 1 total Pipe 2 total

Entrance for pipe 1 1 0.05 0.05 0.05

90 ◦ Bends 8 5 0.5 4 2.5

Value 1 1 0.1 0.1 0.1

Total 4.15 2.65

Table 6.  Losses and pressure drop across  CO2 scrubber pipes.

Parameter Values

Diameter  (D11) 0.076 m

ṁ 142.5 kg/min (2.375 kg/s)

Area  (A11) 0.00454  m2

Flow rate  (Q11) 0.002375  m3/s,

Velocity  (V11) 0.5235 m/s

Water viscosity 1.31 ×  10−6  m2/s

Reynolds number (Re) 30,371

Pipes roughness ( k) 0.0025

Friction loss (ƒ) 0.02

Losses  (Kpipe1) 1.742

Losses  (Kpipe2) 1.435

Total losses (K1total) 5.892

Total losses (K2total) 4.085

Head loss (HD1) 0.0823 m

Head loss (HD2) 0.0571 m

Pressure drop (PD1) 807.36 pa

Pressure drop (PD2) 560.15 pa
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After deriving the  CO2 flow rate (Q) from the design parameters, Eq. 27 calculates the power input of the ID 
fan needed to convey  CO2 gas by using ρ water (1000 kg/m3), 95% efficiency, Q (0.255  m3/s) and ΔH = 1.414 m 
(from static head 1). This results in a power input of 3.723 kW.

According to these calculations for the  CO2 scrubber design, for the decarburization process to take place, 
142.5 kg/min of MEA solution and interior dimensions (D) of 1.492 m and height (H) of 3 m are required. 
Refer to Fig. 1’s technical drawing. In conclusion, the results above guarantee that buckling, or instability failure 
won’t happen. Therefore, using the cylindrical shell for the scrubbing system with the specified dimensions 
is appropriate. The  CO2 scrubber was designed as illustrated in Figs. 1, 2, 3, and 4 (which displays the design 
schematic) based on these computations and assumptions.

CO2 scrubber simulation analysis
For this  CO2 scrubber design, 2 D simulation tests (shown in Figs. 5, 6, 7, 8) were carried out using ANSYS using 
reference values (Table 7) from computations that were utilised to determine the diameter and height of the  CO2 
scrubber for the flow and trapping of  CO2. Meshing, which is used to convert unstable shapes into observable 
volumes, was used to replicate the steady laminar flow in the  CO2 scrubber (Fig. 5a) to enable the results to be 
displayed precisely in a short amount of  time81.

The two-dimensional (2D) example is adequate to define the flow around a circular cylinder based on each 
Reynolds number (Re) 300 frames of flow at a time step of dt = 1 s. This is because the velocity field affects the 
cylinder’s surface pressure. Figure 5b depicts a 2D cylinder with arrows pointing in the directions of the wall 
(green length), cylinder wall, input velocity (blue), and exit pressure (red).

The conditions for convergence for each flow variable—which could be a force, displacement, moment, or 
rotation—are displayed in Fig. 6. Here, drag force—which is exactly proportional to the inlet velocities—is what 
drives the iteration’s convergence. In fluid dynamics, convergence is the limiting performance that is seen. The 
real solution to the iterative issue is unknown, but it must nevertheless satisfy the particular accuracy require-
ment. Figure 6b displays the drag coefficient vs. iteration result calculated from the reference parameters and 
boundary conditions, whereas Fig. 6a illustrates the inlet velocity vs. iteration results.

To determine the cylinder flow and comprehend the phenomenon of Karman Vortex Street in the steady 
flow state, the drag force graph (Fig. 6b) was simulated. Karman Vortex Street is an important concept in fluid 
dynamics because it describes the spinning vortices that result from vortex shedding, which causes the flow 
separation around the bodies.

The drag flow effect, which is pushed on by a surface dragging over the  CO2 gas, is what causes the effec-
tive capturing of the  CO2 gas in a laminar flow when the  CO2 gas inlet pressure is higher than in the cylinder. 

Fig. 2.  Scrubber designed for post-combustion  CO2 capture by reactive absorption stripping.
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Fig. 3.  Isometric view of designed scrubber for post-combustion  CO2 capture.

Fig. 4.  Scrubber-design schematic for post-combustion  CO2 capture by reactive absorption stripping.
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The Reynolds number is used in flow analysis in cylinders with significant velocity gradients to highlight how 
important the viscous effect is with the inertia effect, as seen in Fig. 7.

Consequently, Fig. 7a shows the pressure simulation of laminar flow under steady-state conditions inside the 
scrubber cylinder, whereas Fig. 7b shows how the Reynolds number affects the laminar flow.

The primary variables that affect variations in the pressure coefficient are pressure, geometry, and velocity. The 
fluid flow’s direction and speed as it enters the cylinder from the inlet. Two more illustrations of fluid motion are 
the streamline and contour velocities in Fig. 8, which demonstrate the flow direction of a tiny volume of fluid. 

Fig. 5.  2D Scrubber simulation (a) Cylinder mesh diagram (b) Cylinder flow directions.

Fig. 6.  Simulation graphs (a) Velocity vs iteration (b) Drag coefficient.

Fig. 7.  Pressure simulation (a) Absolute Pressure (b) Reynold Number.
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Since the velocity must always be tangential to the streamline, Fig. 8 models the velocity laminar flow inside the 
scrubber cylinder under stable conditions.

The simulation of the scrubber design for the 3D statical structural buckling analysis for the scrubber cylinder 
design was carried out and tested using the reference values in Table 8. Bending deformations may result from 
a circular movement of the scrubber’s cylindrical shell at its limits caused by Poisson expansion and testing 
pressure. To accurately display the findings’ conclusions in a short amount of time, computational solutions, 
because of their complexity, require mesh precision applied to the full geometry of the scrubber 3D design model 
(shown in Fig. 9)78,82.

In the 3D scrubber geometry model, it is assumed that there are only homogenous stresses and that the 
scrubber cylinder is allowed to extend radially. Make sure there is no local bending in the cylinder before buckling 
to determine the critical buckling load in the scrubber cylindrical shell. The accompanying 3D model (Fig. 10a) 
shows the pressure utilised to assess the scrubber’s response to buckling. The scrubber body underwent the test 
seen in the extracted graph in Fig. 10b after being loaded with one MPa of pressure.

The associated 3D model, Fig. 11, illustrates how the scrubber is affected by buckling. The pressure loading 
did not affect any other area of the cylinder save the cone section. To identify the geometry error that led to 

Fig. 8.  Velocity simulation (a) Streamline (b) Contour.

Table 7.  Reference parameters for simulation analysis.

Reference parameter Boundary values

Fluid CO2 gas

Density 1.27 kg/m3

Temperature 553 K

Scrubber flow diameter 1.5 m

Scrubber height 3 m

Inlet velocity 0.34 m/s

Outlet velocity The result from the simulation’s final step

Inlet pressure 101 300 pascals Ambient pressure

Outlet Pressure The result from the simulation’s final step

Table 8.  Reference parameters for 3D scrubber statical structural buckling analysis.

Reference parameter Boundary values

Modulus elasticity 200 GN/m2

Poison’s ratio 0.303

Scrubber test pressure 1 MPa

Scrubber diameter 1.5 m

Scrubber height 3 m

Scrubber thickness 4 mm
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the cone’s distortion, it is crucial to investigate other situations that might have played a role. Additionally, the 
findings demonstrate that the scrubber’s cylinder diameter and height are suitable for  CO2 gas flow and  capture82.

The results of the 3D simulation analysis diagrams indicate that, as deformation is only visible on the cone-
shaped scrubber, buckling only occurred on the scrubber’s cone part after a stress of 1 MPa was applied. Buckling 
did not affect the scrubber cylinder or the pipe’s entrance or departure. These findings suggest that the cylinder 
design is suitable for trapping  CO2 gas.

Conclusion
This study offered a methodology for designing a wet  CO2 scrubber and LSTG system that is integrated with a 
pilot plant and is based on chemical absorption with aqueous MEA solutions and a column for  CO2 stripping 
from aqueous MEA solutions. This research attempts to better understand and explore the scrubber’s mechanistic 
design by verifying the gains achieved through basic computations and Ansys simulations. The effects of various 
flow, pressure, geometry, velocity, and buckling effects were revealed by the simulated parametric analysis that 
was carried out. A dependable implementation of a two-tank scrubber and LSTG system may be incorporated 

Fig. 9.  Mesh 3D scrubber design geometry model for statical structural buckling analysis.

Fig. 10.  (a) 3D scrubber design geometry for statical structural buckling stress loading (b) extracted graph.
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into a coal-fired power plant to capture 90–95% of  CO2 purity at the lowest possible cost, according to the results 
of the parameters that were taken into consideration.

In summary, the study describes how a coal-fired power plant’s  CO2 scrubbing system is designed to reduce 
emissions. Before gradually phasing out coal power plants, the  CO2 scrubbing design places attention on optional 
constructive options accessible to manage the issues encountered with electricity demand. The present design 
processes serve as a solid basis for an extensive industrial system design for the coal-powered industry in South 
Africa. The work evaluated the necessary minimum absorption units, solvent flow rate, column packing, and 
column size requirements to design a  CO2 scrubber system, based on the industrial data for the Duvha coal 
power station. The  CO2 gas flow was regarded as stable and laminar based on the outcomes of the 2D simulation 
analysis diagrams. Additionally, the drag coefficient reached a level that is adequate for cylinder flow—roughly 
0.65. As a result, the scrubber’s design and the  CO2 gas flow and capture are compatible. The results of the 3D 
simulation analysis diagrams suggest the scrubber’s cone section be assessed, and modified, and that other 
advanced corrosion applications, such as polymer lining or tiling, be taken into account.

The results of this investigation offer enhanced comprehension of the impact of various factors and their 
interplay on the reactive absorption stripping scrubber’s design performance. More importantly, the approach 
taken in this work can be used to develop an appropriate reactive absorption stripping scrubber to be used in a 
post-combustion  CO2 capture system, even though a thorough evaluation would be required. This would enable 
the utilisation of the current coal-fired power plant infrastructure with modest modifications and retrofitting.
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