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Abstract

This report outlines the work completed so 
far with a discussion of the design decisions 
and the rationale behind them. Based on this 
information, a detailed design specification was 
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developed. A plan was outlined for the future 
work which will primarily focus on an iterative 
design process informed by experimental 
results. 



Mini Study 2: Part 2 & Concepting

Scaling

Design Specification

Future Work and Conclusion

This project has been undertaken in order to 
develop a scalable solution for the carbonation 
of end-of-life cement fines (EOLCF). This is 
necessary due to the growing concern in 
the socio-political climate regarding carbon 
dioxide emissions[1]. As a result, there is growing 
pressure on the government to introduce 
legislation to penalise those responsible[2]. This 
would most likely take the form of a carbon 
tax whereby corporations would be required 
to pay a flat rate fee /kg of CO

2
 emitted[2].  

Legislation such as this would have a 
significant effect on the cement industry as it 
is currently responsible for eight per cent of 
global emissions[3]. As a result, corporations 
seem keen to reduce emissions wherever 
possible. The carbonation of EOLCF represents 
a significant untapped resource in terms of 
carbon capture. Over its lifetime, the cement 
present in concrete naturally sequesters CO

2
 

by a reversal of the chemical reaction that was 
used to produce the cement in the first place. 
This process is called carbonation. The initial 
brief for this project can be seen below:

Brief 

Optimising the carbonation of recycled 
concrete - cement absorbs CO

2
 during its life 

span but when recycled it is only partially re-
carbonated. How can the recycling process 
be developed to maximise carbonation?

By optimising this carbonation process, the net 
emissions of the industry could be significantly 
reduced. Bring both financial gain and social 
credibility. 

Aims 

The aim of this project is to develop a system 
whereby the end-of-life cement fines material 
can be carbonated at an industrial scale. The 
completion of this process will naturally reduce 
the carbon emissions of the industry. However, 
in order to maximise the emission reduction, 
the power usage of the process should be kept 
as low as possible. This is critical as all electrical 
energy has an intrinsic carbon footprint due to 
reliance of the UK national grid on fossil fuels[4]. 
The use of direct fossil fuel combustion should 
be avoided at all costs due to the high carbon 
footprint.

The system developed should be able to 
full carbonate the EOLCF and process that 
material into a condition whereby it can be 
reintroduced into the cement life cycle. This 
would represent a financial incentive for 
corporations both by reducing the charge of 
any carbon emissions tax and by adding value 
to the EOLCF which are currently considered 
waste products.
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This piece of research explored the scientific 
background on which the project is based. It 
also discussed the current environment within 
the industry, the associated emissions and their 
sources. 
 
Industry emissions data[5][6][7][8]  showed that the 
primary source of emissions in the industry is 
from the production of clinker, which makes 
up the vast majority of cement by weight. The 
clinker production process involves the super-
heating of limestone to create lime, this process 
releases CO

2
 as a by-product. As a result 

of this process, the exhaust gases from the 
manufacturing plant have a high concentration 
of CO

2
 and are at high temperature, around 

250oC, even after the waste heat recovery 
system[9].  

It was shown that the carbonation potential 
of EOLCF was significant, sequestering 42g of 
CO

2
/100g of EOLCF[10]. However, the largest 

saving in terms of emission reduction in the 
industry was from the use of the carbonated 
EOLCF as a clinker substitution material. This 
accounts for another 86.5g of CO

2
 emissions 

offset per 100g of clinker substitution 
material[10]. It was also demonstrated the use of 
this carbonated EOLCF as a clinker substitution 
material would have a beneficial effect on 
the strength of concrete up to an integration 
threshold ratio of 3:10, EOLCF to clinker[3]. 

In order to realise the clinker substitution 
savings, the EOLCF material would need to be 
transported back to the manufacturing plant, of 
which there are three in the UK[11]. The average 
carbon cost for lorry freight is 161.8g of CO

2
/ 

ton mile[12]. Therefore, as long as transportation 
is less than 5346 miles, then the carbon saving 
will still be beneficial. This showed that the 
transportation of EOLCF is likely to counteract 
no more than 5% of the emissions savings 
from the process (using a pessimistic estimate 
of 300 miles of average travel). This could be 
further reduced with collaboration between 
corporations due to the variation in the location 
of there manufacturing plants. 

[11]

Mini Study 1: Analysis of the concrete Industry with regards 	

		         to end of life of concrete carbonation  

By transporting the EOLCF from recycling 
centre to the manufacturing plant, the system 
could be directly connected to the exhaust 
gases, providing:

-	 Source of high concentration carbon 	
	 emission (25 mol%) 
-	 Emission temperatures of around 	
	 250oC[9]

The use of direct emission gases from the 
rotary kiln provides two significant advantages. 
Firstly, the high concentration of carbon 
dioxide will increase the rate of reaction, 
reducing the overall reaction time required 
for the carbonation process. The emissions 
temperature of 250oC will provide a significant 
energy source that would otherwise be 
wasted. This will enable the EOLCF mixture 
to reach the minimum required temperature 
for complete carbonation of 80oC[10]. Both of 
these points represent significant increases 
in efficiency compared to carbonating the 
EOLCF at the recycling centre, where there 
is no waste stream that could be used as a 
heat source and no continues supply of high 
concentration CO

2
. 

Another key finding from this research was 
the effects on carbonation of particle size. 
Experimental data showed that particles must 
be < 90μm in order to achieve complete 
carbonation. As a result, the end-of-life 
concrete would require significant additional 
processing. This is discussed in detail in section 
Mini study 2.

Figure 1: Map of  cement plants on the UK [11]
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The research for MS2 was broken into two 
parts. The first part was completed before the 
concept presentation in order to inform the 
design process. 

There is a considerable amount of processing 
required in order for the cement industry to 
progress from its current position to a point 
where it can fully carbonate EOLCF at an 
industrial scale. These processes fit into two 
groups:

- 	 Refinement of end-of-life material 	
           to isolate EOLCF from other 
           particulates present in end-of-life     	
	 concrete 

- 	 Carbonation of EOLCF and preparation 	
	 for introduction back into the cement 	
	 lifestyle. 

As discussed in MS1, the EOLCF would need 
to be transported to the manufacturing plant 
for carbonation. It is logical that the first group 
of processes would take place at recycling 
centres and then the second groups would 
be completed at the manufacturing plant. This 
reduces the need for transportation of any 
excess material. 

Mini study 2: Review of Existing Technologies for the 			 

			    carbonation of End of Life Cement Fines  Part 1

The first part of MS2 focused on existing 
technologies that could be used for the first 
group of processes. It was found that there is 
an existing scaled technology called Advanced 
dry recovery, which sorts fine particles (<2mm) 
from the smallest grade material currently 
produced, called 6N fines (<16mm). It was 
found that there are experimental methods for 
extracting the EOLCF from this <2mm fraction 
and there is research to scale this process[13].   It 
was concluded that the first group of processes 
were significantly more advanced than the 
second. Given the transportation requirement, 
this seemed a logical point at which to narrow 
the scope to focus on the carbonation 
process. This informed the concepting process 
which focused solely on this second group of 
processes.

 

Another key finding from this research was 
the effects on carbonation of particle size. 
Experimental data showed that particles must 
be < 90µm in order to achieve complete 
carbonation. As a result, the end-of-life 
concrete would require significant additional 
processing. This is discussed in detail in section 
Mini study 2.

End of life 
concrete Phase 1 Phase 2

Material for 
other uses

Grinding

Sieving 

6N fines

ADR

Re-Grinding

Clinker 
substitution

Transportation

Loading 

Mixing

Carbonation

Drying

Figure 2: Material Processing Steps
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Mini study 2: Part 2

The second part of MS2 focused on existing 
technologies both from within the cement 
industry and technologies from other industries 
that could be adapted to the situation. This 
process was also used to assess the feasibility 
and energy efficiency of the three concepts 
developed. 

Concept 1: 

- 	 Material Loading: it was shown that 	
	 material loading methods such as 	
	 loading conveyors are common in 	
	 the industry and typically use 1kw/ton 	
	 meter on a horizontal loader. This 	
	 would of course increase for loaders 	
	 with a vertical lift element. 

-	 The use of mixing blades are common 	
	 in the food industry as they 		
	 can act as mixing and conveying 		
	 systems simultaneously, however they 	
	 are not commonly used in large vats 	
	 like this design would imply. 

-	 Diffusion membranes have been 		
           introduced at an industrial scale in 
	 sewage processing, where they are      	
	 used for passive aeration. This 
	 technology shows significant promise 	
	 for a low energy method of mixing 	
	 hydrated EOLCF with CO

2
. 

During the concepting stage, the requirements 
to close the life cycle of cement were explored. 
The detailed flow diagram for all processes 
from EOLCF (<1mm) to carbonated EOLCF, 
ready to be introduced back into the cement 
life cycle as a clinker substitution material. 

Each process was considered individually, 
and a range of subsystem concepts were 
developed. These were then combined in a 
morphological chart that was used to generate 
three full system concepts. 

Mini study 2, part 2 & Concepting

Concept 2: 
-	 Passive loading, similar to passive 		
	 filtration seems unreliable, especially at 		
	 an industrial scale. It would also require 		
	 manual loading which would be 			
	 extremely labour intensive.

-	 The use of Rotational blades is common 	
	 in practice for mixing fluids and despite 		
	 the active method, they are fairly low 		
	 energy due to the volume of fluid 		
	 that can be mixed with a single 			 
	 motor. Research[13] showed 			 
	 that energy usage could be as low as 4.2 	
	 kWh/ ton of fluid mixed. A critical point 		
	 for this will be the water to EOLCF 		
	 ratio as it will affect the viscosity of 		
	 the mixture. 

-	 Forced filtration: this process is also fairly 	
	 common at industrial scale. Filter presses 	
	 can be used to process large volumes 		
	 of sludge material and can achieve 		
	 a moisture content as low as 6%, 		
	 well below the required level of 16% 		
	 required for reintroduction with clinker. 		
	 They use 11kWh/ton of sludge processed. 

Concept 3: 
-	 The Rotary drier similarly to the rotary 		
	 kiln relies on combustion of natural 		
	 gas and as a result has a large rate 		
	 of carbon emissions. The rate of 			
	 combustion required to dry the 
	 carbonated EOLCF would lead to a 		
	 development of an additional 			 
	 409 kg of CO

2
/ton of material dried. 		

	 This is approximately a quarter of 		
	 all the carbon savings that would be used 	
	 and so is well over acceptable limits. 

-	 There are no examples of the passive 		
	 filtration method suggested and it is 		
	 deemed unreliable. Additionally, 
	 during the recycling process, filters 		
	 at this coarseness level are not used 
	 due to clogging. It is reasonable to 		
	 assume that a similar problem would 		
	 occur here.  
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For every ton of clinker produced, 0.507 tones 
of CO

2
[14] is produced from decomposition. 

These makeup around 60% of the rotary kiln 
emissions[9]. Therefore, net emissions are 
around 0.845 eCO

2
/t of clinker including 

combustion emissions. Basing calculations 
on a production level of 1 megaton cement 
(0.91 Mt of clinker) production per annum, as 
is suggested for UK plants by Barker et al.[9], the 
annual CO2 emissions for a single production 
sight would be 0.767 Mt. To put this into 
perspective, at emission conditions of 1 bar and 
165 oC, the daily emissions would fill a cube 
120m3 or 24.3 kg of CO

2
/s. Experimental data 

from Skocek et al.[10] determined that complete 
carbonation of end of life cement paste would 
lead to binding of 42g of CO

2
/ 100g of cement 

paste. Therefore, in order to sequester all 
carbon emissions from the rotary kiln process 
in an existing manufacturing plant, 1.826 mega 
tones of end-of-life cement would be needed 
per annum. Given that there is currently no 
significant infrastructure for the separation of 
this material in the existing recycling process, 
it is reasonable to assume that this number is 
unobtainable in terms of supply. Therefore, 
the design of the system should not attempt 
to capture all carbon emissions, but merely to 
ensure complete carbonation of all end-of-life 
cement material. 

Given that the maximum mixing ratio of EOLCF 
in cement is 3/10[15], it is logical to design for a 
maximum material output at 3/10 the rate of 
output from the rotary kiln. This corresponds 
to 0.3 megatons per annum[9]. This can be 
used to determine volumetric flow-rates for 
the input of exhaust gases into the system, 
which enables energy input calculations. 

Scaling
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Item Process Requirements Description Quantification Essential Additional Source

1 System Overview Scale Processing capacity of up to 30% clinker production 300,000 tons/annum X Calculated based on Barker et al 2009[9]

2 Full automation Complete automation of physical tasks Level 2 Control X
Automation to a level of 'management by consent' Level 2 Control X

3 Finance Financially beneficial system- processing costs per ton £95/ton (50% RRP) X TARMAC [17]

1.9 MWh/ton X
https://www.businesselectricityprices.org.uk [18]

4 Minimize initial setup costs X

5 Efficiency Optimise efficiency to maximize emissions offset (Target) 0.658 MWH/ton (25%) X
Calculated form sequestering potential 
and energy associated emissions Skocek 
et al. 2020 [10]& Dindorf et al. 2012 [19]

6 Continuous Process The material flow should be a continuous process - X

i1 EOLCF Input characteristics EOLCF particle size Fine Particles required for effective carbonations <1mm Skocek et al.2020 [10]

7 EOLCF Loading Control rate of loading There must be full control over the loading speed of EOLCF 0 - 10kg/s X Calculated based on 30% of 1MT of 
clinker production [15]

8 Closed system System must be completely sealable to contain CO2 - X

i2 Exhaust Gas Input characteristics Percentage CO2 35.77% Shihab et al. 2019 [20]
i3 Temperature 250 °C Barker et al. 2009 [9]
i4 Specific Heat Capacity ﻿0.2402 kcal/kg°C Shihab et al. 2019 [20]
i5 Energy 170.42 kcal /kg clinker Shihab et al. 2019 [20]
i6 Mass flow rate 2.4kg /kg clinker 76.1 kg/s Calculated form Shihab et al. 2019 [20]

9 Exhaust Gas processing Flow rate The system should process all emission gases 103m^3/s X
Calculated based on spec point. i6 and 
Shihab et al 2019. [20]

10 Passive system The system should use passive gas integration - X 
11 CO2 integration If possible extract the CO2 from the exhaust gases - X 

12 Energy removal Thermal energy must be transferred to EOLCF/ water mixture 22.6 MJ/ s X Calculated based on spec point 1 & i5 

i7 Water Input Characteristics Water Input temp Important information for temperature rise calculations assumed 5 deg

13 Water Requirements Input flow rate The water input 257.5 tones/hour X Calculated based on spec point 1 and 18

14 Water reuse system
To reduce system water demand, reuse of water should be 
maximized 

- X

15 Carbonation requirements Carbonation Complete carbonation should be achieved 0.42ton CO2/ton EOLCF X Skocek et al.2020 [10]

16 Processing speed Carbonation processing to meet clinker production 35 tons/hour X Calculated based on Spec point 1

17 Energy usage The system should use as little energy as possible -

18 Temperature rise, delta T Minimum temperature of 80°C for carbonation 75°C X
Calculated form Skocek et al. [10]  & spec 
point i7

19 Material Mixing
EOLCF, water and CO2 should be mixed to maximize molecular 
interactions

X

20 Mixing ratio Minimum ratio of EOLCF:Water based on energy for Delta T 0.133 X Calculated based on spec point i5 and 17

21 Rate of Reaction considerations Concentration Gradient Should be maintained to ensure flow of CO2 X

22 Control pH levels
pH levels should be held at high levels to maintain a fast rate of 
reaction

ph. > 8.5 X Korchef et al. [21]

23 Energy Efficiency Considerations Heat Loss
All heated parts of the system should be insulated to reduce heat 
loss

X

24 Motor Efficiency Mixing motor efficiency 4.2 kWh/ ton X MS2, Sam Riddell-Webster, 2020 [13]

25 Thermally passive system
The system should harness the hat from exhaust gases, not a 
primary energy source

X

26 Outputs
Percentage of carbon 
removed 

At maximum capacity and 100% carbonation 14.6% X
Calculated based on Skocek at el. 2020 
[10] and Shihab et al. 2019[20]

27
Moisture content of 
Carbonated EOLCF

Requirement for integration into clinker <16% X Avci et al. 2018 [22]

28 Quantity of carbon emitted maximise carbon removal from exhaust gases X

29 Permits and Regulations BS EN 16236
Quality Control in accordance with  Quality Protocol for production of 
aggregates from inert waste 

X WRAP, 2013 [23]

30 Prototype Requirements Carbonation Rate
The prototype should aid in the process of determining rate of 
reaction at scale

X

31 Useful output data 
The rate will be determined by measuring CO2 sequestered / unit 
time

mol CaCO3/ second X

32 Measuring CO2 sequestered 
This could be measured by reacting carbonated material with acids 
to determine sequestering rate

42g eCO2/ g EOLCF X Skocek et al. 2020 [10]

33 Mixing quality 
The prototype should also demonstrate proof of concept for mixing 
apparatus 

X

34 Use EOLCF 
Experiments could be completed with EOLCF or pure CaO, the CO2 
sequestering compound

X

35 Use of "Karbonation-Bomb"
Apparatus for determining CaCO3 by reacting with acid in a 
pressurized environment 

X Muller et al.[24]

36 Continuous Process
The prototypes should inform the ability to make the system 
continuous

X

37 Efficiency 
The prototyping stage should inform for the most efficient mixing 
method

X

38 Temperature
The prototype should be designed so experiments can simulate 
ideal conditions

80 °C X Skocek et al. 2020 [10]

Jones et al.1995[16]

Based on the research and assumptions outlined above, a full design specification table was 
generated

Design Specification
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Item Process Requirements Description Quantification Essential Additional Source

1 System Overview Scale Processing capacity of up to 30% clinker production 300,000 tons/annum X Calculated based on Barker et al 2009

2 Full automation Complete automation of physical tasks Level 2 Control X
Automation to a level of 'management by consent' Level 2 Control X

3 Finance Financially beneficial system- processing costs per ton £95/ton (50% RRP) X
https://tarmac-bluecircle.co.uk/product-
portland-cement/

1.9 MWh/ton X
https://www.businesselectricityprices.o
rg.uk

4 Minimize initial setup costs X

5 Efficiency Optimise efficiency to maximize emissions offset (Target) 0.658 MWH/ton (25%) X
Calculated form sequestering potential 
and energy associated emissions 
Skocek et al. 2020 & Dindorf et al. 2012

6 Continuous Process The material flow should be a continuous process - X

i1 EOLCF Input characteristics EOLCF particle size Fine Particles required for effective carbonations <1mm Skocek et al.2020

7 EOLCF Loading Control rate of loading There must be full control over the loading speed of EOLCF 0 - 10kg/s X Calculated based on 30% of 1MT of 
clinker production ref

8 Closed system System must be completely sealable to contain CO2 - X

i2 Exhaust Gas Input characteristics Percentage CO2 35.77% Shihab et al. 2019
i3 Temperature 250 °C Barker et al. 2009
i4 Specific Heat Capacity ﻿0.2402 kcal/kg°C Shihab et al. 2019
i5 Energy 170.42 kcal /kg clinker Shihab et al. 2019
i6 Mass flow rate 2.4kg /kg clinker 76.1 kg/s Calculated form Shihab et al. 2019

9 Exhaust Gas processing Flow rate The system should process all emission gases 103m^3/s X
Calculated based on spec point. i6 and 
Shihab et al 2019. 

10 Passive system The system should use passive gas integration - X 
11 CO2 integration If possible extract the CO2 from the exhaust gases - X 

12 Energy removal Thermal energy must be transferred to EOLCF/ water mixture 22.6 MJ/ s X Calculated based on spec point 1 & i5 

i7 Water Input Characteristics Water Input temp Important information for temperature rise calculations assumed 5 deg

13 Water Requirements Input flow rate The water input 257.5 tones/hour X Calculated based on spec point 1 and 18

14 Water reuse system
To reduce system water demand, reuse of water should be 
maximized 

- X

15 Carbonation requirements Carbonation Complete carbonation should be achieved 0.42ton CO2/ton EOLCF X Skocek et al.2020

16 Processing speed Carbonation processing to meet clinker production 35 tons/hour X Calculated based on Spec point 1

17 Energy usage The system should use as little energy as possible -

18 Temperature rise, delta T Minimum temperature of 80°C for carbonation 75°C X
Calculated form Skocek et al  & spec 
point i7

19 Material Mixing
EOLCF, water and CO2 should be mixed to maximize molecular 
interactions

X

20 Mixing ratio Minimum ratio of EOLCF:Water based on energy for Delta T 0.133 X
Calculated based on spec point i5 and 
17

21 Rate of Reaction considerations Concentration Gradient Should be maintained to ensure flow of CO2 X

22 Control pH levels
pH levels should be held at high levels to maintain a fast rate of 
reaction

ph. > 8.5 X Korchef et al.

23 Energy Efficiency Considerations Heat Loss All heated parts of the system should be insulated to reduce heat 
loss

X

24 Motor Efficiency Mixing motor efficiency 4.2 kWh/ ton X MS2, Sam Riddell-Webster, 2020

25 Thermally passive system
The system should harness the hat from exhaust gases, not a 
primary energy source

X

26 Outputs
Percentage of carbon 
removed 

At maximum capacity and 100% carbonation 14.6% x
Calculated based on Skocek at el. 2020 
and Shihab et al. 2019

27
Moisture content of 
Carbonated EOLCF

Requirement for integration into clinker <16% x

28 Quantity of carbon emitted 

29 Permits and Regulations BS EN 16236
Quality Control in accordance with  Quality Protocol for production of 
aggregates from inert waste 

X WRAP, 2013

30 Prototype Requirements Carbonation Rate
The prototype should aid in the process of determining rate of 
reaction at scale

X

31 Useful output data 
The rate will be determined by measuring CO2 sequestered / unit 
time

mol CaCO3/ second X

32 Measuring CO2 sequestered 
This could be measured by reacting carbonated material with acids 
to determine sequestering rate

42g eCO2/ g EOLCF X Skocek et al. 2020

33 Mixing quality 
The prototype should also demonstrate proof of concept for mixing 
apparatus 

X

34 Use EOLCF 
Experiments could be completed with EOLCF or pure CaO, the CO2 
sequestering compound

X

35 Use of "Karbonation-Bomb"
Apparatus for determining CaCO3 by reacting with acid in a 
pressurized environment 

X Muller et al.

36 Continuous Process
The prototypes should inform the ability to make the system 
continuous

X

37 Efficiency 
The prototyping stage should inform for the most efficient mixing 
method

X

38 Temperature
The prototype should be designed so experiments can simulate 
ideal conditions

80 °C X Skocek et al. 2020

Jones et al.1995

Item Process Requirements Description Quantification Essential Additional Source

1 System Overview Scale Processing capacity of up to 30% clinker production 300,000 tons/annum X Calculated based on Barker et al 2009[9]

2 Full automation Complete automation of physical tasks Level 2 Control X
Automation to a level of 'management by consent' Level 2 Control X

3 Finance Financially beneficial system- processing costs per ton £95/ton (50% RRP) X TARMAC [17]

1.9 MWh/ton X
https://www.businesselectricityprices.org.uk [18]

4 Minimize initial setup costs X

5 Efficiency Optimise efficiency to maximize emissions offset (Target) 0.658 MWH/ton (25%) X
Calculated form sequestering potential 
and energy associated emissions Skocek 
et al. 2020 [10]& Dindorf et al. 2012 [19]

6 Continuous Process The material flow should be a continuous process - X

i1 EOLCF Input characteristics EOLCF particle size Fine Particles required for effective carbonations <1mm Skocek et al.2020 [10]

7 EOLCF Loading Control rate of loading There must be full control over the loading speed of EOLCF 0 - 10kg/s X Calculated based on 30% of 1MT of 
clinker production [15]

8 Closed system System must be completely sealable to contain CO2 - X

i2 Exhaust Gas Input characteristics Percentage CO2 35.77% Shihab et al. 2019 [20]
i3 Temperature 250 °C Barker et al. 2009 [9]
i4 Specific Heat Capacity ﻿0.2402 kcal/kg°C Shihab et al. 2019 [20]
i5 Energy 170.42 kcal /kg clinker Shihab et al. 2019 [20]
i6 Mass flow rate 2.4kg /kg clinker 76.1 kg/s Calculated form Shihab et al. 2019 [20]

9 Exhaust Gas processing Flow rate The system should process all emission gases 103m^3/s X
Calculated based on spec point. i6 and 
Shihab et al 2019. [20]

10 Passive system The system should use passive gas integration - X 
11 CO2 integration If possible extract the CO2 from the exhaust gases - X 

12 Energy removal Thermal energy must be transferred to EOLCF/ water mixture 22.6 MJ/ s X Calculated based on spec point 1 & i5 

i7 Water Input Characteristics Water Input temp Important information for temperature rise calculations assumed 5 deg

13 Water Requirements Input flow rate The water input 257.5 tones/hour X Calculated based on spec point 1 and 18

14 Water reuse system
To reduce system water demand, reuse of water should be 
maximized 

- X

15 Carbonation requirements Carbonation Complete carbonation should be achieved 0.42ton CO2/ton EOLCF X Skocek et al.2020 [10]

16 Processing speed Carbonation processing to meet clinker production 35 tons/hour X Calculated based on Spec point 1

17 Energy usage The system should use as little energy as possible -

18 Temperature rise, delta T Minimum temperature of 80°C for carbonation 75°C X
Calculated form Skocek et al. [10]  & spec 
point i7

19 Material Mixing
EOLCF, water and CO2 should be mixed to maximize molecular 
interactions

X

20 Mixing ratio Minimum ratio of EOLCF:Water based on energy for Delta T 0.133 X Calculated based on spec point i5 and 17

21 Rate of Reaction considerations Concentration Gradient Should be maintained to ensure flow of CO2 X

22 Control pH levels
pH levels should be held at high levels to maintain a fast rate of 
reaction

ph. > 8.5 X Korchef et al. [21]

23 Energy Efficiency Considerations Heat Loss
All heated parts of the system should be insulated to reduce heat 
loss

X

24 Motor Efficiency Mixing motor efficiency 4.2 kWh/ ton X MS2, Sam Riddell-Webster, 2020 [13]

25 Thermally passive system
The system should harness the hat from exhaust gases, not a 
primary energy source

X

26 Outputs
Percentage of carbon 
removed 

At maximum capacity and 100% carbonation 14.6% X
Calculated based on Skocek at el. 2020 
[10] and Shihab et al. 2019[20]

27
Moisture content of 
Carbonated EOLCF

Requirement for integration into clinker <16% X Avci et al. 2018 [22]

28 Quantity of carbon emitted maximise carbon removal from exhaust gases X

29 Permits and Regulations BS EN 16236
Quality Control in accordance with  Quality Protocol for production of 
aggregates from inert waste 

X WRAP, 2013 [23]

30 Prototype Requirements Carbonation Rate
The prototype should aid in the process of determining rate of 
reaction at scale

X

31 Useful output data 
The rate will be determined by measuring CO2 sequestered / unit 
time

mol CaCO3/ second X

32 Measuring CO2 sequestered 
This could be measured by reacting carbonated material with acids 
to determine sequestering rate

42g eCO2/ g EOLCF X Skocek et al. 2020 [10]

33 Mixing quality 
The prototype should also demonstrate proof of concept for mixing 
apparatus 

X

34 Use EOLCF 
Experiments could be completed with EOLCF or pure CaO, the CO2 
sequestering compound

X

35 Use of "Karbonation-Bomb"
Apparatus for determining CaCO3 by reacting with acid in a 
pressurized environment 

X Muller et al.[24]

36 Continuous Process
The prototypes should inform the ability to make the system 
continuous

X

37 Efficiency 
The prototyping stage should inform for the most efficient mixing 
method

X

38 Temperature
The prototype should be designed so experiments can simulate 
ideal conditions

80 °C X Skocek et al. 2020 [10]

Jones et al.1995[16]

Design Specification
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This paper has summarized the research process 
throughout this project. The first research 
topic covered the background scientific theory 
behind the carbonation process. This led to 
some critical design considerations such as 
the requirement for the processing to take 
place at the manufacturing plant. This is due to 
the source of high temperature, concentrated 
CO2 which is critical to achieving complete 
carbonation of the EOLCF. It also showed 
that the carbonated EOLCF could be used in 
the production of new cement, making this a 
carbon capture and use system rather than a 
carbon capture system. This shows promise 
for the financial value of the process which 
will have a significant effect on whether it 
is implemented by TARMAC. This research 
informed the exploratory design stage which in 
turn lead to an assessment of existing technical 
solutions for the various processes involved 
in the system. It was showed that the system 
should rely solely on the waste heat from 
exhaust gases as a primary heat source would 
be very damaging to the carbon-cutting effect, 
which is the primary reason for this research. It 
was also found that existing filtration and mixing 
technologies could be used implemented with 
limited energy requirements. These research 
stages informed a detailed design specification 
for both the industrial-scale system and the 
prototype requirements. This is a working 
document that will be updated and refined 
throughout this project.

The method of mixing is a critical design feature 
for the effectiveness of the system. This will be 
informed by experimental prototyping which 
will form a significant proportion of the work 
to be completed in the coming semester. This 
iterative experimental prototyping will inform 
the detailed design stage and costing phases 
that also need to be completed before the end 
of this project. 

Conclusion

The first set of future work to be completed 
in the second semester is a third mini-study 
on chemical engineering approaches to 
maximising the rate of reaction involved in 
this process. This is critical as all work so far 
has been based on mechanical effects. For 
complete understanding, possible chemical 
approaches should also be considered. 

The critical challenge in this project is 
the accurate determination of the rate of 
carbonation that can be achieved by the 
proposed system design. The rate of reaction 
is fundamental to the design of the system. It 
affects how long the EOLCF need to be stored 
in the system and therefore the required 
storage volume for the system to be able to 
function at an industrial scale (Spec point 1).  
It will also define whether or not the system 
can be developed into a continuous process 
or weather carbonation must be completed as 
a batch process. 

In order to develop any meaningful data, it 
seems essential that experiments are carried 
out with EOLCF to determine the possible rate 
of reaction. Though, the use of pure calcium 
oxide could be used to simulate the use of 
EOLCF. This would allow for more accurate 
calculation as the CO

2
 sequestering potential 

could be calculated and then compared to 
experimental results. 

The ‘Karbonat-bomb’ method proposed by 
Muller et al. [24], is a methodology for determining 
the quantity of CaCO

3
 present in a sample. 

The sample is reacted with hydrochloric acid 
in a sealed container. This releases CO

2
 which 

increases the pressure, which allows for the 
calculation of CaCO

3
 molecules that were 

present. This method is proposed as a way of 
quantifying the carbonation potential of any 
prototypes tested.  

The proposed methodology will determine 
the rate of reaction by the use of a two-step 
process. The first step will involve the use of a 
scale model of the system. 

-	 Control test: fully carbonate material 	
	 using a lengthy process
-	 Complete Carbonate bomb test to 	
	 determine maximum carbonation for 	
	 sample   
-	 Possibly do chemical analysis 
-	 Repeat test in the prototype test rig, 
-	 Repeat carbonate bomb
-	 See how well carbonated the sample is 
-	 Iterate

The data and iterative design process from 
this stage will inform the detailed design stage, 
allowing a complete CAD model of the system 
to be produced. This will also inform the flow 
rate of material through the system allowing 
component selection to be completed. 

Once completed, a detailed costing will be 
completed along with predictions of the overall 
carbon emissions reduction. This is critical 
information for Tarmac, on whose behalf this 
project is being completed, to decide whether 
the project should be carried forward for real-
world integration. 

Future Work
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