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Abstract 

CO2 capture and storage (CCS) is estimated to reduce 14% of the global CO2 emissions in the 
2 °C scenario presented by the International Energy Agency [1]. Moreover, post combustion 
capture is identified as a potential method for CO2 capture from industry since it can be easily 
retrofitted without disturbing the core industrial process. Among the post-combustion capture 
methods, absorption using mono-ethanol amine (MEA) is the most mature technology that has 
been demonstrated at plant scale. However, using chilled ammonia process as a post 
combustion capture technology in a cement industry can reduce 47% energy penalty for CO2 
capture when compared to the conventional MEA absorption method [2].  

Hence, the current project aims at analyzing the chilled ammonia process when integrated with 
steel and ammonia plants. Key performance indicator like specific primary energy consumption 
per kilogram of CO2 avoided (SPECCA) is estimated and compared with MEA absorption 
method. Firstly, chilled ammonia process (CAP) for cement plant was used as reference case. 
Then, CAP for steel and ammonia processes was optimized by the means of the decision 
variables affecting the capture and energy efficiency. The energy consumption per kg CO2 
captured and SPECCA was lower for the higher CO2 concentration in the flue gas. Results for 
SPECCA were 3,56, 3,52 and 3,61 MJ/kg CO2 for cement, steel, and ammonia plants, 
respectively.  
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Nomenclature 
GHG     Greenhouse gases 

PCC                    Poste combustion capture 

CCS                    Carbon capture and storage 

MEA                   Monoethanolamine 

CAP                    Chilled ammonia process 

HSS                     Heat stable salts 

FG-WW             Flue gas water-wash 

CO2-WW           CO2 water-wash           

C solvent                        Solvent concentration in the lean solution 

L lean                    Lean liquid mass flowrate to the absorber  

G in  Inlet gas mass flowrate to the absorber 

Ts                     Temperature of pumparound stream  

Fs  Pumparound stream split fraction 

F cr      CO2 cold-rich bypass split fraction 

T hr  Temperature of heated CO2-rich stream 

CA fg                   CO2 avoided 

CA eq                   Equivalent CO2 avoided  

CCR                    Carbon capture rate 

SPECCA            Specific primary energy consumption for CO2 avoided 

BC                       Ammonium bicarbonate  

CB   Ammonium carbonate monohydrate 

SC                       Ammonium sesqui-carbonate 

CM                      Ammonium carbamate   
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1. Introduction 
 

Paris Agreement is one of the acts that addresses global warming, for sustainable development. 
About 195 countries agreed on emission reduction as long-term goal to keep the increase in 
global average temperature to below 2°C [3]. To reach this target, global carbon dioxide (CO2) 
emissions must be reduced by 50 % by 2050 compared to levels in 1990.  

Around 25% of global green-house gas (GHG) is emitted from the industrial sector [1]. To 
reduce CO2 emission from the industrial sector, several solutions are available. Among them 
are the conventional renewable energy sources (e.g., wind and solar power) as energy source 
instead of fossil fuels, as well a wide range of technical and scientific options that can be based 
on either changing or modifying the conventional process.  Since deploying novel industrial 
technology is expensive, carbon capture and storage (CCS) is one of the key solutions to reduce 
the direct emissions from industry into the atmosphere. CCS can be integrated with the 
conventional process, where the CO2 captured can be used as raw material for production of 
various chemicals and fuels or stored in appropriate geological formations or used for 
enhanced fuel recovery.  CCS could contribute with 15-55 % of global mitigation efforts until 
2100 [4].  

The increase in penalty cost for greenhouse gas emissions makes industrial applications 
suitable for carbon capture and storage (CCS). Since the industrial processes emitting CO2 are 
different, different carbon capture technologies are required. Most known technologies for 
CCS are pre-combustion, oxy-fuel combustion, and post combustion. Post combustion capture 
(PCC) is the most suitable for the industrial sectors since it could be easily retrofitted at existing 
installations without perturbation of the activity [1]. In post-combustion capture, carbon 
dioxide can be directly captured from the flue gas. 

Based on economic and environmental considerations, it is necessary to select the suitable 
technology for CO2 separation with low operating cost and energy consumption. Among the 
available technologies for gas separation in post-combustion capture, there is absorption, 
adsorption, cryogenic distillation, and membrane separation. 

Absorption is an important technology for CO2 capture from fuel gas; in this technology, flue 
gas is dissolved in a solvent in an absorption column. After this, the CO2 is desorbed, and the 
solvent is regenerated in a stripping column. Monoethanolamine (MEA) is one of the most 
mature solvents for CO2 separation, since it has higher CO2 absorption capacity and requires a 
lower energy for solvent regeneration. Therefore, MEA (30 wt%) is the benchmark solvent for 
the comparison with other solvent in term of energy requirement and absorption capacity [5]. 

Energy required for post-combustion CO2 capture is an important issue. Thus, recent studies 
suggest that the cost of carbon dioxide capture can be reduced by finding suitable solvent 
which has higher CO2 capture capacity for a given mass and require less energy for stripping 
stage [4]. 

Ammonia has been identified as a possible alternative to MEA solvent as it has several 
desirable characteristics. It is a cheap solvent that is commercially available. It has a high CO2 
absorption capacity compared to most other solvents based on its low molecular weight. It 
absorbs CO2 with a low heat of reaction and thus the regeneration energy requirements are also 
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low. It is not as corrosive as MEA and has a lower susceptibility to degradation in the presence 
of oxygen and other contaminants when compared with MEA. 

The chilled ammonia process (CAP) is being developed for CO2 capture. In this process, CO2 
is absorbed in the absorber at low temperatures. This would minimize solvent losses due to its 
relative high volatility compared with the amine solvents [5].  

According to the results from Horizon 2020 project “CO2 capture from cement production” 
(CEMCAP), CAP performs better than the reference technology in term of specific primary 
energy consumption for CO2 avoided. Considering the average EU-28 electricity mix, the 
SPECCA values of the CAP is 3,76 MJ/kg CO2, compared to 7.08 MJ/kg CO2 for the reference 
MEA absorption-based technology [6].  

In addition, the SPECCA is around 4,2 and 5,2 MJ/kg CO2 using 30% w/w MEA solution for 
ammonia and steel plants, respectively [7],[8], in which, solvent regeneration contributes the 
largest to the SPECCA. NH3 based solvent could be one of the possible candidate absorbents 
with lower SPEECA than the conventional MEA as proven in the cement plant study. 

The performance of the absorption-based CO2 capture is related to the flue gas composition. 
In addition, the industrial processes generate flue gases with different CO2 concentrations from 
7- 44 vol% [9]. As example, steel and iron plants produce different CO2 concentrations for flue 
gas between 5-30 vol% [10]. In addition, the CO2 concentration in the flue gas for cement plant 
is between 14 -33 vol% [11], and for ammonia plant is between 8-18,9 vol% (before CO2 
removal) [9]. Therefore, to analyze the CCS performance for different CO2 concentration in 
the flue gas, a change in the optimal operating conditions of solvent-based capture processes 
should be performed. This project aims at analyzing the possibility of integration of the chilled 
ammonia process with steel and ammonia plants. The main indicators of performance that will 
be examined are CO2 avoided and SPECCA. Results will be compared with the reference CO2 
capture system MEA.  

1.1 Aim and scope of thesis: 

The aim of this work is to assess the possibility of chilled ammonia process integration in 
ammonia and steel plants. Mass and energy balance were simulated using Aspen Plus and 
Aspen HYSYS. Firstly, result from CAP applied to cement plant for CO2 capture is used as 
reference case for the simulation of CAP [6]. Then, the chilled ammonia process is simulated 
and analyzed for flue gas streams from steel and ammonia plants.  
 
After that, the results of the CAP optimization are discussed and optimized from the two plants. 
The key performance indicators of the process are evaluated, which are CO2 captured, CO2 
avoidance and the specific primary energy consumption for CO2 avoided (SPECCA), as well 
the optimum operating conditions were estimated. Finally, the CAP system results are 
compared to the conventional MEA system and the required conditions were provided for the 
integration of the CAP in the industrial sectors.  
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2. Background 
 

In chemical absorption process, flue gas is contacted with a liquid “absorbent”, where CO2 is absorbed 
by this solvent [10]. However, the absorbent should have a suitable capacity for CO2 absorption, high 
kinetic rate for CO2 absorption, negligible vapor pressure, and high chemical and thermal stability.  

General scheme of the absorption process is presented in figure 1. CO2 is separated from the flue gas 
stream by absorbing it in a suitable solvent in an absorption column. The absorbed CO2 is liberated 
from the solvent in a desorption column (or solvent regeneration), then CO2 is compressed for 
transportation and storage. The solvent is recirculated back to the absorber for further CO2 capture. 
Regeneration process consists of a condenser at top and reboiler at the bottom for further gas-liquid 
contacting column. Reboiler is added to heat the incoming liquid stream to a suitable temperature, for 
separation of absorbent from the absorbate to provide the stripping of fluid. Adding condenser helps 
to provide reflux liquid stream to the column and increases the purity of the top product (CO2 captured) 
[12]. 

 

Figure 1:Schematic of basic post combustion process for CO2 capture. (Similar to study in [12]) 

Although the chemisorption technology is a retrofittable technology, the regeneration process energy 
requirement could be a disadvantage. The bulk of energy penalty is associated with solvent 
regeneration and the main key performance indicators to decrease the energy requirement from this 
process are, the operating and capital costs, the amount of CO2 emitted in the clean flue gas and fugitive 
emission. The selection of the suitable absorbent is a key element for designing the process since it 
provides the thermodynamics and kinetic limit to optimize the process [13]. In addition, two of the 
most important characteristics for a good CO2 absorbent are a low heat of reaction with CO2 (low 
specific heat demand) and low temperature for the regeneration process. The regeneration temperature 
is of special interest when excess heat is available, since the amount of excess heat may be considerably 
larger at lower temperatures [14].  

There are several solvents suitable for CO2 capture available in the industry, classified as physical and 
chemical solvents. Carbon dioxide is dissolved into the physical solvent without forming a chemical 
compound. Most of the carbon dioxide will be recovered easily by flashing. However, carbon dioxide 
is dissolved in the chemical solvent by forming a chemical compound, and solvent is regenerated by 
stripping using a large amount of heat [15]. 
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The selection of the appropriate solvent depends mainly on the application considered and the 
operating conditions of the process. When, the carbon dioxide partial pressure is low, chemical 
solvents are preferred than physical solvents, where a high capacity of gas absorption is expected. On 
the other hand, if the carbon dioxide partial pressure is higher, physical solvents are more suitable for 
the process due to their higher loading capacity than chemical solvents according to Henry’s Law [15].  

The techno-economic evaluation of the suitable technology focuses on emission abatement, energy 
performance, and retrofit ability.  MEA is the benchmark technology to compare with the other 
absorption technologies [13]. Moreover, the main key indicators like CO2 avoided and specific primary 
energy consumption per CO2 avoided (SPECCA) should be evaluated for other solvents used in the 
absorption technology and compared with MEA technology [16]. 

2-1 MEA absorption for PCC: 
MEA is the most studied alkanolamines-based solvent for CO2 capture. It is an organic substance 
used due to its ability to form strong bonds with CO2 that is suited for low partial pressures of CO2 in 
the flue gas, high capacity for CO2 capture and fast reaction kinetics [17].  Using MEA in chemical 
absorption for post-combustion capture of CO2 is the most feasible and commercial technology.   

For an effective CO2 removal, it was suggested to use additives and corrosion inhibitors from low 
pressure oxygen containing streams in the absence of reducing agents and with SO2 levels below 10 
ppmv. Moreover, using 30 wt% MEA in the absorption process is the reference solvent for the 
comparison with new developed solvent. Temperatures of 40-60 °C is the suitable range for inlet gas 
and liquid streams to CO2 absorber columns. This temperature range provides a balance between the 
lower temperature favored in the system thermodynamics and the higher temperature favored in for 
reaction kinetics.  

CO2 absorption in MEA is an exothermic process, which leads to temperature increases in the column. 
Hence, the liquid/gas reaction will be affected by the operating conditions and the location of the 
column. Peak temperatures of up to 70 °C have been observed in post combustion capture plants 
operating with 30 wt% MEA [17].  

2-1-1 MEA absorption specifications and challenges  
MEA has the advantage of having a high reaction rate but the disadvantages of high energy requirement 
in regeneration (for the reverse reaction-desorption), high corrosivity, toxicity and degradation 
capability through reaction with other chemical compounds. 

• Energy requirement: 

The process requires a considerable amount of heat for regeneration, power is required for fans, pump, 
and CO2 compression to meet transport specifications. The major energy consumer of a PCC plant is 
the reboiler. The heat requirement for regeneration is around 3300 – 3800 KJ/kg CO2 captured. Since, 
MEA is a corrosive and degradable solvent which undergoes irreversible reactions leading to more 
solvent consumption and deposition layers creation, especially on the reboiler heat transfer surfaces. 
The operational materials need to be periodically cleaned, from the accumulated by-product in the 
solvent (heat stable salts (HSS)). HSS should be removed, due to the risk of increasing the emission 
of toxic materials with the gas streams [17],[18]. 

Moreover, the presence of non-CO2 gases such as SO2 and NOX in flue gases cause precipitation and 
impose different conditions for their removal, complicating the regeneration step and it decreases CO2 
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stream purity when released [17]. However, energy savings can be achieved throughout the system 
and particularly in the desorption through more efficient design and energy saving modifications.  

• MEA Degradation: 

There are 3 main processes leading to MEA degradation which lead to a loss in cyclic CO2 loading 
and increased costs.  

1. Thermal degradation: It occurs mainly in the reboiler, in which the presence of ammonia gas 
in the exit flue gas stream is the main indicator of thermal degradation. Thus, more volatile 
by-products can polymerize and form the deposition layers on heat transfer surfaces. For 
MEA process, temperature limitation is 120 °C on the reboiler tube surface.  

2. Oxidative degradation: Oxygen is often presence in flue gas from combustion, and a small 
amount of oxygen will always be dissolved in the solvent and it could form by-products such 
as formic acid and formaldehyde.  

3. Reaction with other acid gases: The acid gases (SO2, SO3, NO2 and N2O3) which could be 
present in the flue gas, react with MEA and form indecomposable products (heat stable salts 
HSS).  
 

• Corrosivity: 

Some oxidative degradation products are corrosive, and the corrosion rate will be higher when CO2 
loading will increase. Thus, high loaded absorbents allow more corrosion affects. However, in PCC, 
absorbent loading is always adjusted to minimize regeneration energy requirement. The suggested 
optimum requirement for a 30 wt% MEA solution takes place at a lean loading of 0,25 mol CO2/mol 
MEA. But this is above the lean loading limit typically recommended, hence the operation under 
optimum energy conditions for PCC applications may generate a higher corrosion level [19]. 

To minimize corrosion effects, the engineering design should be improved by minimizing acid gas 
flashing and turbulence, improve the operation geometry and minimizing absorbent flow rates. Even 
corrosion inhibitors are often used, incorrect inhibitor choice can increase both oxidative amine 
degradation and corrosion rate [17]. 

2-2 Chilled Ammonia Process (CAP) for PCC: 
Ammonia (NH3) is another absorbent considered for CO2 capture applications in the industrial sector. 
Ammonia production is cheaper than other amines; it can capture all major acidic gases (SOX, NOX, 
CO2) from the flue gas. This makes the CAP process a more feasible option for integration into the 
industrial sector.  This process can reduce the cost and facilitate the emission control. Despite ammonia 
is normally a vapor, the very high solubility in water makes aqueous ammonia a potential capture 
solvent [20]. 

The CAP system is an absorption/desorption (regeneration) system, which is similar to MEA process, 
where both make use of nitrogen-based compounds for absorption and both use heating and cooling 
systems. Chilled ammonia process (CAP) is an ammonia-based carbon capture system, which uses 
aqueous solution of ammonia in chilled conditions. The process is operated at temperature between 
273-283 K. The process is mainly composed from four sections as shown in Figure 2. Flue gas cooling 
is the first section, where the flue gas is cooled in a direct contact cooling and then sent to the absorber 
in the CO2 capture section. CO2- depleted flue gas from the absorber contains a significant amount of 
Ammonia (Ammonia slip). Thus, this stream is sent to NH3 slip reduction which is an Ammonia 
absorption/desorption system. CO2-rich solution from the absorber is pumped and sent to a rich-lean 
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heat exchanger and then sent to the CO2 desorber. The temperature in the absorber is controlled by 
absorber pump around that is cooled down to a temperature less than 20˚C. Finally, the CO2 stream 
from the desorber is purified and compressed to the required conditions for storage and transport [21].  
 

 

Figure 2: Standard scheme for chilled ammonia process. (Similar to study in [11]) 

2-2-1 Chilled ammonia process specifications and challenges 
• Low energy requirement:   

NH3 has a high volatility, which increases with temperature. Lower temperatures (T< 20˚C) in the 
CAP absorber results in a significant reduction in NH3 evaporation. Thus, NH3 slip and NH3 emissions 
to the environment are reduced and avoided, as well the heat requirement of washing sections is 
reduced [20]. 
The pressure is about 30 bar in the regenerator for the CAP. The high-pressure results in lower energy 
requirement for solvent regeneration and compression compared to the MEA process in which the 
regenerator pressure is only slightly above atmospheric. In addition, the possibility of ammonia 
solution regeneration at high pressure decreases the CO2 compression duty [17], [21].  
 

• Degradation  
Ammonia is not a degradable substance and does not react with oxygen alone, and it is not degraded 
in an oxidizing environment compared to other amines. Thus, CAP process has a good potential when 
applied for CO2 capture from industrial processes [13].  
  

• Precipitation  
Precipitation can occur in the absorber, where low temperatures are used to minimise vapour losses, 
and in the stripping column condenser. However, it is not necessary a big problem for the CAP system 
since, the below the absorber temperatures of 5-10 °C, salts (Ammonium Carbonate and Bicarbonate) 
can be dissolved by increasing the CO2 absorption capacity of the solvent and decreasing the required 
solvent flow rate. In addition, precipitation in the stripping column condenser can also be avoided by 
redirecting a portion of the cold rich solvent to the stripping column condenser section [17]. 
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• Ammonia slip 
The process issues with aqueous ammonia includes the loss of ammonia in the vapour streams (slip) 
due to its high vapour pressure, the formation of solid ammonium bicarbonate deposits in vapour 
streams leading to line blockages, the low reaction rate and high energy requirement. Ammonia slip is 
a direct consequence of the very low concentrations and temperatures that must be applied to reduce 
this problem [13]. 

Industry today requires relatively intensive CO2 capture processes that with minimal energy penalty 
and without excessive land requirement that can absorb CO2 from a range of industrial gases. Although, 
CO2 capture from industrial sector by gas–liquid absorption is the suitable technology, the process still 
has high energy requirement. Therefore, more energy efficient advanced solvent-based than the 
conventional MEA for-capture processes are required, to reduce the energy requirement [17]. Chilled 
ammonia process is proven as a suitable technology integration for PCC in cement plant, where 47% 
energy penalty is reduced for CO2 capture when compared to the conventional MEA absorption 
method [16]. Therefore, CAP technology for CO2 capture system is a good alternative for MEA 
technology in the industrial sector. However, further research is needed for the process design, 
operability, and capital cost implications of the CAP technology. 
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3. Methodology  
 

This chapter includes the description of the reference case for chilled ammonia process in cement plant. 
Result from CEMCAP project [6] and [26] for CAP in cement reference case were used to reproduce 
the simulation for cement plant. The method and assumptions for the model implementation are 
presented and the final model specifications are fixed for further analysis.  
 

3.1 Process description  
As presented in Section 2 there are two main challenges to deal with when using CAP for CO2 capture. 
Challenges in the development of the CAP includes: the ammonia slip from the flue gas after 
absorption and the precipitation of solid compounds from the solution. To reduce the ammonia slip, 
and flue gas water washing section should be added to the CAP system. 

The thermodynamic model for the CO2-NH3-H2O system developed by Thomsen and Rasmussen 
considers solid–liquid equilibria (SLE) for five different solid phases: Ammonium bicarbonate (BC) 
NH4HCO3, Ammonium carbonate monohydrate (CB) (NH4)2CO3 H2O, Ammonium sesqui-carbonate 
(SC) (NH4)2CO3.2NH4HCO3, Ammonium carbamate (CM) NH2COONH4 and Ice H2O [22].  

Moreover, understanding the CO2-NH3-H2O composition in the process will help to fix the CAP design 
conditions to avoid solids formation and minimizing the energy consumption. From the study about 
the formation of solids in ammonia-based CO2 capture processes, a general guideline was prepared 
with the optimum conditions for the CAP, to prevent the formation of any solids in the absorption 
column and in the overall process [22]. To understand the process and the system thermodynamics, 
the ternary phase diagrams of the CO2-NH3-H2O system were studied.  In the article “Formation of 
solids in ammonia-based CO2 capture processes” [22], the diagram for the CO2-NH3-H2O system were 
prepared at 1,013 bar and 10 ˚C for different concentrations. The area when solid might appear in 
liquid was screened for 20, 30, 40, and 50 ˚C, to show the change of the solubility of the four solid 
compounds with temperature. The Solid Liquid regions decrease when the temperature increases. Only 
the ammonium sesqui-carbonate is present at higher temperature. Ammonium carbonate does not 
appear at higher temperature than 20 ˚C. To avoid solids formulation, the optimum temperature is 0-
20 ˚C for the liquid entering in both absorbers in the CO2 capture and NH3 slip sections. Moreover, 
the optimum temperatures for vapor from the desorbers are 90˚C and 68-90˚C in the CO2 capture and 
NH3 slip sections, respectively [22]. 

In the CAP optimization for cement plant project, it was concluded that Chilled ammonia process for 
CO2 capture in cement plant consists of seven sections as presented in Figure 3. The sections are: Flue 
gas preconditioning, flue gas heating, CO2 capture, flue gas water wash (FG-WW), CO2 water wash 
(CO2-WW), CO2 compression and recovery section [6].   
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Figure 3: Chilled Ammonia Process for cement plant. (Similar to study in [6]) 

1. Flue gas cooling section. In this section, by the mean of cooling water, the hot flue gas stream 
is cooled down in a heat exchanger to a similar temperature to the liquid at the top of the CO2 
absorber (≈30˚C). The purpose is to minimise the accumulation of water within the CO2 
absorption section. Assuming that the flue gas entering cooling section contains less than 1-2 
ppmv SO2. 
 

2. CO2 capture section. This is the main part of the process, where the cooled flue gas from the 
flue gas pre-conditioning section is sent to the bottom of the CO2 absorber. The CO2 is absorbed 
using ammonia solution, the CO2-rich solution leaves the bottom of the absorber. CO2-depleted 
flue gas stream is the outlet from the top of the absorber. The absorber pump around is a stream 
fraction from the CO2 rich solution that is cooled, chilled, and sent to the top of the CO2 absorber 
to minimize the NH3 slip to the gas and to reduce the energy required for solvent regeneration.  
As explained before, the temperature of liquid solution in and out the absorber should be in the 
range of (0-20 ˚C) to avoid solids formation.  
 
The rest of CO2- rich solution is divided into two streams, the cold -rich solution is sent to the 
top of the CO2 desorber at the temperature at which it is obtained at the bottom of the CO2 
absorber to control the temperature in the CO2 desorber and to limit the NH3 concentration in 
the CO2 gas leaving the top of the CO2 desorber. The CO2-rich solution is sent to the rich/lean 
heat exchanger to minimize the thermal energy required for CO2 desorption and solvent 
regeneration; this steam enters the desorber at an intermediate stage.  
Condenser temperature from the CO2 desorber should be lower than 90˚C to avoid solids 
formulation in the sections after CO2 desorption. The optimum CO2 desorber pressure was fixed 
at 25 bar, where, in the cement plant it was found that increasing reboiler pressure will decrease 
the specific reboiler duty of the CO2 desorber, although it leads to a higher reboiler temperature, 
and hence, to a higher temperature of the required steam. Steam was used at around 140-160°C 
in the reboiler of the CO2 desorber. 
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3. Flue gas water-wash (FG-WW) section: The top outlet from the CO2 absorber called CO2-

depleted flue gas contains a significant amount of amine (NH3 slip), with higher concentrations 
between 2,000 to 15,000 ppmv. This section consists of an absorption and a stripping unit. It is 
a water based-absorption process, and the washed flue gas is sent to flue gas heating section. 
The NH3 content is the flue gas exiting the NH3 absorber should be lower than 200 ppmv. Pump 
around is a fraction of the NH3-rich solution leaving the bottom of the NH3 desorber. It is chilled 
and recycled to an intermediate stage of the NH3 absorber to control the temperature in the 
column and maximise NH3 uptake, by decreasing the temperature of the liquid-lean solution. 
Similar temperatures are used for the liquid-lean and pump around solution, in the range of (0-
20˚ C) to control solids formation and increasing the NH3 uptake in the column. 
The NH3 rich stream exiting the bottom is sent to the top of NH3 desorber, and then it is recycled 
to the bottom of the CO2 absorber. The liquid stream exiting the bottom of the NH3 desorber is 
mainly composed of water, and it is chilled and sent to the top of the NH3 absorber for a new 
NH3 capture process. Pressure is fixed at atmospheric pressure for lower energy requirement. 
The NH3 reboiler works with steam at around 110-120 ˚C and the condense leaving the NH3 
desorber has a temperature range in 68-90˚C to avoid solids formation. 
 

4. CO2 water-wash (CO2-WW) section. The purpose of this section is to avoid and limit the 
gaseous amine losses exiting the CO2 desorber to purify the CO2 gas stream. Where, the NH3 
concentration in the CO2 stream sent for compression should be below 50 ppmv. The separated 
NH3 from the CO2 gas stream is sent to the recovery section (Appendix stripper) for recovery 
and the recovered stream is sent to the CO2 absorber. 
 

5. CO2 compression section. The purified CO2 gas stream is compressed to meet the 
specifications required for storage and transportation. Since, CO2 is produced at different 
conditions, the number of stages and pressure ratios for CO2 compression will be selected for 
each case individually. Hence the guidelines followed are a pressure ratio between 2-4 with a 
similar pressure ratio for all stages, assuming an isentropic compressor and pump efficiencies 
for 85% and 80% respectively [23]. 
Assuming a pinch temperature of 10 °C (since the CO2 condenses) the intercoolers cooled the 
CO2 stream to 28 °C. The compression section for the CAP in cement plant consists of two 
compressors to change pressure from 24,5 to 45 bar, then from 45 to 80 bar, using two 
intercooler stages and a pump, to pump the CO2 stream to the storage and transportations 
condition (110 bar and 28 ̊ C). Before the second compressor water is removed using a separator 
to decrease water content to a limit of 300 ppmwt [23]. 
 

6. Recovery section.  
A slipstream is purged from the CO2 absorption–desorption main loop to avoid water 
accumulation in the system to control water balance within the process and the recovery of NH3 
and CO2. For that purpose, a recovery section composed of an Appendix Stripper is required. 
Where, amine solvent and captured CO2 from the purged stream are recovered and recycled to 
the CO2 capture section, thus minimising the make-up of fresh ammonia solution. The appendix 
stripper works with atmospheric pressure and steam at around 110-120 ˚C for the reboiler. 
 

7. Flue gas heating section.  
This section aims to increase the temperature of the flue gas from NH3 absorber before sending 
to the stack.  A direct contact heater (DCH) is needed, where the water heated up in the flue gas 
pre-conditioning section is used in counter-current condition. This heat integration allows for 
decreasing the energy demand for cooling water demand and decrease the water purged.  NH3 
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slip reduction section is integrated in flue gas heating section to reduce ammonia emissions, 
where an aqueous solution of sulfuric acid (H2SO4) is used. (NH4)2SO4 is produced from NH3 
slip reduction section is a by-product from the CAP process. 
 

3.2 Methods and assumptions  
The model used to simulate the CAP is built in Aspen (Plus/HYSYS), which does mass and energy 
balance, considers chemical reactions, complex solutions, and also performs the vapor-liquid 
equilibrium (VLE) calculations. The electrolyte non-random two liquids (ELEC-NRTL) method was 
used to estimate the properties. 

The CAP model consists of seven separate sections as mentioned in section 3-1.  CO2 capture, FG-
WW and recovery section, the absorbers and regenerators columns are modelled using the Aspen 
RadFrac component, to investigate the required heat duty to achieve desired CO2 capture and ammonia 
slip. Two different calculation approaches can be used for RadFrac, equilibrium and rate-based 
calculation approach. In this work, equilibrium-based model is used, which consists of material 
balances and energy balances. This model neglects in the calculation, the resistance against mass 
transfer between the phases; however, the rate of mass transfer between the phases is determined by 
the rate of component entering the stage [24]. Whereby the absorber and desorbed decision variables 
are screened to determine the system performance through reboiler duty and CO2 capture capacity. 
Effect of column parameters could be determined by a rate based- model. But since, the aim of the 
project is to determine the possibility of CAP integration in other industries by comparing CO2 avoided 
and SPECCA values with the conventional MEA process, rate-based model is not used. 

Flue gas cooling and heating sections are modelled using a counter current heat exchanger. The hot 
flue gas from cement plant is assumed to contains less than 1-2 ppmv SO2, which is the optimum 
concentration to avoid the formation of ammonium sulfate (NH4)2SO4 that could decrease CO2 uptake 
capacity of the aqueous ammonia solution.  

The CO2-WW section is modelled using a flash to separate vapor from the liquid, and compressors 
were used for the compression. The conditions for the CO2 for transport and storage are fixed to match 
the standards, where CO2 should be cooled down to below 30°C and compressed to 11.0 MPa [25]. 
Flue gas heating section was excluded in the simulation.  

3.2.1 Process specifications  

A first full process equilibrium-based simulation is carried out using the feasible set of operating 
conditions found previously in the reports (CAP optimization), where Table 1 presents flue gas 
specifications and Table 2 shows the optimized operating and design conditions in the process.  

Table 1: Flue gas composition and conditions in cement plant [6]. 

Flue gas conditions Composition (mole %) 

T[˚C] P[bar] F[kg/s] H20 CO2 Air 

130 1.1 88.4 0.11 0.22 0.67 
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Table 2: Design conditions used for CAP process simulation in cement plant [26]. 

Sections  Specifications and assumptions 

FG- preconditioning   SO2 concentration entering the CO2 absorber [ppm]=0 
Temperature of water entering to the heat exchanger 21,2˚C 
Cooled FG temperature 30-40 ˚C 
 

CO2 capture   Pressure top/down in absorber 1,01/1,04 bar. 
Pressure drops in desorber 0,5 bar 
CO2-lean stream inlet temperature to CO2 absorber 21,2˚C 
Number of stages in absorber 20 
Number of stages in desorber 10 
Feed stage of the hot CO2-rich stream to the CO2 desorber 7 
Condenser temperature from CO2 desorber ≈ 90 ˚C 
Reboiler pressure 25 bar  
 

FG-WW NH3 concentration in the flue gas after absorption CNH3(FG) < 200 ppm 
Pressure to/down absorber 1,01/1,04 bar 
Desorber pressure 1,01 bar 
Number of stages in absorber 50 
Pumparound stage entering the NH3 absorber 15 
Number of stages in desorber 10 
Feed stage to the NH3 desorber 4  
Condense temperature from NH3 desorber, 68-90˚C 
Temperature of chilled streams, 15˚C 
 

CO2-WW Number of flashes 2 
Temperature of water entering the CO2-WW column 50 ˚C  
NH3 content in CO2 stream after washing < 50 ppm  
 
 

CO2 compression  Number of intercooling stages 2. 
Number of compressors 2. 
Number of pumps 1. 
CO2 stream after compression p=110 bar, T=28˚C. 
 
 

Appendix stripper  Pressure top down in appendix stripper 1,15-1,25 bar. 
Number of stages 5. 
 
 

FG- heating  CO2 depleted flue gas to the stack T˚ [C] > 40, CNH3 (FG-w) <10 ppmv.  
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4. Analysis  
This chapter provides a detailed description of the chilled ammonia process integration followed by 
analysis. 
 

4.1 Integration of CAP: 
After modelling the CAP for cement plant as a reference case for this study, this section will present 
the CAP integration for both steel and ammonia plants, based on the result from cement plant. The 
goal of the integration is to determine the operating conditions that minimize energy consumption and 
maximize capture efficiency in the process, for different CO2 concentration in the inlet flue gas from 
the mentioned industries. CO2 capture efficiency and CO2 purity were taken from the reference case. 

 

Figure 4: Detailed scheme for the CAP integration strategy in industry. 

The integration strategy is presented in Figure 4. It consists of three main steps: 

Step 1.  Determination of strategy from the reference model for cement plan, where the following 
specific goals (presented in circles in the figure 6) are fixed to achieve the main goal for the integration,  

I. Maintain the CO2 capture efficiency for the new cases. 
II. NH3 slip minimisation. 

III. Maintain low energy requirement for the reboilers. 
IV. Keeping similar CO2 stream purity and condition for compressed CO2 that is sent for storage. 
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Table 3: Process specifications and limitations [26] 

Specifications Limitations  

 CO2 capture efficiency ≥ 90% 
 CO2 purity [vol%] > 99%. 
 NH3 concentration in CO2 stream to 

compression [ppmv] < 50  
 

 Solid formation avoided.  
 CO2 desorber reboiler temperature [˚C] < 150  
 NH3 concentration in the depleted flue gas from 

CO2 absorber < 200 [ppmv]. 

 

In addition, the initial operating conditions presented in table 2 for chilled ammonia process in cement 
plant are used as initial conditions for the integration of the capture process applied to the new cases. 
With adaptation of the main decision variables from the reference case,  

I. The main decision variables that affect significantly both energy performance and CO2 capture 
efficiency, are connected to the CO2 capture section.  
 

• For CO2 absorber: Solvent concentration in the lean solution, Csolvent [molsolvent/kgH2O], liquid-
to-gas flowrate ratio for the CO2-lean liquid and inlet gas streams entering the CO2 absorber, 
L lean /Gin [kg/kg], Pumparound temperature and split fraction, Ts (CO2) [˚C], f s (CO2) [–].  

• For CO2 desorber: CO2 desorbed reboiler pressure, P (CO2, reb), [bar], the Cold-rich bypass split 
fraction, f cr [–] and the temperature of heated CO2-rich stream Thr [˚C]. 
 

II. Variables in FG-WW and the other sections have very little effect on the energy performance 
and the capture efficiency but are still important to meet process specifications and limitations. 

• For the NH3 absorber, the main variables are: Solvent concentration, Csolvent [molsolvent/kg H2O]. 
Liquid-to-gas flowrate ratio for the NH3-lean liquid and inlet gas streams entering the NH3 
absorber, (L /G) FG-WW [kg/kg], Pumparound temperature and split fraction,  
Ts (NH3) [˚C], f s (NH3) [–].  

Step 2. The CAP design conditions are adapted for the cases for new flue gases’ CO2 content and 
compositions from steel and Ammonia plants (see table 4). Flue gas composition is taken from blast 
furnace in steel plant, and the composition of flue gas from ammonia plant is taken from fired tubular 
reformer burners. Assuming similar CAP specification and limitations for the new cases (see table 3), 
an equilibrium-based simulation was implemented for CO2 capture section with values of the reference 
case to the new cases. Thus, single variable analyses are performed for both absorption and 
regeneration sections to study the influence of the operating variables and conditions mentioned in 
step 1 on the energetic performance, satisfying the CO2 capture process specifications and the 
convergence stability.  

The FG-WW section modelling is based on the successful simulations of the CO2 capture section, 
which provides the inlet data for the FG-WW section. The key variables in this section are adjusted to 
achieve the process specifications, decreasing NH3 slip and the specific reboiler duty of the FG-WW 
desorbed. 

Finally, a full CO2 capture process simulation is performed including CO2-WW, CO2 compression and 
recovery sections. The inlet streams for rest of sections are the result of the operating conditions and 
variable from CO2 regeneration, giving the most effective results in terms of energy performance and 
capture efficiency. A further analysis on the rest of sections is performed, and the capture process 
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decision variables are screened, with the feasible ranges. As well, the optimum values for the other 
parameters and conditions for the whole process are fixed.  

Table 4: Flue gas compositions and conditions for steel and Ammonia plants [7],[8]. 
 

 

Step 3.  The assessment of energy and separation performance is analyzed for both cases. The 
SPECCA (Specific Primary Energy Consumption per CO2 Avoided) and Ceq (equivalent CO2 avoided) 
are used to evaluate the possibility of CAP integration with steel and ammonia plants [26]. Since the 
SPECCA and Ceq provide a fair comparison when a new capture technology is implemented, the 
indicators consider all CO2 emissions from the target plant and all energy sources. As well, the 
optimum operating conditions and variables are screened according to the minimum energy duty in 
the CAP.  

For energy performance calculation 

• SPECCA is the specific primary energy consumption for CO2 avoided, which evaluates the 
primary energy used to avoid CO2 emissions to the atmosphere. It is the difference in equivalent 
primary energy consumption of the plant with and without CO2 capture, divided by the 
difference in equivalent CO2 emissions with and without capture. The SPECCA (MJLHV/kg CO2) 
calculation is presented in the following equation: 

 SPECCA = (qeq) CCS−(qeq) ref
(𝑒𝑒𝑒𝑒𝑒𝑒) 𝑟𝑟𝑒𝑒𝑟𝑟 −(𝑒𝑒𝑒𝑒𝑒𝑒) 𝑐𝑐𝑐𝑐𝑐𝑐

                                                                                                 (1) 

qeq is the specific primary energy consumption of the plant per unit of mass of product, 
considering the low heating value (LHV) of the fuel consumed, [MJLHV/t product]; and eeq is 
the specific equivalent emissions of the plant per unit of mass of the product [kgCO2 /t product]. 
Equivalent emissions are defined as the sum of direct e and indirect eel, emissions. Where e is 
the direct emissions related to the steam generation, in addition to the direct emissions from 
flue gas at stack. And eel is indirect emissions related to electric power consumption. 

eeq= e+eel                                                                                                                                                                              (2) 

The term ‘‘ref” and ‘‘CCS” refer to the reference plant without and with CO2 capture, 
respectively. The equivalent specific primary energy consumption is the sum of direct (q) and 
indirect (qel) specific primary energy consumption  

qeq = q + qel, [MJ/t product]                                                                                                  (3) 

Plant Flue gas conditions Composition (mole %) 

Steel (Blast furnace)  T[˚c] P[bar] F[kg/s] H20 CO2 N2 O2 

148 1,02 139,16 6,38 27,3 65,52 0,8 

Ammonia  
(fired tubular 
reformer burners)  

T[˚c] P[bar] F[kg/s] H20 CO2 N2 O2 Ar 

178 0,878 51,46 
 

18 8,7 70,7 1,4 1,2 



 

22 
 

The direct specific primary energy consumption is the amount of energy (lower heating value), 
supplied in the form of fuel (coal or natural gas), that is used per ton of product. 

q =m˙fuel · LHVf uel
𝑚𝑚˙𝑝𝑝

  [MJ/t product]                                                                                        (4) 

The indirect specific primary energy consumption is the amount of energy consumed by the 
generation of power required per ton of product Pel, where ηel is the electricity generation 
efficiency, which depends on the electricity mix considered.  

qel, =
Pel
ηel

 [MJ/t product]                                                                                                        (5) 

• The energy penalty for CO2 capture ω [MJ / kg CO2], is the sum of all the energy demand from 
the key consumers in the capture process per CO2 captured.  
ω = ωreb, i+ ωchill, i+ ωele                                                                                                          (6) 
 
Where ωreb, i, ωchill, i, ωaux, ωcomp are the thermal energy penalty in each reboiler i, the chilling 
duty required for the pumparound stream of each absorber i, electrical energy requirements 
include fans, pumps, refrigeration, cooling and compression duty. The total energy penalty is 
converted to equivalent energy for CO2 captured using the following equation, 𝑄𝑄˙  is the 
reboilers, chilling and colling duty and  𝑊𝑊is energy requirements.  
  
 
ω = 

𝑄𝑄˙𝑟𝑟𝑒𝑒𝑟𝑟,𝑖𝑖+𝑄𝑄˙𝑐𝑐ℎ𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖+𝑊𝑊 𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝 +𝑄𝑄˙𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖+𝑊𝑊𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑖𝑖+𝑊𝑊 𝑐𝑐𝑐𝑐𝑚𝑚𝑝𝑝
m˙CO2(𝑐𝑐𝑐𝑐𝑝𝑝)

                                                                (7) 

CO2 captured and CO2 avoided calculations: 

• CO2 captured is the ratio between CO2 mass flow rate captured m˙CO2 (cap) by mass flow 
generated in the process m˙CO2 (in). 

CCR =m ˙CO2 (cap)
m˙ CO2 (in)

                                                                                                                (8) 

• The CO2 avoided from flue gas evaluates the direct CO2 emission reduction from the flue gas. It is 
defined as:  
ACfg = 𝑒𝑒(𝑟𝑟𝑓𝑓,𝑟𝑟𝑒𝑒𝑟𝑟)−𝑒𝑒(𝑟𝑟𝑓𝑓)

𝑒𝑒(𝑟𝑟𝑓𝑓,𝑟𝑟𝑒𝑒𝑟𝑟)
                                                                                                           (9) 

 
e (fg, ref) represents specific CO2 emissions in the reference plant without capture, and e(fg) 
represents the specific CO2 emissions from the flue gas in the plant with capture. Emissions 
from steam generation (NG fired boilers) and indirect emissions related to power 
consumption/generation are not considered.  
 

• The equivalent CO2 avoided evaluates the total equivalent CO2 emissions avoided at the plant. 
It is defined in the following equation: 
 
ACeq = 𝑒𝑒(𝑒𝑒𝑒𝑒,𝑟𝑟𝑒𝑒𝑟𝑟)−𝑒𝑒(𝑒𝑒𝑒𝑒)

𝑒𝑒(𝑒𝑒𝑒𝑒,𝑟𝑟𝑒𝑒𝑟𝑟)
                                                                                                         (10) 

Where e (eq, ref) is specific equivalent emissions from the plant without capture, and e (eq) is 
the specific equivalent emission from the plant with capture.  
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4.2 Results and discussion: 
In this section, the results of the CAP integration with the steel and ammonia plants are summarized 
and presented. Each result is followed by a deeper discussion in the chronological order by which they 
were presented. The integration strategy is followed and an equilibrium-based simulation for the CO2 
capture section is performed. The optimal values for the decision variables in this section are 
summarized in Table 5. These values were fixed to achieve the integration goals discussed in section 
4-1. Basically, cement plant is used as the reference plant and the operating variables and conditions 
of the CO2 capture section was taken as the initial conditions in simulation. Hence, the same process 
specifications and limitations were applied for the new cases for steel and ammonia plants (see table 
3). The integration process adapts the main variables for CO2 capture section with the new flue gases 
specifications from steel and ammonia plants. As a result, the optimum range of the main variables 
and operating conditions is selected for CO2 absorber and desorber, after a full process simulation.  

4.2.1 CO2 capture section: 
The result from CO2 absorber decision variables adapted to the new flue gas specifications gives the 
following effect on the CAP performance. For steel plant, the required CO2 capture rate (≥90%) was 
obtained by simultaneously increasing Llean/Gin and TS (CO2), and decreasing Csolvent. To keep similar 
CO2 capture rate in ammonia plant, Csolvent and Fs are increased, and Llean/Gin and TS (CO2) are decreased 
as shown in Table 5. Thus, when the CO2 concentration in the absorber inlet flue gas increases, keeping 
similar CO2 capture efficiency will be set by increasing in Llean/Gin and TS(CO2), and decreasing C solvent 
and Fs. 

Table 5: Optimal set of decision variable and conditions in the CO2 capture section of the CAP applied 
to cement, steel, and ammonia plants.  

Variables Unit Cement Steel Ammonia 

Csolvent [molsolvent/kgH2O] 5 3,9 5,75 

Llean/Gin [kg/kg] 8,7 12 6,9 

Fs (CO2) [-] 0,12 0,12 0,15 

T˚s (CO2) [˚C] 12 13 11 

P (CO2, reb) [bar] 25 26,5 24,5 

Fcr [-] 0,0775 0,0492 0,11 

T˚hr [˚C] 143,5 138,3 143 

 

The higher CO2 content flue gas has a higher CO2 partial pressure in the inlet flue gas and need a higher 
Llean/Gin ratio to achieve a good capture rate. To maintain the same uptake capacity as cement plant, 
the CO2-lean liquid-to-gas flowrate ratio is increased. The NH3 concentration in the inlet aqueous 
ammonia solution Csolvent is decreased to control CO2 uptake, the temperature and concentration in the 
column. The absorption is an exothermal operation, where the temperature of the liquid solution 
increases as it takes up more CO2 and the CO2 concentration in the flue gas decreases from the bottom 
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to the top, while the NH3 concentration increases. Thus, to decrease the NH3 concentration in the flue 
gas is the column the absorber pumparound, fraction and temperature FS and Ts are changed inversely 
to control the temperature change between vapor-liquid phases and increasing the CO2 driving force 
from vapor to liquid phase. Note that Ts should be in the optimum range 10-15 ˚C to avoid solids 
formation in the column as explained in Section 3. Chilling, cooling, and heating are the main energy 
contributor for energy consumption in the CO2 absorber. Minimum chilling and heating energy 
requirements were fixed for a more than 90% CO2 capture rate.  

The result for the decision variables in the CO2 desorber, which are P (CO2, reb), Fcr and Thr have a high 
influence on the energy performance of the CO2 desorber. For steel plant, where the CO2 concentration 
in the flue gas is high compared to cement plant. The CO2 desorber reboiler duty, Q (reb; CO2), can be 
decreased by increasing P (CO2, reb), and decreasing Fcr and slightly decreasing T hr as shown in Table 5. 
When the pressure is increased the CO2 reboiler temperature increases, and consequently the reboiler 
duty is lower. The pressure range limited in 20-27 bar for steam temperature less than 150 ˚C, since 
the aqueous ammonia solution may cause corrosion problems with the equipment if the temperature is 
above 150 ˚C [6]. P (CO2, reb) and F cr are fixed for the minimum CO2 reboiler duty. The hot-rich split 
fraction temperature Thr is slightly changed to maintain the heat exchange in the column between 
vapors and liquid phases and decreasing the reboiler duty in the CO2 desorber. CO2 reboiler duty results 
for all the plants are summarized in Table 9. 

Decreasing the cold reach fraction (Fcr) maximizes the heat in the rich/lean heat exchanger, therefore 
more heat is provided in the column and CO2 reboiler duty Q (reb; CO2) decreases. CO2 flow rate in the 
CO2 rich stream sent to the regeneration is higher when the CO2 content in flue gas is higher and CO2 
is stripped faster in the steel case than in the cement and ammonia cases. The values of P (CO2, reb) and 
F cr that minimize Q (reb; CO2) are not fixed only according to energy performance, but also to avoid solid 
formation in the CO2 gas stream after stripping, where NH3 is vaporized together with CO2 due to its 
high volatility. To limit the NH3 concentration in the CO2 gas stream, the optimum cold-rich fraction 
was adjusted to be in the optimum range to avoid solids formation in the CO2 stream in CO2-WW and 
compression sections. The CO2 stream sent to the compression should have a purity higher than 99%. 
The optimum values for PCO2, F cr and Thr (Table 5) are fixed according to the minimum value for CO2 
reboiler duty, the CO2 captured value and to avoid solids formation in the CO2 stream after desorption.  

In addition, the decision variables in the CO2 desorption section have an influence on the energy 
performance for CO2-WW, the CO2 compression and recovery sections. For lower CO2 reboiler 
pressure, the NH3 mole fraction in the CO2 stream desorbed increases. More fresh water makes up and 
stream are required in CO2-WW and recovery sections for CO2 stream purification and NH3 recovery. 
Furthermore, lower pressure at the CO2 desorber requires more energy for the CO2 compression section.  

Decision variables P (CO2, reb), F cr, and T hr are important for the performance of CAP in the three plants. 
To achieve similar capture rate with a minimum energy requirement, P (CO2, reb), and F cr are changed 
simultaneously with a slight change in T hr. Results show that, for steel plant which has the higher CO2 
content in the inlet flue gas, a higher P (CO2, reb) and lower F cr   are required for a lower reboiler duty, T 
hr is adjusted if necessary. The final combination of values of P (CO2, reb), F cr, and T hr are screened to 
achieve a minimum energy consumption in the CO2 capture process for both plants (steel and 
ammonia), taken into consideration solids formation, CO2 stream purity and capture rate. 
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4-2-2 FG-WW section: 

The simulation of the FG-WW section was based on the result from CO2 absorber, and the optimal 
values of the decision variables for this section are simulated based on the composition and 
specification for the CO2- depleted flue gas from CO2 absorber. The NH3 mole fraction in the depleted 
flue gas is tesimilar for cement and ammonia plants, which is around 4600 ppm and lower for steel 
plant (3000 ppm). For the NH3 absorber, solvent concentration C solvent is decreased when the NH3 
content in the inlet gas is lower as in the case of steel plant. Liquid to gas flow rate was higher in the 
CO2-depleted flue gas with the higher flow rate of gas for the steel plant case. Hence, to increase NH3 
uptake to the required content bellow 200 ppm, L/G ratio was increased. The pumparround fraction Fs 

(NH3) is close to zero for the case of cement and steel, and a higher value of 0,001 for the ammonia to 
control and maintain the temperature change between liquid and vapor phases to increase NH3 uptake 
and avoid solids formation. The temperature value for the pumparround fraction Ts (NH3) was fixed to 
be close to the temperature of the NH3-lean solution to keep the absorption temperature in the column 
for more NH3 uptake.  

The rich NH3 and CO2 solution is sent to the NH3 desorber for regeneration. The NH3 desorber pressure 
is fixed at atmospheric pressure since the FG-WW section aims to minimize the NH3 slip.  Condenser 
temperature in the NH3 desorber should range between 68-90 ˚C, therefore the minimum NH3 reboiler 
duty was fixed to avoid solid formation in NH3 absorber and desorber, as well to achieve the required 
NH3 amount in the flue gas. Simulation results for the main variables affecting the FG-WW section 
performance are summarized in table 6.  

Table 6: Optimal set of decision variables and conditions in the FG-WW section of the CAP applied 
to cement, steel, and ammonia plants. 

 

4-2-3 Energy performance and CO2 avoided:  

For energy performance, both energy penalty for CO2 capture and SPECCA were calculated. The main 
energy consumers in the CAP process are reboilers, chilling, pumps, refrigeration, cooling, and 
compression. For the emissions evaluation, CO2 captured, CO2 avoided, and equivalent CO2 avoided 
were calculated for all the plants. 

The simulation of the operating conditions of the capture process was driven by the decrease of the 
reboiler duty of the CO2 desorber. The minimum CO2 reboiler duty was taken according to the optimal 
values for CO2 desorber pressure P (CO2, reb) and cold reach split fraction Fcr. 

Variables Unit Cement Steel Ammonia  

Csolvent [molsolvent/kgH2O] 0,03 0,022 0,033 

(L /G) FG-WW [kg/kg] 0,29 0,32 0,27 

Fs (NH3) [-] 0,00001 0,00001 0,001 

Ts (NH3) [˚C] 12 13 15 
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Table 7. CO2 captured calculations.  

 Unit Cement 
(reference 
case) 

Cement plant 
(0,24%CO2) 

Steel plant 
(0,29% CO2)  

Ammonia 
plant  
(0,1% CO2) 

CO2 mass 
flow rate 
captured  

[kg/h] 90616,5 91202 
 

175238 26326 
 

CO2 mass 
flow rate in 
the inlet flue 
gas to the 
absorber  

[kg/h] 100685 100352 190632,77 28615 

CO2 capture 
ratio (CCR) 
 

[%] 90 >90 >90 >90 
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Table 8 Energy penalty for CO2 capture process 

 

(P1is the pump duty for the pumparround to the CO2 absorber, P2 is the pump duty for the CO2-rich stream to the desorber, P3 is pump duty for the 
pumparround to the NH3 absorber, P4 is the pump duty for the (NH3, CO2)-rich stream to the NH3 desorber and P5 is the pump duty after the 
compression. Chill 1 is chilling duty for the pumparround to the CO2 absorber, Chill 2 is the chilling duty for the pumparround to the NH3 absorber and 
Chill 3 is chilling duty for Lean solution to the NH3 absorber). 

Energy requirement  Unit Cement 
(reference 
plant) 

Cement 
plant  

Steel plant  Ammonia plant 

CO2 reboiler duty Q (reb; 

CO2) 
[MW] 53,68 54 102 16,01 

Recovery reboiler duty  
Q (reb; rec) 

[MW] 1,33 
 

1,26 2,4 0,4 
 

NH3 reboiler duty Q (reb; 

NH3) 
 

[MW] 
 

3,21 3,25 5,6 0,99 

Chilling  [MW] Chill 1: 
4,04 
Chill 2:0 
Chill 
3:0,03 
 
 
Tot: 4,07 

Chill 1: 4,02 
Chill 2: 0 
Chill 3:  0,06 
 
 
Tot 4,08 

Chill 1:7,2 
Chill 2: 0 
Chill 3: 0,15 
 
 
Tot 7,35 
 

Chill 1: 1,24 
Chill 2: 0 
Chill 3: 0,016 
 
 
Tot 1,24 
 

Cooling [MW] 1,67 1,67 3 0,43 

Refrigeration [MW] 0,9 0,9 1,7 0,25 
 

Pumps [MW] 3,16  
 

P1: 0,004 
P2: 2,5 
P3: 
0,0000004 
P4: 0,001 
P5: 0,13 
 
 
Tot 2,63 

P1: 0,009 
P2: 4,5 
P3: 
0,000047 
P4: 0,0017 
P5: 0,26 
 
 
Tot 4,77 
 

P1:0,002 
P2: 0,66 
P3: 0,0000001 
P4: 0,0007 
P5: 0,07 
 
 
Tot 0,73 

CO2 compression [MW] 2,57 2,05 4 0,57 

Total energy penalty  [MW] 

[MJ/h] 

66,96 
 
241056 
 

67,27 

242172 

118,86 

427896 

18,56 

66826,8 
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Table 9. Energy penalty per kg of CO2 captured 

 

 

Figure 5. Energy penalty for CO2 captured 
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Unit Cement 
(reference 
case) 

Cement 
plant  

Steel 
plant  

Ammonia 
plant 

CO2 reboiler duty Q (reb; 

CO2) 
[MJ/kgCO2] 2,12 2,13 2,09 2,19 

Recovery reboiler duty  
Q (reb; rec) 

 [MJ/kgCO2] 0,05 0,05 0,048 0,054 

NH3 reboiler duty Q (reb; 

NH3) 
[MJ/kgCO2] 0,12 

 
0,12 0,11 0,13 

Chilling  
 

[MJ/kgCO2] 0,16 0,16 0,15 0,17 

Cooling 
 

[MJ/kgCO2] 0,06 0,06 0,06 0,06 

Refrigeration 
 

[MJ/kgCO2] 0,035 0,035 0,035 0,035 

Pumps   [MJ/kgCO2] 0,12 0,1 0,097 
 

0,1 

CO2 compression  [MJ/kgCO2] 0,08 0,08 0,078 0,082  

Total energy 
requirement for CO2 

captured 

[MJ/kgCO2]  2,74 
 

2,73 

 

2,66 

 

2,82 
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Table 70. CO2 avoided calculations. 

 Unit Cement 
(reference case) 

Cement plant 
(0,24% CO2) 

Steel plant 
(0,29% CO2)  

Ammonia plant  
(0,1% CO2) 

CO2 mass 
flow rate at 
the stack  

[kg/h] 70012,8 70012,8 136766,45 5506,05 

CO2 mass 
flow rate in 
the flue gas  

[kg/h] 6330,42 4873,26 11658,24 431,74 

CO2 
Avoided  
(AC fg) 
 

[%] 91 93 91 92 

 

From the results, the total energy penalty per CO2 captured for reproduced cement plant simulation is 
almost similar to the cement reference case (from literature) [6] with a very small difference of 
0,0036%. The energy penalty for CO2 captured is mainly due to reboiler duty in the CO2 desorber for 
solvent regeneration. For different CO2 mole fractions in the absorber inlet flue gas, which are 0,1, 
0,24 and 0,29 for ammonia, cement, and steel plants respectively, the CO2 reboilers energy penalty per 
CO2 captured are 2,19, 2,13 and 2,09 MJ/kg CO2. Those results are lower than the thermal regeneration 
energy requirements for MEA (3,3-3,8 MJ/kg CO2) [17]. 

Moreover, the results indicate that the decision variables for CO2 capture section affecting the whole 
process section in the same way. Thus, when the CO2 content in the inlet flue gas in higher, all energy 
contributions decrease (pumps, chilling, cooling, refrigeration, and compression) (see Table 9). 
Adding to that, the total energy penalty per CO2 captured decreases with increase in CO2 concentration 
in the inlet flue gas, from 2,73 MJ/kg CO2 for the optimal cement plant, to 2,66 MJ/kg CO2 for steel, to 
2,82 MJ/kg CO2 in the case of ammonia.  

The CO2 avoided from the flue gas range between 90-93% for all the three plants (see table 11). For 
each plant, the CO2 avoided was equal to the carbon capture rate CCR, since there is no added fuel 
combustion to the process when CAP is installed.  However, the equivalent CO2 avoided was lower 
than the CO2 avoided in all the three plants, with values of 71 %, 51% and 21% for cement, steel, and 
ammonia plants, respectively. Equivalent CO2 avoided includes all direct emissions at the plant (at 
stack and from steam generation), and indirect emissions related to power consumption. For the 
ammonia plant, equivalent CO2 avoided were calculated only from CO2 content in the flue gas from 
the fired tubular reformer burners, which represents 24,5 t/h from the total emissions (100 t/h) that also 
includes the CO2 emissions generated after syngas separation [7].  

Table 11 shows the energy efficiency and CO2 emissions coefficient assumption related to the utilities 
used. For the calculation of the specific primary energy consumption for CO2 avoided (SPECCA), 
natural gas combined cycle plant was assumed for electric power generation.  
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Table 11. Assumptions on energy consumption (lower heating value) and CO2 emissions related to 
utilities [7]. 

 

Table 12. SPECCA calculation for cement plant.  
 

Cement plant 
(without capture) 

Cement plant 
(reference with 
CAP) 

Cement plant 
(simulation with CAP) 

CO2 emission at stack (t/h) 102 10,01 10,8 
Fuel consumption (MW) 105,1 105,1 105,1 
M product (t/h) 120,6 120,6 120,6 
Fuel consumption (MJ/t 
product) 

3135 3135 3135 

NG consumption (MJ/t 
product) 

0 1859 1862 

q (MJ/t product) 3135 4994 4997 
q  el (MJ/t product) 474 900,70 845,18 
qeq (MJ/t product) 3609 5894,70 5842,18 
e (kg/t product) steam 
generation  

0 105,96 106,13 

e (kg/t product) stack 846 83 89,55 
e (kg/t product)  846 188,96 195,68 
eel (kg/t product) 34 60,60 57,14 
E, eq (kg/t product) 880 249,56 252,82 
Equivalent CO2 avoided (ACeq) 71 71 
SPECCA (MJ/Kg CO2) 

 
3,62 3,56 

 

 

 

 

 

 

 

Parameter Value 

Natural gas specific CO2 emissions (kg/GJ) 57 

Electricity generation, ηel (%) 58,3 

Electricity generation specific CO2 emissions, eel (kg/MWh) 385 
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 Table 13. SPECCA calculation for steel plant. 

 

Table 14. SPECCA calculation for ammonia plant.                                                                                                 

 

 

 
steel plant (without 
capture) 

Steel plant (with CAP) 

CO2 emission at stack (t/h) 135 93 
M product (t/h) 129,60 129,60 
Fuel consumption (MJ/t 
product) 

21270 21270 

NG consumption (MJ/t) 0 3259,72 
q (MJ/t product) 21270 24529,72 
qel (MJ/t product) 1440 2081,85 
qeq (MJ/t product) 22710 26611,57 
e (kg/t product) at stack 2049 717,59 
e (kg/t product) steam 
regeneration 

0 185,80 

e (kg/t product)  2049 903,39 
eel (kg/t product) 104,8 144,81 
E, eq (kg/t product) 2153,8 1048,21 
Equivalent CO2 avoided 
(ACeq) 

 
51 

SPECCA (MJ/Kg CO2) 
 

3,52 

 
Ammonia plant (without 
capture) 

Ammonia plant (with CAP) 

CO2 emission at stack (t/h) 100,44 73,94 
Fuel consumption (MW) 488,70 488,70 
M product (t/h) 62,38 62,38 
Fuel consumption (MJ/t) 28200 28200 
NG consumption (MJ/t) 0 1075,60 
q (MJ/t product) 28200 29275,60 
qel (MJ/t product) -96,53 99,45 
qeq (MJ/t product) 28103,46 29375,06 
e (kg/t product) stack 1610 1185,17 
e (kg/t product) steam 
generation 

0 61,30 

e (kg/t product)  1610 1246,48 
eel (kg/t product) -5,56 6,659 
E,eq (kg/t product) 1604,43 1253,14 
Equivalent CO2 avoided 
(ACeq) 

 
21,89 

SPECCA (MJ/Kg CO2) 
 

3,61 
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Table 15. Comparison of SPECCA  for different industries with CAP and MEA. 

 Cement 
(reference case) 

Cement plant  Steel plant  Ammonia plant  

SPECCA (CAP) 
(MJ/Kg CO2) 

3,62 3,56 3,52 3,61 

SPECCA (MEA) 
(MJ/Kg CO2) 

7,08 7,08 5,21 4,2 

Reduction in 
SPECCA (%) 

48 49 32 13 

 

SPECCA results are summarized in table 12, 13 and 14 for cement, steel, and ammonia plants, 
respectively. For all the three plants, the most important contribution to the SPECCA for the CAP is 
steam consumption and it is the largest part of the primary energy consumption and equivalent 
emission, while the rest comes from the electric power consumption. SPECCA value for cement 
plant reference case was higher with 0,06 MJ/kg CO2 than SPECCA value for cement plant 
reproduced simulation, due to the higher compression and pumps electric duties in the reference 
case.   

Moreover, the SPECCA values for steel plant was the lowest with 3,52 MJ/kg CO2, among the 
SPECCA values of the other plants. Steel plant flue gas has the higher CO2 concentration in the flue 
gas than the other plants, which will reduce the specific energy consumption for of the CAP in 
comparison with the two other plants. The specific primary energy consumption for CO2 avoided of 
all the plants are presented in Figure 6. 

As shown in table 15, all the plants with CAP system have a lower SPECCA values than the 
reference technology MEA, and the energy savings are 49%, 32% and 13 % for cement, steel, and 
ammonia plants, respectively.  

 
       

Figure 6. Specific primary energy consumption for CO2 avoided (SPECCA) for cement, steel and ammonia plants 
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5.Conclusion 
 

The results obtained in this thesis work have shown that the chilled ammonia process (CAP) can be 
integrated with both ammonia and steel plants for CO2 capture with good energetic performance. In 
addition, CAP design conditions and decision variables are screened for application in steel and 
ammonia plants. 
 
The integration of chilled ammonia process is favorable for higher CO2 concentration in flue gas.   
 SPECCA and energy penalty for CO2 captured decrease when the CO2 concentration in the inlet flue 
gas is higher. As for the case of steel plant, which has the highest CO2 concentration in the flue gas, 
has the lowest SPECCA (3,52 MJ/kg CO2) among the compared plants.  
 
When using the CAP, the SPECCA is reduced by 13 to 49% compared to MEA for the cement, steel, 
and ammonia plant. In addition, results show a small variation in SPECCA for the CAP compared to 
the MEA process when integrated with different plants with varying degree of partial pressure of CO2 
in the flue gases. Hence, for industries with lower CO2 concentration in the flue gas, environmental 
and economic aspects should be taken in consideration when selecting the appropriate capture 
system.    
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Annexes  
1. CAP process flowsheet: 
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